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Summary

The aim of the Jomopans project was to develop a framework for a fully operational joint monitoring
programme for ambient noise in the North Sea. Output will be the tools necessary for managers,
planners and other stakeholders to incorporate the effects of ambient noise in their assessment of the
environmental status of the North Sea, and to evaluate measures to improve the environment.

The proposed framework applies numerical modelling for creating sound maps of the North Sea area,
supported by local measurements for evaluation of the uncertainties in the numerical modelling.

This report provides a description of the sound map modelling that has been applied to produce the
Jomopans soundscape maps of the underwater sound of shipping and wind in the North Sea in the
twelve months of 2019. It provides examples of these maps.

The lessons learned in the Jomopans project on the various choices and considerations for producing
these large scale maps are converted into guidelines and recommendations for future sound mapping
efforts.
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1 Introduction

The Jomopans project has developed a framework for a joint monitoring programme for ambient noise
in the North Sea. The proposed framework applies numerical modelling for creating soundscape maps
of the North Sea area, supported by local measurements for evaluation of the uncertainties in the
numerical modelling. Output will be the tools necessary for managers, planners and other stakeholders
to incorporate the effects of ambient noise in their assessment of the environmental status of the North
Sea, and to evaluate measures to improve the environment.

1.1 Underwater ambient noise modelling

Numerical modelling of ocean ambient sound has the advantage that it can enable a much wider
spatial and temporal coverage than achievable with measurements from offshore monitoring stations,
with much technical difficulties (reliability and robustness of the stations and self-noise at the sensors)
and at much lower cost. Moreover, numerical models provide insight in the contributions of individual
source types to the ambient sound and enable studies of various past or future offshore scenarios and
for noise mitigation strategies.

On the other hand, numerical modelling is limited to the sources and propagation effects for which
models and the required input data for these models are available. The reliability of the model output
can be limited by model simplifications, that can be necessary to keep computations manageable. The
reliability also depends on the completeness and quality of the input data.

1.2 Jomopans North Sea soundscape map modelling

The Jomopans modelling framework is currently limited to the sound from shipping and from wind -
generated surface wave breaking. These two were expected to be the dominant sources of the
‘continuous low frequency sound (ambient noise)’ that is addressed by Indicator 11.1.1 of the
European Marine Strategy Framework Directive.

Summarized, the Jomopans sound map modelling focussed on the following aspects:

e Sources:
o  Ship traffic monitored by AIS/VMS,
= characterized by ‘type’, length and speed
= sampled at 10-minute intervals
o Wind generated surface waves
= characterized by 10 min-average wind speed amplitude at 10 m above the water
surface, from satellite observations
= available at 1-hour intervals, linearly interpolated to 10-minute intervals
e Environment
o Bathymetry
= Characterized by local water depth at lowest astronomical tide

o Sea water
= Characterized by sound speed, density and absorption: assumed to be uniform
in space and constant in time
o Seafloor
= Characterized by the local median grain size of the upper sediment layer at the
source locations, converted to sound speed, density and absorption

The Jomopans measurements (WP5) are applied for model uncertainty assessment (WP6).

The modelled soundscape maps are applied to quantify to what extent the shipping noise exceeds the
‘natural’ ambient sound, represented by the modelled wind noise. The effect of this exceedance
(quantified as ‘excess level’, see section 2.4) on marine life remains to be quantified, but Jomopans
proposes to apply statistical soundscape modelling to quantify the proportion of the time (per calendar
month) and the proportion of the area (per assessment region) over which this excess level is higher
than a specified cut-off value.

The Jomopans North Sea sound maps for 2019 can be downloaded from and displayed in the
Jomopans GES Tool! (WP7).

! Hosted at https://jomopans.michaelcarder.co.uk/en/ until the end of 2022.
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1.3 Jomopans modelling guidelines

Various previous efforts have demonstrated that modelling shipping noise based on distribution of ship
traffic is feasible, see e.g. [Erbe et al, 2012; MacGillivray et al, 2014; Porter & Henderson, 2014;
Folegot et al, 2015; Gervaise et al, 2015; Folegot et al, 2016; Prins et al, 2016; Sertlek, 2016; Aulanier
et al, 2017; Redfern et al, 2017; Joy et al, 2019; Farcas et al, 2020; Erbe et al, 2021]. However, there
has been limited work producing modelled sounds maps with a large geographic coverage using input
data from different institutions as in the Jomopans project. A direct comparison of the various sound
maps produced in these publications is complicated by differences in modelling approach and the
presented acoustic metrics in terms of parameters such as frequency range, averaging time and
receiver depth.

An important goal of the Jomopans modelling work package (WP4) was to be as clear as possible
about the selection of metrics, models, model setting and input parameters, so that the reported
approach can be used as guideline for future ambient noise modelling projects.

1.4 Outline
e Chapter 2 of this guide provides a general overview of approaches to modelling ocean ambient
noise.

e Chapter 3 describes the specific implementation for the modelling of the ambient noise in the
North Sea that was developed in Jomopans.

Model verification and experimental validation are described in Chapter 4.

Uncertainties are discussed in Chapter 5.

Chapter 6 gives examples of the Jomopans North Sea sound maps.

Chapter 7 provides guidelines for modelling ocean ambient noise, based on the lessons learned in
Jomopans.
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2 Modelling ocean ambient noise

Modelled ocean ambient noise provides means to study and assess the effects of the noise on marine
life over large scale. The modelling work consists of using all noise sources that propagate from the
sources to areas of interest. Although, in situ measurements present ground truth that includes all
sources of sounds in underwater environments, it is impossible to carry out large scale measurements
over a large area to have a complete map due to constrains of time and cost. In comparison, modelled
ocean ambient noise can cover the full area of regional seas over long time periods. This capability
allows users to acquire information in time and make decisions accordingly.

This guide presents procedures to model ocean ambient noise. All underwater sources are listed with
shipping and wind noises as contributors in the modelling. Environmental parameters affecting
underwater sound propagation are considered. Various propagation models were evaluated for
suitability on the application. Validations of selected propagation models with measurements were
carried out.

However, there are many issues in modelling ocean ambient noise accurately. The main issues are the
knowledge gaps on many noise sources, lack of complete information on the underwater channel for
sound propagation, and limitations of propagation models currently available. Most relevant issues
were discussed, and the effects were examined.

2.1 Propagation model types

Ocean acoustic propagation models have been widely used for several decades, to support a broad
range of applications including anti-submarine warfare [Bucker, 1976], global scale underwater sound
propagation [Heaney et al., 1991; Collins et al., 1995] characterisation of acoustic communications
channels [Simons et al., 2001], passive acoustic monitoring of marine biota [e.g. Potter et al., 1994;
Stafford et al., 1998; McDonald et al., 1999; Thode et al., 2004; Helble et al., 2013], ocean acoustic
tomography [Munk and Wunsch, 1979; Cornuelle et al., 1989; Worcester et al., 1999]), ambient noise
forecasting [Wenz, 1962; Heitmeyer, 2006; Merchant et al., 2012] and other oceanographic
applications [Harrison 1989; Buckingham, 1992; Jensen et al., 1997]. Since the first underwater sound
experiment, conducted by Colladon and Sturm in 1826 on Lake Geneva, it has been known that sound
travels extremely well underwater [Lichte, 1919]. With the advent of large-scale submarine warfare
during the Second World War and the subsequent Cold War, there was intense effort to understand
and predict the propagation of sound in the ocean, accruing a wealth of knowledge about underwater
sound propagation, and its environmental dependencies [Ainslie, 2010].

In general, propagation modelling solutions can be divided into three large classes based upon i) the
frequency characteristics of the source; ii) the range dependence of the propagation region; and iii) the
water depth (in combination with seabed parameters, i.e. critical angle). Models within class ii) are
generally categorised as range independent (the environmental parameters are kept fixed with range),
and range dependent (environmental input parameters, such as water depth and sound speed, are
allowed to vary with distance from the source), the latter being the preferred choice when the
bathymetry or water column conditions change along the propagation path.

Ocean acoustic propagation models solve usually the Helmholtz equation in frequency domain, or
wave equation with time dependency. This is generally done for a given frequency, and broadband
signals, for example, a pulse, may have to be modelled at all the frequencies within the pulse first, and
then converted to time domain signal, or using a time-domain model [Fumiaki, 2000]. Alternatively, a
solution is calculated for each frequency or frequency band across the required frequency range, with
the use of a suitable inverse transform. It is also worth noting that not every propagation model will
consider all of the environmental factors which may influence the propagating wave.

Figure 2.1 summarizes the general applicability of various propagation models in two dominant
parameters: frequency and water depth. Given a particular frequency band and environment, the
choice of a suitable propagation model can be made (see also section 2.1.7). There are a wide variety
of models available, some of which are available for download free of charge, but these complex
models require some expertise to run successfully. The available propagation models are commonly
categorised based on their underlying method into the following groups [Jensen et al., 2011; Etter,
2013], which captures the most commonly used methods:

e Ray theory
Normal mode
Parabolic equation
Wavenumber integration
Energy flux
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Shallow water - low Shallow water - high Deep water - Deep water - higl
frequency frequency low frequency frequency
Ray theory Ray theory Ray theory

Normal mode Normal mode Normal mode
Wave number Wave number Wave number Wave number
integration integration integration integration
Parabolic equation Parabolic equation Parabolic equation
Energy flux Energy flux Energy flux Energy flux

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

Figure 2.1 Applicability of propagation models

21.1 Ray method

Following the analogy of optics, the wave equation can be solved in the high-frequency limit by
integrating Snell’s law and the associated eikonal equation. This ray tracing solution is highly intuitive
because the sound paths can be traced and show the path of each ray. Ray tracing is very efficient
(fast). Once the rays are computed, the acoustic field levels are calculated by summing the rays near
the receiver. The rays are often extended in size by using the Gaussian beam approximation. Ray
interaction with the seafloor is achieved using a reflection coefficient without penetration into the
seafloor. Ray theory is limited in accuracy at low frequencies (typically below around 200 Hz) where
diffraction is significant (plane wave incident reflection assumptions no longer applicable) and where
seabed penetration occurs. The ray theory approach performs poorly when there are surface ducts and
other sound speed fields with discontinuities and rough surfaces. It is the same for other propagation
models with the rough surface with entrapped air bubbles below due to the temporal variations of the
acoustic properties. Ray theory handles arbitrary range-dependent environments, is best in deep water
and is suitable at higher frequencies. Ray theory is computationally intensive with long running time
and requires large memory.

2.1.2 Normal mode method

A full-field solution to the wave equation involves using separation of variables to solve the local
vertical part of the wave equation and then apply various solutions to the horizontal component. The
vertical wave equation solutions are standard normal modes, charactered by eigenvalues. The modes
are then summed up in varying fashion, depending upon the horizontal propagation, at the source and
receiver to generate the full acoustic field. These modes encompass the solution to the wave equation
including sound speed and density discontinuities and sound field in the seabed. The horizontal
component of the solution can be (i) carried out trivially for range-independent environments, (ii) solved
easily using adiabatic mode theory [Tindle and Zhang, 1997] for mildly range-dependent environments,
and (iii) solved explicitly using coupled mode [Collins 1993a; Preisig and Duda, 1997; Holland 2010; or
by parabolic equation models for complex 3D range-dependent environments [Heaney et al., 2012].
Normal mode solutions are best suited to mildly range-dependent environments and at lower
frequencies as the number of modes goes up linearly with frequency. They are used extensively in
both shallow and deep water. It is easy to find the proper modes which have real eigenvalues. It
becomes challenging to find all the im-proper modes (or leaky modes). The im-proper modes contribute
substantially at close range. Normal mode method should be applied at range not too close to source
since the contribution from branch cut is typically ignored [Stickler, 1975]. Recently, Sertlek proposed
an efficient analytical solution for depth dependent propagation in a Pekeris waveguide, by converting
an analytical normal mode sum into an integral based on a hypothetical continuum of modes, and
effective depth theory for obtaining the modal eigenvalues analytically [Sertlek, 2014, 2016, 2018].
Normal mode method is fast especially if only real modes are used, and it does not require large
memory.
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2.1.3 Wave number integration method

The wave equation can be solved exactly at close range using the numerical approach of spectral
wavenumber integration. Such solutions are often called Fast-Field Programs (FFP). For range-
independent environments they compute the exact field and are often used as benchmark solutions.
The method has been extended to range-dependent environments, but this extension is not freely
available, and is thus less widely used. The run time and memory requirement of Wave number
integration method are between Ray method and normal mode method.

2.1.4 Parabolic equation method

Almost all acoustic modelling involves the computation of the field propagation from a source to a
distant receiver. In this problem the propagation is one-way. Separating the wave equation into
incoming and outgoing solutions leads to the Parabolic Equation. Neglecting incoming (back-scattered
energy), the acoustic field can be computed using a marching algorithm referred to as the Parabolic
Equation (PE) model. There are two mostly used classes of PE models available — the split-step Fast
Fourier Transform solution developed by Tappert [1977] and the Padé expansion solution developed
by Collins [1993b]. The PE is an efficient marching solution that is suitable for range-dependent
environments, discontinuous sound speed profiles and is commonly used in shallow and deep water.
The PE computational requirements increase with frequency squared (or f-log(f) for the Fourier PE)
and therefore the PE is generally used at frequencies less than 1 kHz. The split-step Fast Fourier
Transform approach does not handle density discontinuities easily and therefore it is not the model of
choice in shallow water. The memory requirement is high.

2.1.5 Energy flux method

A hybrid solution first developed by Weston [Weston 1959; 1968], between rays and modes is the
energy flux model, based upon the Hamiltonian action [Holland, 2010]. Analytic solutions exist for
simple environments (iso-velocity water, flat bottom) and extensions to depth dependent sound speeds
and range dependence have been made [Harrison, 2012]. These flux-based solutions are extremely
fast, handle diffraction but are not used to compute the coherent acoustic field and often neglect high
spatial frequency interference. For accuracy and speed, they lie somewhere between ray theory and
mode theory, as the solution suggests.

2.1.6 Finite difference / finite element method

A common computational physics approach to solving 3D problems is to grid the entire environment,
and solve the wave equation in space and time. These Finite Difference (FD) and Finite Element (FE)
models are rarely used in ocean acoustics. The computational expense of gridding each, sub-
wavelength spaced, grid-point for the scale of most ocean acoustic problems is prohibitive. These
solutions are generally applied to scattering or very near source propagation. They have been applied
to pile-driving excitation problems and the seismic generation of low frequency modes in the oceans
sound speed minimum channel. Both methods are computationally intensive, and require large
memory to run.

2.1.7 Selection of propagation models based on number of real modes in shallow water

It is helpful to estimate the number of standard real normal modes in shallow water channels to decide
what are the appropriate propagation models to use for a given scenario. For example, wavenumber
integration and PE should be used where there is no standard normal mode, but only leaky modes
which have only imaginary eigenvalue as in channels with muddy seabed, and shallow water and low
frequency. It is more efficient to use normal mode and PE where there are a few modes in shallow
water channels, Flux and Ray methods where there are many real modes. Agreement should be
achieved between different models applicable in the same scenario (see e.g. Ozkan Sertlek
benchmarking work).

2.1.8 3D modelling

Most propagation models are two-dimensional solutions, calculating the propagation loss along a
transect, which does not include horizontal refraction, reflection or diffraction (i.e. each transect
modelled is independent of the neighbouring transect). In many cases, such models provide sufficient
accuracy and can provide three-dimensional maps by combining, often through interpolation, a number
of two-dimensional (distance and depth) transects.

However, in some instances the use of two-dimensional models may not be sufficient to accurately
model the sound propagation. A possible example includes a scenario where an island or land mass is

10
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situated between the source and receiver. A two-dimensional model will result in a shadow behind the
land mass where the modelled transects intersect the land mass. In reality, diffraction will occur
causing bending of the sound around the land mass. In such cases, it may be necessary to use a
three-dimensional model, which accounts for horizontal diffraction to accurately represent the sound
field. Other scenarios where two-dimensional models may not provide sufficient accuracy may be
environments characterised by sub-surface obstacles such as sand banks, or where there is a strong
up-sloping or down-sloping seabed, such as propagation around continental shelves.

In general, three-dimensional implementations can be computationally intensive, and it may be
appropriate to utilise a two-dimensional solution, which will be sufficient in most cases.

2.2 Input parameters

Underwater sound propagation is influenced by the local propagation environment, which may vary
spatially and temporally. As such the accuracy of a propagation model output relies on representative
environmental input data to the model. Environmental variables such as bathymetry, seabed properties
and sound speed profile, surface loss are the primary factors, all influence the propagating sound and
changes in these parameters may lead to considerable differences in the characteristics of the
propagated sound. Other more specific model input parameters, such as wind speed, used as a proxy
input when surface scattering requires consideration, for example, may also represent a source of
uncertainty, and should be considered carefully.

221 Bathymetry

Bathymetry is particularly important for shallower water propagation. It is not just the water depth,
which influences the propagation, but also the shape of the seabed. Near continental shelves or in
regional seas, the sloping seabed can have a significant influence on the propagating sound.

Whilst higher resolution bathymetry data may provide a fine scale representation capable of capturing
small scale seabed features, such as sand waves and ripples, which can influence the propagating
sound, these seabed features are dynamic and might be expected to change with time.

Besides the resolution and accuracy of the bathymetry data, the accuracy of the modelled outputs, may
also be influenced by the vertical datum. This can typically be based on the mean sea level or the
lowest astronomical tide. Whilst this parameter is usually less important in deep water, it can have a
significant effect on the assumed water depth in shallow coastal regions, with considerable tidal
changes.

Subsequently, tidal variation can be another factor that may require consideration, especially in shallow
coastal regions, where tidal variation may correspond to a substantial ratio of the water depth. It is
worth noting that tidal variation can be very localised.

2.2.2  Seabed properties

The acoustic properties of the seabed are an important parameter in acoustic propagation modelling in
shallow water. In general, they will determine how much sound is reflected from the seabed and how
much sound, re-enters the water column after transmission through the seabed. A stratified seabed
can, for example, result in bending of the sound waves, and a hard seabed layer, such as rock, can
reflect the sound. Both can result in sound energy being retransmitted into the water column.

It is often possible to build the acoustic properties of the sediment (as a half-space, for example), and
in some cases the stratification of the seabed, into an acoustic propagation model. However, the
accuracy of this is often limited by the availability of the actual data at a sufficient spatial scale and with
the necessary resolution such that the data are representative of the actual environment. It can also be
challenging, or in some cases not possible, to build the necessary variations with distance into a range
dependent acoustic propagation model.

Seabed core data can often provide information of the underlying geology, although the specific
characteristic might be localised, and it might not be correct to extrapolate this across a broader region.

