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SUMMARY
This study has been realized in the scope of AQUO, a collaborative research project
supported by the 7th Framework Programme through Grant Agreement N°314227, whose
final goal 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.
The present document is the deliverable D3.6 “Long-term in-situ real-time measurements of
ambient underwater noise, with simultaneous record of AIS data”.
The objective of this task is to provide experimental data of long-term in-situ real-time
measurements of ambient underwater noise, with simultaneous record of AIS data to validate
and feed the “Noise Footprint Model”.
The report will describe:
- Design process and deployment of the Autonomous Buoys
- Communication Buoys to Shore
- Data Collecting Process
- Validation of the system

The initial requirements for these buoys are the following:
 Continuous hydrophone acquisition for at least 12 hours,
 Real-time data transmission over 3G
 Satellite alert when 3G is not available
 Optional WiFi transmission when a ship is in the vicinity
 Measurement of environmental parameters through CTD probe
 Registration of shipping traffic through AIS
 Registration of buoy position through GPS
The overall objective is to allow obtaining relevant underwater noise data in relation with
marine life and ship traffic.
Four generations of autonomous buoys, with different features or upgrades, have been
tested during the project and tested successfully in different maritime areas. These are
described in section 3 and some examples of recordings are shown.
The description of the software is also presented in detail in section 4.
In section 5, the system is validated by comparison to underwater noise recordings from a
cabled observatory, OBSEA, located in the same area (close to Barcelona).
These buoys were used for different experiments and data collection, in particular for the
calibration of the Ocean Shipping Noise Footprint Assessment Model (Task 1.3 of AQUO
Project).
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1. INTRODUCTION
1.1.

Objectives of the study

AQUO is collaborative research project supported by the 7th Framework Programme through Grant
Agreement N°314227, addressing the Call FP7-SST-2012-RTD-1 “Transport”. The final goal of
AQUO project is to provide policy makers with practical guidelines to mitigate underwater noise
footprint due to shipping, in order to prevent adverse consequences to marine life.
The objective of this task is to provide experimental data to validate and feed the “Noise Footprint
Model” developed in the WP1 of AQUO Project. For that purpose, an autonomous buoy is
developed, allowing the long term recording and transmission to shore of underwater noise data,
together with environmental parameters and ship traffic information. The final objective is to obtain
relevant information for the impact of underwater sound on marine life.
For many reasons, evaluating the acoustic impact of artificial sound sources in the marine
environment is a complex and expensive proposition. First, we face the relative lack of information
on the sound-processing and analysis mechanisms in marine organisms. Although we are capable
of cataloguing and recording the majority of these signals, we still do not know enough about the
important role they play in the balance and development of populations. Second, the possible impact
of sound emissions may not only concern auditory reception systems but might also interfere on
other sensorial and systemic levels, possibly challenging the life of the affected animal. Complicating
the situation even more is the fact that a prolonged or punctual exposure to a determined noise can
have negative short-, medium-, and long-term consequences not immediately detected by
observers. The lack of provision and research resources contributes to the greatest difficulty in
obtaining objective data that would allow the efficient control of anthropogenic noise in the ocean.
In addition, we find ourselves with a most pressing problem that relates to the homogenization of
measurements. Until recently, there was no well-defined protocol for measuring marine acoustic
pollution or any agreement on the enunciation of these measurements. Although the effects of noise
on the marine environment are increasing, the variability of the available parameters to measure
these effects lead to heterogeneous or fragmented results that appeared of little use in orientating
preventive and precise management actions.
The Marine Strategy Framework Directive (MSFD) Descriptor 11 leaves some room for protocol and
results interpretation, and thus requires decisions from Member States (MS) to be taken to ensure
the correct procedure on measurement and data processing to fulfil the objectives of the Directive.
The first part of the monitoring programme described here offers an experimental approach to
assess the criteria and indicators defined in the Descriptor 11.2 of the MSFD, and proposes a
practical solution to achieve these objectives.

Dissemination level: PUBLIC

© AQUO Project Consortium 2015 - all rights reserved

5

Long-term in-situ real-time measurements of ambient
underwater noise, with simultaneous record of
AIS data

1.2.

D 3.6
Rev 1.0

The Concept

The concept relies on a custom solution (see Figure 1-1) to directly address the AQUO objectives
that enlarge the scope of the MSFD, providing complementary information of the sound sources and
interactions with the marine fauna. The objective is to allow the long term measurement of
underwater noise in a maritime area of interest, along with environmental parameters, in relationship
to marine life.

