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Benthic invertebrates emit broadband transient sounds, that dominate coastal soundscapes and can
inform on the environment and its ecological state. Numerous works have studied temporal patterns
of Benthic Invertebrate Biophonies (BIB) and linked them to environmental parameters or ecological pro-
cesses, but there is a lack of knowledge about the spatial variability of BIB. Here, we mapped Benthic
Invertebrate Sounds (BIS) in three dimensions using a compact array (2 m � 2 m � 2 m) of four hydro-
phones within the scope of eco-acoustics studies. Firstly, we developed tools to localize any individual
sound emitted by benthic invertebrates. A theoretical calculation of the Cramer Rao Bounds (CRB) con-
solidated by in situ active emissions from known positions, demonstrated the accuracy of the localization.
Secondly, by accumulating all the positions of the BIS recorded during a night, three methods are pro-
posed to map the BIB at different spatial scales. An in situ measurement campaign carried out on a
300 m � 300 m artificial reef system revealed that the marine fauna was binary spatially distributed: rich
and numerous on artificial reefs and poor and weak outside the reefs. At small ranges (10 m), the acoustic
maps matched the geometric structures of the reefs with an accuracy of 0.5 m. At large scales (100 m and
300 m), the acoustic hot-spots on the maps corresponded to distant reefs, with an accuracy of 7 m and
10 m respectively.
This study provides the first maps of the BIB at ecologically relevant scales and shows that they can be

used to identify, quantify, follow and track benthic activity hot-spots. In combination with biological and
ecological information, passive acoustic monitoring using such maps can be a powerful complementary
tool for ecological studies, such as the quantification of grazing activity or the evaluation of the efficiency
of marine ecologic restoration programs.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The underwater soundscape is a collection of sounds that ema-
nate from a marine seascape or propagate through it [1]. It is com-
posed of natural ambient sounds (geophony, [2–4]), anthropogenic
sounds (anthrophony, [5,6]) and sounds from marine fauna (bio-
phony). The main contributors to the biophony are cetaceans [7],
fishes [8–10] and benthic invertebrates. Benthic invertebrates emit
a biophony consisting of many isolated broadband transient
sounds. Snapping shrimps (Alpheidae spp.) produce among the
loudest sounds in marine coastal environments [11] dominating
their soundscapes [12,13]. However, other invertebrates such as
sea urchins [14], crustaceans [15], bivalves [16] and generally
speaking benthic populations [17] are also known to produce audi-
ble and distinct acoustic signals that contribute to the Benthic
Invertebrate Biophony (BIB).

The technological developments achieved over the last decade
have made it possible to create a commercial offer of reliable,
cost-effective and autonomous acoustic recorders that can record
soundscapes over periods long enough to cover different biological
rhythms [18]. By taking advantage of the good capabilities of
autonomous acoustic recorders and the high informational content
and integrative nature of soundscapes, eco-acoustics or sound-
scape ecology infers ecologically relevant information on ecosys-
tems [19,20]. Over the last five years, numerous works have
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demonstrated the interest of eco-acoustics for the study of coastal
marine ecosystems (e.g., [21]).

One of the key emerging areas identified by the scientific com-
munity is the fine characterization of the spatial variability of
soundscapes allowing to produce sound-maps of acoustic habitats
[22]. Such acoustic maps must be adapted to ecological scales. The
spatial variability of benthic communities of coastal habitats has
been shown to be significant at small scales (i.e., between one
meter and one kilometer) for a wide diversity of habitats, including
hard bottom substrates [23–25], rocky and coral reefs [26], or sea-
grass [27]. These spatial scales coincide with the ones of negative
disturbances through human activities, but also of positive ecolog-
ical restoration actions such as artificial reefs [28]. Assessing settle-
ment mechanisms of artificial reefs for instance, constitutes a
general problem for the evaluation of their efficiency [29,30]. On
a large scale, it is necessary to know whether artificial reefs con-
centrate local fauna or whether they create biomass [31], and
how these reefs attract species [32]. At smaller scales, inside the
reefs, it is necessary to understand how species and biomass pro-
duction are distributed according to the type of reef [33–38].

