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SUMMARY
AQUO is collaborative research project supported by the 7th Framework Programme through
Grand Agreement N°314227, addressing the Call FP7-S ST-2012-RTD-1 “Transport”. The final
goal of AQUO project is to provide to policy makers practical guidelines to mitigate underwater
noise footprint due to shipping, in order to prevent adverse consequences to marine life. This
document is the deliverable D1.2 of the project “Definition for underwater noise footprint”.
The idea of underwater noise footprint is emergent, and, as several options are available, a
specific effort must be conducted for clarification and eventually standardisation. A clear
definition is needed for AQUO Project, as some metrics or indicators will be implemented in a
“Noise footprint assessment model” to be developed and validated in work package 1, then
used in work package 5 to determine the efficiency of different noise mitigation measures under
consideration.
In a first part, a literature review is done, focusing on papers or documents related to
underwater noise due to shipping and impact on marine life.
In a second part, a discussion is carried out. Some useful considerations can be done using a
parallel with airborne noise environmental issues and with the assessment of sonar detection
performance.
In the last part, based on this analysis, this report proposes a definition of noise footprint:
“The noise footprint is the quantification of the noise level arising from maritime activities that
affects a portion of the sea. It includes the description of the noise sources and the propagation
of the sound in the ocean environment that can be represented as a noise map. It can be used
to assess the effect or impact of anthropogenic sound on marine life.”
The proposed definition of the noise footprint given is generic enough to embrace:
-

The ability to bridge from anthropogenic noise to any kind of effect of noise to species,
without explicit allusion to any species;

-

The ability to be turned into perceived levels by applying any ad-hoc transformation;

-

The ability to be applicable for the future progress on the knowledge on the effect of
noise to species.

A practical example of representation of a noise map, which is the basis of the noise footprint
analysis, is also given.
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It is important to note that characterization of shipping underwater noise can be done at three
different levels, which complement one to the others:
-

The noise sources, characterized by the source level SL of each vessel,

-

Noise maps, representing noise levels in a given maritime area, depending of the
distribution of noise sources, and a scenario, and on the environment,

-

Indicators, obtained after post-processing of noise maps, which can be used to assess
the impact of shipping on marine life. Tentative definitions of indicators are detailed in
Annex 2, applicable to marine mammals or fish. Some of these indicators are expressed
as the proportion of a given maritime area of interest where noise exceeds some
threshold. Note that the evolution of these indicators along time could be used to monitor
the environmental status of European waters.

In the follow-up of the AQUO Project, it is intended to implement these noise maps and related
indicators in the “Noise footprint assessment model”. Using this approach, it will be possible to
simulate the effect of different noise mitigation measures and to determine their effectiveness in
the scope of task T5.4.

1. INTRODUCTION
Recent directives outline the need to mitigate underwater noise footprint due to shipping in
order to prevent adverse consequences to marine life. In that context, the final goal of AQUO
project is to provide to policy makers practical guidelines, acceptable by shipyards and ship
owners. Up to now, some recommendations and standards for limitation of underwater radiated
noise (URN) by some classes of ships have been emitted, but the relationship between shipping
as a cluster of moving noise sources and the impact on underwater noise has not been
addressed clearly. For that reason, it is necessary to have at one’s disposal a noise footprint
assessment model, relying on proper description of ship underwater radiated noise and
underwater acoustics propagation phenomena, taking into account shipping information through
AIS data (number of ships in a given maritime area, speed, type of ships and operating
conditions, location, course, speed…). This noise footprint assessment model is the purpose of
WP1 of AQUO Project.
A key element for the project is the availability of a definition of an “underwater noise footprint
due to shipping”, referred in the following as “noise footprint” for more simplicity. This is the
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scope of the present document. Indeed, the possible mitigation measures and design solutions,
to be listed and defined in task 5.1 of the project, will be assessed in task 5.4 regarding the
impact on marine life using the noise footprint model, thus providing input for the final Practical
Guidelines document (see Figure 1). As a consequence, an adequate definition of the noise
footprint is needed in order to obtain consistent conclusions.

Task 1.1.1: Needs Policies

Task 1.1.2: Needs – Noise
footprint definition

Task 1.2: Definition of
scenarios

Task 1.3: Noise
footprint model
development

Task 5.1: Listing of
noise mitigation
measures

Task 1.4: Noise
footprint model
validation

Tasks 5.2 and 5.3

Task 5.4: Assessment of
solutions regarding marine life

Task 5.5: Synthesis
Practical Guidelines

Figure 1: Position of the task “noise footprint definition” in AQUO project
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2. UNDERWATER NOISE FOOTPRINT - LITERATURE REVIEW
The idea of underwater noise footprint is emergent. Several options are available, since the
underwater noise footprint can either be:
-

the total noise power above the ambient noise,

-

the total noise power as perceived by marine species,

-

the statistical noise power perceived by marine species,

-

etc.

As a matter of facts, abundant literature exists on underwater noise mapping, as well as on the
effect of underwater noise on marine animals from the bio-acoustic point of view, but not as
many on the definition on a noise footprint as a whole, on a maritime area of interest. In
addition, when the term “footprint” is used, the definition is not the same from one author to
another.
This chapter is a synthesis of a bibliographic analysis on that topic. The bibliographic search is
not exhaustive, but is thought to be sufficient for the present study. It is split into an analysis of
documents which refer explicitly to the term “noise footprint”, documents referring to “metrics” or
“indicators” and other documents which have been identified as relevant for discussion.

2.1. Papers referring explicitly to noise footprint
Possible steps towards reducing impacts on shipping noise [1]
This work has been realized in relationship with the IMO working group on the noise impact of
shipping to marine life. While mentioning the need of determining a “noise budget” for a
maritime area as a whole, this paper uses a more simple approach by defining an “acoustic
footprint” for an individual ship. The author justifies that approach after observing that, for a
given area of interest, a limited number of ships is responsible of most the noise pollution. In
that context, the noise footprint of a vessel is defined as the area A given by:

A = 10

2

( SL −T )
L

(1)

where SL is source level of the vessel, T is a noise threshold regarding marine life, and L the dB
propagation spreading constant (equal to 20 in case of spherical spreading, equal to 10 in case
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of cylindrical spreading). This formula is not frequency-dependent, and we can notice that the
frequency band for SL and T is not stated clearly.
An example of application of this formula is given on Figure 2, where the area A is plotted
against source level, for a threshold of 120 dB re 1µPa and two assumptions for the propagation
spreading constant (15 and 20). Note that 170 dB re 1µPa can correspond to the source level of
a merchant ship in the 125 Hz octave band. The area of influence can reach very large values,
and we can see the strong influence of the propagation spreading constant. The value of SL is
also of strong influence: increasing SL by 10 dB multiplies by more than 10 the maritime area of
noise pollution.
This approach can be relevant for a rough preliminary analysis. For example, the paper
concludes that improving the acoustic discretion of the noisiest ships by a few dB would reduce

Area A for T=120 (dB re km^2)

significantly the footprint, according to the previous formula.

1,E+06
1,E+05
1,E+04
1,E+03

L=20
L=15

1,E+02
1,E+01
1,E+00
1,E-01
150

170

190

210

Source level (dB re µPa @ 1 m)

Figure 2: Ship footprint defined as area of influence, according to formula (1)

Characterizing the relative contributions of large vessels to total ocean noise fields [2]
This paper reports a case study for sensitive maritime area, the Gerry E. Studds Stellwagen
Bank National Marine Sanctuary. Long term underwater noise measurement has been done
using different acoustic buoys deployed in the area, correlated to ship traffic information by
collecting AIS data. It is shown that high traffic areas exhibit twice the acoustic power
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(corresponding to 3 dB noise level increase) than locations with less traffic. Another result is
that tankers contribute more to underwater noise than other types of vessels (twice by
comparison to cargo ships and as much as 100 times by comparison to research vessels which
are designed to be silent).
The impact of shipping is expressed as the acoustic power introduced in the area, taking into
account the source level and the transit time inside the area. Then, a “noise budget” can be
defined for the area (with respect to marine life criteria) and then it is possible to determine how
much each vessel, or classes of vessels, contribute to this noise budget, or exceed an
acceptable limit.
On Figure 3 from the website http://stellwagen.noaa.gov/science/passive_acoustics_noise.html,
a “noise footprint” of an individual ship is represented as the noise level map in the area of
interest, in a given frequency band of analysis.
A related paper is “Quantifying Loss of Acoustic Communication Space for Right Whales in and
around a U.S. National Marine Sanctuary [9]”. In this paper, it is shown that North Atlantic right
whales have lost 63 to 67 percent of their communication space in the Stellwagen Bank
National Marine Sanctuary due to noise from ships.

Figure 3: Noise map from a vessel passing through the Gerry E. Studds Stellwagen Bank National
Marine Sanctuary, from ref. [2]
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Underwater Acoustic Modelling of Tug and Barge Noise for Estimating Effects on Marine
Animals [3]
The Kiggavik Project is a proposed uranium ore mining and milling operation by AREVA
Resources Canada, to be located in the Kivalliq region of Nunavut. A number of segments of
marine transport are being considered to support the Kiggavik Project. This report presents
results from an acoustic modelling study, performed by JASCO Applied Sciences, to estimate
the footprint of underwater sound levels emitted by tug and barge operations along the maritime
transportation route. The approach consists in defining a scenario, corresponding to the route to
be followed by the tugs in the area under study, to define a model for the tug as an underwater
acoustic source, to compute a noise map using an underwater noise propagation model and
relevant environmental input data, and finally to produce an assessment of the impact on
marine life, using marine mammals audiograms. A first step was to produce a noise contour
map in the frequency range 10 Hz – 31.5 kHz, which can be compared to a noise threshold, for
example 150 dB. In a second step, the audiogram of some mammal species was taken into
account, in order to produce a map of audiogram-weighted Sound Pressure Levels. The dB
scale is plotted with reference to the threshold. For the example on Figure 4, we can see the
result in the case of the Beluga, where the area of influence is about 10 km around the noise
source.

Figure 4: Example of weighted noise level map for Beluga for Kiggavik Project, from study by
JASCO for Areva [3]
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Assessment of natural and anthropogenic sound sources and acoustic propagation in the
North Sea [4] and [17]

The research reported in document [4] aims at making an inventory of the existing knowledge
on the underwater sound environment and identifying the gaps, with a focus on the North Sea.
Different noise sources are described, shipping being one of the major “non intentional”
anthropogenic noise sources. After characterizing different types of ships as noise sources,
some maps of underwater noise are presented. For instance, Figure 5 shows the underwater
noise contribution of a dredger in shallow waters. In this report, there is no specific definition of
a noise footprint indicator taking into account sensitivity of marine life.