Figure 1-1: AQUO buoy concept

The design criteria were the following:
 Continuous hydrophone acquisition for at least 12 hours,
 Real-time data transmission over 3G
 Satellite alert when 3G is not available
 Optional WiFi transmission when a ship is in the vicinity
 Measurement of environmental parameters through CTD probe
 Registration of shipping traffic through AIS
 Registration of buoy position through GPS
Here we describe the development of progressively upgraded solutions that were designed
and developed under AQUO to achieve the above objectives, both addressing software and
hardware requirements:
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2. DEVELOPMENT OF BUOYS
2.1. AQUO BUOY - FIRST GENERATION
2.1.1. Technical specifications
Technical specifications:
- Power: up to 192 D-Cell sized batteries
- Processing board: Diamond Systems Aurora*
- Analog to digital conversion: Diamond Systems MM-32X-AT 16 bits/250 kHz**.
- Hydrophone: Aguatech scientific hydrophone
- Storage: solid state drive through SATA connector
- Custom watchdog board to monitor the data acquisition and control the duty cycle.
* For AQUO this board was finally selected, some of the other boards that were used were a
Raspberry Pi A+ (recording of data only), Toradex Robin with Daisy carrier board and the
Eurotech Proteus. The combination of the SBC and A/D board from the same company in a
PC/104 form factor turned out to be very convenient. It is noted that these Intel Atom Z5XX
based boards are no longer supported by most manufacturers as Intel no longer supports the
chipset.
** With other SBC boards that did not have a PC/104 bus the MCCDAQ USB-1608G was used to
digitize analog hydrophone streams. Both A/D boards can handle a 4-hydrophones differential
signal array and are easily accessed under Linux.

2.1.2. Realisation

Figure 2-1: AQUO first generation buoy
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2.1.3. Examples of recordings

Figure 2-2 Measurements using the autonomous data recorder at 63 Hz (top) and 125 Hz (bottom)

2.2. AQUO BUOY - SECOND GENERATION
2.2.1. Technical specifications
Technical specifications:
- 900W.H rechargeable battery packs + charger
- 4 hydrophones inputs - 24Bits
- GPS
- SDCard 128GB embedded storage
- over 12 days autonomous recording
- Very Low Power compact integrated Flasher - continuous emission
- Hydrophone Adaptation Board
- Integration of Iridium MODEM

2.2.2. Realisation

Figure 2-3: AQUO second generation buoy - RTSYS BASDA14
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2.2.3. Examples of recordings

Figure 2-4 Measurements during the Arctic deployment at 63 Hz (top) and 125Hz (bottom)

2.3. AQUO BUOY - THIRD GENERATION
2.3.1. Technical specifications

Figure 2-1: Analog input

Figure 2-2: Digital input
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Technical specifications:
-

Power: box prepared to hold a 12V 7Ah or 15 Ah lead acid battery

-

Processing board: Diamond Systems Aurora

-

Storage: solid state drive through SATA connector

-

Transas T-55 AIS/GPS receiver

-

Netcomm NTC-40WV 3G/WIFI modem

-

Custom watchdog board to monitor the data acquisition and control the duty cycle.

-

Custom power rail board to distribute power to peripherals controlled by the SBC and
watchdog

Analog:
-

Analog to digital conversion: Diamond Systems MM-32X-AT 16 bit / 250 kHz.

-

Hydrophone: Aguatech scientific hydrophone

Digital:
-

Diamond systems Corona board instead of the A/D board to add additional Ethernet
ports

-

Ocean Sonics HF icListen hydrophone

Note on hydrophones: For source detection various hydrophones were used, apart from the
Aguatech analog hydrophones a Cetacean Research C55 and the Aquarian Audio H2a XLR
were employed. In addition to the icListen the SMID digital hydrophone was used (with the
Toradex Robin board directly installed inside the SMID receiver box) and the OBSEA uses a
Naxys digital hydrophone.
The software and hardware solutions have been implemented and tested during the ODEN2013 campaign in the Arctic region. Buoys were deployed for cetacean detection and the
measurement of ambient noise and ice breaker operations. The buoys were connected
through satellite to provide information on the sound measurements. An overview of the
sound measurements on two different deployment days is shown in Figure 2-5. The bimodal
structure was caused by presence and absence of the ship. In parallel, the real-time
monitoring system (BCUBE) was deployed from the ODEN itself; Erreur ! Source du renvoi
introuvable. shows a screenshot of its interface. On board the ship WiFi was used to
provide access to the monitoring system to everyone on board.
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2.3.2. Realisation

Figure 2-3: AQUO third generation buoy - B-CUBE, a portable system

2.3.3. Examples of recordings

Figure 2-4: Interface of BCUBE
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Figure 2-5: ODEN campaign sound measurements

Figure 2-5: Measurements with digital hydrophone at 63 Hz (top) and 125 Hz (bottom). A
continuous low frequency noise source is dominant.