Seabed survey data may be used to provide information about the upper sediment layer, such as that
provided by EMODnet/EUSeaMap (http://jncc.defra.gov.uk/page-5040). However, this sediment
information has to be converted into acoustic properties for the seabed and sufficient information is not
always available to correlate with published acoustics properties of various sediment types [e.g.
Hamilton and Bachman, 1982; Hamilton, 1980; and 1985; Lurton, 2003; Ainslie, 2010]. [Bockelmann,
2017] provides median grain size of North Sea surface sediments, which best connects to high
frequency lab experiments. The sediments in North Sea are predominantly sandy which may have
dispersive properties at low frequency [Zhu et al, 2009]. However, there is no measured data at low

11
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frequency (below ~1 kHz) in the area.

2.2.3  Sound speed profile

The sound speed profile can have a significant influence on how the sound propagates, especially in
deep water, and also in the regions where there are large salinity changes such as in Baltic sea, and
near river estuary. The sound speed profile is dictated by changes in the water temperature, pressure
and salinity, with depth and also range to a less degree. Where there is variation in the sound speed
with depth, bending and trapping of the sound can occur, which in some cases can lead to the sound
travelling substantially further due to reduced spreading and less interaction with the seafloor and sea
surface (sound is trapped in the SOFAR channel, for example).

In shallow water, although the sound speed profile may influence propagation through bending of the
sound, the bathymetry and sediment acoustic properties generally constitute the more influential
propagation parameters.

The sound speed profile may be measured in situ, and may also be obtained from global data sets,
such as the data available from the World Ocean Atlas (WOA) database
(http://www.nodc.noaa.qov/OC5/indprod.html), or, https://marine.copernicus.eu/access-data/ocean-
monitoring-indicators, providing information about the geographic and seasonally variability.

2.2.4 Sea surface

The rough sea surface, and associated wind-generated bubbles, is usually characterised by means of
a wind speed (at a height of 10 m). The main effects of the rough sea surface on sound propagation
are the scattering, absorption of sound by bubbles introduced by breaking waves. The mixture of
bubbles with water also reduces sound speed. The conversion, and the resulting effects on
propagation, are the subject of ongoing research [Hall 1989; Keiffer et al., 1995; Novarini et al., 1998;
Norton and Novarini, 2002; Ainslie, 2005].

225 Model input data uncertainty

Given that the availability of environmental input data are generally limited, and with some uncertainty
on the quality of the data, and some might be critical to the performance of the acoustic propagation
model, it is important to understand the influence that the accuracy of the environmental data has on
the outputs of the model, i.e. the uncertainty in the modelled output as a function of the uncertainty
associated with the input data. In general, the influence of the uncertainty in the environmental input
data on the propagation efficiency may be assessed through sensitivity analysis, where the value of a
parameter is varied, with other variables fixed for control. The same approach may be employed to
assess the effect of data resolution on the modelled output.

2.3 Acoustic sources

There are many underwater acoustic sources, both anthropogenic and natural. Anthropogenic acoustic
sources include shipping, geological survey with air guns and sonars, military sonars, navigation
sonars (depth sounder), off-shore constructions, etc. Nature sources are for examples, wind, rain,
earthquake, ice, biological, etc.

Acoustic sources can be divided into groups of continuous and impulsive. Shipping and wind are
continuous, while sonars, airguns are impulsive.

2.4 Acoustic metrics

Sound pressure level (SPL) is a fundamental metrics in environmental noise assessment. It is a
function of frequency band and time window dependent on objects of interest. Many other metrics are
derived from SPL that provide better presentations of its effects from various prospective. The acoustic
metrics used for JOMOPANS are listed in Table 2.1. Although not used in JOMOPANS, Sound
exposure level (SEL) is included for its wide applications in noise impact assessment. A more detailed
description of some of the metrics that are specifically applied to JOMOPANS is provided in Annex A:
Jomopans metrics.
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Table 2.1 Acoustic metrics for JOMOPANS

Name Definition

Sound pressure level (i) 10 dB times the logarithm to base 10 of the ratio of the mean square
sound pressure over a stated time interval to the reference value of sound
pressure squared;

or

(i) 20 dB times the logarithm to base 10 of the ratio of the root mean
square sound pressure over a stated time interval to the reference value
for sound pressure.

Sound exposure level | The SEL is a representation of sound energy that is defined as 10 dB
times the logarithm (base 10) of the sound exposure, which is the integral
of the squared sound pressure over some period of time T, normalized by
a reference squared pressure p2 and reference time To,

Percentiles The value of SPL below which a certain percentage of the observations fall
Excess level (i) Instantaneous excess of “ambient noise” from all ships and wind over
“natural” wind noise

(ii) Instantaneous excess of “ambient noise” from all ships and wind over
median values of “natural” wind noise over the evaluation time interval.

Dominance The percentage of evaluation time over which the excess level exceeds a
specified cut-off value.

Pressure curve The cumulative distribution of the percentage of evaluation area as a
function of the dominance values.

Pressure Index A single number index for the area under the pressure curve, quantifying

the percentage of the evaluation area as well as the percentage of the
evaluation time interval, in the evaluation frequency band, where the
excess level exceeds the specified cut-off value.

2.5 Citation of other guidance
JOMOPANS standard for terminology, 2021

ISO 18405:2017. Underwater acoustics — Terminology. International Organization for
Standardization, Geneva, Switzerland, 2017.

ISO 17208-1: 2016. Underwater acoustics — Quantities and procedures for description and
measurement of underwater sound from ships; Part 1: Requirements for precision
measurements in deep water used for comparison purposes. International Organization
for Standardization, Geneva, Switzerland, 2016.

ISO 17208-2: 201X. Underwater acoustics — Underwater acoustics — Quantities and
procedures for description and measurement of underwater noise from ships — Part 2:
Determination of source levels from deep water measurements. International Organization
for Standardization, Geneva, Switzerland, 201X.

ISO 17208-3: 201X. Underwater acoustics — Underwater acoustics — Quantities and
procedures for description and measurement of underwater noise from ships — Part 3:
Determination of source levels from shallow water measurements. International
Organization for Standardization, Geneva, Switzerland, 201X.

Folegot T., Clorennec D., Chavanne R., R. Gallou (2016). Mapping of ambient noise for BIAS.
Quiet- Oceans technical report Q0.20130203.01.RAP.001.01B, Brest, France, December
2016

Ainslie, M. A., de Jong, C. A. F., Martin, B., Miksis-Olds, J. L., Warren, J. D., Heaney, K. D.
(2017). Project Dictionary (Terminology Standard). DRAFT. Technical report by TNO for
ADEON Prime Contract No. M16PC00003.

Ainslie, M.A., Miksis-Olds, J.L., Martin, B., Heaney, K., de Jong, C.A.F., von Benda-Beckman,
A.M., and Lyons, A.P. 2017. ADEON Soundscape and Modeling Metadata Standard.
Version 2.0 DRAFT. Technical report by TNO for ADEON.

IWC 2014. Joint workshop report: Predicting sound fields—global soundscape modelling to
inform management of cetaceans and anthropogenic noise 15-16 April 2014, Leiden,
Netherlands. International Whaling Commission (2014). Available from
http://scorint.org/IQOE/Leiden_Report.pdf.
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3 Jomopans ambient noise modelling

3.1 Introduction

Jomopans has produced maps of ambient noise in the North Sea, as input for assessment of the
environmental status. As specified in the Jomopans objectives, these maps provide “information on the
amount of ambient noise and its spatial distribution as well as the main sources of the noise.” A target
was set to provide this information for at least 90 % of the North Sea area.

The ISO 198405 standard for underwater acoustic terminology defines ambient noise as “sound except
acoustic self-noise and except sound associated with a specified signal”, where acoustic self-noise is
the “sound at a receiver caused by the deployment, operation, or recovery of a specified receiver, and
its associated platform”. Jomopans has adopted the common use of the term ‘ambient noise’
without reference to a specified signal.

The EU MSFD indicator 11.2.1 quantifies ambient noise in terms of a sound pressure level, which is a
guantity with five dimensions: latitude, longitude, depth, frequency and time. An ambient noise map is a
two-dimensional (latitude, longitude) projection of this quantity.

Jomopans [Merchant et al, 2018] has selected the acoustic metric to be monitored according to the
specifications described in Table 3.1.

Table 3.1 Jomopans acoustic metric specification.

| Attribute . Specification |
Physical quantity Sound pressure level, dB re 1 pPa
Snapshot duration 1 second
Statistics Percentiles of the sound pressure level

distribution measured over one-month periods.
Suggested percentiles: 5, 10, 25, 50, 75, 90, 95

Frequency one-third octave bands, with centre frequencies
ranging from 10 Hz to 20 kHz, defined according
to the base-ten convention (IEC 61260-1:2014;
ANSI 2009)

Geospatial Depth-averaged value either at the centroid of
each grid cell, or as a spatial average of the
levels within the grid cell. Grid referenced using
the standardised C-square notation (Rees 2003).

Depth Depth averaged (energy-wise)

The contour of North Sea region considered in the Jomopans projects is shown by the shaded area in
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Figure 3.1. The shape file for this area was provided by OSPAR?Z. The project area largely overlaps
with OSPAR Region Il “Greater North Sea”.

Although from a biological perspective a large frequency bandwidth and high resolution in frequency,
time and space might be desirable for monitoring this acoustic metric, the corresponding computational
complexity set practical limitations. Moreover, not all the required inputs for modelling the acoustic
metric are available at such a high resolution.

Jomopans decided to focus on shipping and wind sound sources only. These were expected to
dominate the North Sea soundscape over most of the evaluation area and time.

For future further development, the ambient noise modelling could be extended to include contributions

of other continuous, or possibly also impulsive, sources that may enter into the scope of Descriptor

11.1.2 of the MSFD. Examples of possible sources to be added in the future are:

e other natural sounds (such as rain, snow, hail, lightning, thunder, earthquakes, surf zone wave
breaking, current related sounds, marine life)

e impulsive sounds (such as explosions, seismic surveys, marine piling and sonar);

o offshore platforms and structures (such as wind turbine operational noise and oil- and gas pipes).

2 Provided by email from Chris Moulton (OSPAR) to Niels Kinneging (Jomopans PL) dd 16 January 2018.
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Figure 3.1 Map of the North Sea. The green coloured area is the Jomopans project area. The coloured circles
indicate the locations of the Jomopans underwater sound monitoring locations. The Norwegian ‘Love’ monitoring
station is not shown on the map. This station served as a reference station (very low shipping) and is located in the
northern area of Norway and outside of the specific project region. Figure from [Fischer et al, 2021]

This chapter provides an overview of the various choices made for the modelling of ambient noise
maps for the North Sea area and the selection of model input data and mapping procedures. Chapter 4
describes model verifications and validation. Sections 3.7 and 3.8 refer to the performed model
sensitivity studies.

3.2 Jomopans ambient noise modelling

The Jomopans sound maps for shipping and wind are calculated according to the following approach:

1. Obtain ship traffic information (location, speed, ship type and length) from AIS/VMS data (see
section 3.7.5), interpolated to a regular time grid (10-min), and to a regular two-dimensional
source grid (0.025° resolution).

2. Calculate propagation loss (time-invariant) between source grid locations and locations on a
receiver grid (0.05° longitude and 0.025° latitude resolution, averages over 10 equally spaced
points over the local water depth), at centre frequencies of one-third octave bands ranging
from 10 Hz to 20 kHz, using the Aquarius 3 propagation loss model (see section 3.4). Store
the calculated propagation loss in a look-up table.

3. For each ship at each time step, estimate the source level spectrum, at centre frequencies of
one-third octave bands ranging from 10 Hz to 20 kHz, using the Jomopans -ECHO source
level model (see section 3.3).

4. For each time step, calculate the depth-averaged sound pressure level spectrum at each
receiver grid location, by summing the contributions of from all source grid cells (source level
minus propagation loss).

5. Obtain wind information (speed at 10 m above the water surface, see section 3.7.4),
interpolated to a regular time grid (10-min), and to the receiver grid (0.05° longitude and
0.025° latitude resolution).

6. For each time step, calculate the depth-averaged sound pressure level spectrum due to the
wind at each receiver grid location, using a semi-empirical wind source and propagation
model (see sections 3.5 and 3.6).

7. For each receiver grid location, determine monthly percentiles of the calculated sound
pressure level spectra from ships and wind.
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3.3 Jomopans-ECHO ship source model

Robust sound mapping tools not only require accurate models for estimating source levels for large
numbers of marine vessels, but also an objective assessment of their uncertainties. The diversity of
ship characteristics and the various noise source mechanisms at different operational conditions make
it impossible to include an exact prediction of the underwater radiated noise of individual vessels in the
calculation of shipping sound maps. Moreover, information available from the vessel tracking data from
Automated Identification System (AIS) is limited and not easily related to vessel noise emissions. The
need for more coherent underwater radiated noise measurements on commercial vessels, to support
the development of reliable statistical ship source level models, was also concluded in two large
European research programs, SONIC [Brooker & Humphrey, 2015] and AQUO [Audoly & Rizzuto,
2015].

One such data set, consisting of a large collection of systematic source level measurements for wide
variety of vessels, was collected during the Enhancing Cetacean Habitat and Observation (ECHO)
program's 2017 vessel slowdown trial in Haro Strait [Trounce et al, 2019]. To support underwater noise
studies associated with the trial, JASCO Applied Sciences collected a total of 1862 monopole source
level measurements, over a four-month period, on three different hydrophone systems. This data set
was used to establish speed scaling relationships for source levels of several different categories of
vessels. This data set is unique, not only because it provides a large collection of source levels for
many different types of vessels, but also because the voluntary slow down protocol provided a strong
experimental control for determining the effects of vessel speed on noise emissions [MacGilivray et al;
2019]. As such, the ECHO project provided an ideal data set for testing speed dependence in statistical
source level models.

Based on the ECHO data set, Jomopans has proposed an updated reference spectrum model that
incorporates ship type as well as speed and length. The Jomopans-ECHO model [MacGillivray & de
Jong, 2021], inspired by the RANDI 3.1 model [Breeding et al, 1996], calculates the ship source level
spectrum, as a function of frequency (f), ship speed over ground (V), ship length (1) and ship type
(vessel class, C) :

LS (f, v, L, C) = Lso(f) + 6010g10(V/Vc) dB + 20]0g10(l/l0) dB,

where 1, is the reference speed per vessel class and [, = 100 m is a fixed reference length for all
vessel classes. The vessel class (C) is obtained from the AIS ‘ship type’ parameter, according to Table
3.2, which also presents the reference speed (V) per vessel class.

The reference speeds have been obtained from a fit of the RANDI3.1c model variant [de Jong et al,
2020] to the ECHO data-set [MacGillivray et al, 2019], for a fixed reference length [, = 300 ft.

The baseline spectrum for all vessel classes is given by:

N N 2\ 2
Ls,o(f) = K = 2010g;o(f1) dB — 10logy ((1 - fil) + D2> dB,

with K = 191 .dB, D = 3 (for all classes, except Dcryise vessel = 4) and f = fL fi = 480 Hz (%)
ref Cc
fref = 1Hz and Viet = 1 kn

The cargo vessels (container ships, vehicle carriers, bulkers, tankers) have an additional peak below
100 Hz, so that for these types the spectrum at f < 100 is replaced by:

Lsflo(f < 100, Cargo) =

2 2
K — 401og;o(fF) dB + 10 logyo(f) dB — 101ogy, ((1 —( U ) ) + (DLF)2> dB,

7IF,
with K'F = 208 dB, DF = 0.8 (container ships and bulkers) or DF = 1.0 (vehicle carriers and tankers)
and fF = 600 Hz (Vyer/Ve).

NOTE: the above model expressions are for source spectral density level. In the final modelling these
have been converted to source level in one-third octave bands by adding 101log;,(0.231 f) dB.
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Table 3.2 ECHO vessel classes, based on AlS ship type ID, with fitted reference speed per vessel class.

Vessel Class (C)

AIS SHIPTYPE ID

Reference speed (V¢) in knots

Fishing vessel
Tug
Naval vessel

Recreational vessel

Government/Research

Cruise vessel
Passenger vessel
Bulker

Container Ship
Vehicle Carrier
Tanker

Other
Dredger

30

31,32,52

35

36,37

51,53,55

60-69 (length [ > 100 m)
60-69 (length [ < 100 m)

70, 75-79 (speed V < 16 kn)

71-74 (all speeds)
70, 75-79 (speed V > 16 kn)

n/a

80-89

All other type IDs
33

6.4
3.7
111
10.6
8.0
171
9.7
13.9

18.0

15.8
12.4
7.4
9.5

This model has been fitted to the ECHO database of measured ship source levels [MacGillivray et al,
2019]. The number of ships (n) in the database and the average speed through the water (V) and
(estimated) average length (I) per vessel class are given in Table 3.3.

Table 3.3 ECHO data per vessel class: number of ships (n), average speed through the water (V) and (estimated)
average length (I).

VesselClass | n | ¥ (kn) | T (m)
Bulker 850 | 135 | 211
Containership | 440 | 18.8 294
Cruise 54 16.4 268
Fishing 21 | 101 32
Government 2 12.8 o8
Naval 9 14.7 79
Other 6 | 14.0 81
Passenger 2 18.3 52
Recreational 7 15.2 45
Tanker 53 13.5 186
Tug 67 8.1 28
Vehicle Carrier | 65 17.0 | 194

Figure 3.2 compares the Jomopans-ECHO model (dashed lines) with the measured average source
level spectra (one-third octave bands) for the six dominant vessel classes in the ECHO database.
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Figure 3.2 Comparison of the mean source level (for a fixed source depth of 6 m) versus frequency predictions of
the WHO2 [Wales & Heitmer, 2002], RANDI [Breeding et al, 1996] and JOMOPANS-ECHO (J-E) models with mean
measured source levels from ECHO data set (black). The n value in each panel indicates the number of
measurements that were averaged for the specified vessel type.