Figure 5: Noise map from a dredger (total broadband noise). Example from ref. [4]

Underwater noise – the developing awareness [6]
Ref. [6] gives an interesting overview, understandable to non-specialists, of the challenge for
protecting marine fauna from anthropogenic underwater noise, following the Marine Strategy
Framework Directive (MSFD). In this paper, the footprint is defined as noise maps, depending
on the noise source and on the environmental parameters (bathymetry, acoustic
propagation,…), with Sound Exposure Level (SEL) noise contours corresponding to bioacoustic
criteria. Figure 6 gives an example of such noise maps.
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Figure 6: Noise map in two different environments with SEL Threshold. Example from ref. [6]

Mapping cumulative noise from shipping to inform marine spatial planning [7]
Noise mapping has been demonstrated for the example of Canada’s Pacific Exclusive
Economic Zone (EEZ).
The average SEL is computed theoretically using a simplified noise footprint model which uses
as an input a statistics of the shipping density in the area during one year, and models to
represent ship underwater noise source level with respects to ship size. The result is compared
with noise limit recommended from descriptor 11 of the MSFD, i.e. 100 dB in the two 1/3 octave
bands centred at 63 and 125 Hz. Figure 7 gives an example of result for (a) the cumulative
noise level, and (b) the identification of the area where noise exceeds the target noise limit.

Figure 7: Cumulative noise map and identification of areas exceeding criteria. From ref. [7]

Dissemination level: PUBLIC
© AQUO Project Consortium 2013 - all rights reserved

14

WP 1 - Noise footprint assessment model
Rev 1.0
D 1.2 Definition of Noise Footprint
Seismic Survey Footprints In Irish Waters: A Starting Point For Effective Mitigation [38]
The research programme STRIVE Noise, conducted by Quiet-Oceans (France) and CMRC
(Ireland) and funded by the Irish Environmental Protection Agency has provided a preliminary
seasonal ambient noise atlas based on available environmental and anthropogenic data.
Among this atlas of noise, specific sound maps associated with shipping has been produced
based on an annual collection of Automated Identification System (AIS) data. While there was
excellent agreement between modelled outputs and local in-situ acoustic validation data,
uncertainty and variability of the environmental and anthropogenic parameters are taken into
account by a Monte-Carlo approach. This enables the production of seasonal and statistical
noise maps which describe, for each geographical location in the map, the probability to
measure a given noise level in the form of percentiles [38].
The noise footprint of a given activity was defined as the area where the noise from the activity
spreads into the ocean at levels above the existing statistical ambient noise. The noise
footprints of seismic surveys in Irish waters from 2000-2011 have been estimated using
Quonops©, a global ocean noise prediction service. Noise footprints are converted into sound
exposure levels to evaluate the cumulative risks towards high, mid and low frequency marine
mammals. The results demonstrate large variability in risk areas as a function of existing
ambient noise levels, season, survey location, and the characteristics of the survey.

Figure 8: Seismic Survey Footprints in Irish Waters [37]
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2.2. Papers referring to noise metrics or indicators
Numerous papers deal with the use of acoustic detection techniques or devices to establish
biologic indicators of different species in a maritime area. An example of such is: "Possible
steps towards reducing impacts on shipping noise" from Leaper et al [15]. This issue must not
be confused with the present study, where indicators refer to footprint indicators. So, in what
follows, papers related to monitoring of marine species using acoustic means will not be taken
into account.

Marine acoustic ecologies and acoustic habitats: Concepts, metrics, and realities [10]
Cetaceans are dependant on acoustic underwater noise for basic life functions: the masking
effect due to excessive noise level reduces their ability to communicate or to find preys. In this
paper, a communication masking model, informed by multi-year datasets and indicators are
defined over ecologically meaningful scales, taking into account spatio-temporal variability.
Results show a dramatic habitat loss in some areas with high vessel traffic and vessel noise.
For this reference, only an abstract is available.

Acoustic Masking in Marine Ecosystems: intuition, analysis, and implication [16]
This paper introduces an analytical approach to determine the effect of underwater noise on
communication masking of free ranging marine mammals, not only qualitatively, but
quantitatively, using metrics and indicators. The authors present first the definition of mammal
communication masking. Some examples are given in the form of the statistics of underwater
noise Power Spectral Density (PSD) for two marine areas, an acoustically quiet place (Pacific)
and a noisy area (Mediterranean). Furthermore, the effect of a ship passing near a sensor
shows a large increase of noise in the frequency bands used by the animals for acoustic
communication. In order to obtain a relevant assessment of the impact of underwater noise, the
analysis must be done on a sufficiently wide maritime area.
The approach followed here is to express the masking effect in terms of a SNR (Signal to Noise
Ratio) adjusted to species-specific bio-acoustic parameters. Considering a receptor (i.e. an
individual in the position of communication with another individual, the signal to noise ratio is:

SNR R = RL R − NL R , where RLR is the received signal coming from the emitter at distance D,
and NLR is the noise at the receiver location due to the superimposition of all the noise sources
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in the area (the natural ambient noise plus the noise radiated by ships or other anthropogenic
noise sources, propagated to receiver location). Referring to the same approaches as for sonar
systems, it is possible to introduce a detection threshold DT and then a signal excess SE,
equals to the difference between SNR and DT. Clearly, DT depends on the biological
characteristics of the species under consideration. In the paper, the authors detail the
expression of SE. For that, it is necessary to consider the frequency range used for
communication and so the respective PSD of the receiver and noise sources, respectively. In a
second step, a methodology is used to derive an indicator of the potential communication space
in an area. Finally, the basic indicator for masking effect assessment is the ratio of
communication space that is unavailable for communication to the total space of the area
subject to be used by the animals. This masking index is a probability number, ranging between
0 and 1. Some care must be taken in assessing the communication space on an acoustic point
of view. In the last part of the paper, some examples are given, with the variation of the masking
index for a given area, along time of day (corresponding to a variation of underwater noise).

Aquatic Acoustic Metrics Interface Utility for Underwater Sound Analysis [18]
This paper gives a description of a new software package, the Aquatic Acoustic Metrics
Interface (AAMI), specifically designed for analysis of underwater sound recordings to provide
data in metrics that facilitate evaluation of the potential impacts of the sound on aquatic animals.
It facilitates comparison of the noise sound sample metrics with biological measures such as
audiograms of the sensitivity of aquatic animals to the sound. After conversion of raw data from
sensors into physical units (µPa), the software allows to compute different metrics:
-

SPLpeak: peak sound pressure level (for an impulsive sound),

-

SPLrms: root mean square sound pressure level,

-

SELSS: sound exposure level for a single strike,

-

SELcum: cumulative sound exposure from several impulsive sounds,

-

Spectral analysis of signal: Fourier transform, or PSD computation,

-

Spectrograms: images representing a signal along time and frequency.

The software includes a database of audiograms of different marine species. The underwater
noise data can be filtered according to the auditory sensitivity of a species of interest. Erreur !
Source du renvoi introuvable. gives an example of such result.
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In summary, this software seems to be useful for the analysis and the monitoring of underwater
noise data, regarding underwater life. However, its scope does not include spatial analysis or
noise footprint indicators into wide maritime areas.

Figure 9: Audiogram for juvenile Chinook salmon overlaid on the sonogram of a noise sample,
from ref. [18]

A New Context-Based Approach to Assess Marine Mammal Behavioral Responses to
Anthropogenic Sounds [19]
In this paper, the authors discuss the fact that the total noise criterion is not sufficient to assess
marine mammal behavioral response to anthropogenic underwater sound. For that it is
necessary to take into account contextual aspects, the introduction of more advanced metrics,
and to consider the effects of chronic and acute noise exposure. Figure 8 is the conceptual
illustration of likelihood of a dose–response or contextual response by marine mammals to an
anthropogenic sound relative to the absolute sound exposure level, background noise level
(NL), and sensation level (SnL). The variable on the y-axis is the absolute received sound level
from the anthropogenic sound, and NL is constant. As the discrete sound level increases over
time, it eventually exceeds the detection threshold (DT), the level above NL at which a listener
has a 50% chance of detecting the discrete sound. The discrete sound level continues to rise
until it reaches its maximum received level (RL). The difference between the RL and the DT is
known as signal excess (SE). For an animal to hear the sound, the RL must also exceed the
hearing threshold (TH).
Dissemination level: PUBLIC
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Figure 8: Conceptual approach of impact of sound on marine mammals, from ref. [19]

This approach is useful to have at one’s disposal relevant metrics for the assessment of the
impact of underwater anthropogenic sound on marine mammals. In particular, the classical
criterion based on the maximum level SL is not sufficient. It seems to be more adapted to doserelated excessive noise such as sonar pings or pile driving. However, it can also be considered
in the case of a noisy ship passing through a sensitive marine fauna habitat.

2.3. Other documents
Mapping cetaceans and sound NOAA Symposium [5]
This symposium included invited presentations, interactive sessions and discussion panels.
Since 2011, two working groups have been created, whose scope are:
-

SoundMap: to define and apply mapping methods to depict temporal, spatial, and
spectral characteristics of underwater noise resulting from human activity;

-

CetMap: to create comprehensive and easily accessible regional cetacean density and
distribution maps that are time- and species-specific, ideally using survey data and
models that estimate density using predictive environmental factors.
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By superimposing these two kinds of maps, it is possible to assess more accurately the impact
of underwater noise on cetaceans. Assessing the risk should also be based on a better
understanding of:
-

the presence, distribution, and density of the species in the vicinity of the activity and
throughout its range;

-

the spatial, temporal, and spectral characteristics of the associated sound field;

-

the context of the sound exposure (e.g., behavioural state, age, and experience of the
animal, what other activities are happening in the area, etc.).

During the conference sessions, different presentations, summarized in [5], have dealt with
topics such as the methods to be used to average spatially and temporally the information,
which can be useful to derive noise footprint indicators. Some other advanced topics, such as
the effect of sound exposure on marine mammal population were addressed.
Regarding vessel traffic, a representative from the Chamber Shipping of America outlined that
an important piece of the solution to shipping noise mitigation issues was the need for adequate
spatial and temporal data to justify possible management strategies, a piece that is currently
missing.

Measurement of Underwater Noise Levels in Whale Habitats Along the B.C. Coast [8]
During the Ocean Noise Workshop organized by the WWF in Canada (Vancouver, 31st January
– 1st February 2012), Williams described a three-year study to characterize underwater noise at
12 whale habitat sites and to determine what implications this might have for masking
communication signals for fin, humpback, and killer whales. In this study, an acoustic footprint
of a container ship was used to demonstrate the propagation of sound from the ship to whale
habitats. Simultaneous cartographies of shipping intensity and whale density show clearly that
the different species under study avoid the areas with high ship traffic. In these areas, over 80
per cent of humpback and killer whale acoustic habitat is lost because of high noise levels that
make underwater communication between individuals more difficult.