Figure 2-6: Measurements with analog hydrophone at 63 Hz (top) and 125 Hz (bottom)
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2.4. AQUO BUOY - FOURTH GENERATION

2.4.1. Technical Specifications
Technical Specifications:
- Power: buoy provides space for at least one 12V 80 Ah lead acid battery and solar
panels.
- Processing board: Diamond Systems Aurora
- Storage: solid state drive through SATA connector
- Digital Yacht AIT2000*
- Pepwave MAX-BR1**
- Iridium 9522B L-band transceiver (RUDICS)
- Custom watchdog board to monitor the data acquisition and control the duty cycle.
- Custom powerrail board to distribute power to peripherals controlled by the SBC and
watchdog
*The Transas receiver became very difficult to obtain.
**The MAX-BR1 has completely automated gateway fall-back between 3G/WiFi/cable and
provides multiple Ethernet ports.
Analog:
- Analog to digital conversion: Diamond Systems MM-32X-AT 16 bit / 250 kHz.
- Hydrophone: Aguatech scientific hydrophone
Digital:
- Diamond systems Corona board instead of the A/D board to add additional Ethernet
ports
- Ocean Sonics HF icListen hydrophone
Dissemination level: PUBLIC
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2.4.2. Realisation

-

Figure 2-7: AQUO 4th generation buoy

2.4.3. Examples of recordings

Figure 2-8 Duty cycle mode operation showing measurements at 63 Hz (top) and 125 Hz (bottom)
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3. SOFTWARE IMPLEMENTATION
3.1. Architecture
The software for the real-time analysis (SONS-DCL) is developed in C due to the availability
of C-compilers on most embedded platforms. The design follows a modular approach that
allows loading/unloading modules while the system is running. The modular design is
especially needed to ensure that data from a hydrophone can be picked up without dropping
samples. Additionally, analysis of data is not unnecessarily delayed due to a single module
waiting for e.g. a network timeout. Some modules may make further use of multiple
processor architectures with the OpenMP library (whether or not this gives a true advantage
depends on the server specification). There are generally 3 types of modules:
• Data entry module: a SONS-DCL system normally has only 1 acoustic data entry module.
This module cannot be replaced or restarted without stopping the data acquisition.
Currently data entry modules are planned for data acquisition from e.g. Diamond Systems
DAQ boards, SMID digital hydrophones, icListen or Naxys Ethernet hydrophones, and to
read data from disk (files stored in pcm, wav, aiff, etc., format). Data files that are
accessible through a network or the Internet are often first stored to disk independently
before passed through SONS-DCL. The system can have other modules that accept
external data, such as AIS/GPS or other sensors connected through a serial or USB
connection.
• Data analysis modules: analysis modules perform sound measurements, acoustic event
detection, classification, localization, tracking etc.
• Data output modules: output modules provide (analysis) results in a format that can be
read by other post-processing tools. There are e.g. XML and CSV output modules to
export the analysis results; spectrogram creation for human analysis; mp3/ogg vorbis
modules to allow listening to a compressed stream; a data recorder to record raw data
allowing to recording based on triggers (e.g. only record data segments that contain short
tonal signals).
The modules communicate using POSIX based IPC. It has been tested on FreeBSD
(generally used for powered servers) and Linux (generally used for embedded systems) and
is expected to run with minimal changes on other systems that have POSIX (.1-2001)
support. It has been written for x86/x86-64 architectures and has not yet been tested on
other architectures. On Windows a single executable version is available that does not
depend on the POSIX IPC and cannot take advantage of the modular design. It is primarily
used for analysis of large archived data sets.
The SONS-DCL system runs autonomously on a server or embedded board (not all
modules are suitable for low power systems); once configured and started it generally does
not require any supervision. One way to present the SONS-DCL output to a user is through
the SONS-DCL client. The SONS-DCL client requires the standard software stack with
Apache (or Nginx)/MySQL/PHP/JavaScript/XML and Flash for some parts. A part of the data
interface can be installed directly on an embedded board to monitor its operation. However,
it is advised to isolate the SONS-DCL system from the general public to avoid overloading
the device. Data can be transferred automatically to another server where the public may
access it.
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3.2. Embedded Hardware
The embedded version of SONS-DCL runs off a PC/104 stack based on Diamond Systems
boards.
The stack has the following components:
•

Processing: DS - Aurora single board computer (Intel Atom Z530 1.6 GHz).

•

DAQ: DS-MM-32DX-AT ADC board (optional).