Figure 3.3 shows that over the 20 Hz to 20 kHz one-third octave bands the maximum absolute value of
the mean residual difference (in one-third octave bands, averaged over all vessels) between the J-E
model and the ECHO data is 2 dB, and the mean standard deviation of the residual differences per
one-third octave band is 6 dB. The larger deviations observed in the one-third octave bands below 20
Hz is likely due to tonal noise at propeller blade rates and harmonics which are not represented in the
statistical source level models. The speed and length trends in the original RANDI model appear to
follow the trends observed the ECHO data set and so these coefficients were not modified in the J-E
model. The J-E model was found to provide a significantly better match to the ECHO data, when
compared with the older RANDI and WHO2 models (Figure 3.2).
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Figure 3.3 Mean residual differences (solid line) versus frequency between JOMOPANS-ECHO model and the
ECHO data set. The dashed lines show one standard deviation of the residual differences about the mean. The
mean standard deviation of the residual differences is 6 dB over the frequency range 20 Hz to 20 kHz. Over the
same frequency range, the mean absolute value and interquartile range of the residual differences are 5 dB and
8 dB, respectively.
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Dredgers (AIS type ID 33)

Dredgers are more abundant on the North Sea than in the Haro Strait. The ECHO data set does not
include dredgers. TNO has measured the source level for multiple runs of 7 dredgers in a project
during the construction of Maasvlakte 2, the Rotterdam port extension [de Jong et al, 2010]. The mean
length of these dredgers was 123 m, the mean transit speed 13.8 kn and the mean dredging speed
1.8 kn. The Jomopans-ECHO source level model matches the mean observed source level for
transiting dredgers with a fitted reference speed of 9.5 kn. While dredging, the source level is much
higher than would be predicted based on the low speed, due to the propeller loading associated with
the dredging. However, the JOMOPANS-ECHO source level model for a sailing speed of 14 knots
provides a good estimation of the source level when the dredger is dredging (independent of the actual
dredging speed). The AIS data available for JOMOPANS do not provide an indication when dredger is
dredging, but we may tentatively assume that the dredger is dredging when its speed is lower than 3
knots.

Figure 3.4 shows the average measured source level spectra compared with this implementation of the
JOMOPANS-ECHO model. The lower figures show the mean residuals and standard deviation.
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—@— Avg. dredger transiting (13.8 kn)
—@— Avg. dredger dredging (1.8 kn)
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Figure 3.4 Measured average source level spectrum for dredgers (line with e-markers), transiting and dredging,
compared with the Jomopans-ECHO model (dashed lines), for a fixed source depth of 6 m.
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Figure 3.5 Difference between modelled and measured average source level spectrum for dredgers, transiting and
dredging.

The Jomopans-ECHO model has been published in the Journal of Marine Science Engineering
[MacGillivray & de Jong, 2021].
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3.4 Ship noise propagation model

As explained in Chapter 1, various underwater acoustic propagation models are available, but not all of
these are suited for mapping broadband ship noise in shallow water at large spatial and temporal
scale. To manage the computational complexity, several simplifying assumptions have been made,
including the selection of an efficient modelling algorithm.

e The propagation loss for the ship sources was calculated using TNO’s Aquarius 3 model, which
combines a range-dependent adiabatic normal mode sum for the lower frequency bands with a
flux integral model for the higher frequency bands [Sertlek, 2016; Sertlek et al, 2018].

e This model was verified against other models for the T4.2 benchmark test cases, see Section 4.1
and [de Jong et al, 2020].

e AIS ship locations were replaced to the nearest position on a fixed source grid (section 3.8.3), so
that the propagation loss between source and receiver locations can be precomputed.

e Aso-called ‘N x 2D’ approach is applied in which the range-dependent propagation loss is
calculated along N radial trajectories from each ship source position.

e The model assumes a range dependent environment, with a sea water layer above a semi-infinite
‘fluid’ sediment (knows as a ‘Pekeris’ type waveguide).

e The water surface is modelled as a uniform flat pressure release boundary. Effects of surface
waves are tentatively neglected.

e The water depth is range dependent.

e The Aquarius 3 approach is based on a stair-step approximation for the bathymetry and the
calculation of normal mode eigenvalues for each stair step.

e Aguarius 3 calculates the analytic mode shapes of an equivalent free-free fluid wave guide, using
Weston's ‘effective depth’ approximation, in combination with an approximation of the modal loss
factor, as introduced by Kornhauser and Raney [1955].

3.5 Wind source model

The wind noise is calculated with the wind noise source and propagation models based on the semi-
empirical expressions described in [Ainslie, 2010, Chapter 8], see [de Jong et al, 2018] and [de Jong et
al, 2020]. The method used by the model is described by [Ainslie et al, 2011]. The propagation model

is the same for both wind and rain, but only the wind source model was implemented in Aquarius. In
the model wind is treated as a uniform sheet source, with a uniform source spectral density per unit
area represented by the symbol K. The wind source level model uses Eq. 8.206 of [Ainslie, 2010]
which gives K; as a function of wind speed v at 10 m above the water surface, frequency f, and air-sea
temperature difference. If the water is warmer than air (Tair — Twater < 1°C) the model is independent of
sea-air temperature difference, simplifying (for v, > 1 m/s) in these conditions to:

1710 2.24
4.12
10 (1 m/s)
-

f 1.59
15+ (—1 kHZ)

pPa?Hz!

This provides a smooth transition between the APL-UW (1994) wind noise source spectrum model,
intended for the frequency range 10 kHz to 100 kHz, and the trend observed in measurement data
from [Kuperman & Ferla, 1985] at lower frequencies, noting that the behaviour of the wind noise source
level at frequencies of order 1 kHz and below is difficult to measure, and hence not well established.

The quantity 101log;, ﬁ dB (wind areic dipole source spectrum level) is plotted as a function of
frequency in Figure 3.6.
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Figure 3.6 Wind noise areic dipole source spectrum level versus frequency (figure 8.17 from [Ainslie, 2010]);
“composite’=evaluated using Equation (8.206); “saturated”=composite model, capped using Equation (8.203)).

Ainslie [2010, p.425] suggests: At high frequency and sufficiently high wind speed (above about 30 kHz
for a wind speed of 10 m/s, or above 10 kHz for 15 m/s) special attention needs to be given to the
absorbing effect of near-surface bubbles. A pragmatic approach is to cap the dipole source level so
that it does not exceed the following frequency-dependent value (obtained by inspection of Fig. 17 from
[APL-UW, 1994, p. 11-43]:

f
101ogy0(TKmax) = 79 — 201logy, (m)

This saturation is not yet implemented in Aquarius model.

3.6 Wind noise propagation model

Propagation of the wind noise is modelled by an implementation of Eqs.(10)-(12) from [Ainslie et al,
2011], taking into account multiple reflections of surface noise via the seabed and sea surface,
including a low-frequency model of sea surface reflection loss as a function of wind speed, based on
the measurements of Weston and Ching; Eq. (8.22) from [Ainslie ,2010].

The sound pressure spectral density level of wind noise at depth d below the water surface is
calculated as the sum of direct and reflected path contributions:

2nKr (np + ng)
r(np +np
Ly, s wina = 101ogq (W) B

with np and ng the direct and reflected path contributions, see [Ainslie et al, 2011].

The direct path contribution is
np = E3(2ad)
With « the attenuation coefficient of sea water and E;(x) is the exponential integral of third order,
which can be approximated by Eq. 9.157 from [Ainslie, 2010]:
e—Zad
D~ d+ 3 — e 0434(2ad)

At distances and frequencies where absorption can be neglected this approximates to np = 0.5.

The contribution of the reflected paths is
ng = %{sin 6. — (a — b)~[a®/? arctan(a~'/? sin 6,.) — b3/? arctan(b~*/? sin 6, |}
with a = 2aH/n (for water depth H) and b = 1/[2(kd)?] (for wavenumber k).
The seabed and sea surface reflection losses are taken into account by means of an adjustment of the

form n = np + ns. Here ng is the seabed reflection loss coefficient (see Eq. 8.86 of [Ainslie, 2010)],
p.378):

22



INTERREG North Sea Region

Jomopans

cos? 6,
2we

= 2we ———5 = -
i We sin3 0, (w2 —1)3/2

This applies to coarse grained ‘fluid’ sediments with a sound speed ratio v = ¢z.q/cy, > 1, with critical
angle 6, = arccos(1/v ), density ratio w = pg.4/py and attenuation parameter ¢ = 120_1:‘838111 With Bgeq in
decibel per wavelength. The corresponding loss for fine sediments (v < 1) (see Eq. (8.86) of Ainslie
(2010), p.378) has not (yet) been implemented. Surface loss 7 is calculated as a function of frequency
and wind speed v,, from a low-frequency sea surface reflection loss model, based on the
measurements of [Weston and Ching, 1989] (Eg. 8.22 of [Ainslie, 2010, p.365], which is claimed to be
valid up to an acoustic frequency of 4 kHz. The yearly averaged loss parameter is used.

3

ns =34 (1 I{HZ)E (10]}:;:/5)4

At high frequency the effects of refraction become less important relative than those of absorption. This
effect can be approximately taken into account by imposing an upper limit to the surface reflection loss
of 15 dB at normal incidence (see Ainslie, 2010, p.368). This corresponds with g . = 15In10 /20 =
1.7. At a wind speed of 10 m/s, this limiting value would apply at frequencies above approximately

600 Hz. This upper limit is not implemented in Aquarius model.

3.7 Model inputs used by Jomopans
3.7.1 Bathymetry

The North Sea bathymetry has been downloaded from the European Marine Observation and Data
Network® (EMODnet). This provides water depth below lowest astronomical tide (LAT) on a 0.125 X
0.125 minute grid, see Figure 3.7. Tidal variations have not been included in the modelling.
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Figure 3.7 Bathymetry (water depth in m relative to LAT) map of the Jomopans area. The numbered black dots
indicate the locations of the Jomopans 2019 underwater noise monitoring stations.

3 https://www.emodnet-bathymetry.eu/
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3.7.2  Acoustical properties of seawater

The sound speed and density of the water are assumed to be uniform in depth and range. Constant
values are assumed: sound speed 1500 m/s and density 1000 kg/m3. These round number values
have been arbitrarily chosen, noting that the applied propagation model is not sensitive to small
variations in these parameters. [Ainslie, 2010, section 2.1] suggests sound speed 1490 m/s and
density 1027 kg/m? as “representative” values for sea water near the surface. Variation of these
parameters with less than 10% will affect the calculated propagation loss with much less than 1 dB.

Sound speed variations over the water column have been ignored. Variations of the sound speed with
depth can result in a focussing of acoustic energy towards the direction (upwards or downwards) where
the sound speed decreases. However, in large parts of the North Sea the shallow water is generally
well mixed, so that the sound speed is relatively uniform over the water depth. Hence, sound speed
profiles have less effect than in deep water, where sound can be channelled in ducts, strongly affecting
the sound propagation. A study for the Dutch part of the North Sea [Sertlek et al 2016] illustrated that
neglecting the effect of typical sound speed profiles for summer or winter time leads to an acceptable
uncertainty in the propagation loss calculations for shipping noise, of not more than 1-2 dB.

In the Northern North Sea and in the Norwegian trench, where the water depth exceeds 100 m (Figure
3.7), neglecting the effects of sound speed variations over the water depth will cause additional
uncertainty in the propagation loss calculations. The same may hold for the Kattegat, because
observations of seasonal variability of recorded sound in the Baltic Sea have been attributed to the
periodic variations in the sound speed profile of the water column [Mustonen et al, 2019].

Absorption in sea water (in dB/km) is implemented according to [Van Moll et al, 2009], for

representative parameters T = 10 °C, S = 34 ppt, pHygs = 8 and z = 0 m, resulting in the frequency-
dependent absorption shown in Figure 3.8.
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Figure 3.8 Sea water absorption a [dB/km], according to Van Moll et al [2009], as applied in the Aquarius 3
modelling for Jomopans.

3.7.3  Acoustical properties of the seabed

In shallow water, the acoustic properties of the seabed have a major effect on sound propagation.
Quoting [Ainslie 2010, section 4.4]: “The seabed is a complicated layered medium whose acoustical
properties vary with depth on length scales from a few millimetres to hundreds of meters. For simplicity
it can be convenient to represent this layered medium by means of a uniform seabed with
representative depth-averaged properties. However, to be useful the average must be over a depth
scale relevant to the frequency of interest—typically a few wavelengths.”

The upper layers of the North Sea seabed mainly consist of unconsolidated sediments (clay, silt, sand
and gravel). Such sediments can be approximated as ‘fluid’ medium in which sound scattering and
propagation is dominated by compressional waves. The effect of sediment shear stiffness on
underwater sound propagation may be neglected to first order. Hence the relevant acoustic properties
of the sediment are density, sound speed and attenuation coefficient.
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So, the seabed is modelled as a fluid half space, with location- and frequency-dependent parameters:
e Sound speed ¢ [M/s] (expressed as ratio cg/c,, to the sound speed c,, in water at the seabed)
e Density ps [kg/m3] (expressed as ratio p,/p,, to water density p,, at the seabed)
e Absorption S, [dB/1]

The location-dependent seabed properties are determined based on the median grain size of the
sediment top layer.

Again quoting [Ainslie 2010, section 4.4]: “Grain size is a useful descriptor of the acoustical properties
of the seabed because it is strongly correlated with sound speed and density and, for a given sediment
type, is independent of depth.” This statement applies to ‘pure sediment samples’ (i.e., those whose
grains all have the same size), but can be tentatively generalized to naturally occurring mixtures of
different sediment types. The median grain size of such mixtures can be loosely related to the various
sediment classification schemes in terms of descriptions such as for example ‘coarse sand’ (Udden-
Wentworth), ‘sandy silt’ (Shepard) and ‘muddy sandy gravel’ (Folk).

Grain size M(¢) is commonly expressed in ¢ units, a logartithmic measure of grain diameter d:

d
M(¢) = —log, <1 mm) ¢

A map of median grain sizes of North Sea surface sediments is available from the World Data Center
for Climate portal* [Bockelmann, 2017]. The download site notes that “The underlying data set is a
compilation of over 30,000 sediment samples from many national and European surveys conducted
over a period of more than 50 years. Due to the vintage of some samples in the database, users are
advised to consider the dynamic nature of the seafloor when using the data and when creating derived
surrogate based habitat maps. Also, due to the diversity of sources for the point data, users should be
aware of the differing methods by which the grain size analyses were conducted. As a consequence,
map confidence is not necessarily uniform and thus areas not always comparable, even though
interpolation surface may look continuous.” Uncertainties in the sediment data and the resulting
obstacles in harmonization have been described by Van Heteren and Van Lancker [2015].

Nevertheless, the median grain size map, see Figure 3.9, is considered to be the best available
consistent data set on a global North Sea scale for characterizing the acoustical properties of the upper
layer of the North Sea sediment.

In the Aquarius 3 shipping noise modelling, the median grain size of the sediment at the source grid
locations is obtained from linear interpolation of the data from [Bockelmann, 2017]. Variations of
sediment properties along the radial trajectories from the source along which the propagation loss is
calculated are tentatively ignored.

The acoustic properties of the equivalent fluid’ sediment are derived from the median grain size, based
on conversions provided in Ainslie [2010, section 4.4]. Table 4.17 from [Ainslie, 2010] gives the
conversion for near-surface sediment properties, typically applicable in the frequency range 10 kHz to
100 kHz, and Table 4.18 for the bulk properties of the uppermost few meter of sediment, typically
applicable in the frequency range 1 kHz to 10 kHz.

At lower frequencies (typically below 1 kHz) the sound penetrates deeper into the seabed, where
sediment sound speed and density increase with increasing depth, and the absorption decreases. The
increase can be gradual, but it can also exhibit sharp contrasts at transitions between sediment layers,
particularly at rock layers that support shear waves as well as compression waves. Moreover, the
propagation in porous sediment layers results in dispersion (frequency-dependent sound speed) and
nonlinear dependence of attenuation and frequency (see e.g. [Kibblewhite ,1989)).

4 https://doi.org/10.1594/WDCC/coastMap_Substrate MGS
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Figure 3.9 Map of the median grain size of North Sea seafloor surface sediments [Bockelmann, 2017]. The
constant ¢-value for the Southern part of the Kattegat (Northeast of Denmark) has been tentatively extrapolated.
The numbered black dots indicate the locations of the Jomopans 2019 underwater noise monitoring stations.

Appropriate information on the geoacoustic properties of the North Sea sediment layers in the
frequency range relevant for shipping noise (typically 50 Hz to 1 kHz) is lacking. Moreover, the
additional numerical complexity of a depth-dependent geoacoustic model is impractical for underwater
sound mapping at North Sea scale. Therefore, the Aquarius modelling includes an approximation of the
seabed, modelled as a uniform ‘fluid-like’ half-space, with frequency-dependent acoustic properties.

The frequency dependence of the sediment properties is based on the ‘low-frequency geoacoustic

model for the effective properties of sandy sea bottoms’ published by Zhou et al [2009]. This model
was developed from long-range acoustic measurements conducted at 20 shallow water locations in
different coastal zones around the world.

Figure 3.10 shows the measured sound speed ratio and attenuation from Zhou et al [2009].
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Figure 3.10 Measured broadband sound speed ratio (left) and attenuation (right) in sandy sea bottoms

(Markers) compared with the Biot-Stoll model with the input parameters are adjusted to match either the sound
speed ratio (Biot model A) or the attenuation (Biot model B), from [Zhou et al, 2009]. The green dashed lines give
the results of the geoacoustic model implemented in Aquarius, for medium sand with a median grain size parameter

¢=2.

The effective sound speed ratio ¢, of the North Sea seabed applied in the Aquarius model consists of a
parametrised inverse tangent curve:

¢, (f) = atand (a * <log10 <ﬁ) - b)) xc+d

where atand(x) denotes the inverse tangent function with argument x in degrees.

This curve was fitted to the sound speed ratio data from [Zhou et al 2009]. As no digitised data was
available, the fit was carried out to 5 data values selected “by eye” to roughly match the ‘Biot model A’
curve in Figure 3.10 (left): ¢,,(10 Hz) = 1.08, ): ¢,,(100 Hz) = 1.08, ): ¢, (1 kHz) = 1.10, ): ¢, (10 kHz) =
1.145, ): ¢,(10 Hz) = 1.16. Using the MATLAB curve fitting toolbox (nonlinear least-squares method)
the parameters values were solved to be a = 1.7778, b = 0.4508, ¢ = 0.000554 and d = 1.1208.

For the attenuation coefficient, the Aquarius model follows [Zhou et al 2009] by decreasing the
absorption parameter in proportion with £%8, for frequencies below 1 kHz. No frequency dependence is
proposed for the density ratio, in alignment with [Zhou et al 2009].

Although the Zhou et al [2009] paper and data do not indicate a clear dependence on median grain
size, the Agquarius model was parametrized to include a grain size dependence, to match the tabulated
geoacoustic parameters as a function of grain size for frequencies above 1 kHz, as provided in Ainslie
[2010, section 4.4].