Estimating the spatial variability of a soundscape for ecological
studies requires the biophonic sources to be localized and mapped
in terms of ‘acoustics richness’ (number of different sounds), ‘acous-
tics abundance’ (number of sounds of the same type) and ‘acoustics
loudness’ (sound level of the sounds). It is a challenging task
because biological sound production is perceived after propagating
between the source and the recording system [39]. In fact, as the
sounds of different sources constituting the BIB cover a very wide
dynamic of propagation ranges (from one meter to more than one
kilometer, [11,14,17]), an acoustic recorder with a single isotropic
hydrophone reports simultaneously on weak sources close to the
measurement point and distant but loud sources. This is a major
drawback when it comes to identifying spatial variability at scales
below the propagation range of biological sound sources [40–42].
This problem can be solved if the recording systems have the capa-
bility to locate the sound they record and detect. All methods of
passive acoustic localization are based on the same principle: the
use of several hydrophones to detect and date the arrival of a sig-
nal, followed by the computation of the Time Of Arrival Differences
(TOAD) of the signal between each couple of hydrophones, and
finally the assessment of the position (geographical coordinates,
directions of arrival) of the source compatible with the TOAD.
Depending on the number of hydrophones used and their geome-
try, the localization process can provide absolute coordinates or
directions of arrival [43,44]. There are a small number of studies
on localization and mapping of BIB for environmental purposes
reported in the literature. Pioneering works in the early nineties
showed the possibility of mapping benthic sound production by
passive acoustics and of using the masking created by an object
placed in this sound field to detect its presence and to represent
its shape [45–47]. For these studies, a parabolic antenna of 3 m
diameter with 130 hydrophones was used. This type of system is
not compatible with the budgetary and operational constraints of
environmental studies, but has demonstrated the interest of
multi-sensor technology for the three-dimensional mapping of
BIB. To our knowledge, three studies [11,43,48] used low-cost
and more operational instrumentation to describe the directional-
ity of the biological noise of coastal ecosystems in the horizontal
plane as a function of the azimuth. These studies did not describe
a three-dimensional mapping of the BIB. The directionality of BIB
in the vertical axis was only addressed by D’Spain and Batchelor
[49], who established a map of BIB in azimuth and elevation. How-
ever, the system used was complex, composed of a planar antenna
of 6 m height and 0.6 m width, on which 131 sensors were dis-
tributed. Furthermore, the algorithm used for data processing
was specific to the system.
In this paper, we address the issue of the three-dimensional
localization and mapping of the BIB of coastal ecosystems with
an operational device for spatial scales ranging from 1 m to
300 m. The originality of this work remains both in the developed
processing tools and in their applications to real data. More specif-
ically, our objectives are:

� To propose a method for detecting and locating an individual
benthic sound source in elevation and azimuth from a simple,
operational, compact network of four hydrophones, and to
assess its accuracy.

� To propose three methods for mapping BIB measured over a sig-
nificant period of time (i.e. one night) for scales ranging from
1 m to 300 m.

� To apply these methods on real data from artificial reefs with
the aim to illustrate the output of our tools, to assess their per-
formances and to evaluate the future potential of passive acous-
tic 3D monitoring for ecological applications such as ecological
restoration programs.

Part one presents the real data collected using multiple compact
monitoring systems composed of four sensors deployed close to
artificial reefs. Part two presents the method of localization in ele-
vation and azimuth of individual Benthic Invertebrate Sounds
(BISs) and evaluates its accuracy via the theoretical framework of
Cramer Rao Bounds (CRB) and the use of real data involving active
emissions from known positions. Part three proposes three meth-
ods to map BIB based on azimuth and elevation from sources
located on a vertical known surface and on the seafloor. Part four
illustrates the three mapping methods using real data from an arti-
ficial reef system and part five is devoted to discussions of two
topics: the performance of the presented tools and their contribu-
tion in terms of eco-acoustic analyses.