•

Ethernet port expansion: DS-Corona-Ethernet board (optional).

•

Watchdog: proprietary board to power the Aurora and to monitor voltage, current,
and the execution duty cycle.

•

Power regulation board: proprietary board to switch on/off peripheral equipment
through Aurora GPIO pins (optional).

•

Main storage: solid state disk connected through SATA.

Common peripherals:
•

GPS receiver

•

AIS receiver

•

Satellite modem

•

3G/WiFi modem

•

WiMAX modem

The Aurora runs a 2.6 Linux kernel version which has complete Diamond Systems driver
support. When a digital hydrophone is used the DAQ board is no longer necessary and a
different hardware stack could be used.

3.3. Sampling Frequency and Recording Solutions
The MSFD does not necessarily require continuous recordings to be made, nor will these be
mandatory to obtain an understanding of noise levels or noise trends in an area: duty cycle
recordings, e.g. a few minutes per hour, can alternatively be performed if they guarantee a
consistent temporal coverage of the area. This allows a recorder to be deployed for longer
periods of time. Continuous recordings are more important when there is an interest to detect
the presence of particular sources, such as cetaceans, e.g. when mitigation is necessary.
Amongst commercially available recorders, we looked at a series of technical criteria
(including hydrophone sensitivity, frequency bandwidth, self-noise level) that would ensure
fulfilling the MSFD Descriptor 11.2 requirements. For the purpose of this document, we start
here presenting the set of minimum technical requirements offering a sampling frequency
suitable for noise monitoring under the MSFD objectives but discarding dolphins/porpoises
and most cetacean species detection, except baleen whales. Unfortunately, this minimum
solution would not either support a duty cycle and would record continuously, thus requiring
an additional battery pack and a data logger for longer deployments.
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Table 1: Examples of recording configurations

Duration
(months)

Duty
cycle
(minutes
per hour)

1
3
6
12

10
8
6
4

Total
recording
hours

120
288
432
576

Data
collection
(24 bit, 32
kHz
sampling)
40 GB
92 GB
140 GB
185 GB

Power
requirement
(est.)

166 Wh
280 Wh
561 Wh
1123 Wh

Storage
medium

external
external
external
external

To obtain data that can be used for other scientific purposes, such as cetacean detection, a
higher sampling frequency is required. Any of the above configurations require to be
managed through a software package that should be designed to analyse both online and
offline data. In any case, for battery deployments it is advised to process the data offline to
save battery power and increase deployment time. A description of the software package
requirement is provided below in the “Analysis” section. Longer deployment or recording
times require more storage space and battery capacity and thus a larger housing. It is
possible to equip the recorders with additional battery packs to increase the duty cycle.
If marine mammals are to be detected, the recorders must be able of recording very high
frequency acoustic signals, like beaked whale or harbour porpoise echolocation sounds, but
the suggested configurations (Table 1) will not allow their detection. If there is an interest in
detecting these species, then the recording configurations listed in the above tables need to
be adjusted accordingly. The systems would need to be configured with a higher sampling
rate and larger battery packs to maintain the duty cycle and deployment duration.
When longer duty cycles are required, offshore acquisition systems must be powered by
solar panels and inshore systems may be cabled. For the purpose of compliance with the
MSFD Descriptor 11.2 and AQUO T3.4, it is not necessary to extend the suggested duty
cycles shown in Table 1. If there is an interest in detecting acoustic sources then a minimum
duty cycle of 10 minutes per hour should be considered.

3.4. Acoustic recorder
The Instrument Concept Ocean Sonics ICListen low frequency sound recorder offers a
sampling frequency suitable for noise monitoring under the MSFD objectives but does not
allow detecting dolphins/porpoises and most cetacean species except baleen whales.
Unfortunately, this unit does not support a duty cycle and records continuously thus requiring
an additional battery pack and a data logger for longer deployments.
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Table 2: Recording configurations

Duration
(months)

Duty cycle Total
(minutes
recording
per hour)
hours

Power requirement (est.)

Storage
medium

720
2160
4320

Data
collection (24
bit, 1 kHz
sampling)
7 GB
22 GB
43 GB

1
3
6

60
60
60

93 Wh (b)
280 Wh (b)
561 Wh (b)

8640

87 GB

1123 Wh (b)

internal
internal
external
(d)
external
(d)

12

60

To obtain data that can be used for other scientific purposes, such as cetacean detection, a
higher sampling frequency is required. The Ocean Sonics ICListen HF model can be
configured with a duty cycle allowing limiting the required battery power and external storage.
Table 3: Recording configurations

Duration
(months)

Duty cycle Total
(minutes
recording
per hour)
hours

1
3
6
12

10
8
6
4

120
288
432
576

Data
collection (24
bit, 32 kHz
sampling)
40 GB
92 GB
140 GB
185 GB

Power
requirement
(est.)