The sound speed ratio is adjusted by adding a constant value to the parametrised inverse tangent
curve such that ¢, (10 kHz) is equal the sound speed ratio (cyr(¢)/c,,) from Table 4.17 [Ainslie, 2010].
To avoid a sound speed ratio smaller than 1, which is not supported by the Aquarius propagation
model, the low-frequency part of the curve is limited to a fixed minimum value of 1.01. Though the
sound speed ratio at the seabed surface can be lower than one, low-frequency sound penetrates
deeper into the seabed, where sediment sound speed increases with increasing depth. The value 1.01
is selected as a tentative choice for implementing this effect. It is not supported by evidence or data,
but it resulted in a good model-data agreement for the Vinga site [Merchant et al, 2021].

For the attenuation coefficient, the Aquarius model takes the value fyr(¢) from Table 4.17 [Ainslie,
2010] for the frequency range above 1 kHz and calculates 5(f) = (f/1 kHz) %8By (¢) for frequencies
below 1 kHz.

The frequency-dependent geoacoustic modelling that is implemented in the Aquarius model reduces
the overestimation of low-frequency propagation loss that was observed in the first model-data
comparisons [Merchant et al, 2021], without direct fitting of the model to the North Sea shipping
observations. Note, however, that model development was outside the scope of the Jomopans project
and that the proposed geoacoustic model has not been further investigated or validated.

More accurate modelling of the underwater sound propagation in the North Sea at low frequencies

would require more research and data acquisition, particularly in regions with a muddy seabed, such as
the Kattegat.
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3.7.4 Surface wind

The ERAS5 hourly data from the Copernicus website®: are used for the wind noise modelling. The
amplitude of the wind speed vector is computed from the 10-minute averages of the U- and V-
components of the wind speed vector measured at 10 m above the sea surface wind speed:

Viph = ’vlz, + v

This data set provides the selected wind data on a one-hour timescale and on a 0.25° x 0.25° spatial
grid. This is linearly interpolated to the (every 10 min) time steps and to the (0.05° x 0.025°) mapping
grid for the sound pressure level predictions.

Note that the model predictions of the Jomopans acoustic metric would require much more detailed
input data for the wind modeling than currently available, in spatial and temporal resolution as well as
in averaging time. The uncertainty associated with this shortcoming is likely reduced by the statistical
representation of the SPL in monthly percentiles, but it has not been further investigated quantitatively.

3.75 AlS data

Ship traffic at sea is monitored by AIS (Automatic Identification System) and VMS (Vessel Monitoring
System) services. The International Maritime Organization's International Convention for the Safety of
Life at Sea requires AIS to be fitted aboard international voyaging ships with 300 or more gross
tonnage (GT), and all passenger ships regardless of size. AIS is intended, primarily, to allow ships to
view marine traffic in their area and to be seen by that traffic. Under the European Union legislation,
VMS is a legal requirement for commercial fishing vessels in excess of 15 metres, to allow
environmental and fisheries regulatory organizations to track and monitor the fishing activities.

Because the information from AIS and VMS is not created for the purpose of sound mapping, there are
several uncertainties in this input to the modelling (see Annex A).

Firstly, the information does not include all ships. Many small ships do not carry AlS transponders and
ships can turn off their AIS transponders, for a variety of reasons. Moreover, land-based AIS receivers
have a limited reception range (a few tens of kilometres, depending on location and weather
conditions) and satellite-based receivers offer larger spatial coverage but poor temporal coverage.

Secondly, information from AIS provides an imperfect means of identifying vessel class and estimating
source levels. For example, container ships and vehicle carriers cannot be distinguished from other
types of cargo vessels through their AIS ship type identification. AIS broadcasts are not free from
errors in vessel length, ship type ID, and speed, and vessel design details that truly relate to noise
emissions, such as the speed at which the propellers start to develop cavitation and the type and
power of the propulsion engines, are entirely absent from AIS data.

For the North Sea sound mapping, Jomopans has acquired processed AIS/VMS data of the North Sea
shipping from Quiet Oceans®. These are based on land- and satellite-based AIS data, supplemented
with VMS data, though the VMS data could not be obtained from all North Sea countries, due to
national restrictions. The processing included check of validity and consistency and interpolation of the
individual ship trajectories to a regular temporal resolution of 10 minutes. To further enhance the data,
TNO applied an additional, apparently less restrictive, trajectory interpolation and speed check, see
Annex A.

3.8 Map resolution
Numerical modelling of underwater soundscape maps requires selection of a model resolution in
space, time and frequency.

3.8.1  Spatial resolution

Selection of the spatial resolution at which the sound maps are to be produced depends on the
resolution interest to the user of the maps, on the available resolution of the model input data, and on
the manageability of the numerical calculations and data.

Depth resolution
For the Jomopans sound maps of the North Sea, the depth averaged mean square sound pressure is

calculated over 10 uniformly spaced points between 1 m above the seabed and 1 m below the sea

> https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form
6 https://www.quiet-oceans.com/
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surface. To avoid the large uncertainties associated with sound propagation in very shallow water, the
sound maps are limited to locations where the water depth exceeds 5 m.

Horizontal resolution

The Jomopans sound maps for the North Sea area were calculated at a horizontal resolution of 0.05°
longitude x 0.025° latitude, corresponding with approximately square grid cells of about 3.2 x 2.8 km?,
This was considered sufficient to resolve the main shipping lanes, while at the same time keeping the
number of grid points manageable.

The Jomopans receiver grid covers the longitudes between -5.2 and 13.2 degrees East and the
latitudes between 50.9 and 62.1 North. At the given resolution this results in 369x449 (=165681) grid
points.

The World Meteorological Organization (WMO) divides the chart of the world into grid cells of 10°
latitude by 10° longitude. WMO square 1500 covers the longitudes between 0 and 10 degrees East
and the latitudes between 50 and 60 North. WMO squares are used as the basis for the c-squares
(concise spatial query and representation system) spatial indexing system [Rees, 2003], which further
divides 10°x10° WMO squares into smaller units of 5°x5°, 1°x1°, 0.5°x0.5°, 0.1°x0.1°. The c-squares
strings describing the four 0.1° squares in the outer corners of the Jomopans receiver grid are:

1501:103:392 | 1601:123:112 | 7500:205:392 | 7600:225:112

3.8.2  Spatial processing for sound maps

In order to reduce the computational complexity of the modelling, sound maps are generally obtained
using an “N x 2D approach” for the source locations, implying that the modelling results are obtained
by means of two-dimensional linear interpolation between radial transects (slices/radials) from each
source. Furthermore, the modelling range (i.e. the length of the transects) has a large effect on the
computational complexity.

Number of radials

For environments with a high spatial variability (e.g. strong variations in water depth or seabed
properties) a large number of radials may be needed; while for more homogenous environments a
smaller number can be sufficient. Because the environment varies gradually over large fraction of the
North Sea area, it was suspected that using a limited number of radials transects is sufficient for most
of the North Sea area (with the exceptions of source locations near coastal areas and strong
bathymetric features, e.g. near the Skagerrak). The effect of the choice for the number of radials was
determined by calculating a single time step ship noise map for the North Sea with two different
numbers of radials (16 and 36 radials respectively, uniformly distributed over 360°), see Annex D.1.
The simulation results indicate that using a reduced number of radials (16 instead of 36) has a small
(< 1 dB) effect on the predicted SPL for the majority of North Sea region. Somewhat larger local
differences occur in coastal regions and at locations with a large depth variation and low shipping
density, such around the Dogger Bank. To keep the calculation time for the North Sea maps
manageable, it was decided to limit the calculations to 16 radials.

Maximum length of radials

Sound generated by a ship may contribute up to many kilometres, depending on frequency,
environment and background noise produced by other sources (including wind and other ships). In
order to reduce the computational complexity of the modelling, it is desirable to limit the maximum
computation range where possible. The effect of the choice for the length of the radials was determined
by calculating a single time step ship noise map for the North Sea with different radial lengths (from
25 km up to 500 km), see Annex D.2. As expected, these simulations indicated that the largest radial
distances are required for low-frequency ship noise simulations in areas with a low shipping density.
For the Jomopans North Sea sound maps, it was decided to extend the radials to 400 km for all
frequencies and all source locations. The added value of using different radial lengths for different
frequencies was not worth the software implementation effort, thanks to the effective vectorization of
TNO’s Aguarius propagation model, which has a frequency-independent computation time. For more
complex ray and parabolic equation type models, however, it might be beneficial to reduce the radial
length for higher frequencies.

Spatial resolution along radials

The propagation loss calculation along the radials is calculated at a horizontal spatial resolution of
100 m, from a location at 100 m from the source grid location to the maximum distance of 400 km.
Radials are ended where the water depth is smaller than 5 m. The bathymetry along the radial is
linearly interpolated from the bathymetry map (section 3.7.1).
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3.8.3  Source grid

The computation time can be reduced significantly by means of source gridding. This enables repeated
use of stored data (look-up table) from a single calculation of propagation loss between predefined
source and receiver grids for shipping sound map calculations over multiple time steps. This requires
that the environmental properties do not vary significantly over the time window over which the look-up
table is used. Actual ship locations from AIS are relocated to the nearest source grid position.

The effect of the source gridding was studied for the calculated monthly statistics of SPL for the area
around the Vinga measurement location, by comparing gridded scenarios against the reference
solution without source gridding, see Annex D.3. It was concluded that the application of a source grid
with a resolution similar to the receiver grid resolution, but shifted by one half of the grid resolution to
avoid overlap, results in negligibly small differences of the monthly SPL statistics compared to the
reference solution, except in the close vicinity of shipping lanes.

For the Jomopans North Sea sound maps, it was decided to apply a source grid based on the receiver
grid, shifted by one half of the grid resolution and slightly refined by adding intermediate source grid
positions at 0.025° latitude resolution, while avoiding overlap with the receiver grid points, see Annex
D.3.

The spatial extent of the Jomopans source grid area overlaps with the Jomopans receiver grid area.
For future applications, the source grid should be selected greater than the receiver grid, so that all
ships within the maximum length of the radials are included. This means that AlS input area should
also be selected greater. This was not possible with the AIS data acquired for Jomopans, but should be
taken into consideration for future ship noise mapping efforts. As a consequence, the SPL values near
the outer edges of the Jomopans North Sea sound maps for 2019 are likely too low.

3.8.4  Temporal resolution

A minimum number of temporal ‘snapshot’ calculations is required to get a reliable and robust
calculation of the monthly percentile maps. The AIS data have been provided at a 10 minute resolution,
the wind data at a 60 minute resolution. In order to get a better understanding of the sensitivity of the
calculated SPL percentiles for the selected temporal resolution, the statistical sound maps were
calculated for time resolutions of 20, 30 and 60 minutes respectively, see Annex D.4.

The simulations showed that using a 60 minute temporal resolution instead of 10 minutes mainly
affected the higher percentiles of SPL. At some locations, the error in the 95% temporal percentile was
found to be of the order of 2 dB. The median SPL values were not significantly affected by reducing the
temporal resolution from 10 minutes to 60 minutes.

The Jomopans North Sea sound maps were calculated at a 10 minute resolution.

3.8.5  Frequency resolution

The Jomopans acoustic metric is calculated in one-third octave (base-10) bands. Acoustic modelling in
the frequency domain applies to single frequencies. To limit the computation time, the one-third octave
band levels must be calculated from a minimum number of single frequency calculations per band. The
effect of including more than one frequency per band was tested for the verification scenario described
in section 4.1.2, see [de Jong et al 2020]. In the calculation of the broadband SPL the effect is less
than 1 dB. In the individual one-third octave bands SPLs at fixed distances (10 and 40 km), differences
between the single frequency and band average results are up to 2 dB in the bands that dominate the
broadband SPL. At the lower and higher frequencies, where the calculated SPL values contribute less
to the broadband SPL, the difference is substantially larger (>10 dB). Using one frequency per one-
third octave band is likely an acceptable reduction of the calculation effort, at the cost of an
approximate uncertainty of 2 dB in the calculated depth averaged SPL in one-third octave bands. If one
is interested in levels at a specific receiver depth, the error associated with using a single frequency
per band can be significantly larger.

For the Jomopans North Sea sound maps, the one-third octave bands SPL spectra were calculated at
the centre frequencies.

3.8.6 Jomopans resolution settings

Table 3.4 describes the model resolution settings that were selected for the Jomopans shipping and
wind noise maps for the North Sea in 2019.
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Table 3.4 Model resolution for the Jomopans North Sea sound maps
Parameter Setting
Time steps Every 10 minutes (e.g. 4464 snapshots for May 2019)
Frequencies One-third octave (base-10) band centre frequencies,
from 10 Hz to 20 kHz
Receiver grid 0.05 degrees longitude and 0.025 degrees latitude (about 3 km x 3 km)
Depth average over 10 equally spaced grid points
Ship source grid the same resolution as the receiver grid, but shifted by one half of the
grid resolution, with additional intermediate grid positions added
Number of radials 16
Length of radials 400 km
Resolution along radials 100 m
Interpolation from radials |2D linear interpolation
to receiver grid

3.9 Calculation time for Jomopans sound maps

A dedicated PC running 64-bit windows 10 has been used to do the calculations with an Intel Xeon
4114 CPU @ 2.2 GHZ (10 cores) and 128 GiB of memory installed. A large part of the time we also
had access to another heavier PC with 20 cores and 512 GiB of memory which was considerably more
efficient to calculate the month statistics.

Most calculations are setup in a way that if anything goes wrong and they are restarted and continue
from where they were. On the rare occasions that something goes wrong and a process halts the time
waiting for the user to restart will have to be added to the calculation lead time.

Calculating the fine source grid propagation loss lookup table using 16 radials and 400 km distance for
the JOMOPANS area on a dedicated machine takes about 7 days using three parallel MATLAB
sessions which gave the optimal performance as MATLAB is able to automatically use multiple cores
per session (80-95 % CPU usage in this scenario). Using only 1 core it would take about 14 days.

Calculating SPL levels for one snapshot in time takes about 10 minutes, using the propagation loss
look-up table. A 10-minute resolution and 1 month of shipping data this results in about 4320
snapshots. That would take about 32 days when using 1 MATLAB session. Using 6 sessions results in
about 9 days of computation. When upscaling to multiple MATLAB sessions the usage of a secondary
hard drive was required for storing the snapshot results while reading the source gridded propagation
losses from the first hard drive.

Reshuffling the data and calculating the percentiles and excesses takes about 2 days using a single
MATLAB session. Most of that time was spent on reading and writing the data.

Table 3.4 Calculation time and data volume for Jomopans North Sea sound maps for the 12 months of 2019 using
the optimal number of sessions for the TNO dedicated computer.

Computation | Data size
time

Calculate propagation loss 7 days Prop loss database
768 GB
Calculate snapshots of SPL levels for 12 months | 12 * 9 days wind 2250 GB
ships 4800 GB
Reshuffle snapshots into areas 7 days 4800 GB
Calculate month statistics 12 days 50 GB
Calculate year statistics 12 days 6 GB
Total 146 days 13 TB
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4 Verification and validation of modelling

The credibility of the modelled underwater sound maps depends on an appropriate verification and
validation of the applied models. Jomopans [Robinson & Wang, 2020] uses the term ‘verification’ for
demonstrating that the numerical models are correctly implemented in software and calculate the
correct outputs for specified inputs. ‘Validation’ refers to demonstrating that the model outputs reflect
an adequate representation of physical reality. This evidence of adequate representation of reality
comes from comparison to physical measurements.

Section 4.1 describes two benchmark scenarios that have been developed by Jomopans for
verification of the selection of an appropriate underwater acoustic propagation model for creating
shipping noise maps in shallow water, including a verification of the correct model implementation.

These scenarios and the solutions (provided in Annex E) provide a highly recommended benchmark
for model verification for future sound mapping efforts.

4.1 Model verification: benchmark cases for shallow water propagation

Jomopans has developed two benchmark scenarios to verify the implementation of underwater
acoustic propagation models. These benchmarks have been published and presented at the 5th
Underwater Acoustics Conference and Exhibition UACE2019, Hersonissos, Crete, Greece [Binnerts et
al, 2019], see also [de Jong et al, 2020]

4.1.1 Benchmarked propagation models in Jomopans

Table 4.1: overview of models that have been compared, a description of the model type and an indication of the
frequency range of applicability

Model name Model type Frequency range Remark
Aquarius 3 Range-dependent hybrid 32 Hz-20 kHz High precision
analytical mode sum + flux configuration used for
integral model benchmarking
(@) Aquarius 4 Range-dependent 10 Hz-20 kHz Contribution from leaky
Z numerical mode model modes neglected
~ .
using mode lookup table
RAM Range-dependent split-step ~ 10-500 Hz Double precision
Padé PE
RAM-Surf Range-dependent split-step 10 Hz - 2 kHz High precision
Padé PE configuration used for
Bellhop Range-dependent coherent 2 kHz - 20 kHz benchmarking. Bellhop
Gaussian rays used for 2 kHz one-third
Quonops Hybrid RAM-Surf & Bellhop 10 Hz — 20kHz octave band.
JEPE Range-dependent Jeltsch 32 Hz - 10 kHz
energy-conserving PE
XRAY 2D hybrid raytracing and 200 Hz - 20 kHz
plane wave
REV3D 3D hybrid raytracing and 200 Hz - 20 kHz Coherent and Incoherent
o plane wave
L XFEM range-independent, wave 10 Hz - 20 kHz
number integration/ normal
modes
RPRESS range-independent, wave 10 Hz -10 kHz
number integration/ normal
modes
OASES Wavenumber integration 10 Hz - ~20 kHz Range-dependent
version limited to <1 kHz
(test case 2)
Marine Range-dependent split-step 10 Hz - ~20 kHz

JASCO ﬂ

Operations Noise
Model (MONM)

Pade PE

Note that all of these models have their own specific implementations of the acoustic wave equations
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and their own specific settings. For example: normal mode model settings include the number of
modes and the root finding algorithm applied to find these modes, ray model settings include the
number of rays and the type of rays and parabolic equation model settings include number of Padé
terms [Jensen et al, 2011]. In the JOMOPANS model benchmarking, the selection of model settings
was left to the model operators. Several model settings were adapted after a first iteration of comparing
the results for the two test cases described below, generally leading to a reduction of the differences
between the model results.

4.1.2 Test case 1: Ship noise propagation in a range-independent environment

The basic test case 1 is adapted from the ‘single ship’ scenario from the AQUO-SONIC workshop
[Colin et al, 2015], which was based on a test case defined in the Weston sonar performance modelling
workshop (WMW) [Zampolli et al, 2010], see also [Sertlek & Ainslie, 2014] and [Sertlek et al, 2018].