Estimation of underwater noise – A simplified method [11]
The scope was the preparation of the deployment of an underwater cable between the coasts of
UK and Holland. The purpose of the study was the assessment of the impact of subsea noise
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on local marine species produced by both surface and seabed installation equipment. Using
simplified methods (i.e. without the use of specific software or data) the first part of the paper
presents the characterization of underwater noise sources, giving data for some types of ships,
as well as underwater acoustics propagation, introducing mirror effect and subsurface ducting
effect. In the last part of the paper, the estimated noise level emitted by the underwater activity
at a given distance is compared with some audiometric data (Figure 9).

rd

Figure 9: Comparison of predicted 1/3 octave noise with audiometric data, from ref. [11]

Underwater noise of research vessels - Review and Recommendations [12]
This report, issued in 1995, is the result of a Study Group on Research Vessel Noise. It is one
of the main documents, if not the only one, which defined a target for the underwater radiated
noise of a vessel on a well-defined technical and scientific approach, using the data and
knowledge available at that date. It has led to the well-known recommended underwater
radiated noise limit for fishery research vessels, from ICES. This noise limit takes the form of a
wideband noise spectrum along frequency (in dB re µPa, 1 Hz band at 1 m) for a ship speed of
11 kts. To build this noise limit, two criteria have been used:
-

For the low and medium frequency range, the noise radiated by the vessel perceived by
some representative fish species at a given distance must not exceed by more than 30
dB the hearing threshold of these species. Here, a distance of 20 m has been selected,
to be compared to the 200-400 m distance for which fish displacement has been
observed with current vessels.
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-

For the high frequency domain, the noise radiated from the vessel must not disturb the
acoustic device used for fish resource survey. Here, the analysis is done with an echosounder widely used for this task, operating at 38 kHz. This system is towed by the
vessel approximately at 15 m distance from the propeller.

Note that unlike most documents found in the literature, it deals with effect of ship noise
regarding fish instead of marine mammals. Using these two criteria (fish reaction region for low
frequencies, acoustic survey for high frequencies) and taking also into account achievable
technology (i.e. the noise spectrum pattern from known vessels of this type), the vessel noise
limit has been built (Figure 10). It is now used as a specification for new fishery research
vessels.

Figure 10: Proposed noise limit for fishery research vessels from ref. [12]

2.4. SONIC Project
SONIC Project (Suppression Of underwater Noise Induced by Cavitation) is a European project,
number 314394, addressing the same call as AQUO: SST.2012.1.1-1.: Assessment and
mitigation of noise impacts of the maritime transport on the marine environment (coordinated
topic within the framework of the ‘Ocean of Tomorrow’). For that reason, coordination is done
between AQUO and SONIC projects, in order to ensure a good synergy.
In the SONIC Project Description of Work, noise footprint is introduced at two levels:
-

The footprint of an individual ship (a “noise footprint”)

-

The spatial distribution of sound from a large number of ships contributions to the noise
(a “noise map”).
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Referring to the description of work, a noise footprint and mapping tool will be developed in the
scope of SONIC Project (henceforth abbreviated “NFMT”), suitable for assessing design
guidelines intended to minimise the noise footprint of a specified ship design and for visualising
the total noise from shipping activity in a specified area by adding contributions from individual
ships in that area.The full sound field around a ship is understood as a 4D object, comprising
three spatial dimensions plus frequency.
Recent work from SONIC Project introduce the latter definitions:
-

Noise map: geographical representation of the SPL (or SEL) due to a set of ships in a
specified physical scenario. This level is the result of a weighted average over depth and
frequency intervals:
o

Specified depth weighting (e.g., for species X)

o

Specified frequency weighting (e.g., for species X, or third octave band Y)

o

Averaged (or integrated) over a specified time period (e.g., 1 s, 1 hour, 1 day, 1
month, 1 year, 1 decade).

-

Noise footprint is a noise map for a single ship and for the following idealised conditions:
o

Uniform sound speed and density in water (frequency dependent absorption to
be specified)

o

Perfectly reflecting sea surface

o

Fixed water depth to be specified

o

Infinite uniform seabed, characterised by compressional sound speed, density
and absorption coefficient (Pekeris waveguide) to be specified

o

Flat frequency weighting

o

No depth weighting
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3. DISCUSSION
Before proposing shipping noise footprint definition and indicators for the AQUO project, in
addition to the previous literature review, it is useful to broaden the analysis by considering
related topics, which are discussed in this section:
-

Parallel with airborne acoustic issues,

-

Performance indicators used in naval military system analysis

-

Bio-acoustic impact criteria

3.1. Parallel with airborne acoustics issues
3.1.1. Protection of man to airborne environmental noise
Protection of humans to airborne noise has been addressed for a long time. This is a very vast
topic and it is not meant in the present report to summarize it. Only a few basic aspects are
presented below. The aim is twofold:
-

health and safety issues, i.e. to avoid hearing troubles, impairment or injuries coming
from excessive exposure to noise,

-

comfort issues, i.e. to fix noise limits which are consistent with the activity in a room, a
building, workplaces, or outdoor.

The human ear is characterized mainly by a noise sensitivity curve and by noise limits obtained
from experiments, studies and medical observations and analyses. Figure 11 gives an example
of such data, taken from Wikipedia. We can note that the minimum threshold is about 0 dB and
that noise level causing trouble or injury are in the range 120-140 dB. We remind that the dB
reference level in air is 20 µPa, instead of 1 µPa in water.
For the general public, audiometry tests are performed to compare the auditory threshold of
patients, in order to detect possible hearing deficiencies. These tests are done by submitting the
patient to amplitude-controlled signals in the form of pure tones with varying frequencies, and by
comparing the result to standard curves.
Another important notion is the definition of the weighted dB levels. Weighting filters are used to
emphasize or suppress some aspects of a phenomenon compared to others, for measurement
or other purposes (Wikipedia). Commonly used weighting curves are shown on figure 13, in dB
scale. We can sea that the A-weighted filter is obtained by inverting the acoustic sensitivity
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curve of human ear of figure 12, accounting the fact that the human ear is not sensitive to noise
outside the band [20 Hz – 20 kHz] and that the maximum sensitivity is for frequencies between
1 kHz to 3 kHz. Let CA(f) this curve in dB, shown on Figure 12.

Figure 11: Acoustic sensitivity of human ear, from “Audiometry” in Wikipedia

Figure 12: Sound weighting curves, from “Audiometry” in Wikipedia
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The dB(A) level is the global perceived sound perceived by human ear, for a given stimulus. For
continuous (stationary) noise, characterization can be done using a noise spectrum NS(f) in dB
ref. 20 µPa, 1 Hz bandwidth. Then, the perceived noise N in dB(A) level is defined by:


SPLdB ( A) = 10 log



f max

∫f

( NS ( f )+C A ( f ))

10

10

min


.df 



(2a)

If noise is characterized instead by third-octave band levels, in dB ref. 20µPa, the dB(A) is:

SPLdB ( A)

(N bnad +C A ( f c _ band )) 



10
= 10 log
10


 bands


∑

(2b)

Then, the dB(A) level is a characteristic measure of the perception of sound by humans. It is
widely used for general public and professional domains to measure sound exposure and noise
limits through different standards. For example, a noise limit often considered for health and
safety at work is 85 dB(A). Above this value, hearing protection must be worn. The noise limits
tend to become more stringent, the duration of exposure must be taken into account, and in any
case workers surveillance must be ensured, as stated in the European Directive 2003/10/EC of
6 February 2003 on the minimum health and safety requirements regarding the exposure of
workers to the risks arising from physical agents (noise).
Also, in many professional domains, noise limits expressed in dB(A) levels are defined to
ensure consistency with the activity (work, leisure, rest…) and the place considered. For
example, airborne noise limits are defined for living spaces in ships. This issue is addressed in
detail in a study realised in the scope of the SILENV Project [20].
Airborne acoustic environmental issues have been studied for a long time, mainly in relationship
with road and aerial transport. Several indicators have been defined, in order to quantify the
disturbance on humans and communities. A summary of these indicators is given in Annex 1.
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3.1.2. Parallel with aerial transport issues
The development of aerial transport and the vicinity of airport with living areas have led to health
issues for population living nearby (see Figure 13). It is clear that excessive noise, in addition to
annoyance and impact on activity or rest, can provoke or increase the probability of diseases.

Figure 13: Airplane passing close to houses on the boundary of London Heathrow Airport

For several decades now, a lot of studies have been done and regulations have been enforced,
and the latter are becoming more stringent (Figure 14). In aircraft noise certification, EPNdB
(Effective Perceived Noise in dB) is used to quantify the human annoyance to aircraft noise. It
accounts for human response to spectral shape, intensity, tonal content and duration of noise
from an aircraft. It cannot be directly measured but has to be calculated in a standard manner
(Annex 16 of ICAO).
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Figure 14: Evolution of aircraft noise regulation [33]

Noise maps with limit criteria are often established. Figure 15 gives an example of noise map in
the vicinity of an airport representing time-averaged dB(A) noise levels.
Main mitigation measures are:
-

The reduction of the noise source itself: Noise emissions have been measured and
aircrafts have been put into more or less noisy classes. New aircrafts designs are
systematically evaluated on the radiated noise aspect. Figure 15 shows that the
enforcement of aircraft noise regulation has had a decisive effect on the design and
production of aircrafts, as new designs exhibit less noise impact.

-

Adapting flight routes in order to reduce the impact on living areas. For example, if the
take-off or landing slope rate is greater, the relative altitude is larger, as well as the
distance.

-

Forbidding access to some aircrafts to some airports, or to impose a limited time window
(for example forbid by night).

-

Noise insulation of homes near airports.
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Figure 15: Example of noise map – South London

Some parallel can be done with the impact of shipping underwater noise on marine fauna, but
only to some extent. Main differences are:
-

Aircraft noise is localized in the vicinity of airports as shipping noise pollution appears
fully along shipping lanes, impacting wide maritime areas,

-

In both cases attenuation increases with frequency, but on the other hand, sound
propagation attenuation in air is greater than in water. For aircraft noise at sufficient
distance, the main concern will be low frequencies.

-

Traffic control regulation is stronger for airways than for shipping.

3.1.3. Parallel with ground transport issues
Ground transport environmental noise is also a major issue in modern world, both from road
and rail transport. As for aircraft noise, protection of population to noise must be done, and
noise maps with limit criteria are established. This is particularly the case in dense living areas,
but also along highways and rail tracks.
Figure 16, taken from reference [27], shows a noise map in an urban area in North America
(Windsor-Detroit border), with two assumptions (highway opened or closed). The graph on the
right gives the percentage of geographical area affected by noise, with respects to average
noise level during daytime.
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Figure 16: Example of noise map due to road traffic in an urban area from ref. [27]
(blue : with highway, red: without)

Main mitigation measures are:
-

reduction of noise emitted from the vehicles themselves;

-

reduction of noise from the contact between vehicles and ground (possible action on the
road coating);

-

building noise barriers between the source and the receivers (Figure 17);

-

noise insulation of homes;

-

traffic control (speed limit, restricted access…).
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Underwater noise along a shipping lane can be dealt with using noise indicator approaches
similar to those used for highway noise. However, as for aircraft noise, this issue compares to
underwater noise only up to some extent. For example, one difference among others is that
there is no physical barrier that could insulate marine species habitat from underwater sound.