Storage
medium

166 Wh
280 Wh
561 Wh
1123 Wh

external
external
external
external

Ocean Sonics equipment can be configured and managed through a software package
called Lucy; alternatively, a LAB (Laboratory of Applied Bioacoustics, Technical University of
Catalonia) data logger is available to configure the IC device and download its data. In
addition, LAB data loggers come along with the SONS-DCL software that is designed to
analyse both online and offline data. In any case, for battery deployments it is advised to
process the data offline to save battery power and increase deployment time. A description
of the SONS-DCL software package is provided below in the “Analysis” section and
complementary information can be found at http://sonsetc.com.
An alternative to the Ocean Sonics recorders is the RTSystem recorder, which comes with its
own battery power and storage space.
Table 4: Recording configurations

Duration
(months)

Duty cycle Total
(minutes
recording
per hour)
minutes (h)

1
3
6
12

10
8
6
4

7200 (120)
17280 (288)
25920 (432)
34560 (576)

Data
collection (24
bit, 40 kHz
sampling)
50 GB
120 GB
180 GB
240 GB

Power
requirement
(est.)

Storage
medium

100 Wh
250 Wh
700 Wh
900 Wh

SD card
SD card
SSD
SSD

Both the Instrument Concepts ICListen HF and the RTsystem recorders were tested under
AQUO D3.4 and are capable of recording very high frequency acoustic signals, like beaked
whale or harbour porpoise echolocation sounds, but the suggested configurations (Table 1)
will not allow their detection. If there is an interest in detecting these species then the above
Dissemination level: PUBLIC

© AQUO Project Consortium 2015 - all rights reserved

18

Long-term in-situ real-time measurements of ambient
underwater noise, with simultaneous record of
AIS data

D 3.6
Rev 1.0

tables need to be adjusted accordingly. The systems would need to be configured with a
higher sampling rate and larger battery packs to maintain the duty cycle and deployment
duration.
Cable system
We used a cabled system (that can record continuously and can present analysis in real-time
over a communication network) OBSEA, see http://listentothedeep.com, to validate the
design of an autonomous acoustic buoy.

3.5. Technical Specifications
3.5.1. Calibration
All hydrophones should be spot calibrated. When appropriate (e.g. when doubts arise about
the response of the acquisition system), the whole acquisition system can be calibrated. It is
advised to recalibrate the hydrophone after 5 years or when a strong trend in the acquired
levels is detected. Calibration is normally done before shipment, although, depending on
availability and time restriction of the Member State, it can be performed after a first
deployment.

3.5.2. Equipment Set-up
The acoustic sound recorder can usually be configured through a web interface and
configuration can be done by a non-expert and does not require any specific training. A predeployment step-by-step protocol for configuring and testing a recorder should be provided.
Table 1 summarises the battery life and recorded data size for different recording duty
cycles. Towards the end of the estimated deployment period the batteries should be
replaced. Data may be copied from the recorder over an Ethernet connection. There is no
difference in file size for quiet and noisy locations – there is no compression of the 24-bit
data. The battery life depends on the water temperature and the initial condition of the
batteries. To maximise the deployment time it is advised to use new (but tested) nonrechargeable batteries for each re-fit.

3.6. Analysis
The recorded raw data should be stored in standard wav1 files and can readily be opened by
available audio processing software.

3.6.1. Data analysis
To automatically manage and process raw data the software allows:




Importation of data from different platforms; data stored sorted per platform;
Computation of noise measurements in 10 second snapshots; hourly and daily
averages sound pressure levels; 5th, 50th, 95th snapshot percentiles;
Detection of impulsive and short tonal acoustic events;

1

Audio recordings can be recorded in different format, Wav format is one of the most common. Here the
importance is put on the need of providing raw data recordings.
Dissemination level: PUBLIC

© AQUO Project Consortium 2015 - all rights reserved

19

Long-term in-situ real-time measurements of ambient
underwater noise, with simultaneous record of
AIS data








D 3.6
Rev 1.0

Creation of spectrograms of all data to allow human supervision of measurement
results;
Creation of compressed MP3 audio to listen to data segments for verification of
audible acoustic events;
Automatic creation of graphics and summaries of the analysis results that can be
integrated in a MSFD report;
An interface to retrieve analysis results and to compare results from different
platforms; the interface could be networked and data can be accessed locally or
globally over the internet;
Export of analysis results in CSV format;
Integration of AIS data and visualisation through a Google maps plug-in (when data is
available, see example below);
Integration of information provided under MSFD 11.1.