2. The Prado2015 sampling campaign

The acoustic sampling campaign called ‘‘Prado2015” was car-
ried out in September 2015 as part of the SEACOUSTIC research
project conducted in collaboration with the French Water Agency
Rhône Méditerranée Corse. The field site was the largest Mediter-
ranean artificial reef system situated in the Bay of Marseille, France
(5� 3350 E, 43.267 N, Fig. 1). The Prado reef system was set up in
2008 to recreate a productive ecosystem and a complete trophic
chain over a wide area of dead matte comprised within a depth
range of 20 and 30 m. In this area, the Posidonia oceanica seagrass
disappeared due to cumulative anthropic pressures from 1960 to
2008. The reef system expands over 2.2 km2 and consists of 401
modules of 6 types organized in 6 villages [50]. The Prado reef sys-
tem represents an appropriate field test site for the here-proposed
work as it presents very contrasting acoustic scenes between the
reef system’s modules, with highly soniferous benthic fauna, and
the poor surrounding dead matte [12,51,52]. Furthermore, there
is good environmental knowledge of the site, as the positions,
the type of artificial reefs are known, and a precise side-scan sonar
survey has been realized.

For this study, we focused on village 6 (Fig. 1) and two types of
modules, the ROCKS and the FAKIR reef (Fig. 2). A recording array
(1.8 m � 1 m � 1.8 m) called ‘‘Cyclope” consisting of four hydro-
phones distributed in 3D was systematically positioned at a dis-
tance of 3 m South of each studied module (Fig. 3). Table 1
provides the coordinates of the hydrophones in the local coordi-
nate system identified in Fig. 3. The four hydrophones of the
‘‘Cyclope” (HTI 92 WB of High Tech Inc.� with a sensitivity equal
to �155 ±3 dB re 1 lPa/1 V on the frequency band [5 Hz,
50 kHz]) were connected to an autonomous SDA 14 recorder of
the company RTSYS�. The recorder ensured the continuous



Fig. 1. Left: Map of the Prado reef system consituted of 401 artificial reefs (black points), Marseille, France (5�33504 E, 43�26810 N) organized in 6 villages and 3 connections
between the villages. In green: Posidonia oceanica meadows, in grey: dead matte, in beige: sandy bottom, black thin lines: 20 m and 30 m isobaths. Right: zoom on village n�6
(box B) with a grey scale side-scan sonar map. Black pixels followed by white pixels identify reefs (black pixels) and their shadows (white pixels), red squares: recording
positions, three meters southward from a FAKIR and a ROCKS reef. The circles around FAKIR and ROCKS reefs correspond to a 50 m, a 100 m and a 150 m radius. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Description of the two artificial reefs monitored in this study. Top: artificial reef of type ROCKS, a 20 m � 20 m � 2 m pile of rocks. Bottom: artificial reef of type FAKIR,
a 5 m � 5 m � 3.25 m complex concrete structure. The photo at the bottom right also shows the compact recording structure ‘Cyclope’ with four hydrophones as well as the
positions of the active emissions (VEMCO P1 to VEMCO P4) (graphic representations from [64], photo credit of the ROCKS reef: S. Ruitton (MIO), photo credit of the FAKIR reef:
CHORUS).
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acquisition on four synchronized channels for 10 h from 9 p.m. to
7 a.m. at a sampling frequency of 156250 Hz, 24-bit resolution
for ±2.5 V dynamics, and with the recorder set at 0 dB gain. Mea-
surements for the ROCKS reef were carried out from 24/09/2015
to 25/09/2015, whereas measurements for the FAKIR reef were
conducted from 29/09/2015 to 30/09/2015.
During the entire campaign, winds were relatively high
(26.8 ± 4 km/h, Manuel Anemometer Xplorer XP01-Skywatch�)
from the Northwest, but the bay of Marseille is well sheltered
and thus poorly affected. The mean surface temperature was
21 ± 0.5 �C and the mean temperature on the seabed was
15.8 ± 0.7 �C (CTD probe RBR concerto 103 serial number 60336).



Fig. 3. Geometry of the ‘‘Cyclope” compact array of four hydrophones (red points h1

to h4) connected to a RTSYS SDA 14 autonomous recorder (blue cylinder). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Coordinates of the four hydrophones of the ‘‘Cyclope” recording array in its local
coordinate system (xl, yl, zl).