The test case involves the two-dimensional (axisymmetric) modelling of propagation loss in a ‘range-
independent’ shallow water (Pekeris) waveguide and the calculation of sound pressure levels due to
the sound spectrum radiated by a ship, represented by an omnidirectional point source at 5 m below
the sea surface. The scenario is sketched in Figure 4.1. This scenario deviates from the original WMW
scenario by a different source depth (5 m instead of 30 m) and water depth (50 m instead of 100 m)
and by an extension towards lower frequencies (down to the 10 Hz frequency band). This makes the
scenario more representative for ship noise (source close to sea surface and low frequency noise) and
for the North Sea environment (mainly shallow water). Although no benchmark results are available for
this altered scenario, wave number integration and normal modes, such as RPRESS, XFEM and
OASES, have been sufficiently tested for a range independent environment, to have confidence that
these provide a “trusted solution”.

Test Case 1, H=50m, sandy sediment Sound speed profile
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Figure 4.1 Schematic representation of the Test Case 1 environment. The red dot indicates the source position at
5 m depth

Sea surface

¢ Smooth (perfectly compliant) sea surface.
— Zero wind speed
— Zero surface roughness

Water:
¢ |so-velocity water
— uniform sound speed ¢, = 1500 m/s
— uniform fluid density p, = 1000 kg/m3
e Absorption a, in sea water, in dB/km, (Ainslie-McColm model, from [Ainslie, 2010], p 29):

a =20dB a fz +a fz
7 In10 1]?2+fl2 2f2+fzz

+ a3f2>

— Here f is the frequency in kHz, and f; = 1.15 and £, = 75.6 are relaxation frequencies in kHz.
The coefficients a; are: a; = 1.40 x 1072, a, = 5.58 and a3 = 3.90 x 1075,

Sea floor:
e Uniform water depth H = 50 m.
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¢ Homogeneous half space, sandy sediment

— Fluid model for the sediment: only compression, no shear

— Compressional wave velocity ¢, = 1700m/s (sound speed ratio ¢;/c, = 1.1333)

— Density p;, = 2000kg/m3 (density ratio ps/p, = 2)

— The sediment absorption coefficient (8), in units of decibels per wavelength, is 0.5,
corresponding to an absorption coefficient per unit frequency (8/cs) of 0.294118 dB/(m kHz).
The sediment absorption coefficient is related to fractional imaginary part € of the complex
sediment wave number ks(1 + ie) by means of € = B In(10)/40x [Sertlek et al, 2018].

Source

e Source depthz; =5m

e Source directivity: omnidirectional (monopole)

e Average shipping source level spectrum as suggested by [Colin et al, 2016] based on [Wales &
Heitmeyer, 2002], extrapolated outside its range of validity below 30 Hz and above 1.2 kHz, using
the following formula for the mean monopole source spectral density level (in dB re 1 uPa? m?/Hz)

£ 3594 ¥ 2y 0917
Ls,¢(f) = 230 dB — 10logs, ((E) ) dB + 10l0gy, (1 +(55) ) ) dB (5-1)

- At frequencies of 30 Hz and below, a constant value of Lg ((f) is used, equal to the right hand
side of Eq. (2), evaluated at 30 Hz.
e The one-third octave (‘OTO’) band source level Lg 1o is approximated by the level of the product of
the spectral density at the band centre frequency and the bandwidth of each band:

Lsoro(fa) = Lss(f2) + 10 logs (0.231-22-) aB (5-2)
e The one-third octave (base 10)” bands are defined by ISO 18405, with centre frequencies:

£, =101 x 1 kHz, for n=—20:1:13 (5-3)

Output specification

The quantity to be calculated is the sound pressure level (SPL) spectrum Ly, g1o (fn, 7, 2) in one-third

octave bands ranging from 10 Hz to 20 kHz , with f,, the centre frequency of the n-th band, in Hz, and

(r, z) the range and depth of the receiver positions, in m.

e The SPL is calculated as the difference of the single ship source level and the calculated
propagation loss (PL) between the reference position of the source and the receiver positions:

Ly oro (for2) = Ls,or0 (fa) = Np(fns 7, 2) (5-4)

e Calculations for the Test Case 1 scenario are compared at the band centre frequency with
calculations for a single frequency.

e The total broadband SPL in the 10 Hz to 20 kHz one-third octave bands is calculated by
summation of the spectral contributions:

Lp,oro(nr2)

Lyss(r2) = 1010g10< n=13 1006 )dB (5-5)

e The receiver ranges r of interest are between 100 m and 100 km from the source. A minimum
requirement is to calculate the SPL at ranges of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100 km. If
possible, a higher range resolution may be useful, e.g. to produce continuous graphs of SPL
versus distance with a 100 m receiver range resolution.

¢ A minimum requirement is to calculate the depth averaged value of the squared sound pressure
over the local water depth H at the receiver. The user defines and reports the depth resolution in
the calculations.

Results
Figure 4.2 shows the model predictions of the depth averaged broadband SPL as a function of range
for the test case 1 scenario.

” JOMOPANS always uses the one-third octave (base 10) bands, i.e., decidecade (or one-tenth decade) bands,
even when the ‘(base 10)’ is not mentioned explicitly.
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Figure 4.2 Calculated depth-averaged broadband SPL in dB re 1 xPa? as a function of range (horizontal distance
to the source) for test case 1 for the various models (see legend).

Figure 4.2 shows the one-third octave band spectra of the SPL as a function of frequency and distance
from the source for test case 1 predicted by the various models
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Figure 4.3 Depth-averaged SPL in dB re 1 x#Pa? as a function of frequency (one-third octave bands) and range, as
calculated by the various models for test case 1.

The results for test case 1 benchmark show that an agreement of the broadband SPL (<1 dB) can be
achieved by using the correct model configuration at ranges beyond 500 m. At shorter ranges, larger
deviations can be observed, associated with the specific approximations in the different modelling
approaches. These differences are of little concern for the long range sound propagation loss
calculations for the shipping noise maps.

Because the wavenumber integration approach involves the least approximation, the solution from

FOI's XFEM model is offered as a reference solution for this first benchmark case. Selected values are
tabulated in Annex E.
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4.1.3 Test case 2: ship noise propagation in an environment with an upslope bathymetry

The second test cease is range-dependent, meaning that it incorporates the effects of a varying water
depth (bathymetry) on sound propagation. Details on the origin of the scenario can be found in [Sertlek
et al, 2018, Case 4]. The geometry is shown in Figure 4.4. The source depth and other input
parameters and the output specification for this scenario are identical to test case 1 (section 4.1.2).

Test Case 2, upslope bathymetry, sandy sediment Sound speed profile
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Figure 4.4 Schematic representations of the test case 2 environment with a 5 m source depth (red dot) to be
representative for ship generated noise and an iso-velocity sound speed gradient, similar to the test case 1
environment.

Results
Figure 4.5 shows the model predictions of the depth averaged broadband SPL as a function of range
for the test case 2 scenario.

Testcase 2: broadband SPL
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Figure 4.5 Calculated depth-averaged broadband SPL in dB re 1 xPa? as a function of range (horizontal distance
to the source) for test case 2 for the various models (see legend).
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Figure 4.6 Depth-averaged SPL in dB re 1 x#Pa? as a function of frequency (one-third octave bands) and range, as
calculated by the various models for test case 2.

The results for test case 2 benchmark show that an agreement of the broadband SPL (<2 dB at ranges
beyond about 1 km from the source up to about 20 km) can be achieved for this range-dependent
scenario by using the correct model configuration. Also, it is observed that the Aquarius models, that
make use of the adiabatic approximation, deviate from the parabolic equation models (RAM, JEPE and
MONM), leading to a lower SPL at large distances (up to about 5 dB at 50 km).

In contrast with the range-independent test case 1, where the wavenumber integration models provide
a trusted solution, there is no fully trusted solution for this second, range-dependent, benchmark case.
As a compromise, the (power-) average of the solutions of the three parabolic equation models, which
differ very little, is proposed as a reference solution. Selected values are tabulated in Annex E.

4.2 Model validation: comparison with 2018 and 2019 data from Jomopans
measurement stations

The overall pattern of observed differences between measured and predicted monthly SPL percentiles
at the JOMOPANS measurement stations [Fisher et al, 2021], [Putland et al, 2021] was that the model
predicted sound levels which were lower than the measurements at low frequencies (< 2 kHz), while
the model more closely agreed with the measurements at higher frequencies (> 2 kHz).

WP6 [Putland et al, 2021] concluded: “Overall, the analysis did not identify consistent uncertainties in
noise maps, rather uncertainties may be caused by a complex combination of factors, including
sediment uncertainty and additional sources of noise in the measurements such as operational wind
farms, vessels not on AIS/VMS records and seismic surveys..

37



INTERREG North Sea Region
Jomopans

5 Uncertainties and recommendations

To be able to model the monthly statistics of underwater sound at North Sea scale, many assumptions
and approximations have to be made. This inevitably leads to uncertainties. The uncertainty can be
partially assessed by comparison of model predictions to measurements from local monitoring stations,
provided that uncertainty in the measurements is limited and can be quantified. The lesson learned
from the measurements (WP5) and model-data comparisons (WP6) in Jomopans is that it is very
difficult to separate the multiple causes for uncertainties in measurements and modelling.
Consequently, it is not yet possible to quantify the uncertainty in the modelled underwater sound maps,
particularly at locations that are not close to measurement stations. Nevertheless, this chapter provides
an overview of the various possible sources of uncertainty that have been identified in Jomopans
studies and discussions.

Annex B to this report gives a general introduction into the analysis of the combined uncertainty in the
statistical underwater noise estimates produced by the modelling which derive from the uncertainties in
the input quantities to the model. This approach could not be further developed within the Jomopans
project, but deserves further development in possible follow-on projects.

The following sections describe the various sources of uncertainty. These are grouped in uncertainties
associated with completeness of the model and input data (section 5.1), with uncertainties in the
models (section 5.2) and in the input data (section 5.3).

5.1 Uncertainties due to incompleteness of models and input data

The Jomopans modelling started with the hypothesis that the relevant monthly statistics of the
underwater noise in the North Sea are dominated by noise from ships and wind.

Other sources

Incompleteness of the modelling due to the omission of other sound sources may explain part of the
model-data deviations that have been observed at some Jomopans measurement stations. This has
not yet been further investigated. In principle, more sources could be added to the modelling, for
example:

e other natural sounds (such as rain, snow, hail, lightning, thunder, earthquakes, surf zone wave
breaking, current related sounds, marine life)

e impulsive sounds (such as explosions, seismic surveys, marine piling and sonar); though these are
covered in the scope of Descriptor 11.1.2 of the MSFD, there may be areas where these contribute
to the monthly SPL statistics.

e offshore platforms and structures (such as wind turbine operational noise and oil- and gas
activities).

The feasibility to include these additional sources depends on the availability of appropriate models
and input data.

Ship traffic data (AIS/VMS)

The available ship traffic data is inherently incomplete. Many small ships do not carry AIS transponders
and ships can turn off their AIS transponders, for a variety of reasons. Moreover, land-based AIS
receivers have a limited reception range (a few tens of kilometres, depending on location and weather
conditions) and satellite-based receivers offer larger spatial coverage but poor temporal coverage.
Limits in coverage can be somewhat compensated by interpolation of individual ship tracks, but ships
without AIS are excluded from the modelling. This leads to an underestimation of the underwater noise
at locations where the noise is not dominated by the larger vessels with AlS coverage, as has been
observed for Scottish and Danish measurement stations [Putland et al, 2021]. It is not possible to
quantify the underestimation at locations far from measurement stations.

Moreover, AIS provides incomplete information for identifying vessel class and estimating source
levels. For example, container ships and vehicle carriers cannot be distinguished from other types of
cargo vessels through their AIS ship type identification. Vessel design details that truly relate to noise
emissions, such as the speed at which the propellers start to develop cavitation and the type and
power of the propulsion engines, are entirely absent from AlS data.

Ideally, the source grid and AIS/VMS data should extend at least 100 km outside the map area

(receiver grid), to avoid underestimation of the SPL near the outer edges of the maps. The Jomopans
sound maps are based on calculations with source and receiver grids of the same size.
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Wind speed data

Calculating the Jomopans acoustic metrics at the selected mapping grid would require more detailed
input data for the wind speed than currently available, in spatial and temporal resolution as well as in
averaging time. The uncertainty associated with this shortcoming is likely reduced by the statistical
representation of the SPL in monthly percentiles, but it has not been further investigated to what extent.
Moreover, the uncertainty in the Copernicus wind speed data is not specified.

Sound speed profile
The Jomopans sound maps are based on propagation loss calculations in which the effects of
variations of the sound speed over the water depth (the sound speed profile) are ignored.

In model sensitivity studies carried out in the Kattegat area (Vinga measurement station) it was
observed that a fresh water top layer, with significantly lower salinity, can result in upward refraction of
the sound, causing a reduced propagation loss due to reduced seabed reflection losses. The presence
of fresh water may also reduce propagation loss at higher frequency, due to the lower absorption. This
local effect could be included in the sound map modelling, at the cost of applying a more complex
propagation loss model (e.g. parabolic equation), collecting more input data (sound speed profiles) and
carrying out more propagation loss calculations to describe the time-varying sound speed profile
effects.

Surface waves
The Jomopans shipping sound maps are based on propagation loss calculations in which the effects of
wind-driven surface waves (including air bubbles entrained by wave breaking) are ignored.

Surface waves and bubbles (resulting in stratification of the sound speed near the surface) will mainly
influence the propagation of sound at high frequency. The wind-driven surface loss was therefore
included in the wind noise model, which is more important at higher frequencies. Because of the
dominating lower frequencies, the effect of the surface loss is less important for ship noise modelling.
To limit the computational complexity, it was decided to discard the effect of wind-driven surface waves
on shipping noise and use only a single lookup table. This may have led to an overestimation of the
ship noise predictions at some locations.

Tidal water depth variations

The Jomopans sound maps are based on propagation loss calculations in which the effects of tidal
variations of the water depth are ignored. The effect of tidal variations will be mainly relevant at shallow
locations where the variations are not negligible compared to the water depth. Sound level predictions
at these shallow locations are more uncertain than in deeper water, not only due to ignoring the tidal
variations, but also due to the uncertain modelling of very shallow water propagation.

Seabed properties

The Jomopans sound maps are based on propagation loss calculations in which the combined effects
of the layered structure of the seabed, of gradients in the layer properties, of dispersion in the porous
sediment layers and of shear waves in seabed layers are not explicitly modelled, but approximated by
a modelled uniform half-space that supports compressional waves with a frequency-dependent sound
speed and absorption.

5.2 Uncertainties in the models

Ship source level model

e The Jomopans-ECHO ship source level model suggests an estimated statistical uncertainty in the
predicted source level spectra of 6 dB, based on the standard deviation of the deviation between
the model and the ECHO measurement data.

e The ECHO ship source level dataset is limited to ships in transit, for which the acoustic source
level is generally dominated by propeller cavitation noise. Hence, the model uncertainty may be
substantially larger for ships that are manoeuvring, sailing at low speed, or anchored at sea.

e The statistical uncertainty in the predicted source level spectra does not significantly contribute to
the statistical uncertainty in the predicted monthly SPL percentiles, as demonstrated by a Monte
Carlo simulation for the Vinga area, see Annex D.5. In this case study, an assumed 7 dB standard
deviation of the source levels was reduced to a standard deviation of less than 1 dB in the monthly
median SPL, and less than 3 dB in the highest (95%) percentile. The large extra computational
effort associated with the Monte Carlo modelling approach for evaluating the effect of this
uncertainty on the maps of the monthly SPL statistics can therefore be avoided. Note however that
the source level uncertainty is significant when comparing time series of model and
measurements.
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Wind source level model

e The uncertainty of the semi-empirical wind noise model is not specified.

e The relatively good model-data agreement the Jomopans stations for frequencies above 1 kHz
suggests that the combined uncertainty of models and input data for the monthly SPL statistics of
wind noise above 1 kHz is generally less than 6 dB (the observed model-data difference for the
2019 stations [Putland et al, 2021]).

Propagation model

e Uncertainties in shallow water propagation loss modelling are generally dominated by
uncertainties in the input data (section 5.3), provided that the models are properly configurated
and benchmarked (see section 4.1).

5.3 Uncertainties in the input data

AIS/VMS data input to the ship source level model

e AIS/VMS broadcasts are not free from errors in ship type ID, ship length and ship speed.

e AIS/VMS data interpolation may lead to uncertainties as well.

e These errors and uncertainties can result in unspecified uncertainty in the predicted source level,
but it is unlikely that this enhances the statistical uncertainty in the predicted source level spectra,
which already amounts to 6 dB.

Bathymetry
e The uncertainty in the bathymetry maps is not specified.

Seabed acoustic properties

e The uncertainty in the median grain size maps is not specified.

e Variation of the median grain size parameter by +2¢ in the model-data comparison (2018) for the
Texel and Vinga sites led to a variation of the predicted median SPL spectra at the station location
up to 20 dB at dominant shipping noise frequencies (one-third octave bands 10 Hz to 1 kHz).

e The conversion from median grain size maps to a geo-acoustic model of the seabed with
frequency dependent sound speed and absorption is uncertain. Quantifying this uncertainty was
not possible within the scope of Jomopans.

e The frequency-dependent geoacoustic modelling that is implemented in the Aquarius model
reduces the overestimation of low-frequency propagation loss that was observed in the first model-
data comparisons [Merchant et al, 2021], without direct fitting of the model to the North Sea
shipping observations.

e More accurate modelling of the underwater sound propagation in the North Sea at low frequencies
would require more research and data acquisition, particularly in regions with a muddy seabed.

5.4 Combined uncertainties in the Jomopans sound maps

e From the model-data comparisons of the monthly SPL percentiles at the JOMOPANS
measurement stations [Putland et al, 2021] it was observed that the model predicted sound levels
were lower than the measurements at low frequencies (< 1 kHz), while the model more closely
agreed with the measurements at higher frequencies (> 1 kHz). WP6 [Putland et al, 2021]
concluded: “Overall, the analysis did not identify consistent uncertainties in noise maps, rather
uncertainties may be caused by a complex combination of factors”

e Evaluation of the combined uncertainty in the statistical sound maps from ships and wind
produced by Jomopans (see Annex B to this report) deserves further investigation in follow-on
projects, aimed at quantifying the various factors that contribute to this uncertainty, including
model simplifications as well as uncertain input data.