It is however important to note that any automated reporting can only provide a factual
overview of the data, not an interpretation of the measurements.

3.6.2. Processing server
All above-mentioned measures with an autonomous (or cables) system should be provided
and made available to the Member State through an interface accessible over the Internet.
The data results can be made public or their access can be password protected.

3.6.3. Real-time continuous data processing
To process data in real-time a processing server is installed close to the hydrophone on
board the buoy. The digitized acoustic data (a sound recording system is considered to be
already installed) should be passed to the server usually over Ethernet, but other data
connections can be considered.

Figure 3-1: Example of the analysis interface. Analysis results can be viewed from any recorded
time period, together with a graph showing trends and spectrograms of snapshots.
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All analysis that needs to be performed on the acoustic data are performed by the server and
only the analysis results are then transmitted and made available. All raw data (and other
results) are recorded and stored locally by the server as well. In any case, the Member State
should ensure an Internet connection to transfer analysis results to the processing server. An
example of existing solution is given below.

Figure 3-2: Shipping activity around the AQUO platform with individual ship RMS noise
measurements couple with AIS data (real-time).

3.6.4. Data Retrieval
The raw acoustic data should is stored in wav format in the device. The storage medium can
be an SD card or solid-state drive, depending on the configuration. The storage medium can
be removed from the recorder to be copied or archived, or the data can be transferred over
Ethernet.

3.6.5. Reporting Results
Standard data analysis is performed automatically. However, automated reporting will not
allow commenting or interpreting the measurements. The MSFD requires yearly ambient
noise trends to be reported under Descriptor 11.2, this underlines the need of statistical postprocessing.
It is important to note that it may not be possible to detect statistically significant trends in
data until after a few years of data have been recorded.
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3.7. The LIDO DCL architecture

Figure 3-3: Overview of the LIDO analysis architecture
Phase 1 (first orange row, detection phase) and 2 (blue rows, classification phase) are
preliminary steps that must ensure the real-time process of the data. In undersea recordings
background noise is always present (sea noise). The first phase of the system detects broad
classes of events. The second phase classifies segments into more specific classes. Most of
the time, this sea-noise presents little interest but fills terabytes of unnecessary storage. The
challenge is here to be able to find a reliable set of filters or detectors able to extract the
interesting information that would be included with the background-noise, like dolphin calls
and sonar, sperm and beaked whale clicks, or noise produced by ship engine. A detector is
an algorithm that accepts a segment of acoustic data as input and gives a single number as
output. The output number is usually designed such that (1) It is equal or close to zero if only
sea-noise is present in the segment (2) it takes larger values if an additional signal is
present. By applying a threshold on the output number, the detector can take a decision, that
is: automatically label the segments as "sea-noise-only" vs "presence of interesting signal".
The concept of the broad categories returned by Phase 1 is to narrow the amount of data
supplied to the more sophisticated algorithms of Phase 2. These Phase 2 algorithms are
slightly slower. Hence, narrowing the input in quantity alleviates the slowness and improves
the overall robustness by having a well-defined input.
The system’s modules can be run independently, thereby allowing to implement smaller and
faster versions, aimed at specific classes of sounds or mitigation scenarios, like the detection
of beaked whales and delphinid species. New modules can be incorporated into the system.
Although LIDO considers the whole bandwidth and a series of detectors and classifiers, this
section of the Deliverable takes as an example to illustrate the analysis, the extraction of
Ultrasonic Cetacean Clicks (UCC), belonging to beaked whales and delphinids from Sperm
Whale Clicks (SWC) and Impulsive Ship Noise (ISN). The frequency bands of interest here
are the following (assuming a 96 kHz sampling rate):
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1-5 kHz and 5-20 kHz bands: Impulsive Ship Noise, broadband shipping noise and ambient
noise are generally more intense at lower frequencies and can mask some other impulse
sources. A better detection will be performed in the band 5-20 kHz. However, distant/off-axis
Sperm Whale Clicks have most energy below 5 kHz and would be better detected in the
band 1-5 kHz.
20-46 kHz band: This band is aimed at detecting ultrasonic impulses (e.g. beaked whales
and delphinid sonar).