Hydrophone x (m) y (m) z (m)

C1 0.00 0.50 1.05
C2 0.90 �0.50 1.80
C3 1.80 0.50 1.05
C4 0.90 �0.50 0.30
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The positions and types of modules, the bathymetry of the zone
and the habitat maps were provided by the town of Marseille (with
the courtesy of E. Medioni, City of Marseille). After the set-up of the
artificial reef system, a map of the artificial reef villages was carried
out by SEMANTIC TS using a towed active side-scan sonar Klein
450 kHz. A side-scan sonar maps the reflectivity of the seafloor
and objects on the seafloor in the perpendicular direction to the
trajectory of the towing boat (for more details about side-scan
sonar see Blondel [53]). The side-scan sonar is operated near the
bottom (10 m elevation), and maps are well adapted to detect
and locate the artificial reefs with a resolution of 20 cm and an
accuracy of 2 m. The side-scan sonar map was provided for this
study by the City of Marseille (with the courtesy of E. Medioni)
and is considered as the best ground truth data to calibrate the
here-presented passive acoustics maps of the BIB.
3. First processing stage: Detection and localization of a single
BIS

The first processing stage tackles the detection and the localiza-
tion of benthic sounds by means of a compact array of four hydro-
phones. It relies on the specific nature of the BIB: a succession of
short transient sounds with a large frequency bandwidth ranging
between 1.5 kHz and more than 70 kHz [14,17,54] (Fig. 6, e.g., plot
P1).

3.1. Conventions and mathematical notations

The origin of a Cartesian coordinate system {x, y, z} was placed
at the center of the array (Fig. 4). The x and y axes are horizontal,
with the x oriented to the East and the y oriented to the North. The
z axis is vertical, facing the surface. To this Cartesian coordinate
system we associated a spherical coordinates system {R, a, h}. A
source positioned at {xs, ys, zs} produces a sound with a direction
of arrival with respect to the recording array described by 2 angles:
the azimuth as that measures the angle between the East and the
projection of the direction of arrival on the horizontal plane (pos-
itive towards the North), and the elevation hs that measures the
angle between this projection and the direction of arrival in the
vertical plane (positive upwards). In order to cover the entire
space, the azimuth ranges between �180� and +180� and the ele-
vation between �90� and +90�. This solid angle of 4p steradians
gathers all possible directions of arrival. It is discretized in elemen-
tary pixels P centered on a specific direction {a0, h0} with an angu-
lar aperture da for the azimuth and dh for the elevation. These
elementary pixels are plotted on a sphere of unitary radius around
the recording array.

3.2. Algorithm to localize an individual BIS

We worked at the temporal scale of an individual BIS. The
objective was to detect, date, locate single BISs and calculate their
acoustic features. Fig. 5 shows the implemented processing.

We suppose that the BIS e tð Þ emitted by the source arrives at
each sensor of the recording array attenuated and hidden in noise
as well as delayed by the time of propagation of the sound between
the position of the source and the receiver. The signal measured by
one of the four hydrophones is:

si tð Þ ¼ 1
Rsi

e t � ssið Þ þ bi tð Þ ð1Þ

with ssi ¼ Rsi

c
; ð2Þ

Rsi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xs � xcið Þ2 þ ys � ycið Þ2 þ zs � zcið Þ2

q
ð3Þ

and bi tð Þ being the noise at the sensor ‘‘i”, c being the sound velocity
in the water, Rsi being the distance between the source and the sen-
sor i with the coordinates {xci, yci, zci}, and ssi being the time it takes
for the emitted sound to reach the sensor i.

The detection of the BIS e tð Þ and the measurement of its Time Of
Arrival (TOA) were carried out for each of the four acquisition
channels within an identical functional block B1 (Fig. 5). Within
this block B1, the signal was first filtered on the frequency band
of the BIB [1.5, 70 kHz] (C1, Fig. 5) and the local energy of the signal
was then calculated by summing the squared filtered signal (C2,
C3, Fig. 5). From this time series of acoustic energy, the Ambient
Noise Level (ANL) was estimated (C4, Fig. 5) using the method
described in Kinda et al. [55]. A Constant False Alarm Rate (CFAR)
stage [56] (C5, Fig. 5) used this ANL and a target false alarm prob-
ability to calculate a detection threshold based on the energy of the
signal (C6, Fig. 5). Details of the calculations in C4 and C5 are pre-
sented in Appendix A. If the local energy was higher than the
detection threshold, then a BIS was detected. Its TOA was esti-
mated as the start time of the BIS, i.e. the first instant at which
the energy exceeds the threshold (C7, Fig. 5). The choice of this first
instant allows robustness against reverberation that is usually high
in shallow water environments. This treatment was replicated on
the four measurement channels and for each sample.