5.5 Recommendations

e Further evaluation of the measurement data in terms of contributions of different sources
(modelled and not-modelled) would be needed to derive relevant data for quantifying model
uncertainties, see [Putland et al, 2021].

e The geo-acoustic properties of the North Sea seabed in the frequency range relevant for shipping
noise (typically the 20 Hz — 2 kHz decades) are not well established. These could be further
investigated by means of geoacoustic inversion techniques. It is recommended to seek
collaboration with researchers involved with oil- and gas exploration and geotechnical site surveys.

e Sound speed profile effects may be important in regions with strong stratification, such as the fresh
water top layer observed in the Kattegat. These local effects can be quantified by more detailed
modelling in those areas?

e The measurement data suggest that wind-generated surface waves may have a relevant effect on
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the propagation of shipping sound. It is recommended to quantify the effect and then further
investigate whether this effect can be quantified and included in the modelling, if that is found to be
relevant.

The proposed depth-average SPL may not be the most appropriate metric for underwater ambient
noise in deeper parts of the North Sea (such as the Norwegian trench). It is recommended to
further explore the relevance of calculating other, depth-weighted metrics, in close cooperation
with studies into various types of impact on marine life.

The uncertainty in the predicted Jomopans sound maps in areas that are not covered by
measurement stations is unknown. It is recommended to review the possibilities for providing a
more complete spatial coverage of measurements for model validation. It may be acceptable to
sacrifice temporal coverage for this, because the Jomopans sound maps for 2019 do not show a
large variation over the months.

The comparison between model predictions and measurements suggests that it is worthwhile
considering extending the modelling capability to other sound sources, next to ships and wind,
such as seismic surveys and operational sound from offshore platforms and structures.
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6 Jomopans sound maps and indicators

Jomopans has developed a framework for monitoring the North Sea underwater soundscape by
calculating spatial maps of the sound produced by shipping and wind. Furthermore, Jomopans has
proposed using these maps for calculating an ‘ambient noise pressure indicator’ for the implementation
of the assessment of ‘good environmental state’ (GES) in accordance with the EU Marine Strategy
Framework Directive (MSFD).

Jomopans has illustrated the application of this monitoring framework for the year 2019.

6.1 Jomopans sound map types

The maps represent monthly or annual percentiles of sound pressure level (SPL) and excess level (EL)
and Dominance, as specified in Table 2.1.

A brief reminder:

Excess Level (EL) is calculated for each time step as the difference between the total SPL from alll
ships and wind and the SPL from wind alone. Two different versions of EL are provided, (i)
representing the instantaneous excess of the “ambient noise” from all ships and wind over “natural”
wind noise and (ii) representing the instantaneous of “ambient noise” from all ships and wind over
median values of “natural” wind noise over the month (or year).

Dominance represents the percentage of evaluation time over which the excess level exceeds a
specified cut-off value. Two different cut-off values have been selected: 6 dB and 20 dB.

16 different types of maps are produced:

50t percentile (median) SPL from wind

50t percentile (median) SPL from all ships

3. 50™ percentile (median) SPL from fishing ships

4. 50™ percentile (median) SPL from cruise/ferry ships
5. 50™ percentile (median) SPL from bulkers

6. 50™ percentile (median) SPL from container ships
7

8

N

50t percentile (median) SPL from tankers

. 50" percentile (median) SPL from dredgers
9. 50™ percentile (median) EL from ships and wind over instantaneous wind noise
10. 50" percentile (median) EL from ships and wind over monthly median wind noise
11. Dominance based on EL over instantaneous wind noise with a 6 dB cut-off value
12. Dominance based on EL over instantaneous wind noise with a 20 dB cut-off value
13. Dominance based on EL over monthly median wind noise with a 6 dB cut-off value
14. Dominance based on EL over monthly median wind noise with a 20 dB cut-off value

Each of these maps is calculated for 6 different frequency bandwidths:

i. ‘Broadband’, covering the 10 Hz to 20 kHz one-third octave bands
ii. ‘Decade 1’, covering the 20 Hz to 160 Hz one-third octave bands
iii. ‘Decade 2’, covering the 200 Hz to 1.6 kHz one-third octave bands
iv. ‘Decade 3, covering the 2 kHz to 16 kHz one-third octave bands
v. 63 Hz one-third octave band
vi. 125 Hz one-third octave band

The three decades are broadly aimed at the hearing sensitivity of different animal groups. For example,
fish are generally sensitive to sound in the lowest band (20 Hz to 160 Hz), while harbour porpoises are
mainly sensitive to shipping sound in the highest band (2 kHz to 16 kHz). 63 Hz and 125 Hz are the
bands selected for EU descriptor D11C2.

All maps have been produced for the 12 months of 2019 and for the full year of 2019.

In total this has resulted in 16 (map types) X 6 (frequency bands) x 13 (evaluation periods) = 1248
maps, that can be downloaded from and displayed in the Jomopans GES Tool®.

6.2 SPL percentile maps

8 Hosted at https://jomopans.michaelcarder.co.uk/en/ until the end of 2022.
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Map types 1 to 8 (section 6.1) present the spatial distribution of a temporal percentile of the calculated

SPL, for various specific combinations of sound sources.

6.2.1

Wind

Figure 6.1 to Figure 6.3 show maps of the annual median wind noise in the six frequency bands.
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Figure 6.1 Map of the annual median (50" percentile) of depth-averaged SPL in dB re 1 pPa? of broadband wind-

generated noise in the North Sea region in 2019.
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Figure 6.2 Maps of the annual median (50" percentile) of depth-averaged SPL in dB re 1 xPa? of wind-generated
noise in the North Sea region in 2019 in the three decade bands.
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Figure 6.3 Map of the annual median (50" percentile) of depth-averaged SPL in dB re 1 zPa? of wind-generated
noise in the North Sea region in 2019 in the two one-third octave bands (left: 63 Hz, right: 125 Hz) for EU descriptor

D11C2.
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Figure 6.4 shows maps of the monthly median broadband wind noise. As expected, the wind noise is
generally higher in the winter months than in the summer months.
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Figure 6.4 Maps of the monthly median (50" percentile) of depth-averaged SPL in dB re 1 xPa? of broadband
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6.2.2  Shipping + Wind

Figure 6.5 to Figure 6.7 show maps of the total annual median noise generated by shipping and wind,
in the six frequency bands. Shipping noise increases the ambient noise significantly at nearly all map
locations, except at frequencies above 1 kHz (see Figure 6.6).
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Figure 6.5 Map of the annual median (50" percentile) of depth-averaged SPL in dB re 1 pPa? of broadband noise
generated by shipping and wind in the North Sea region in 2019.
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Figure 6.6 Maps of the annual median (50" percentile) of depth-averaged SPL in dB re 1 xPa? of noise generated
by shipping and wind in the North Sea region in 2019 in the three decade bands.
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Figure 6.7 Map of the annual median (50" percentile) of depth-averaged SPL in dB re 1 xPa? of noise generated

by shipping and wind in the North Sea region in 2019 in the two one-third octave bands (left: 63 Hz, right: 125 Hz)

for EU descriptor D11C2.

Figure 6.8 shows maps of the monthly median broadband noise generated by shipping and wind.
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Shipping noise dominates over wind and the median shipping noise varies little over the months.
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Figure 6.8 Maps of the monthly median (50" percentile) of depth-averaged SPL in dB re 1 xPa? of broadband
wind-generated noise in the North Sea region for the 12 months of 2019.
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6.2.3 Individual ship type contributions

Figure 6.9 shows maps of the annual median broadband noise generated by six individual ship types.
Bulkers, tankers and container ships have the largest presence in the AlS data and dominate the
soundscape.
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Figure 6.9 Map of the annual median (50" percentile) of depth-averaged SPL in dB re 1 zPa? of broadband noise
generated by six different ship types (bulkers, tankers, container ships, cruise ships/ferries, fishing® boats and
dredgers, see the header of the subplots) in the North Sea region in 2019.

% Note that not all fishing boats are represented in AlS and that VMS data were supplied for Norway,
Sweden, Denmark and Germany only, see Annex C.
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6.3 Excess Level

Figure 6.10 to Figure 6.12 show maps of the annual median excess level of noise generated by
shipping and wind over wind noise in the six frequency bands. This illustrates that low-frequency
shipping noise dominates over wind noise over most of the North Sea area during 50% of the time. At
higher frequencies (the 2 kHz to 16 kHz decade), positive excess is limited to the areas around the
main shipping lanes in the Southern North Sea, Skagerrak and Kattegat.
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Figure 6.10 Map of the annual median (50" percentile) broadband excess level (in dB) in the North Sea region in

2019.

A&nual median Excess Level 2019 - 20Hz-160Hz @

&
SPL [dB re 1Pa]
latitude (°N)

Alg%ual median Excess Level 2019 - 200Hz-1.6kHz 5

0

Aélznual median Excess Level 2019 - 2kHz-16kHz

SPL [dB re 1Pa]
latitude (°N)

longitude (°E)

51 ;
-4-3-2-10123456789101112

longitude (°E)

2 3
4-3-2-101234567 89101112
longitude (°E)

Figure 6.11 Maps of the annual median (50" percentile) excess level (in dB) in the North Sea region in 2019 in the

three decade bands.
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Figure 6.12 Map of the annual median (50™ percentile) excess level (in dB) in the North Sea region in 2019 in the
two one-third octave bands (left: 63 Hz, right: 125 Hz) for EU descriptor D11C2.
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6.4 Dominance

Figure 6.13 shows maps of the annual dominance, quantifying the percentage of the time over which
the broadband excess level of noise generated by shipping and wind over wind noise is above a cut-off
value of 6 dB (left figure) and 20 dB (right figure). Under the simplifying assumption of spherical
spreading loss of the communication signals and insignificant absorption, a 6 dB excess level
translates into a decrease in maximum communication distance by 50% and a 20 dB excess translates
into a decrease in maximum communication distance by 90% (see WP7 report). The 6 dB cut-off value
is exceeded over a large part of the North Sea are most of the time. The only exception is seen in the
Dogger Bank area (central North Sea, around 3°E and 55°N). The 20 dB cut-off value is positive
excess is mainly exceeded in the areas around the main shipping lanes in the Southern North Sea,
Skagerrak and Kattegat.
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Figure 6.13 Map of the annual broadband dominance for an excess level cut-off of 6 dB (left) and 20 dB (right), in

the North Sea region in 2019.

Figure 6.14 shows that the dominance of shipping noise occurs mainly at lower frequencies. It is very
limited in the highest decade band (the 2 kHz to 16 kHz decade).
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Figure 6.14 Maps of the annual dominance for an excess level cut-off of 20 dB, in the North Sea region in 2019 in
the three decade bands.

Figure 6.15 shows maps of the monthly dominance, quantifying the percentage of the time over which
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the broadband excess level of noise generated by shipping and wind over wind noise is above a cut-off
value 20 dB. The dominance percentages are higher in the summer months, mainly because of the

lower wind noise levels in that period (Figure 6.4), while the ship noise levels vary little over the months
(Figure 6.8).
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Figure 6.15 Map of the monthly broadband dominance for an excess level cut-off of 20 dB, in the North Sea region
for the 12 months of 2019.
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6.5 Pressure curve and pressure index

The dominance maps (section 6.4) can be evaluated in terms of the cumulative distribution of the
percentage of the evaluation area as a function of the dominance values. The resulting ‘pressure
curve’ (defined in Table 2.1 and Annex A, also referred to as ‘pressure function’) illustrates the
percentages of the time and of the area over which the excess level of noise generated by shipping
and wind over wind noise is above a specified cut-off value. Figure 6.16 shows the pressure curves for
a cut-off value of 6 dB (blue area) and 20 dB (red area), for the six frequency bands.

The (shaded) area under the pressure curve quantifies the percentage of the evaluation area as well
as the percentage of the evaluation time interval, in the evaluation frequency band, where the excess
level exceeds the specified cut-off value. Jomopans has defined ‘pressure index’ as the ratio (here
expressed as a percentage) of this area to the total area (100%x100%) of the pressure curve graph.
The legends to the graphs in Figure 6.16 give the corresponding values of the pressure index.
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Figure 6.16 Pressure curves, illustrating the percentages of the time and of the area over which the excess level of
noise generated by shipping and wind over (monthly median) wind noise is above a cut-off value of 6 dB (blue area)
and 20 dB (red area), for the six Jomopans frequency bands. The assessment area for these pressure curves is the
full North Sea area and the assessment period is the month of May 2019.

Figure 6.17 illustrates how the calculated pressure index for the full North Sea area varied over the
twelve months of 2019. The pressure index appears to be higher during the summer months than
during winter. Analysis of the SPL percentile maps of wind noise (section 6.2.1) and shipping + wind
noise (section 6.2.2) led to the conclusion that this variation of the pressure index is mainly due to the
variation of the wind over the months. The shipping noise is relatively constant over the months, while
the wind noise is lower in the summer months when the wind speeds are generally lower.
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Figure 6.17 Pressure index variations over the 12 months of 2019, for the full North Sea area and for the six
Jomopans frequency bands. The four bars per month represent the pressure index based on respectively: an
excess of 6 dB or more over the instantaneous or monthly median wind noise and an excess of 20 dB or more over

the instantaneous or monthly median wind noise.

Starting from the dominance maps, the pressure index can also be assessed for selected regions. To
illustrate this application, we have selected the OSPAR subregions, shown in Figure 6.18.
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Figure 6.19 shows the pressure curves for the five OSPAR subregions, for May 2019 and for the three
decade frequency bands, and Figure 6.20 shows the corresponding pressure index values.

This illustrates that the excess level in the lowest decade bands is 20 dB or more during 100% of the
time in more than 10% of the Southern North Sea area, due to the busy shipping lanes to and from the
English Channel. The Kattegat, with the shipping lanes to and from the Baltic Sea has the next highest
pressure index. The Dogger Bank, a shallower area in the central North Sea, is remote from shipping
lanes, resulting in the lowest pressure index. The pressure indices in the 2 to 16 kHz frequency band is
much lower than the pressure indices in the lower bands, indicating that shipping noise does not
dominate as much over wind noise at these higher frequencies.
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Figure 6.19 Pressure curves for the five OSPAR subregions, for May 2019 and for a cut-off value for excess level of
20 dB in the three decade frequency bands.
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Figure 6.20 Pressure index for the five OSPAR subregions for May 2019 and for a cut-off value for excess level of 20
dB in the three decade frequency bands.
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7 Guidelines for soundscape modelling

Monitoring the ambient sound in the sea via numerical modelling has many advantages over direct
measurements. Modelling is much cheaper than measurements at sea, it offers a wider spatial and
temporal coverage and it provides direct insight in the contributions of different sound sources.
However, there are many uncertainties and being able to model ambient sound with confidence
requires careful consideration of the various modelling choices as well as model validation by
measurements.

Figure 7.1 illustrates the steps to be taken for the soundscape modelling process. The list below
provides guidelines for sound map modelling based on the lessons learned in the Jomopans project.

Project area and acoustic metric definition

e Select the project area, assessment period, the required spatial resolution of the maps and the
frequency range and resolution

e Define source and receiver grids

Environmental data portals
e  Obtain input data for the acoustic modelling of the environment:
o Bathymetry
e EMODnet provides bathymetry data for European waters
o Seabed properties (Folk class or median grain size)
¢ A map of median grain sizes of North Sea surface sediments is available from
the World Data Center for Climate portal [Bockelmann, 2017].
e Convert to (frequency-dependent) density, compressional wave speed, and
absorption (see section 3.7.3)
o Sea water properties (density, sound speed and absorption)
e Standard uniform sea water properties provide an appropriate first-order
approximation for many shallow water environments
¢ In deeper water and in shallow water with significant stratification of temperature
and/or salinity, it may be necessary to incorporate sound speed gradient effects.
o  Wind speed (speed at 10 m above the water surface, see section 3.7.4)
e The Copernicus website!? provides ERA5 hourly wind speed data
e Interpolate to a regular time grid and to the receiver grid.
¢ Note that the 10-minute averaging time of the wind data leads to uncertainty in
the calculated statistics of SPL-metrics with a shorter averaging time. Higher
resolution wind data would be required but is not available.

AIS data
e  Obtain ship traffic information (location, speed, ship type and length) from AIS/VMS data

e Check the quality of the input data, and, where possible, supplement missing
data by means of track interpolation (see section 3.7.5 and Annex C)

e Interpolate to a regular time grid and (optionally) to a regular two-dimensional
source grid

e ldeally, the source data should extend well outside the received grid, to avoid
underestimation of the shipping noise at the outer edges of the receiver grid.

Propagation loss model configuration and verification
e Select an appropriate propagation loss model

e For low-frequency (< 2 kHz) shipping noise in a shallow-water environment,
such as the main North Sea area, models based on hormal modes, parabolic
equation or wavenumber integration are appropriate.

e Select appropriate model configuration settings (see section 3.8)
e Verify the model implementation and model configuration settings (for shallow-water propagation
models) by running the proposed benchmark scenario’s (section 4.1).

10 https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form
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Figure 7.1 Schematic illustration of the soundscape modelling process, with example maps of input data (upper
graphs) and resulting soundscape maps (bottom graphs).
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Run model

Calculate the propagation loss between source grid and receiver grid locations averaged over the
local water depth (section 3.8.1), at the selected frequencies (section 3.8.5).

o If temporal variations of the environment can be ignored, these calculations can be made
computationally efficient by precomputing the propagation loss between the source grid
receiver grid locations and storing the calculated propagation loss in a look-up table.

o The calculations can also be made computationally more efficient by calculating
propagation loss along radials from the source location (section 3.8.2) and then
interpolating the results to the receiver grid locations.

For each ship at each time step, estimate the source level spectrum, at the selected frequencies,
using the Jomopans -ECHO source level model (see section 3.3).

For each time step, calculate the depth-averaged sound pressure level spectrum at each receiver
grid location, by summing the contributions from all source grid cells (source level minus
propagation loss).

For each time step, calculate the depth-averaged sound pressure level spectrum due to the wind
at each receiver grid location, using a wind source and propagation model (see sections 3.5 and
3.6).

Acoustic metric calculation

For each receiver grid location, calculate monthly percentiles of the sound pressure level spectra
from ships and wind.

For each receiver grid location, calculate monthly percentiles of the excess level spectra (the
difference between the sound pressure level from the total of ships and wind and from wind noise
alone) and dominance (the percentage of evaluation time over which the excess level exceeds a
specified cut-off value).

Reporting

All steps in the soundscape modelling process need to be detailed when reporting soundscape
maps, where possible motivated:
o Project description (selected area and acoustic metrics),
Selected spatial, temporal and frequency range and resolution,
Selected input data (sources and environment), with spatial and temporal resolution,
Any processing applied to the input data (e.g. interpolation or extrapolation)
Selected models (source level and propagation loss)
Applied model configurations (parameter settings)
Applied postprocessing (e.g. interpolation, statistics, etc.)

O O O O O O

Discussion and conclusion

The Jomopans sound maps provide an unprecedented insight in the relevance of shipping for the
North Sea sound scape.