Figure 17: Example of highway noise barrier

3.2. Performance indicators approach used in naval military
system analysis
3.2.1. Aim
Technico-operational simulations are often used to evaluate performances of warships or naval
systems The unusual terminology “technico-operational” comes from the fact that these
simulations are both “technical” because they describe as accurately as needed the design and
technical characteristics of the system, and “operational” because they involve an operational
scenario in order to assess the efficiency of the system when operated by end-users (naval
forces in that case). This approach can be used at different stages of a project:
-

To study the compatibility of proposed solution to client’s operational needs,

-

To contribute to design choices during preliminary phases,

-

For design verification and support to acceptance process.

Examples of case studies are given on Figure 18.
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Figure 18: Example of technico-operational performance studies applications

During design, in particular during early stages, the main advantages of using simulations are
the possibility to check the design before detailed design and building the system, i.e. before
spending too much money and effort, avoiding the risk of developing a system that would not
fulfil potential user needs. In support to acceptance tests, some performances cannot practically
be measured by sea trails (e.g. self-defence against anti-ship missiles). Finally, the influence of
environmental parameters can be assessed economically through simulation instead of
multiplying sea trials with conditions which are difficult to control.
References [21] to [24] are examples of this kind of studies. Different methods and
corresponding tools, shown on Figure 19, can be used:
-

Performance studies allow a rapid assessment of operational effectiveness of warships
for simple scenarios using “simplified” models. They generally use explicit mathematical
models and a probabilistic approach.

-

Performance simulations determine statistically the efficiency of a warship or a system in
a simulated environment for any kind of scenario. They use specific software simulation
packages with accelerated time on scenarios and Monte Carlo statistics.

-

In addition, 2D or 3D representation of simulation runs can be displayed. The purpose is
detailed analysis, demonstration during conferences or exhibitions, or for commercial
purposes.

It is important to note that the outputs of performance studies, as well as performance
simulations, are quantitative results (not only qualitative). To perform the study, it is necessary
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to describe accurately, at the beginning of the study:
-

the list of actors present in the scenario, and their technical characteristics,

-

the scenario and the trajectory of the actors in the scene, or their behaviour,

-

the Measure Of Effectiveness (MOE), i.e. numerical quantitie(s) that will allow to quantify
the performance or quality of the system of interest in the scenario.

Figure 19: Technico-operational simulations – Methods and tools

3.2.2. Sonar detection
A basic performance indicator (or measure of effectiveness) which has been used for a long
time in underwater warfare studies is the sonar detection range [25]. In particular, passive sonar
systems are used by submariners to detect adverse ships (both surface vessels and
submarines) by detecting the underwater noise they radiate out of the local ambient noise. The
result is mainly a matter of signal to noise ratio. Let’s consider a submarine to be detected by a
passive sonar system in a given frequency band [fmin, fmax], as shown on Figure 20.
Detection occurs, given some detection and false-alarm probabilities, when the signal to noise
power ratio on the output of the sonar system is above a value defined as the detection
threshold Dt:

S
≥ Dt
 
 N  system _ output
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Figure 20: The passive sonar detection problem

When using decibel levels:
-

the incoming signal to detect at the location on the sonar system is the source level SL
minus the transmission loss TL due to underwater propagation,

-

the incoming noise at the location of the sonar system is due to the local ambient noise
NLambient, plus self noise NLself, which is due to the noise disturbance of the platform
supporting the sonar system,

-

the signal to noise ratio is affected by array gain AG, processing gain PG, processing
losses PL (accounts for practical gap between theoretical gain and actual gain).

The result is the passive wideband sonar equation:

SL − TL − NL + AG + PG − PL ≥ DT

(3)

In general, underwater propagation loss TL increases with distance R (for example for an
infinite medium with constant speed of sound, the decay factor in decibels is 20logR). For a
given target and sonar system, and a given underwater environment, it is possible to determine
the maximum detection range Rmax, where the “≥” symbol is replaced by “=” in eq. (3).
To increase the performance of the system to detect a given target, different measures can be
taken (subject to optimisation):
-

increasing array gain AG by using a larger acoustic array (physical limitations occur),

-

increasing processing gain by increasing frequency band or integration time (limitations
occur, depends on type of signal),

-

reducing noise (self noise only, as ambient noise is out of control),

-

reducing propagation loss TL (possible only in some extent for example by using lower
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frequencies for which losses due to sound attenuation are smaller).
It is well known that speed of sound is not constant in the sea water column, can be also rangedependent, and in addition some reflections can occur on sea surface and sea bottom. As a
result, TL depends strongly on speed of sound profile, geometry and characteristics of sea
bottom, and on the respective depths of the sound source and the receiver. Predictive models
can determine the signal excess of the system as a function of depth and range of the receiver.
An example is given on Figure 21, taken from reference [21]. In that case, the maximum
detection range, corresponding to a signal excess greater than zero, is about 7 km, with
possibility of larger distance in an “acoustic duct”.

Figure 21: Example of sonar detection range study result, from ref. [21]

Another important aspect is the influence of ambient noise. Apart from in-situ measurements,
available in different databases, some simple models exist. For example, in Wenz’s model
represented on Figure 22, total ambient noise is represented as the quadratic sum of four noise
components: turbulence (dominant at very low frequencies), remote shipping noise (dominant at
low frequencies), noise related to sea state (dominant at medium and high frequencies), and
thermal noise (dominant at very high frequencies). In this figure “Tracom” is an acronym for
“Commercial traffic”, “1” is for sparse traffic and “7” for very heavy traffic. Of course, this model
doesn’t apply in the case where a noisy vessel passes at short distance.
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Figure 22: Wenz model for ambient noise at sea

As a conclusion, some parallel can indeed be done between sonar detection studies and bioacoustic impact of underwater noise on marine fauna, of interest for the AQUO project. In that
sense, the marine animal under study would be the receiver. This issue will be discussed in
more detail in section 3.3.

3.2.3. Level 2 performance indicators
For the needs of technico-operational studies introduced here, the determination of detection
ranges is not sufficient to assess the efficiency of a system or the risk against different threats in
operational scenario. For that reason, we introduce here a “Level 2 performance indicator”.
This notion is close to the operational analysis approach, which has been used for a long time in
the US Navy [26]. In summary:
-

« Level 1 performance indicators » correspond to elementary performances of sensors
such as sonar, radar, or range weapon systems;

-

« Level 2 performance indicators » correspond to MOE of the warship for elementary
missions for example barrier patrol, mine risk assessment, area sanitation ….
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Figure 23, taken from ref. [21] gives an example of such study. The scenario involves two SKK
(conventional diesel-electric submarines) patrolling randomly in a given maritime area. To
charge their batteries, they need to come close to the surface for snorkeling, unless they are
equipped with an AIP system (Air Independent Propulsion). Here, the MOE is the probability to
detect the adverse submarine, with respects to time. Results show the interest of using an AIP
system, which is a design issue.
The concept of level 2 indicators used in system design analysis could be adapted to define
quantitative assessment of the shipping underwater noise footprint on marine life.

Figure 23: Level 2 performance indicator – random search between two adverse SSKs

3.3. Bio-acoustic impact criteria
A recent report [28] from SILENV Project has given a synthesis of literature on the effects of
anthropogenic noise pollution on cetaceans. Regarding ship noise, as the signal can be
assumed to be stationary, the two main effects are masking and habitat displacement. For
higher underwater noise levels, more severe effects are, increasingly, TTS (Temporary
Threshold Shift), PTS (Permanent Threshold Shift), injury, and death often associated with
standings. For lower noise levels, behaviour changes can also be observed, but are more
difficult to assess. This is represented schematically on Figure 24. For the present study, the
most relevant issue is masking effect.
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Figure 24: Effect of sound on marine mammals for increasing distance to noise source

Regarding fishes, effects don’t seem to be as acute as for marine mammals, and the sensitive
organs are quite different. As described in Mitson’s document [12], fishes can detect ship noise
at long distances when the ambient levels are low but they are unlikely to react and move away
unless the noise is relatively high, typically when the distance is a few hundred metres. In
addition, fish react to water particle motion, not only sound.
High level low frequency sound, which can occur when a noisy ship passes at short distance,
can cause injury or death on different specimens, as for cephalopods or juveniles.
In the scope of WP4 of AQUO project, different studies are conducted for these three types of
marine species (marine mammals, fishes, cephalopods) which will improve knowledge of
quantitative effect of underwater sound on these species. Results are expected to be available
by end of 2014.
The purpose of the present paragraph is to review how to determine indicators of the impact of
a given sound signal on marine mammals (for masking) and on fishes. We suppose in what
follows that the input is a stationary underwater noise signal characterized by its power spectral
density P(f) (dB re. µPa2/Hz).

3.3.1. Descriptor from Task Group 11 of the MSFD
In January 2010, a report [29] concerning the Descriptor of Good Environmental Status under
the EU’s Marine Strategy Framework Directive (MSFD) for inputs of energy and noise was
released. The main output of the report concentrated in the definition of three indicators that are
presented in the following table:
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ATTRIBUTE

Criteria to assess the descriptor

Indicators to be measured

Underwater noise Low an midfrequency impulsive
sound

High amplitude impulsive anthropogenic
sound within a frequency band between
10Hz and 10 kHz, assessed using either
sound energy over time (Sound Exposure
Level SEL) or peak sound level of the
sound source. Sound thresholds set
following review of received levels likely
to cause effects on dolphins; these levels
unlikely to be appropriate for all marine
biota. The indicator addresses time and
spatial extent of these sounds.

The proportion of days within a calendar
year, over areas of 15’N x 15’E/W in
which anthropogenic sound sources
exceed either of two levels, 183 dB re
1µPa2.s (i.e. measured as Sound
Exposure Level, SEL) or 224 dB re
1µPapeak (i.e. measured as peak sound
pressure level) when extrapolated to
one metre, measured over the
frequency band 10 Hz to 10 kHz

Underwater noise –
High frequency
impulsive sounds

Sounds from sonar sources below 200 KHz
that potentially have adverse effects,
mostly on marine mammals, appears to
be increasing. This indicator would enable
trends to be followed.

The total number of vessels that are
equipped with sonar systems generating
sonar pulses below 200 kHz should
decrease by at least x% per year starting
in [2012].

Underwater noise –
low frequency
continuous sound

Background noise without distinguishable
sources can lead to masking of biological
relevant signals, alter communication
signals of marine mammals, and through
chronic exposure, may permanently
impair important biological functions.
Anthropogenic input to this background
noise has been increasing. This indicator
requires a set of sound observatories and
would enable trends in anthropogenic
background noise to be followed.

The ambient noise level measured by a
statistical representative sets of
observation stations in Regional Seas
where noise within the 1/3 octave bands
63 and 125 Hz (centre frequency) should
not exceed the baseline values of year
[2012] or 100 dB (re 1µPa rms; average
noise level in these octave bands over a
year).