If D is the greatest possible distance between sensors in the
recording array, then the TOADs of the same BIS between sensors
are between �D/c and +D/c. We discretized the acoustic recordings
in segments of 2D/c width, with centers regularly spaced by a step
dt (dt < 0.5D/c). A time segment was only selected if it contained
one single BIS detected on each sensor (B2, Fig. 5).

To avoid taking into account the reverberation, BIS detections
on the four acquisition channels can be rejected. (B3, Fig. 5). The



Fig. 4. Geometrical and angular conventions and mathematical notations. {xs, ys, zs} are the Cartesian coordinates of the sound source location. as represent the azimuth and
hs the elevation of the sound source’s location. P is the elementary pixel P centered on a particular direction {a0, h0} with an angular aperture {da, dh}.

Fig. 5. Architecture of the proccessing chain of an individual BIS: detection, dating, localization and estimation of its acoustic features. The input signals of the chain are the
measurements of the 4-hydrophones of the real BIS shown in Fig. 6.
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arrival date of the BIS on the array was calculated as the average of
the TOAs on the four sensors (B4, Fig. 5). This arrival time consti-
tutes the first output of the processing chain and was also used
for post-processing to count the number of BISs in a unit of time.
A pre-defined set of features of the BISs was calculated for each
acquisition channel and averaged (B5, Fig. 5). This set of features
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constitutes the second output of the processing chain. In this study,
we calculated the broadband Sound Pressure Levels SPLRMS and
SPLpeak-to-peak (dB re 1 lPa) of each detected BIS.

The localization algorithm is based on the TOAs of the BIS on the
four sensors. The algorithm proposed here consists of two steps. In
step one, the BIS is supposed to be far enough to produce a plane
wave ensonifying the recording array. In this case, we only look
for the azimuth and the elevation of the source (i.e., the bearing),
which define the ‘‘position of the source” (B6 & B7, Fig. 5). We form
six independent TOADs (TOAD s21, s 31, s 41, s 32, s 42, s 43) from the
four measured arrival times of the BISs that are defined by:

sji ¼ sj � si; i; jð Þ 2 1;4½ � � 1;4½ � ^ j > i
� �

:

From the theoretical expression of the TOAD of the BIS as a
function of the supposed azimuth and elevation of the source
(Appendix B), we form an agreement criterion JFF (‘‘Far-field”)
between the measured TOAD and the theoretical TOAD:

JFF a; hð Þ ¼ c �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX4

i;j¼1
j>i

sji � sij a; hð Þ� �2s
ð4Þ

The position of the source (as, hs) is the one that minimizes JFF.
The minimization is carried out by an exhaustive search on an azi-
muth grid ranging from �180� to 180�, in steps of 0.1�, and an ele-
vation grid ranging from �90� to 90�, in steps of 0.1�. If the
minimum value of JFF is small, then we assume (i) that the plane
wave hypothesis is valid and (ii) that the position of the source is
the pair (a,h) minimizing JFF. In the opposite case, if the minimum
of JFF remains high, the plane wave and the far-field source hypoth-
esis are rejected. Consequently, the hypothesis of a close source,
generating a spherical wave, is taken into account (B8 & B9,
Fig. 5). The retained threshold e for the residual acceptable differ-
ence after minimization is five centimeters and it corresponds to
both: (i) a TOAD measurement error of five samples, i.e. 64 ls and
(ii) a conservative estimation of the localization error of the sensors.