3.7.1. Noise Measurement Module
The noise measurement module (fed rows) computes statistics on fixed length intervals,
such as sound maxima, RMS level and third octave levels, especially following the
recommendations of the European Marine Strategy Framework Directive (2008/56/EC). In
particular, the Descriptor 11.1 focuses on 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, while the
Descriptor 11.2 addresses background noise without distinguishable sources that can lead to
masking of biological relevant signals, alter communication signals of marine mammals, and
through chronic exposure, may permanently impair important biological functions. This latter
indicator requires a set of sound observatories to enable trends in anthropogenic background
noise to be followed (noise within the 1/3 octave bands 63 and 125 Hz, centre frequency).
The figure below shows an example of noise measurements conducted during a full day at
the ANTARES observatory (RMS level of the whole bandwidth, and in the bands 1-5, 5-20,
20-110 kHz) allowing to extract the contribution of sources in different bandwidths, and their
relationship with the presence of sperm whales and dolphins during the same time period.

Figure 3-4: Noise measurements and indicators of sperm whale and dolphin presence at the
ANTARES observatory on May the 7th, 2010
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3.7.2. Detection Module
Detection of acoustic events is handled by two different algorithms, one for impulsive sounds
and one for short tonal sounds.
The impulse detector processes the data in a configurable number of frequency bands: e.g.
0-500Hz, 500-1kHz, 1-5 kHz, 5-20 kHz, above 20 kHz. This separation is used to allow
different configuration parameters specifically designed to trigger on longer low frequency or
shorter high frequency impulses, covering from baleen whale calls to beaked whale
ultrasonic clicks. The left image in Figure 6 and Figure 8c show example detections obtained
in the band above 20 kHz on ultrasonic cetacean echolocation signals (single clicks and
buzzes) and Figure 8 (a, b and c) show detections obtained in the same band on sperm
whale clicks and shipping impulses.
The short tonal detector is configured to detect whistle like sounds from dolphins or tonal
calls produced by various baleen whale species. For the LIDO system detection is usually
done in three different frequency bands: below 5 kHz, 2 – 20 kHz and above 20 kHz. The
lowest band is aimed at baleen whales, the middle band at dolphins (including orcas). The
highest band has not been triggered by biological events so far, but it can be triggered by
specific anthropogenic sources, such as the line localization echo sounder at ANTARES. The
right image in Figure 6 shows detection on vocalizations of a humpback whale. On the
various platforms where the LIDO system has been running this detection procedure has so
far been sufficient as there were not many other sources that produce these particular
sounds. The detector is configured in such a way that it almost functions as a classifier by
itself. As an example, at the ANTARES site, the echo sounder that is used for localisation of
the lines often triggers the short tonal detector. As these are in frequencies over 20 kHz, they
are easily separated from dolphin whistles, which have a specific detector operating in the
range between 2 and 20 kHz.
For real-time consideration, both algorithms operate in constant time, regardless of the
number of detections that are encountered. The execution time does depend on the
bandwidth that the detector operates on. The currently implemented version evaluates all
detections (4-impulse and 3-short tonal bandwidths) in a 22 second segment of data
sampled at 96 kHz in under a second on a single core from an Intel XEON X3360 (2.8 GHz).