The EU Commission retained indicators 1 & 3, this latter corresponding mainly to shipping noise
and thus directly related to the scope of this study. This indicator is directly usable as far as 1/3
octave band levels centred at 63 Hz and 125 Hz are known statistically along time. The timeaveraged noise level for one of these third-octave bands can be computed as:

SPL1 / 3oct

P( f )
 1 t =T 


= 10 log
10 10 df
T 
 t =0  1 / 3oct

∫ ∫

 
dt 
 
 

(4a)

Eq. (4b) is a variant of (4a) when data is not known continuously, but only at different times T1,
T2, … TJ:
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J
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We remind that Π1/3oct, the 1/3 octave band level centred at frequency fc is given by:
P( f )


Π 1 / 3oct ( f c ) = 10 log
10 10 df

 1 / 3oct

∫


 ≈ P( f ) + 10 log(0.23 f )
c
c



(5)

We can also notice that the selected frequencies, 63 Hz and 125 Hz, correspond to frequencies
where remote shipping noise is dominant according to Wenz model (see figure 23), so there is
some consistency. However, this criterion seems to be insufficient for more detailed analysis,
and also in the case where species are more sensitive to higher frequencies.
In a recent paper [39], the EC expert group TSG Noise provides advice to monitor annual
average levels in a way that is robust to differences in recording and processing protocols. The
new monitoring information from European seas will reveal information on sounds created by
anthropogenic activities (and natural sources), of which spectra, levels and prevalence have not
previously been described at this geographical scale.

3.3.2. Criteria based on hearing thresholds
Although this research issue is difficult and will require ongoing actions for many years, some
audiograms have already been established by scientists for different marine animals. As an
example, Figure 25 presents audiograms for 5 different mammal species, taken from ref. [3] and
adapted from the works from Nedwell et al. [30] and Richardson et al. [31]. These curves, with
data at 1/3 octave centre frequencies, give the sensitivity thresholds ΠT(fc) in these different
frequency bands. This data is of same nature of the audiogram for the human ear for airborne
noise on Figure 11, although the absolute levels cannot be compared because of the different
fluid medium and pressure level definition.
Given the underwater noise pressure spectrum level P(f), it is possible to determine the total
acoustic pressure level exceeding the threshold curve in a given frequency band, as shown on
Figure 26.
The noise excess above threshold can be defined as the averaged difference between 1/3
octave band levels and ΠT(fc) If K is the number of centre frequencies fc belonging to the
frequency range [fmin, fmax]:

Excess =

1
K

K

∑ (Π

1 / 3oct

( f c ) − Π T ( f c )) , in decibels (no unit)

(6)

k =1
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Figure 25: Audiograms of five different marine mammal species

The drawbacks of this approach are:
-

audiograms are generally defined for pure tones, so it is difficult to compare rigorously to
wide band noise levels

-

it is difficult to assess whether the “Excess”, which is the final result, is acceptable or not
on the bio-acoustic point of view.

3.3.3. Criteria based on weighting filters and limit noise levels
Following the same approach as the dB(A) level and noise level limits for the human ear, it is
possible to define weighting filters and noise limits associated to different effects of underwater
sound on marine animals. Southall et al. [13] have defined different functional mammal hearing
group, according to species, and associated sound weighting curves CP(f), shown on table 1
and Figure 26. The general expression of the weighting filters uses estimated cut-off
frequencies for these functional groups:

Dissemination level: PUBLIC
© AQUO Project Consortium 2013 - all rights reserved

41

WP 1 - Noise footprint assessment model
Rev 1.0
D 1.2 Definition of Noise Footprint
More sophisticated models could be defined, or data could be gathered for a particular species,
if needed.

Table 1: Definition of marine mammals hearing functional groups, from [13]

Figure 26: Sound weighting curves for marine mammal functional groups, from [13]
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Strictly speaking, M-weighting curves were initially intended to be applied to perceived SEL.
Here, we propose to apply it to SPL, in a similar way than the dB(A) for the human ear. In a
given environment, the spectral noise perceived by an individual and the total weighted sound
pressure level (equivalent to the dB(A) sound level for the human ear) would be given by:

N M ( f ) = P( f ) − CP( f )

SPLM

 f max N M ( f )
= 10 log 10 10 df

 f min

∫






in dB ref. µPa2/Hz

(7)

in dB ref. µPa2

(8)

The previous expressions apply for stationary noise at a given time t. It is possible of course to
define time-averaged noise levels on long periods, as in § 3.3.1, or a cumulative level defined
by the SEL (Sound Exposure Level):

 T SPLM (t ) 
SEL = 10 log 10 10 dt 


0


∫

in dB ref. µPa2.s

(9)

These noise levels can now be compared to noise limit criteria. Table 2, from ref. [32], gives
noise limits for the three mammal hearing functional groups.

Functional hearing
group
Low-frequency
cetaceans (LF)
Mid-frequency
cetaceans (MF)
High-frequency
cetaceans (HF)

Estimated
auditory
bandwith
7 Hz to 22 kHz
150 Hz to 160
kHz
200 Hz to 180
kHz

Non pulses Sound types
BDT

TTS

NK

224

NK

224

NK

224

PTS
SPL=230 dB µPa
SEL=215 dB ref µPa²*s
SPL=230
SEL=215 dB ref µPa²*s
SPL=230
SEL=215 dB ref µPa²*s

Table 2: Weighted noise level limit criteria from [32]. BDT = Behavioural Disturbance
Threshold, TTS = Temporary Threshold Shift, PTS = Permanent Threshold Shift, NK = Not
known, SPL= Sound pressure level, SEL = Sound exposure level.

The SEL criterion corresponds to a maximum “dose” of noise that is acceptable by an individual.
As shown on Table 2, an estimate of the acceptable limit for marine mammals submitted to nonpulses sound types is estimated at 224 dB ref. µPa2s, otherwise temporal hearing troubles
appear (230 dB for permanent troubles). For instance, this indicator has been used to determine
the maximum time living animals can stay close to a noisy facility [32]. The result is that, even in
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the case where the marine animals would stay permanently at short distance from the facility, it
would take a long time (months or years) to reach the SEL limit. In addition, it is unlikely that
animals submitted permanently to a high disturbing noise would stay a long time in the area.
Regarding shipping noise, a quick analysis can be done as follows: suppose a vessel with
global SL equals to 200 dB ref. µPa2 at 1 m. At 100 m distance, the level is attenuated by
approximately 40 dB, then the noise is 160 dB. Even for that short distance to noise source,
reaching the 230 dB limit would need as much time as 107s≈120 days.
Regarding BDT (behavioural disturbance), this criterion is difficult to fix, as mentioned
previously. The National Marine Fisheries Service defines a 160 dB limit for the apparition of
important behavioural troubles. Some authors introduce a level of 120 dB ref. µPa, which seems
more appropriate in the case of continuous noise.
Another criterion, which can be based on more well-established data, is the masking effect. The
useful signal can be either a signal emitted by another individual at a certain distance or the
signal emitted by the individual considered, reflected back by a target (Figure 27).

Figure 27: Masking configurations

In the first case, the emitter produces a signal with source level SL, which propagates to the
receiver, affected by transmission loss TL. NL being the local disturbing noise level, the receiver
detects the incoming signal if:
SL – TL ≥ NL + DT
In the second case, the signal coming back is affected by two times the propagation loss, which

Dissemination level: PUBLIC
© AQUO Project Consortium 2013 - all rights reserved

44

WP 1 - Noise footprint assessment model
Rev 1.0
D 1.2 Definition of Noise Footprint
corresponds here to a smaller distance. TS being the target strength of the target, detection
occurs if:
SL – 2 TL + TS ≥ NL + DT
Further bio-acoustic studies are needed to determine which relevant noise limit, corresponding
to the term (NL + DT) would be acceptable for marine mammals of interest. For example, if
anthropogenic noise NL is too high, the possible communication distance could be reduced too
much. Following dB(A) noise limits for humans (like the 85 dB(A) limit for man at work of the 60
dB(A) for noise in ship accommodation), a simplified approach would be to compare the Mweighted global noise level with a standard limit value for masking for a given species called
here MNL (Masking noise limit). Then the criterion would be:
NL ≤ MNL, NL being the M-weighted SPL as defined by eq. (8).
Recently, more accurate approaches using a parallel between performance of sonar detection
systems and detection of a useful signal out of noise by a marine mammal have been defined
[19]. These methods take into account the frequency distribution of noise and frequency, and
directivity issues.

3.3.4. Fishes displacement
The previous paragraphs are relevant mainly for marine mammals, so the case of fishes, which
react differently, must be addressed in another way. As for mammals, it is possible to define
audiograms for fishes, or equivalent audiograms, as fish is sensitive to fluid particle velocity as
well as acoustic pressure. Example of such data, taken from ref. [30] is shown on Figure 28. On
the other hand, it is more difficult to find in literature information for fishes similar to the one
introduced for mammals in § 3.3.3 (i.e. noise weighting filters, maximum SPL or maximum SEL
not to exceed). Reference [19] puts forward the fact that fish reaction to noise usually occurs at
short distances. Typically, when a noisy ship passes close to a school of fishes (i.e. a few
hundred meters), they go away for some time, but can come back relatively quickly.
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Figure 28: Audiograms of some fish species, from [30]

The reduction of the fish reaction distance to ship noise is one of the main criteria for the
derivation of the ICES requirement for Fishery Research Vessels [19]. The approach is
schematically represented on Figure 29.

Figure 29: Derivation of ship source level requirement with respects to hearing threshold of fish [19]
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The approach followed in ref. [19] is not rigorous, because figure 30 plots on the same graph
two quantities which have not the same physical unit (as noise thresholds are in dB ref. µPa,
and ship noise level are spectral level in dB ref. µPa2/Hz). Despite of that, the derivation of the
ICES requirement for source level of research vessels seems to be correct quantitatively,
because reducing ship radiated noise by 20 dB reduces the noise perceived by fish by a factor
of 10, assuming spherical propagation spreading. As usual, observed fish reaction distance for
noisy ships is about 200 m, applying the ICES noise limit reduces that distance to about 20 m,
which is the aim.

3.3.5. Position with respects to natural ambient noise
The matter considered here is whether natural ambient noise, in addition to shipping noise,
should be taken into account for the assessment of noise footprint or not (figure 31).
Indeed, the underwater noise measured in-situ includes all noise components. In standard
underwater noise models, as presented in § 3.2.2 and figure 23, is the superimposition of
natural ambient noise (turbulence, sea-state related noise, and thermal), and of anthropogenic
noise (remote ship traffic in that case). Some databases provide statistical information on
underwater ambient noise at sea. Figure 32 gives examples of such information for two sample
points, one in deep waters, and one in shallow waters with heavier traffic.

Figure 31: Influence of natural ambient noise in total underwater noise
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Figure 32: Statistical underwater noise PSD at two sample points

If a noisy vessel passes in the vicinity of the measurement point, there will be an increase of
noise, then a decrease when the vessel goes away. This effect is not taken into account in the
model of Figure 23. It is the purpose of a tool such as Quonops [37] to predict the evolution of
noise along time, in relationship with ship traffic, providing time-domain information as
presented on Figures 36 and 37.
A possible approach to define the footprint due to shipping is to plot the difference between the
predicted anthropogenic noise and the “natural” ambient noise. Figure 33 gives an example of
such a representation, for the impact of a noisy plant in a given environment. Blank areas
correspond to areas where the sound exposure level due to this additional noise source is lower
than ambient noise (natural + shipping).
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Figure 33: Proposal of “footprint” based on difference of sound exposure level

This approach is quite relevant when assessing the impact of additional noise sources, as
shown in [37]. However, it raises some difficulties in the present case, for the following reasons:
-

In some frequency bands, the natural ambient noise without shipping is not well known,
as statistical information in databases includes shipping noise, at least partly.