If models and input data are available, a similar approach can be applied for other sources of
ambient underwater noise than shipping and wind, such as operational wind turbines, seismic
surveys, oil- and gas platforms, etc.

The quality of the produced sound maps depends to a large extent on the quality of the available
input data. None of the sources of input data used in this study has been developed for the
purpose of underwater ambient noise mapping. Hence, AIS/VMS coverage is generally incomplete
and the conversion of available seabed properties to acoustic model parameters is uncertain.

There are still many remaining issues to be solved to be able to quantify and possibly reduce
uncertainties in the modelled soundscape maps. The main issues are incompleteness (missing
sources) and uncertainty in the input data and uncertainties associated with the model

Recommendations for further research are summarized in section 5.5

The Jomopans soundscape modelling capability provides the possibility to carry out scenario
studies: A desk study of the effects of slow steaming for reducing emissions as well as underwater
radiated noise from marine traffic on the North Sea, commissioned by the Belgian Marine
Environment Service, was presented at the seminar!! “Solutions for underwater noise from

shipping”.

11 https://www.health.belgium.be/en/news/solutions-underwater-noise-shipping
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Annex A Jomopans metrics

This provides a concise overview of the mathematical formulas that convert (measured or
calculated) sound pressure into the metrics reported by Jomopans.

Sound pressure: p(X,z,t)
e  Geographic (lat-lon) coordinates X = (x,y)
e Depthz
e Timet

Fourier transform over observation window At, at time T:
1 T+At
P(X,zT,f) = N p(X,z, t)e 2miftdt
T

e Frequency f
Energy spectral density: E¢(X,zT,f) = 2|P(X,zT, f)|?

Energy evaluated in frequency band between fi,y,er and fypper, With bandwith Af = fpner — fiowers
denoted by evaluation frequency F,:

fupper
E(X,zT,F,) = f E;(X,z,T,f)df
frower
Depth average, over water depth H(X)
H(X)

Ey(X,T,F,) = f E(X,zT,F,,)dz
0

Sound pressure level (depth-average and in evaluation frequency band F,.,)

Ey(X, T, F,
L,(X,T,F,,) = 10logyo <M) dB
Po
e Reference pressure p, =1 pPa
The distribution of values of L, (X, T, F,) over the evaluation time interval T,, is expressed by the
probability density function PDF{L, (X, T, Fsy)}, for which:

max {Lp}
f PDF{L,(X,T,Fs,)}dL, = 1

min {Lp}

The c% temporal percentile Ly, .o, (X, T,,, Fey) €Xpresses the value below which L, falls during c%
percent of the evaluation time interval T, so that:

Lpew %
PDFL,(X,T,F,,){dL, = ——

L, consists of contributions from different sources:
e ‘Natural’ wind noise:

Ey(X, T, F,,, wind
L,(X, T, F,,,wind) = 10log;, (M) dB

p§
e ‘Anthropogenic’ ship noise, from multiple ships s;:
Y En(X,T,E,y,, s;
Ly (X, T, Eyy, ships) = 101logy, (% dB
0

¢ ‘Ambient noise’ from all ships and wind:

Ey(X,T,F,,,wind) + Y. Ey(X,T,F,,,s;
L,,(X,T,Fewwind+ships)=1010g10< u( i ) s B s L))dB

s
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JOMOPANS has defined Excess Level EL(X, T, F) to express the instantaneous excess of ‘ambient
noise’ from all ships and wind over ‘natural’ wind noise:

EL(X, T, Foy) = Lp(X, T, Fay, wind + ships) — L, (X, T, Fyy, wind)
Ey(X, T, Fp,wind) + X5 Ey(X, T, F,y, 5;
— 1010g10 ( H( ev ) Zsl H( ev L)) dB

Ey(X,T, F,,, wind)

Note: JOMOPANS has proposed an alternative option to define an excess level EL,(X, T, F,,) that
expresses the excess of ‘ambient noise’ from all ships and wind over the median value of the ‘natural’
wind noise over evaluation time interval T,,,:

ELy(X, T, Foy) = Ly, (X, T, Fuy, wind + ships) — Ly 7. 500 (X, Fay, wind)

JOMOPANS has defined Dominance D (X, Tey, Fey) t0 express the percentage of the evaluation time
over which the excess level exceeds a cut-off value EL_,:

max{EL}
D(X, Tey, Foy) = f PDF{EL(X,T, F,,)}dEL
EL¢o

JOMOPANS has defined the Pressure Curve (or Pressure Function) PC(Dey, Xevy, Tev, Fey) tO €Xpress
the percentage of the evaluation area X, within which the dominance exceeds the evaluation
dominance values Dy,.

100%
PC(Dev, Xev, Tevs Fev) = -’- PDFX{D (X, Tey, Fev)}dD

Dey

Note: JOMOPANS graphs of the pressure curve plot temporal percental D, along the y-axis and
spatial percentage PC(Dey, Xev, Tev, Fev) @long the x-axis.

JOMOPANS has defined the Pressure Index PI(Xey, Tev, Fev) t0 provide a single number index for the
dominance in the evaluation area X.,, over the evaluation time interval T,,, and in the frequency band
F.,. PI expresses the area under the pressure curve:

100%

PI(X ey, Tov, Fov) = f PC(Deys Koy Tovs Fov) dDey
0
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Annex B Uncertainty Analysis

Annex B.1 Uncertainties on input quantities

There are a number of contributions to the combined uncertainty in the statistical estimates produced
by the modelling which derive from the uncertainties in the input quantities to the model. Examples of
these include the source levels of the many vessels, source levels of the wind noise (and inputs to the
wind noise model), and the environmental parameters which govern the sound propagation (properties
of the seabed, etc).

Some of these contributions will be uncorrelated and can be represented as a random statistical
distribution of values which are amenable to a simple treatment using sensitivity analysis (for example,
using a Monte-Carlo approach with a simple evaluation model where the values are subject to
independent and identically distributed random errors). Examples that may be treated this way would
be vessel source level spectra where a reasonable assumption would be that the actual source levels
are randomly distributed about an assumed mean spectral curve. Evaluating the effect of this source
level uncertainty on the combined uncertainty using a Monte-Carlo approach for one instant of time
with a large number of repeated calculations is likely to lead to lower estimates of uncertainty on the
statistical outputs of the modelling than the initial uncertainty estimates of the input source level
spectra.

However, the uncertainty on some of these inputs may be correlated rather than independent, and
some may contribute a systematic bias to the modelling output estimates. Such contributions require a
slightly different treatment, and the effect on the combined uncertainty may not be reducible in the
manner described above. In addition, the temporal correlations that occur between individual estimates
of the model outputs due to temporal correlations in the input quantities can produce an irreducible
effect on the statistical estimates of the model outputs derived over multiple time instants. This
temporal correlation is more difficult to account for.

In practice, we expect the uncertainty assessment to be subject to a mixture of random and systematic
effects, and it is expected that the standard uncertainty of the estimate will have a component that is
reducible and a component that is irreducible. The next section provides a more formal statement of
the above.

The principles for the assessment of uncertainty are outlined in a number of standard documents which
provide general guidance [1 — 4].

Annex B.2 A treatment of uncertainty contributions
Suppose values y;,i = 1, ..., m, satisfy

yi=yte,

where the e; are samples drawn independently from a probability distribution having mean zero and
variance a2. Then, it is well-known that the sample mean y is an unbiased estimate of y with
associated standard uncertainty o /+/m, and it follows that the standard uncertainty can be made
arbitrarily small by choosing m to be sufficiently large. In contrast, if

Yi =Yy +eo

for a single sample e, drawn from a probability distribution having zero mean and variance ¢ then the
sample mean has standard uncertainty g, independent of m. The first case describes a scenario
where the values are subject to independent and identically distributed random errors, and the second
a scenario where the values are subject to a single common, systematic error (and, consequently, must
be equal).

In practice, we can expect something between two these extremes, with values satisfying

Yi=Yyte tey

subject to a mixture of random and systematic effects. In this case, the (so-called) generalized
weighted mean is an unbiased estimate of y having a standard uncertainty that comprises a
component derived from the random effects that is reducible by increasing m and a component derived
from the systematic effect that is irreducible. The generalized weighted mean can be obtained as the
solution to a generalized least-squares problem defined by the values y;,i = 1, ..., m, and their
associated covariance matrix, given here explicitly by

V, = 0?1 + g§117,

where [ is the identity matrix of dimension m and 1T = (1,1, ...,1), a vector of length m.

Now consider the situation where y; is the result of a model evaluation in terms of values x; of input or
influence quantities that are different for each i by virtue of being subject to random errors and values

x, of input or influence quantities that are the same for each i by virtue of being subject to systematic

errors:
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Vi = f(xilx())r i= 1,...,m.

For example, the values y;,i = 1, ..., m, might constitute a time series of values provided by a numerical
model of noise propagation. Using knowledge of the probability distributions for the random and
systematic effects, a Monte Carlo method can be used to obtain an approximation to the joint
distribution for the values y;,i = 1, ...,m, and, in particular, their associated covariance matrix. This
information can then be used to formulate and solve a generalized least-squares problem to provide a
(single) summary estimate of the time series. As above, it can be expected that the standard
uncertainty of the estimate will have a component that is reducible and a component that is irreducible.
The step of formulating and solving a generalized least-squares problem can be replaced by a further
Monte Carlo calculation using the “mean function” as the evaluation model. In this way, the analysis
might be extended to treat other summary statistics, such as percentiles, derived from the values.

Annex B.3 References

[1] BIPM, IEC, IFCC, ILAC, ISO, IUPAC, IUPAP and OIML 2008 Guide to the expression of
uncertainty in measurement (Sevres, France: Joint Committee for Guides in Metrology)
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distributions using a Monte Carlo method (Sevres, France: Joint Committee for Guides in
Metrology)

[3] Cox M G and Siebert B R L 2006 The use of a Monte Carlo method for evaluating uncertainty and
expanded uncertainty Metrologia 43 pp S178--188

[4] Cox M G and Harris P M 2010 SSfM Best Practice Guide No 6, Uncertainty evaluation Technical
Report MS 6 (Teddington, UK: National Physical Laboratory)
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Annex C AIS processing and data quality

The Jomopans maps of the underwater sound of shipping on the North Sea are calculated using
information from the AIS and VMS ship tracking systems. For this purpose, Jomopans has acquired
processed AIS/VMS data of the North Sea shipping in 2019 from Quiet Oceans. The processing
included:

1. Quality Check and Cleaning

e  Check the validity of the MMSI vessel numbers from a static external database;
Check the validity of the length of the vessels by comparing with external databases;
Check the consistency of the date and time;
Check the consistency of the trajectory;
Check the consistency of the speed;

¢ Remove non vessel data.
2. Trajectory interpolations to a regular temporal resolution of 10 minutes.

Quiet Oceans has not revealed the source of the raw data, nor details about their processing.

This annex describes the results of a review of the processed data and the additional processing that
has been applied to improve the data quality.

Annex C.1 AIS and VMS

AIS (Automatic Identification System)

The International Maritime Organization's International Convention for the Safety of Life at Sea requires
AlS to be fitted aboard international voyaging ships with 300 or more gross tonnage (GT), and all
passenger ships regardless of size. AIS is intended, primarily, to allow ships to view marine traffic in
their area and to be seen by that traffic.

AIS data gathering is subject to various uncertainties:

¢ Land and ship based VHF receivers have a reception range of a few tens of kilometres, depending
on location and weather conditions.

e Satellite-based receivers offer larger spatial coverage but poor temporal coverage since they are
on board polar satellites following low-altitude orbits with repetition periods of the order of 90
minutes.

e For avariety of reasons, ships can turn off their AIS transponders

e AIS transponders can be moved from one vessel to another

e Many small-sized vessels do not carry AIS transponders

e AIS parameters that depend on user input are not always correct

VMS (Vessel Monitoring Systems)

VMS is a general term to describe systems that are used in commercial fishing to allow environmental
and fisheries regulatory organizations to track and monitor the activities of fishing vessels. Under the
European Union legislation, VMS is a legal requirement for vessels in excess of 15 metres. Since
2005, all Community vessels automatically transmit vessel identification, date, time, position, course
and speed either hourly or every 2 hours

Different VMS systems use different communication technologies, including AIS, Inmarsat, Iridium and
Argos depending on the functionality required by the particular VMS system. VMS data availability is
limited by national regulations.

Annex C.2 Jomopans AIS data deliveries

The 2019 data were delivered for Jomopans in a number of iterations.
The first delivery was based on AIS data alone, because VMS data were not timely available. These
data were used by TNO to produce the first North Sea shipping sound maps, that were presented at

the Jomopans Midterm Event. Figure C-1 illustrates the shipping density for January 2019 according to
this first delivery.
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Figure C-1 Shipping density map for the month of January 2019, based on the first delivery of AIS data. The colour
scale represents 10log,,(#AIS messages per grid cell/#vessels/#timesteps), where # stands for ‘total number
of” and the grid cells have dLon = 0.0228 deg and dLat = 0.0191 deg.

This density map revealed a clear data gap in Danish and German waters. The local decrease of
shipping densities in the major shipping lanes in these waters is unrealistic. In a second delivery, Quiet
Oceans reduced this problem by including additional raw data in their processing, see Figure C-2.
Figure C-3 illustrates where data were added.
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Figure C-2 Shipping density map for January 2019, based on the second delivery of AIS data.
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Figure C-3 Increase in ship density due to addition of extra data (delivery 2) for January 2019:
10log,,(#AIS messages delivery 2 /#AIS messages delivery 1) per grid cell.

Next, raw VMS data for the national waters were made available by Norway, Sweden, Denmark and
Germany. Quiet Oceans provided a third delivery in which these VMS data were merged with the AIS
data, see Figure C-4. Figure C-5 illustrates where data were added. A substantial part of the added
VMS data concerns fishing vessels.
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FigureC-4 Shipping density map for January 2019, based on the third delivery of merged AIS and VMS data.
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Figure C-5 increase in ship density due to addition of VMS data (delivery 3) for January 2019:
10log,,(#AIS messages delivery 3 /#AIS messages delivery 2) per grid cell.

Annex C.3 Jomopans AIS track interpolation update

Although the AIS data appears to have been improved by the three iterations, there are still significant
uncertainties. It is likely that a substantial fraction of the vessels that sailed on the North Sea in 2019
are missing in these data, but it is impossible to know how many. The density ship appears to be low in
large areas in Dutch and UK waters, possibly due to incomplete AlS coverage in combination with a
lack of VMS data.

It is also obvious that the vessel traffic is discontinuous along some of the shipping lanes that cross the
central North Sea. This may be due to bad coverage of this area by land and satellite AlS receivers.
Quiet Oceans has filled in some of the missing data by interpolation of ship tracks, but appears to have
been conservative (limiting the interpolation time and distance) in the application of this interpolation.
More details have been requested but have not yet been provided.

TNO has reviewed the track data and decided to redo the track interpolation with less limiting criteria:
Straight line tracks were interpolated up to 100 km. Incidental outliers from ship tracks (with an
apparent ship speed >40 kn) were removed. It was observed that this interpolation resulted in some
unrealistic tracks, crossing land. This could likely be improved with a more customized local algorithm,
but because these tracks will not contribute to the underwater noise, we decided to accept these, in
favour of the improved coverage of the central North Sea. The result is illustrated for the May 2019
data set in Figure . The total amount of AIS messages (on a regular time grid of 10 min intervals) has
increased by this updated interpolation, and some obvious gaps in the map have been filled in. Figure
illustrates where the additional track interpolation has increased the density.
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Figure C-6 Shipping density map for the month of May 2019, based on merged AlIS and VMS data.
Left: original from Quiet Oceans; right: with additional track interpolation by TNO
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Figure C-7 Density increase, thanks to the additional track interpolation.

The following observations were made in an analysis of the May 2019 data set (before interpolation,
delivery 3):

This data set contains tracks for 29,372 ships, identified by the Maritime Mobile Service Identity
(MMSI) number associated with their AIS transponder.

The total number of AIS messages is 10,827,629.

The total number of AIS messages with a speed over ground greater than 0.2 kn is 8,823,044
(81%).

For 5,732 ships (20%) the presence during te month is less than 30 minutes (3 AlIS messages).
For 509 ships (2%) the ‘speed over ground’ does not exceed 0 at any time.

After interpolation:

The total number of AIS messages is 10,975,763 (1.4% more than before interpolation)

The total number of AIS messages with a speed over ground greater than 0.2 kn is 10,961,820
(24% more than before interpolation).

For 7,099 ships (24%) the presence during te month is less than 30 minutes (3 AIS messages).
For 2,080 ships (7%) the ‘speed over ground’ does not exceed 0 at any time.
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Annex C.4 Other AIS parameters

The processed AIS data sets include the parameters summarized in Table C-1. The Jomopans ship
source level model relies on the ‘AlS Ship type ID’, ‘ship Length’ and ‘speed over ground’ parameters.

Table C-1: Overview of AlS parameters provided by Quiet Oceans

Column =2 Description =
MMSI| MMSI Number
AlS=Terrestrial-AlS,
Source ASS=Satellite-AlS
Day DD/MM/YYYY
Hour HH:MN:S5
longitude longitude

latitude

latitude

speed
course over ground

_speed over ground
course over ground

true heading

true heading

IMO Number IMO Number

Name Name

AIS Ship type AIS Ship type
shipDraught Draught

shiplength AlS A+ B dimensions
shipWidth AlS C+D dimensions

flagcode.isoCode2

Ship flag

The following observations were made in an analysis of the May 2019 data set:

The corresponding IMO number is provided for only 7,997 ships (27%).

Figure C-8 shows the distribution of the ships over the various AIS ship types.

For 6,391 ships (22%) the ‘AlS ship type ID’ is between 0 and 9 indicating that the ship type is

‘Unknown’.

For 9,333 ships (32%) the ‘ship length’ parameter is reported as ‘0’.
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Figure C-8 Number of ships per AIS ship type ID (merged AIS/VMS data, May 2019).

After a comparison of the AIS ‘speed over ground’ (SOG) with the ship displacement between per AIS
time steps, it was decided to use the speed derived from the ship displacement per time step rather
than the AIS SOG as input for the source level model. This avoids problems with incidental errors in
the SOG parameter. Especially incidental unrealistically high SOG values were shown to have an
unwanted influence on the calculated monthly SPL statistics.

71



INTERREG North Sea Region
Jomopans

Annex D Sensitivity studies

Annex D.1 Required number of radials

Introduction: To reduce the computational complexity of the underwater noise modelling, spatial-
temporal sound maps are typically obtained by means of interpolation of radial slices (2-dimensional
simulations along straight trajectory). This method assumes that (i) out of plane propagation is
negligible and that (ii) a limited number of radials suffices. In this chapter the effect of using a limited
number of radials on the model precision is investigated for the JOMOPANS area.