Figure 3-5: Detector outputs, on the left the impulse detector showing detection (white diamonds)
of various echolocation impulses with two buzzes in an environment with interference lines; on the
right the short tonal detector acting on humpback whale vocalizations (detected regions are shown
as horizontal black bars).
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3.7.3. Classification Module
For feature extraction and classification of the sources a more complex approach was
adopted. The current classification algorithm suggests defining classes for sperm whale
echolocation signals, ultrasonic cetacean impulses (beaked whale and dolphin echolocation
signals), shipping impulses, dolphin whistles and baleen whale vocalizations. More classes
may be added on demand, but to allow generalization it requires a set of training data of
sufficient quality.
A short piece of audio (21ms) centred on the impulses that are detected in phase 1 is
extracted and used to extract features. In this process, impulses are characterized by their
temporal and spectral shape (noted E(xi) where xi represents either time-bins or frequencybins) with the following descriptors:
n
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These descriptors are evaluated both in the time and frequency domains leading to 9
features (location is not used for the temporal shape). In addition, sequences of transients
are characterised by inter-pulse intervals, as some sources can produce much more stable
sequences than others.
Then, the features obtained for an impulse enter an RBF neural network and give as output:
p(SWC), p(ISN) and p(UCC), which are the estimated probabilities of being a SWC, ISN or
UCC. The computation of the features takes a small amount of time, but much less than the
time necessary for the detection modules. Classification as it runs on current LIDO servers
can be considered instantaneous.
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Figure 3-6: Overview of the classification procedure applied to ultrasonic cetacean clicks. A short
frame centered on a detected impulse is automatically identified by a detector stage. This frame is
used to extract 9 features. These features are passed to a trained RBF neural network, which
returns the estimated probability that the impulse is an ultrasonic cetacean click, short p(UCC)
Assessment of classification performance: The detection and classification at the level of
individual impulses are illustrated with examples. The plots in the figure below, show
spectrograms of recordings with (a) impulses from ship noise (ISN), (b) sperm whale clicks
(SWC) and (c) a regular train of ultrasonic cetacean clicks (UCC) embedded in ISN. In a first
phase, detection was performed in the band 20-46 kHz. The detected position of impulses is
shown as black crosses (arbitrarily plotted at 24 kHz). In a second phase, the automated
assignment of p(UCC) was obtained for each detected impulse via a neural network. The
values of p(UCC) are represented by the vertical position of the white dots (plot floor: p(UCC)
= 0, plot ceiling: p(UCC) = 1). Many of the ISN and SWC had energy above 20 kHz, hence
they were detected in the first phase. The second phase processing by the neural network
recognized true UCCs by assigning them values of p(UCC) close to 1 while most of the
SWCs and ISN were assigned values close to 0. The final output, NUCC, which represents a
whole segment of 22 seconds, was obtained via a weighted sum of the p(UCC) that were
larger than 0.5.
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Figure 3-7: Detection and classification of UCCs, SWCs and ISNs (refer to text for explanation of
symbols).
Below are the results of the detection and classification of impulses at the level of 22 s
segments. These results were obtained on data from the NEMO-ONDE deep-sea
observatory (Migneco et al., 2008; Riccobene et al., 2009), which is bottom mounted at 2000 m depth east of the Sicilian coast. A neural network was trained with a data set
recorded in May and tested with a data set recorded in August 2005 (a) and vice versa (b).
Each dot represents a segment of 22 seconds of audio containing almost exclusively
impulses from one of the three classes: impulses from ship noise (ISN, squares), sperm
whale clicks (SWC, circles) and ultrasonic cetacean clicks (UCC, triangles). The class UCC
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includes clicks from delphinids and beaked whales. Upper subplots: The number of detected
impulses (Ndet) in the 20-46 kHz band is shown. Many ISN and SWC and all but on UCC
segments triggered this detector. Lower subplots: The final output is NUCC, the estimated
number of UCCs per segment. When a threshold was set at a value of 2 (grey line), the
percentage of correctly detected UCC segments from all UCC segments was 97% and 100%
respectively for test data from August (a) and May (b). The false detection rate, that is, the
percentage of detected non-UCC segments from all non-UCC segments was 6% and 17%
respectively. A a posteriori scrutiny of non-UCC segments with a NUCC > 2 revealed that most
contained UCCs that had been missed during manual assignment of the segments to the 3
classes. The resulting corrected false detection rate was 2% and 1% respectively.

Figure 3-8: Segment-level classification after the detected acoustic events entered the RBF Neural
network (refer to text for additional explanations).
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4. COMPARISON WITH A CABLED OBSERVATORY (OBSEA)
The following pages provide monthly sound pressure level measurements for both the deployed
buoy in front of Vilanova i la Geltrú and the OBSEA during May and June 2015. The OBSEA is
located in a protected zone where fishing is not allowed while the buoy was deployed in a fishing
area (where it was in fact picked up by a fishing boat damaging some of the equipment), near a
shipping route.
A few observations can be made:
 The buoy MSFD levels are considerably higher than at the OBSEA. At the same time the
minimum recorded sound pressure levels in especially June were very similar at the two
locations. This may indicate that the baseline background noise levels in ideal conditions
(at least no shipping) are the same.
 At the buoy the 63 Hz MSFD values were higher than the 125 Hz values, at the OBSEA
this was not the case. This is probably due to a higher percentage of shipping noise at the
buoy.
 The difference between the buoy and OBSEA highlights the importance of selecting an
appropriate measurement location.
 The SPL measurement can be strongly affected by high intensity saturating events. These
could origin from extremely close sources or something bumping against the hydrophone.
In some cases these types of measurements may be automatically discarded by the
system if the equipment is configured to detect signal saturation and switches off. In other
cases it can be desirable to leave out these data samples to obtain a more reliable
measurement. For example, many measurement systems run in a duty-cycle
configuration and are not always recording. The final measurement should not depend on
exactly which moments the system was active (coincidentally recording a saturation event
or not) but should have a similar outcome regardless of recordings being made 20%, 40%
or 60% of the time. As shown in the figures below, leaving out around 1% of the highest
recorded measurements to eliminate possible outliers provides a stable result according
MSFD indicators. Leaving out more does not considerably change the measurement, but
leaving out less can change the result by several dB.
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Figure 4-1: Sound pressure statistics when a percentage of highest values is left out, measured over
May 2015.
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Figure 4-2: Sound pressure statistics when a percentage of highest values is left out, measured over
June 2015.
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