-

If a noisy vessel sails in a shipping lane, its differential footprint would be negligible,
because masked by high ambient noise due to other vessels. So, assessing mitigation
measures would be difficult.

-

The purpose of the study is the assessment of shipping noise footprint on marine life, not
the assessment of footprint due to natural ambient noise.

3.3.6. Synthesis
The main conclusions arising from the literature review and previous discussions are:
-

The terminology “underwater noise footprint” appears increasingly in literature. However
the definition is generally vague and differs strongly between one author and another.

-

Environmental impact of airborne noise on human population has been studied for a
long time, for example for traffic noise in urban areas. Some methodologies such as
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noise maps and spatio-temporal indicators could be adapted to assess the impact of
underwater noise on marine life.
-

Biological impact of sound on marine life is a difficult topic, which needs ongoing
research effort. A first indicator to consider is the one from TG11 of the MSFD for
continuous noise (§ 3.3.1). Regarding mammals, another possibility is to use Mweighted sound pressure levels, to be compared with limit values corresponding to
behavioural change and/or masking effects. However, we must be aware that
underwater bioacoustics is a quickly evolving scientific issue, so new approaches and
criteria may appear in the near future.

-

Performance indicators have been used for a long time in naval system design and
analysis. The simplest is the sonar system detection range (level 1 indicator). The
methodology to determine more complex level 2 indicators, involving different systems in
a scenario, could be transposed fruitfully to the present study.

-

Although very valuable papers or studies have been found in literature, the methodology
to assess the impact of shipping noise or other anthropogenic noise is often not enough
rigorous.

-

Noise footprint indicators will be based on shipping noise only.

These different remarks will guide us for the proposal of noise footprint indicators in the next
section.
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4. PROPOSAL FOR SHIPPING NOISE FOOTPRINT ANALYSIS
4.1. General principles
There must not be confusion between:
-

The radiated noise level of a ship, which is a physical, measurable quantity, used to
characterize a ship as a source of underwater noise,

-

The underwater noise map due to shipping, which is a physical quantity, used to
determine underwater noise due to shipping level in a maritime area. It can be spatially
and/or temporally averaged. It can also be compared to the total underwater noise,
including natural ambient noise, which can be measured in-situ.

-

The underwater noise footprint on marine life, which is the main issue in the present
study. The assessment of the noise footprint must obviously take into account the
receiver(s), through the sensitivity to underwater noise of different marine species.

This is schematically represented on Figure 34. All these three levels (the noise sources, the
noise maps, and the assessment of the effect on marine life) are necessary for the analysis.

Figure 34: Relationship between noise footprint, noise sources and noise map

Regarding the assessment of the impact on marine life, the noise map, in that sense, is only an
intermediate result. For the assessment of noise footprint on marine life, some post processing
is necessary whose result is quantified though “indicators”.
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4.2. Proposed definition of noise footprint
4.2.1. Definition
The noise footprint is the quantification of the noise level arising from maritime activities that
affects a portion of the sea. It includes the description of the noise sources and the propagation
of the sound in the ocean environment that can be represented as a noise map. It can be used
to assess the effect or impact of anthropogenic sound on marine life.

4.2.1. Implications
The proposed definition is conceived as a tool able to quantify the anthropogenic pressure
induced by the introduction of noise in the marine environment. The noise footprint therefore
Is not specific in terms of metric;
Is not specific in terms of averaging;
Is compliant with any existing ISO/ANSI standard;
Allows the quantification of the levels arising from any kind of maritime activity or group
of activities;
Is a compliant tool to assess MSDF indicator 11.1.1 and indicator 11.1.2.
The proposed definition for underwater noise footprint is generic enough to embrace:
The ability to bridge from anthropogenic noise to any kind of effect of noise to species,
without explicit allusion to any species;
The ability to be turned into perceived levels by applying any ad-hoc transformation;
The ability to be applicable for the future progress on the knowledge on the effect of
noise to species.
Note that the definition of “noise footprint” adopted here applies explicitly to “a portion of the
sea”. It implies that a noise footprint analysis has to be done for a given maritime area under
study and must include all the necessary information for that, in particular the description of the
environment (sea bottom profile and characteristics, sound speed profile in the water column…)
and of the anthropogenic noise sources (location of noise sources and corresponding source
levels…).
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4.3. Noise source (ships)
Far field underwater radiated noise level (URN) of a ship is the quantity SL in eq. (1), assuming
that the ship is a point source. For wideband noise, it can be expressed as a PSD level as a
function of frequency, arbitrarily referenced at 1 m distance (then measurement at some
distance is corrected by a propagation factor). For AQUO project, SL will be expressed in dB
ref. µPa2/Hz at 1 m. Figure 35 gives the target SL for Fishery Research Vessels [12], the “Green
label” from SILENV Project [34] and a silent ship class notation defined by DNV [35]. Regarding
measurement procedure, the ISO organisation has already made available a document, and
this issue is also addressed in detail in task 3.1 of AQUO Project.

Figure 35: Target URN for ships

In this representation, the noise source is assumed to be omnidirectional. If necessary, it is
possible to introduce a directivity pattern, dependent on frequency and ship type.
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4.4. Mapping shipping underwater noise
The second step is to determine a map of underwater noise due to shipping. This is done for
one or several maritime areas of interest.
First, the characteristics of the maritime area under study must be defined clearly, including:
-

geographic location,

-

sea bottom profile (bathymetry),

-

sea bottom characteristics (sand, mud, clay…) and roughness,

-

sea state,

-

profile of sound speed in water as a function of depth and location, which depends also
on the time of the year.

Second, it is necessary to have at one’s disposal the characteristics and location of noise
sources (i.e. ship source levels) along time. This can be obtained:
-

during a real experiment, by recording the AIS data of ship traffic in the area,

-

for simulation purposes, by defining a scenario.

The SL of each ship passing into the area is sometimes known if the URN has been previously
measured with respects to speed and operating conditions. In other cases, SL must be
estimated from databases, introducing if possible a probability distribution. This issue is
addressed in task 2.1 of AQUO Project.
A scenario is defined by:
-

the maritime area under study,

-

the time window [Tmin, Tmax],

-

a set of Q vessels representing ship traffic,

-

for each vessel: type of vessel, size, location (Xq, Yq) and speed (Vq) along time.

A scenario is a key element for simulation purposes. An example of scenario for military
applications has been given on figure 24. It is used to compute performance indicators, either
by the “analytical performance study method”, either using time-domain simulation, as
introduced in § 3.2. In the second case, it can be run in “logical time” faster than real time. In
order to obtain a significant result, different runs can be done by varying uncertain parameters,
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and the final result is statistically averaged using a Monte-Carlo approach. Task 1.2 of AQUO
will define different scenarii, to be used for the validation of the noise footprint model (task 1.5),
and for the assessment of the efficiency of noise mitigation measures (task 5.4).
Once the maritime area and the scenario have been defined, it is possible to determine through
computation a map of underwater noise due to ship traffic in the area. For a given observation
point characterized by its geographical location (Xobs, Yobs) and depth Zobs, the underwater noise
PSD at time t can be given by the uncorrelated sum of the noise emissions from each vessel:

 Q (SLq −TLq ) 


N ( X obs , Yobs , Z obs , t , f ) = 10 log 10

 q =1




∑

(10)

SLq(f, t) is source level of vessel number q, which depends on the speed Vq at time t,
TLq(f, t) is the propagation loss factor between vessel number q and the observation point at
time t. It depends directly on Xq, Yq, Xobs, Yobs, Zobs.
This type of computation can be done using Quonops® tool from Quiet-Oceans, including
adequate underwater acoustics propagation models. From the sound PSD, it is possible to
derive levels on different frequency bands, using eq. (4a) or (4b). Figure 36 gives an example of
results. In fact, the “noise map” extends also as a function of depth.

Figure 36: Noise map at a given time and SPL along time in a given location using Quonops [40]
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Of course, for a given location, sound pressure level varies along time. In order to obtain more
synthetic results, statistics over time can be done. Figure 37 gives different possible criteria.

Figure 37: Time-domain statistics of noise levels [38][39]

This approach is similar to “fractional noise indices” used in environmental acoustics (L10, L50,
L90…, see Annex 1). However, the way of dealing time-domain statistics should be done
carefully, in close relationship with the definitions of indicators given in § 4.5 and Annex 2.
Another post-processing which can be done on noise maps is a spatial statistic. First, regarding
the impact on marine life, the probability of presence of the species under study as a function of
depth and eventually of geographical sub-domain should be taken into account. Then, noise
maps can put forwards the areas of excessive noise using contour plots or colour levels. A final
result can be expressed as the percentage of the maritime area under study where excessive
noise occurs, which can be related to marine life habitat loss.
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4.5. Indicators of the impact of shipping noise on marine life
Indicators are derived from noise maps, in order to assess the impact shipping underwater
noise to marine life.
-

SNF1 is based on the third descriptor and indicator from TG11 of the MSFD. For a given
maritime area, it represents the proportion of area where the time-averaged SPL
exceeds either 100 dB (default value) or the observed value during the year 2012, in two
third octave frequency bands (63 Hz and 125 Hz). This type of indicator, which is a
number ranging from 0 to 1, has already been used in previous studies, for example [7].

-

SNF2 refers specifically to mammals and their ability to communicate. It can take into
account a wider frequency band and be derived from M-weighted noise levels to be
compared with thresholds in relation to masking effects. As for SNF1, the indicator
represents a proportion of area where a noise quantity exceeds a given value in
relationship with a given marine species of interest.

-

SNF3 applies specifically to fish disturbance. The reaction of fish is at relatively short
distance, so the previous approach can’t be used. In that case, the indicator is the
probability of fish schools to be disturbed by the passage of a ship in a given period of
time.

These three proposed indicators are defined in more detail in Annex 2.
We should be aware that bioacoustics is a research topic that evolves rapidly. Within the next
few years, bioacoustics criteria for the impact of underwater noise on marine life can evolve,
and consequently the indicators defined here.
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4.6.

Test case for illustration of the noise footprint

Quiet-Oceans has implemented a test case to demonstrate the feasibility of the use of the
proposed definition of noise footprint. The purpose of this section is to illustrate the potential use
of this powerful concept, and the presented noise levels are not to be taken as representative.
The scenario is taking place in the Baltic Sea based on a realistic maritime traffic data.

4.6.1. Shipping activities in the Baltic Sea
Shipping generates broadband continuous sound emissions covering infrasonic, audible and
ultrasonic frequency bands, from a few tens of Hertz (Hz) to several tens of kHz. A description
of shipping activity in the Baltic Sea has been compiled in order to account for sources of
anthropogenic noise associated with vessel movements in the study area. The primary source
of data used is the Automatic Identification System (AIS). This system is operated as an aid to
navigation and maritime safety by enabling ships to be mutually aware in terms of speed,
course, ID, current position and several other important attributes. It is mandatory for vessels
over 300 GRT, and recommended (but not compulsory) for smaller vessels such as fishing and
leisure craft. AIS data were obtained from the Marine Traffic (www.marinetrafic.com). Whilst this
approach provides a reasonable description of shipping activities that is adequate for modelling
purposes, it should not be regarded as a fully comprehensive description of all vessel traffic or
waterborne activity.