Method: This is done by calculating the SPL map for the JOMOPANS area at a single moment in time
with representative shipping and comparing the results for 16 and 36 radials. Details of the simulation
are described in Table D-1.

Results: Figure D-1 shows the broadband and 250 Hz one-third octave band (base 10) (OTO) SPL for
the selected snapshot using 16 and 36 radials for the calculation. Figure D-2 shows the difference
between these results, indicating that using a reduced number of radials (16 instead of 36) has a small
(< 1 dB) effect on the predicted SPL for the majority of JOMOPANS region. Larger differences however
occur in coastal regions and at locations where there is a large depth variability and low shipping
density such as the shallow Dogger Bank region in the center of the JOMOPANS area.

Recommendation: Because the JOMOPANS project aims to get good performance for the bulk of the
North Sea (not focusing on local effects) the usage of 16 radials is considered to provide satisfactory
performance. However, for the generation of local sound maps in coastal regions a larger number of
radials may me desirable.

Table D-1: the simulations parameters used to investigate the effect of the number of radials on the model precision
for the JOMOPANS region.

Source level model RANDI3.1c2

Snapshot date and number of | 15-Jan-2019 11:50:00, 1838 sources from

ships present [globalAREA _From20190101 T020190201.mat]

Seabed Uniformly modelled as medium sand (grainsize=1.5), using
parameters from Table 4.18 in [Ainslie, 2010]

Water 1500 m/s,1000 kg/m?

Surface wind 0 m/s

Simulation range 400 km (length of radial slices)

Radials 16, 36 (angle resolution 22.5 deg & 10 deg)

Wind model Wind model (vs 1.0) results are added to the shipping noise
when calculating SPL levels for the windspeed at the same time
step

Tested metrics Depth averaged, broadband and 250 Hz (efficient propagation)
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Figure D-1 Figures depicting the broadband and 250 Hz one-third octave (base 10) SPL 16 and 36 radials for the

calculation
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calculation
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Annex D.2 Required length of radials

Introduction: The maximum simulation range (i.e. the length of the radial slices) has a large effect on
the calculation time. In areas with lots of ship the SPL will be dominated by nearby traffic, but in areas
with little local shipping, benign propagation conditions (low propagation loss) and low ambient noise
levels, ships from large distances can have a significant contribution to the underwater noise. In this
chapter the effect of the length of the radials on the model precision is investigated for the JOMOPANS
area. Due to the large number of sources present at all times in the North Sea and the spatially varying
propagation conditions, the required simulation range cannot be accurately modelled using a simple
signal (single ship + range dependent propagation) to noise (natural ambient) ratio.

Method: To determine the required simulation range the SPL levels for the JOMOPANS area are
compared for a single moment in time with representative shipping conditions. A maximum simulation
range of 500 km was used as a reference solution, assuming that ships at larger distances can safely
be neglected. The simulation settings are specified in Table D-2. This simulation was the first one ran
and still used the Wales and Heitmeyer (2002) source level model.

Results: Figure D-3 and Figure D-4 show the broadband and 250 Hz one-third octave (base 10) band
SPL. Figure D-5 and Figure D-6 show the difference with respect to the reference solution. The
comparison with the error criteria (the 95 area percentile of the difference) is shown in the title of each
figure.

Recommendation: A 95% area percentile difference less than 0.5 dB was set to be an acceptable
deviation of the reference solution. Receivers outside the JOMOPANS area and coastal areas (Depth <
10 m) were excluded from this analysis. Table D-3 shows a suggested simulation range based on the
selected criteria. The maximum required range depends strongly on frequency. For the 160 Hz to

400 Hz one-third octave (base 10) bands it is observed that a large simulation range is needed. For the
lower bands a large range may also be needed for locations with low shipping density and of more
benign propagation conditions than the scenario considered in the simulation.

Although not required by the criteria, for the JOMOPANS project a constant simulation range of 400 km
was used for the generation of the sound maps with the TNO Aquarius model because (i) the model is
fast enough due to the use of source gridding and (ii) the model software architecture would have to be
edited to support a frequency dependent simulation range.

Table D-2 the simulations parameters used to investigate the effect of the simulation range on the model precision
for the JOMOPANS region.

Source level model Wales & Heitmeyer [2002]

Snapshot dates and number of ships 15-Jan-2019 11:50:00, 1838 sources from
[globalAREA _From20190101_T020190201.mat

Seabed Uniformly modelled as medium sand (grainsize=1.5),
using parameters from Table 4.18 in [Ainslie, 2010]

Water 1500 m/s,1000 kg/m?

Surface Wind 0 m/s

Maximum length of radials 25, 50, 100, 200, 300, 400, 500 km

Number of radials 32 (angle resolution 11.25 deg)

Wind model Wind model results are added to the shipping noise
when calculating SPL levels

Tested metrics Depth averaged broadband and 250 Hz
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Table D-3 Proposal for acceptable and combined simulation ranges for different frequencies
Freq Acceptable Combined Freq Acceptable Combined
(H2) range (km) range (km) (H2) range (km) range (km)
10 100 500 300
13 100 630 300 300
16 100 100 800 300
20 100 1000 200
25 100 1.25k 200 200
31.5 200 16k 200
40 200 2k 100
50 200 25Kk 100
63 200 200 3'}(50 50 100
80 200 4Kk 50
100 200 5k 50
125 300 6.3k 25
160 300 300 8k 25
200 400 10 k 25 o5
250 400 400 125k 10
315 400 16 k 10
400 300 300 20 k 5
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Annex D.3 Spatial source gridding

Introduction: The computational complexity can be reduced significantly by means of source gridding,
as this enables limiting the number of propagation model runs. Stored data from a single calculation of
propagation loss between the source and receiver grids for the JOMOPANS area can be repeatedly
used for SPL calculations at multiple time steps. In this approach, sources are relocated to the nearest
source grid location. In this annex, the effect of using a spatial source grid on the model precision is
investigated for the Sweden Vinga area.

Method: This is done by comparing the monthly statistics of the SPL for the Sweden Vinga area for

difference source grid resolutions:

e Reference solution: no source gridding is applied. However, a minimum simulation range of 100
m is selected to avoid singularities (sources being at the receiver location resulting in
unrealistically high sound levels.

e Coarse grid: the same resolution as the receiver grid, but shifted by one half of the grid resolution.

e Fine grid: Like the coarse grid but with additional locations added to increase resolution.

Figure shows how the receiver grid, the coarse grid and the fine grid are spatially oriented. The course
grid has a resolution of 0.05 degrees longitude and 0.025 degrees latitude. The distance between two
receiver grid points for the coarse grid is approximately 3 kilometers. The other simulation settings are
specified in Table .

The effect of the source gridding is quantified by comparing the broadband and one-third octave (base
10) band SPL monthly statistics for the gridded scenarios against the reference solution without source
gridding for the area around the Vinga measurement location.
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Figure D-7 Small area showing a coarse and fine source grid, along with the receiver grid

Figure D-8 and Figure D-13 show the Broadband and OTO maps of the monthly SPL statistics for
calculations with the ships at their exact source position. Figures D-9 and D-10 and Figures D-14 and
D-15 show the maps for calculations with the sources relocated to the ‘fine’ and ‘coarse’ grids
respectively. Figures D-11 and D-12 and Figures D-16 and D-17 show the difference between the
source gridding solutions and using the exact location.

From these figures it is observed that gridding sources does not lead to significant deviations except

when:

e There are many sources very close to a receiver (e.g. near a port or in the vicinity of a shipping
lane)

e  For high percentiles

e Large bathymetric variability (e.g. in coastal areas)

e Close to the edges of a modelling area
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Recommendations: The coarse grid resolution gives satisfactory performance for receivers that are
not in the vicinity of a port or a shipping lane. The fine source grid significantly improves the
performance in these regions. Because the computational complexity associated with the fine
resolution grid was found to be acceptable, the fine source grid spacing will be used for the generation
of the sound maps with the TNO Aquarius model.

Table D-4 the simulations parameters used to investigate the effect of source gridding on the model precision for

the Sweden Vinga site.

Source level model

RANDI 3.1c2

Area and time period

Sweden Vinga 21-03-201803 to 20-04-2018 from
MMSINavSnapShot_Sweden_Vinga_From20180321_T020180420_Steplmi

n DeltaHour2.mat

Seabed Uniformly modelled as Coarse Silt (grainsize 4.5), using parameters from
Table 4.18 in [Ainslie, 2010]

Water 1500 m/s,1000 kg/m?3

Surface Wind 0 m/s

Radials 16 (angle resolution 22.5 deg)

Sim range 100 km

Wind model Wind model results are added to the shipping noise when calculating SPL

levels

Tested metrics

Depth averaged broadband and 250 Hz SPL percentiles
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SPL broadband: Exact-finegrid
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SPL f: 250 Hz Exact-coarsegrid
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Annex D.4 Time resolution

Introduction: The computational complexity can be reduced significantly by increasing the time step,
reducing both the time for the post processing and the amount of data produced in the modelling
process.

Method: AIS data for the JOMOPANS region was provided by Quiet Oceans with a 10-minute
resolution. In this section the effect of using a coarser time step on the monthly SPL statistics is
investigated. Time steps of 20, 30 and 60 minutes are considered. Details of the simulation are
described in Table D-5.

Table D-5 the simulations parameters used to investigate the effect of the time resolution on the model precision
for the JOMOPANS region.

Source level model RANDI31c2

Area and time period JOMOPANS 01-01-2019 to 01-02-2019

Seabed Determined from Bockelmann [2018] database at location

Water 1500 m/s,1000 kg/m3

Surface Wind 0mi/s

Sim range 400 km

Radials 16 (22.5 deg)

Wind model Wind model 1.0 results are added to the shipping noise when
calculating SPL levels for using the wind speed at the same time
steps

Tested metrics Depth averaged BB and 250 Hz (efficient propagation)

Results: Figure D-18 and Figure D-19 show the differences when using a 60-minute time step. Figure
D-20 and Figure D-21 show the difference when using a 30-minute time step.

The results from the figures are summarized in Table D-6 (figures for 20 min timestep are not shown).
For every frequency and time percentile the 90" area percentile of the difference over the JOMOPANS
area has been calculated. Then the maximum value of the difference over all frequencies is taken.

Table D-6 Maximum deviation (in dB) over all frequencies of the 90" area percentile of the deviation when the time
step is increased for 10 min to 20, 30 or 60 min.

pS pl0 p25 p5S0 p75 p90 p95
60 min 0.31 0.23 0.16 0.17 0.29 0.96 1.11
30 min 0.18 0.13 0.09 0.09 0.15 0.33 0.53
20 min 0.11 0.08 0.06 0.06 0.10 0.20 0.35

Recommendation: For the JOMOPANS area using a 60-minute temporal resolution the maximum
deviation is around 1 dB for the 90™ area percentile of the various time percentiles of SPL. Locally
however the error is observed to be larger than 2 dB for the 95% temporal percentile for the monthly
statistics. TNO proposes to run the model with 30-minute time steps for the generation of the sound
maps for the JOMOPANS area with the TNO Aquarius model.

85




INTERREG North Sea Region

Jomopans

SPL broadband: 60min-10min
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SPL broadband: 30min-10min
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Annex D.5 Source level statistics

Introduction: One of the uncertainties for sound map modelling involves the source level of individual
ships. In this section a sensitivity study is described to quantify the effect of the source uncertainty on
the uncertainty associated with the JOMOPANS acoustical indicator.

Method: To quantify this uncertainty, Monte Carlo simulations were carried out for the Swedish site
(Vinga). For each ship, 100 source level realizations where modelled with a standard deviation of 7 dB.
For these 100 realizations, the mean and standard deviation of the monthly percentiles were
computed. Further details of the simulation are described in Table D-6.

Table D-6 the simulations parameters used to investigate the effect of source level uncertainty on the model
uncertainty for the Sweden Vinga site.

Source level model RANDI31c2

Area and time period Sweden Vinga 21-03-201803 to 20-04-2018

Seabed Uniformly modelled as Coarse Silt (grainsize 4.5), using parameters from
Table 4.18 in [Ainslie, 2010]

Water 1500 m/s,1000 kg/m3

Surface Wind 0 m/s

Radials 16 (angle resolution 22.5 deg)

Sim range 100 km

Wind model Wind model results are added to the shipping noise when calculating SPL
levels

Tested metrics Depth averaged BB and 250 Hz (efficient propagation) time percentiles

Results: Figure E-1 to E-4 show maps of the mean and the standard deviation of the 100 realizations
of the monthly percentiles for the 250 Hz one-third octave band and broadband SPL. This illustrates
that the monthly statistics reduces the assumed 7 dB standard deviation of the source levels to a
standard deviation of less than 1 dB in the monthly median SPL, and less than 3 dB in the highest
(95%) percentile.

Figures E-5 shows probability density spectra of calculated SPL percentiles at the Vinga measurement
site, and Figure E-6 shows the standard deviation of the calculated SPL percentiles. This confirms that
the assumed 7 dB standard deviation of the source level spectra reduces to a standard deviation of
less than 1 dB in the monthly SPL percentiles.

Recommendation: The observed uncertainty in the predicted monthly SPL percentiles due to the SL
uncertainty is limited. The large extra computational effort associated with the Monte Carlo modelling
approach for evaluating this uncertainty can be avoided. Note however that this only holds for monthly
statistics and that the source level uncertainty is significant when comparing time series of model and
measurements.
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Figure E-1 maps of the mean values obtained from the 100 calculations (SL variations) of the monthly broadband
SPL percentiles for the Vinga site. The “+’ marker indicates the location of the Vinga measurement station.
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Figure E-2 maps of the mean values obtained from the 100 calculations (SL variations) of the monthly 250 Hz one-
third octave band SPL percentiles for the Vinga site. The “+’ marker indicates the location of the Vinga measurement
station.
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Figure E-3 maps of the standard deviation (in dB) obtained from the 100 calculations (SL variations) of the monthly

broadband SPL percentiles for the Vinga site. The +’ marker indicates the location of the Vinga measurement

station.
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Figure E-4 maps of the standard deviation (in dB) obtained from the 100 calculations (SL variations) of the monthly
250 Hz one-third octave band SPL percentiles for the Vinga site. The “+’ marker indicates the location of the Vinga

measurement station.
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Figure E-5 Spectral probability density of the median (50%) and 95% monthly percentiles of the SPL at the Vinga
measurement location, obtained from the 100 calculations (SL variations).
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Figure E-5 Standard deviation of the monthly percentiles of the SPL spectra at the Vinga measurement location,
obtained from the 100 calculations (SL variations).
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Annex E Reference solutions for benchmark cases

This annex provides tabulated values of reference solutions (calculated SPL in one-third octave (base-
10) bands, in decibels) for the two test cases (section 4.1.1) for verifying the implementation of shallow-
water propagation loss models.

Test Case 1 (range-independent) | Test Case 2 (range-dependent)

XFEM solution (FOI) average solution of PE codes

Frequency (Hz) | 1km 5km | 10km | 50km | 1km | 5km | 10km | 50 km
100 | 81.1| 419 15.1 | -105.4 | 109.3 | 98.9 | 49.0 | -92.7
12.6 | 97.8| 49.8 19.2 | -110.2 | 112.0 | 1024 | 56.5 | -132.1
15.8 | 113.2 | 845 57.7 | -111.2 | 1133 | 1043 | 56.0 | -163.2
20.0 | 120.6 | 105.9 93.1 7.4 | 1150 | 1058 | 62.4 | -200.9
251 | 1236 | 111.1 | 101.3 400 | 1195 | 1083 | 69.3 | -232.3
31.6 | 124.2 | 113.0 | 104.8 56.4 | 121.6 | 111.9 | 941 | -54.1
39.8 | 1215 | 111.4 | 104.3 64.8 | 121.5 | 110.2 | 96.6 -5.6
50.1 | 123.0 | 109.3 | 103.2 70.7 | 120.0 | 1098 | 953 | 1538
63.1 | 121.9 | 109.7 | 102.5 749 | 119.7 | 1096 | 949 | 307
79.4 | 120.6 | 108.7 | 101.6 77.9 | 1193 | 1086 | 943 | 421

100.0 | 120.4 | 108.0 | 101.0 79.7 | 1184 | 1079 | 923 | 485
125.9 | 119.3 | 107.3 | 100.3 go.6 | 117.4 | 107.0 | 929 | 582
158.5 | 118.7 | 106.4 99.6 go.7 | 116.4 | 106.1 | 93.0 | 624
199.5 | 117.2 | 105.4 98.9 805 | 115.0 | 1051 | 889 | 56.2
251.2 | 115.3 | 104.3 98.0 go.1 | 112.8 | 103.7 | 894 | 66.9
316.2 | 113.3 | 103.1 97.1 79.9 | 11051 101.9 | 904 | 696
398.1 | 111.1 | 101.6 96.1 79.7 | 108.4 | 99.9 | 900 | 649
501.2 | 110.0 | 100.1 95.0 79.4 | 1076 | 985 901 | 722
631.0 | 108.8 | 99.0 93.9 79.1 | 106.2 | 97.4 | 899 | 717
7943 | 1075 | 97.8 92.9 78.4 | 1049 | 960 901 | 714
1000.0 | 106.6 | 96.8 91.7 7751|1035 951 | 89.2| 713
1258.9 | 105.7 | 95.7 90.6 76.2 | 1028 | 940 | 880 | 690
1584.9 | 104.8 | 94.7 89.5 745 | 1020 | 932 | 87.6| 697
19953 | 103.8 | 93.9 88.5 7255|1022 | 920 | 86.2| 685
25119 | 103.2 | 92.9 87.3 70.2 | 100.4 | 906 | 86.0| 67.1
3162.3 | 103.2 | 921 86.2 67.4 | 997 | 888 | 838| 642
3981.1 | 101.1 | 91.7 84.9 63.8 | 993 | 895 8L7| 589
5011.9 | 100.8 | 89.1 83.1 588 | 974 | 868 | 799 497
6309.6 | 99.7 | 882 81.3 516 | 964 | 85| 788 | 454
79433 | 983 | 859 77.7 404 | 91| 847 | 774 371
10000.0 | 97.8| 847 75.9 238 | 947 | 8L7| 726 | 176
12589.3 | 96.1 | 827 68.2 20| 928 | 782| 655 1.4
15848.9 | 925 | 76.9 594 | -40.7 | 903 | 732 | 566 | -44.9
199526 | 93.2| 695 475 | -99.7 | 875 | 659 | 450 -1039
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