4.6.2. Noise signature of individual vessels
Individual underwater noise signatures were assigned to each vessel class (as given inside the
AIS message), defined in terms of sound pressure and frequency. Vessel noise signatures were
assigned according to reference values obtained from the literature. The average signatures for
categories of marine traffic are shown as individual curves in Erreur ! Source du renvoi
introuvable.8. Grey areas around each curve represent the upper and lower boundaries of the
Gaussian variance at the 2-sigma1 level.

1

Sigma is the standard deviation, arbitrarily set to 5dB to introduce uncertainty.
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2

Figure 38: Pattern spectra noise levels emitted by ships (in dB ref. 1µPa /Hz@1m) depending on
the frequency and category

4.6.3. Total noise field from all categories of shipping
The maximum received level has been modelled using Quonops©, Quiet-Oceans’ operational
ocean noise prediction system at a given day and time. The distribution of ships and type of
ship were taken from a “frozen” situation given by the AIS data. Each identified vessel has been
associated with a noise source level which has been propagated into the marine environment.
The marine environment is described with a sea state, temperature and salinity of the sea
water, bottom type and bathymetry. The noise field induced by each individual vessel around its
position has then been summed up in order to produce the cumulative footprint representative
of any kind of known shipping activity for this specific configuration (Figure 309).
From this noise map, it is possible to perform further analysis, such as:
-

statistics of noise along time, correlated with ship traffic,

-

computation of noise footprint indicators such as the ones defined in § 4.5,

-

the identification of the vessels that most contribute to the shipping noise footprint

Dissemination level: PUBLIC
© AQUO Project Consortium 2013 - all rights reserved

59

WP 1 - Noise footprint assessment model
Rev 1.0
D 1.2 Definition of Noise Footprint

Figure 309: Fictive footprint of the
maximum of noise along the water column
at a given time in the Baltic sea. The
resulting noise is the contribution of all
types of ship, ranging from cargo, tanker,
tug, fishing, pleasure, etc. The figure do
not show the colour bar since this example
has to be taken as an illustration and is not
fully representative.
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5. CONCLUSIONS
This report presents an analysis of the possible definitions and representations of an
“Underwater noise footprint due to shipping. It includes:
-

a bibliographic analysis regarding underwater noise footprint in relation to marine life,

-

some discussions taking into account airborne acoustic environmental issues,

-

a proposal for shipping noise footprint definition and indicators, applicable to marine
mammals or fish.

A practical example of representation of a noise map, which is the basis of the noise footprint
analysis, is also given.
The proposed definition of the noise footprint given in § 4.2 is generic enough to embrace:
-

The ability to bridge from anthropogenic noise to any kind of effect of noise to species,
without explicit allusion to any species;

-

The ability to be turned into perceived levels by applying any ad-hoc transformation;

-

The ability to be applicable for the future progress on the knowledge on the effect of
noise to species.

It is important to note that characterization of shipping underwater noise can be done at three
different levels, which complement one to the others:
-

The noise sources, characterized by the source level SL of each vessel,

-

Noise maps, representing noise levels in a given maritime area, depending of the
distribution of noise sources, and a scenario, and on the environment,

-

Indicators, obtained after post-processing of noise maps, which can be used to assess
the impact of shipping on marine life. Tentative definitions are given in Annex 2. Note
that the evolution of these indicators along time could be used to monitor the
environmental status of European waters.

It is now intended to implement this definition of the noise footprint and associated indicators in
the “Noise footprint assessment model” to be used in AQUO Project. In the scope of Task 5.4 of
the project, this model will be used to run different scenarios representative of shipping in
European areas through numerical simulation. Using this approach, it will be possible to
determine the effectiveness of different noise mitigation measures.
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A. Annex 1: Indicators used in airborne environmental acoustics
In order to characterize airborne noise annoyance in the environment, adapted indicators are
chosen following those criteria:
-

good evaluation of noise impacts i.e. good correlation between the different effects of
noise on health (mainly long-term noise annoyance)

-

simple to be used in various situations thanks to measurement and prediction criteria

-

easy to be understood, promoting discussion between the different stakeholders.

This section synthesizes main noise indicators used in the field of airborne environmental
acoustics. These indicators often use A-weighting, but can be adapted to any other weighting.
These indicators can be separated into six main categories:
-

average noise level indicators, resulting from an averaging of noise levels on long time
intervals (hours or days), and which do not make any distinction between different sound
sources

-

short term noise level indicators, which allow evaluating the fluctuation of noise levels
with time and separating the contributions from different acoustic sources,

-

dynamic noise level indicators, which take into account the fluctuating aspect of noise
sources,

-

specific indicators, which evaluates the noise levels emitted from a single source on
specified durations,

-

emergence indicators, which evaluate the emergence of one or several noise sources
from the background noise,

-

exposure indicators, which link previous indicators to other type of data, e.g. the area of
a given geographic zone exposed to a noise level greater than a given threshold, or the
percentage of a population exposed to a noise level greater than a given threshold.

These indicators are all quantitative; they do not give any information on the annoyance or risk
toward a given population, but rather give comparable figures for the evaluation of the
acoustical impact of one or several noise sources.
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A1.1 Average (long term) noise level indicators
Average noise level indicators are used when the noise levels emitted by acoustic sources
fluctuates lowly and slowly on a long time interval (several hours). They are not representative
of a short and high level acoustic event that would occur on a large time interval.
Continuous equivalent sound pressure level
The continuous equivalent sound pressure level (SPL) is defined as the SPL of a stationary
noise which, on a specified time interval T = t2-t1, has the same SPL quadratic average as a
fluctuating noise:

 1
Leq ,T = 10 log 
 t 2 − t1

∫

t2

t1

2
p (t ) 
dt 
p02


The time period T can be a period of the day (e.g. 6 am to 10 pm) or the time an acoustic
source is active. The indicator can be weighted; in this case it is noted LXeq,T

(X is the

weighting), and p(t) is replaced by pX(t) in the formula above.
Sound exposure level (SEL)
The sound exposure level is defined as the ratio of the exposure E on a given time period T = t2t1 to the reference exposure E0=p02 (reference time period of 1 s):

E
T 
SEL = 10 log   = Leq ,T + 10 log  = Leq ,T + 10 log(T )
 E0 
 T0 
The exposure E is defined by:

E = ∫ p (t ) dt
t2

2

t1

Long term sound pressure level
The long term sound pressure level is noted Leq,LT and is defined as the equivalent sound
pressure level of a stationary source representative of the acoustical situation on a given time
interval. It corresponds to average functioning conditions of acoustic sources and average
environmental conditions. The time period considered is often a full year, which allows taking
into account the effect of all possible meteorological conditions.

1
Leq , LT = 10 log 
N

N

∑10
i =1

Lieq ,T / 10
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A1.2 Short term noise level indicators
Short term continuous equivalent sound pressure level
This indicator is closely related to the continuous equivalent sound pressure level: the difference
resides in the time period considered, which is in this case taken as τ = 1 s. It allows a finer
description of the fluctuation of the noise levels.

1
Leq ,τ = 10 log 
τ 1

∫τ

2
p (t ) 
dt 
p02


Quantiles sound pressure levels
A statistical analysis of the series of Leq,τ allow determining quantiles sound pressure levels,
which correspond to the SPL reached for N% of a given time interval. Quantiles most often used
are L10,1s, L50,1s and L90,1s. The indicator L10,1s is correlated to the average of SPL maxima, L50,1s
is related to the average SPL and L90,1s is related to the average background noise.

A1.3 Dynamic noise level indicators
Quietness indicator
The quietness indicator aims at quantifying the number and duration of quiet sequences on a
given time interval, i.e. the number and duration of time periods for which Leq,1s is lower than a
threshold, often chosen as L90,1s. Only time period longer than 4 s are counted, the indicators
are then aggregated on 15 minutes periods. It leads to
-

N<L90 : the number of sequences (longer than 4 s) for which Leq,1s < L90,1s

-

T<L90 : the average duration of these sequences
Noisiness indicator

Similarly a noisiness indicator has been defined. It quantifies the number and duration of noisy
sequences on a given time interval, i.e. the number and duration of time periods for which Leq,1s
is larger than a threshold, often chosen as L10,1s.
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A1.4 Specific indicators
Specific continuous equivalent sound pressure level
In the case of a specific noise that occur on a given duration Tpart the continuous equivalent
sound pressure level can be calculate from short term continuous equivalent sound pressure
level:

 1
Leq ,Tpart = 10 log 
 T part

N

∑τ .10
i =1

Lieq ,τ / 10





Peak sound pressure level
The peak sound pressure level is given by:

 pc2 
L pc = 10 log  2 
 p0 

A1.5 Emergence indicators
Global emergence
The emergence of a specific sound source under study can be estimated with:

E = Leq ,Tpart − Leq ,Tres
In which Leq,Tpart is the average SPL on a time interval in which the sound source under study is
active, and Leq,Tres is the average SPL on a time interval in which the sound source under study
is inactive.

A1.6 Application of these indicators
In terms of annoyance indicators, many acoustics indices were tested in different domains. To
determine them, it is necessary to establish relationships between the received amount of noise
and the answer to it in order to calculate the number of persons annoyed (%).
Perception of annoyance due to noise isn't based only on acoustical criteria which makes more
complex to be objective on the approach of this issue.
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Two main approaches prevail:
-

Energetic approach: identification of sound energy on an infrastructure and a period
given (ex: equivalent sound pressure level on a T-period

Leq ,T

with A-weighting). Easily

computationally predictable.
-

Event related approach: depending on an event occurrence (ex: Maximum noise level
during a period T (125 ms) or Single Event Level condensing the total sound energy
during a period T into a duration of 1 second...).

Mostly in international regulations, the energetic approach is chosen as the second one doesn't
provide a representation of long-term annoyance.
Trains
In France, the equivalent sound pressure level during a T-period Leq,T with A-weighting is the
indicator for land transport. For trains, this indicator is defined in the standard NFS 31-110, its
maximum level is set in the French order of 8 November 1999. Two periods are differentiated:
day (6AM to 10PM) and night (10PM to 6AM).
In the frame of the European directive 2002/49CE, the average level « day, evening, night»
LDEN is used to compute noise exposure maps.

LDEN

Lday
Levening
Lnight
 1 

10
10

= 10 log
+ 8 *10 10  
12 *10 + 4 *10
 24 
 
 

With Lday=Leq,6AMto6PM, Levening=Leq,6PMto10PM and Lnight=Leq,10PMto6AM.
By crossing them with population maps (number of people per housing), it is possible to
estimate the number of annoyed people based on the noise level.
Planes
The basic element for noise certification criteria is the noise evaluation measure known as
effective perceived noise level, EPNL, in units of EPNdB, which is a single number evaluator of
the subjective effects of airplane noise on human beings.
EPNL consists of instantaneous perceived noise level, PNL, corrected for human response to
spectral shape, intensity, tonal content and duration of noise from an aircraft. The spectral
irregularity correction, called "tone correction factor", is made at each time increment for only
the maximum tone.
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It cannot be directly measured but has to be calculated in a standard manner (see
http://www.flightsimaviation.com/data/FARS/part_36-appA2.html)
Three basic physical properties of sound pressure must be measured: level, frequency
distribution, and time variation. To determine EPNL, the instantaneous sound pressure level in
each of the 24 one-third octave bands (50 to 10000 Hz) is required for each 0.5 second
increment of time during the airplane noise measurement.
The calculation procedure that uses physical measurements of noise to derive the EPNL
evaluation measure of subjective response consists of the following five steps:
-

The 24 one-third octave bands of sound pressure level are converted to perceived
noisiness. The noisiness values are combined and then converted to instantaneous
perceived noise levels, PNL(k).

-

A tone correction factor C(k) is calculated for each spectrum to account for the
subjective response to the presence of spectral irregularities.

-

The tone correction factor is added to the perceived noise level to obtain tone-corrected
perceived noise levels PNLT(k), at each one-half second increment: PNLT(k)=PNL(k) +
C(k) The instantaneous values of tone-corrected perceived noise level are derived and
the maximum value, PNLTM, is determined.

-

A duration correction factor, D, is computed by integration under the curve of tonecorrected perceived noise level versus time.

-

Effective perceived noise level, EPNL, is determined by the algebraic sum of the
maximum tone-corrected perceived noise level and the duration correction factor:
EPNL=PNLTM + D
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B. Annex 2: Proposed indicators for underwater noise footprint
As discussed previously, noise maps give a qualitative assessment of noise pollution due to
shipping in a given maritime area, but not a quantitative result allowing comparing different
mitigation measures. For that purpose, three types of indicators are proposed to be used for the
project :
-

Indicator N°1 based on time-averaged low frequency SPL,

-

Indicator N°2 for marine mammals based on BDT,

-

Indicator N°3 for fish disturbance.

The purpose of this section is to illustrate possible definitions of indicators derived from noise
maps. We should be aware that bioacoustics is a topic of research that evolves rapidly.
Bioacoustics criteria for impact on marine life can evolve, and consequently the indicators
defined here.
For the following definition of indicators, we consider on figure 40 a maritime domain defined by
a two-dimensional grid of sample points (Xn, Yn, 1 ≤ n ≤ Np).

Figure 40: Schematic view of discretization of maritime domain
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This is only a schematic view, as the coarseness of the mesh must be adapted to the size of the
maritime domain considered and to the required resolution of the map. Each sample point is
associated to a vertical line with points corresponding to fictive sensors at different depths:
Zm, 1 ≤ m ≤ M(Xn,Yn).
We denote also ϕ(z) the probability of presence of the marine animal with respects to depth.
[Tmin, Tmax] denotes the time window for analysis, and ∆T=Tmax-Tmin. ∆T should be typically one
day to several days, to be representative of ship traffic for a sufficient period of time.

B1.1 Indicator N°1 based on time-averaged low frequ ency SPL
Given the scenario (ship traffic, vessel characteristics and trajectories), the environment (sea
bottom profile and characteristics, speed of sound…), the sound PSD can be computed for
each time-sample t and each observation point (Xn, Xn, Zm).
The result is N(Xn, Yn, Zm, t, f), given by eq. (10).
Following recommendation from Descriptor 11 of the MSFD, the first step is to derive the timeaveraged SPL in the 1/3 octave bands centred at 63 Hz and 125 Hz. This is obtained by
applying eq. (4a) or (4b). Then:

 1
SPL1 / 3oct ( X n , Yn , Z m ) = 10 log
 ∆T


t =Tmax

∫

t =Tmin

N( f )

 10 10 df

 1 / 3oct

∫

 
dt  , in dB re 1 µPa2
 
 

(11a)

where 1/3 octave bands for 63 Hz and 125 Hz are respectively [56 Hz – 71 Hz] and [112 Hz –
140 Hz].
If the SPL in not available continuously, but only at different times T1, T2,…,TNT, we have:

 1
SPL1 / 3oct ( X n , Yn , Z m ) = 10 log
 NT


N( f )

10

10
df
∑
∫

j =1  1 / 3 oct
NT


  , in dB re 1 µPa2



(11b)

The second step is to determine at which sample points (Xn, Yn, Zm) the SPL exceeds the
threshold SPLMSFD, weighted by the probability to find marine species of interest along depth.
SPLMSFD is set to 100 dB ref 1µPa2 (default value), or to the average measured value of ambient
noise during one year (2012 in some documents). The output is a probability number φ(Xn, Yn),
ranging between 0 and 1, obtained by:
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Φ1 ( X n , Yn ) =

M

∑ ϕ (Z
m =1

m

)H (SPL − SPLMSFD )

(12)

where H is the Heaviside function (=1 for positive arguments, =0 for negative arguments).
Then, we obtain two maps, one for 63 Hz and one for 125 Hz, which are quite similar to map (b)
of figure 7, except that the areas where SPL exceeds the criterion are weighted according to the
probability of presence of the species with depth.
The final indicator SNF1 can be defined as the percentage of maritime area A which exceeds a
given percentage Φref of noise pollution in the water column. For example, Φref could be 50%.

SNF1 (Φ ref ) =

1
H (Φ1 ( X n , Yn ) − Φ ref )dS
A ∫A

(13a)

If the information is available on a discrete number of points NP, alternative formula is:

SNF1 (Φ ref ) =

1
NP

∑ H (Φ ( X
NP

n =1

1

n

, Yn ) − Φ ref )

(13b)

SNF1 is a number ranging between 0 and 1 or a percentage.

B1.2 Indicator N°2 for marine mammals based on mask ing effect
The first step is the same as for indicator N°1. Gi ven the scenario, the sound PSD N(Xn, Yn, Zm,
t, f), is computed.
We focus now on a given marine mammal species belonging to one of the hearing functional
groups introduced in § 3.3.3.
The second step consists in determining the M-weighted SPL for each observation point and
each time sample t, where fmin and fmax are band limits given in table 2 of § 3.3.3:

 f max N M ( X n ,Yn , Z m ,t , f )
10
SPLM ( X n , Yn , Z m , t ) = 10 log ∫ 10
df
f
 min


 ,in dB ref. µPa2



(14)

The third step consists in extracting some indicators of the proportion of time where the local
value of SPLM exceeds a given threshold, corresponding to masking effect, noted SPLMASK,
which is typically 120 dB ref µPa². This approach is similar to the “noisiness indicator” used in
airborne environmental acoustics. Four intermediate metrics are defined, for the time interval ∆T
of study:
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-

N>MASK : Number of time sequences, longer than a time interval ∆Tmin, for example 1
minute, where SPLM exceeds SPLMASK, counted over the number of days where the data
is available. These time sequences correspond typically to the passage of a noisy ship in
the vicinity of the observation point.

-

∆T>MASK : Average duration of these time sequences

-

Γ : Ratio of cumulated time of these sequences to total time ∆T

-

∆T<MASK : Average duration of “quietness” intervals

Γ( X n , Yn , Z m ) =

N > MASK ∆T> MASK
∆T

(15)

It is here assumed that if the duration of a disturbance is smaller than ∆Tmin, an animal will not
be significantly disturbed, so the corresponding time sequence is discarded.
In a fourth step, it is necessary to decide whether this location is adequate or not for the living
species under study. The situation can be decided to be unacceptable on the basis of two
criteria:
-

Γ is greater than a selected threshold ΓLIM (for example 10%)

-

The average value of quietness intervals ∆T<MASK is too small. This can be defined by the
need for communication of a marine mammal individual with another individual at a
certain distance D. As an example, if we take D=10 km, and a margin ratio of 1.5, the
minimum time required for a two-way communication is 2000x1.5/1500=20 s. This
duration, to be confirmed according to the expected communication of mammals, is
relatively short, so this criterion is not selective.

In summary, for this fourth step, the decision of disturbance will be done on the basis of the
value of Γ exceeding ΓLIM or not. As for the 1st indicator, the result (which is 0 or 1) is weighted
according to the probability of presence of the species as a function of depth.
The output is a probably number φ(Xn, Yn), ranging between 0 and 1, obtained by:

Φ 2 ( X n ,Yn ) =

M

∑ϕ (Z

m

)H (Γ − ΓLIM )

(16)

m =1

Then, we obtain a map of Φ2 on the maritime area. An example obtained with fictive data is
represented on figure 41. Areas of maximum values of Φ2 could correspond here to shipping
lanes.
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The final indicator SNF2 can be defined as the percentage of maritime area A which exceeds a
given value Φref of noise pollution in the water column. For example, Φref could be set at 50%.

SNF2 (Φ ref ) =

1
H (Φ 2 ( X n , Yn ) − Φ ref )dS
A ∫A

(17a)

If the information is available on a discrete number of points NP, alternative formula is:

SNF2 (Φ ref ) =

1
NP

∑ H (Φ ( X
NP

n =1

2

n

, Yn ) − Φ ref )

(17b)

SNF2 is a number ranging between 0 and 1 or a percentage.
The indicator can be assessed for several species of marine mammals. A composite indicator
can be derived, combining the result for each species of interest in an area.

Figure 41: Example of indicator N°2 with fictive da ta
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B1.3 Indicator N°3 for fish disturbance
Regarding fish disturbance, the previous methods cannot be used because the effect occurs at
short distance. In that case, a probabilistic analytical performance study approach is more
adequate.
We consider a maritime domain of area A with some fish population formed in schools, crossed
by a number of vessels q=1,…,Q (Figure 42). In this first simple approach, the schools of fish
are assumed to be randomly distributed in the area. Other assumptions could be considered
using the same approach, provided available data (for example a surface probability function).

Figure 42: Schematic representation for fish disturbance scenario

Each vessel is characterized by its radius of noise influence on fish Rq. Rq is directly related to
SL (radiated noise of vessel) and fish sensitivity to noise, as already discussed in § 3.3.4. In
other words, a school of fish will be disturbed if its distance to vessel number q is smaller than
Rq. Note that Rq depends on vessel speed Vq.
An intermediate indicator is the instantaneous probability for a school of fish to be disturbed by
a vessel passing in the area A, which can be considered as an extension of Leaper’s indicator
[1]. It is given by:
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ψ =

Q

1
πRq2
A q =1

∑

(18)

Considering a time window T (for example 1 day), and the speed of each vessel, the maritime
area which has been submitted to noise pollution is approximately: Sq=2.Vq.Rq.T
Then the average number of times fish is disturbed during time T is given by the indicator:

SNF3 (T ) =

T Q
∑ 2Vq Rq
A q =1

(19)

If necessary, it is possible to split the area A into sub-domains, with the objective to distinguish
for instance noisy areas such as traffic lane, and quieter areas with less traffic.
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