At the beginning of the process and once for all, we computed
the map of the TDOA versus the elevation and the azimuth over
this grid. During the process, for each transient sound, this pre-
computed map was used to look for the elevation and azimuth that
minimize the difference between the measured TDOA and the pre-
computed map of modeled TDOAs. This represents an efficient and
fast solution that does not suffer from the presence of local min-
ima. 12 h of data were processed in six hours using MATLAB routi-
nes on a common laptop. The use of an optimization method in the
case of the here-proposed method is only necessary real time pro-
cessing was required and the processor’s memory was insufficient
to host the pre-processed map. In such a case, to search for the
minimum, a pre-computed 5� low-resolution grid would be recom-
mended followed by an optimization method initialized by this
‘‘low-resolution” minimum.

For the near-field localization under the hypothesis of a spher-
ical wave, the position of the source is defined by its Cartesian
coordinates {xs, ys, zs} and follows a theoretical model of the TOAD
as a function of the position of the source (cf. Eqs. (1)–(3)). The
position is obtained by minimizing the criterion JNF (‘‘Near Field”)
as follows:

JNF x; y; zð Þ ¼ c �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX4

i;j¼1
j>i

sji � sij x; y; zð Þ� �2s
ð5Þ

The minimization is carried out by exhaustive exploration on a
cubic grid in x, y, z, ranging from �5D to +5D in each direction in
steps of 0.2 m, with D being the maximum distance between the
sensors of the array, which corresponds to ±10 m for the ‘‘Cyclope”
used in the Prado2015 campaign. If the value of JNF at its minimum
is greater than the threshold e, then we assume that the source was
not correctly located, both under the far-field hypothesis and the
near-field hypothesis. In this case, the BIS is rejected. This case
can occur if the TOAD are poorly estimated or if the sensors did
not detect the same BIS in the selected segment. Blocks B6, B7 or
B8, B9 provide the third output of the processing chain. We com-
puted the map of the TDOA versus x, y, z of the source at the begin-
ning of the process and this pre-computed map was used for each
transient sound.

Numerical simulations (not shown here) demonstrate that the
sources inside the volume of the recording array and in its near
vicinity (distance from the center less than 2D) are located in the
near-field, whereas the BIS emitted at a distance greater than 2D
are in the far-field.

3.3. Accuracy of the estimation of the azimuth and the elevation – The
far-field case

To study the accuracy of our localization method we combined
a theoretical approach with an experimental demonstration. For
the experimental demonstration, we used a VEMCO� V16 synthetic
pulse transmitter producing a pulses train every 20 s. Each pulse
has a peak frequency of 63 kHz, duration of 5 ms and a Source
Level (SL) of 150 dB re 1 lPa rms at 1 m. These features are close
to the ones of natural BIS. The VEMCO pulse transmitter was placed
on three of the corners of the FAKIR reef (Fig. 2). 300 pulses were
emitted during two minutes at each corner.

For the theoretical approach, the angular accuracy was esti-
mated according to the Cramér-Rao Bounds (CRB) theory [57].
Under the hypothesis of a white and Gaussian noise added to the
theoretical TOAD, the CRB are lower bounds of the variance of
any unbiased estimator of the azimuth and elevation of the source
to be localized. Asymptotically, when the Signal-to-Noise-Ratio
(SNR) tends to infinity, the variances of the azimuth and elevation
estimators resulting from minimizing the criterion JFF (Fig. 5, block
B7) tend towards the CRB. The derivation of the CRB is detailed in
Appendix B. One of the inputs needed for the calculation of the CRB
is the standard deviation of the TOAD estimated from the real data.
For this, we included a significant number of BIS. For each one,
thanks to the measurements taken just before the time of arrival
(Fig. 6, plot P0, step 1) we estimated the variability of the ambient
noise level (r, Fig. 6, plot P0) and plotted it on the rising edge of the
envelope of the BIS (Fig. 6, plot P0, step 2). Then we computed the
temporal exploration of this footprint as a good indication of the
measurement error of the TOAD (rs, Fig. 6, Plot P0). Fig. 6 illus-
trates this process on two real transient sounds, one from the
VEMCO tag (arrow a1, plot P1) and the other one from a benthic
invertebrate (arrow a2, plot P1). The plots P2 and P3 present a
8 ms segment containing the transient sounds. On plot P2, the
VEMCO sound starts at 0.75 ms and lasts 5 ms while the BIS starts
at 2 ms and last 0.25 ms (plot P3). Although the sounds have not
the same duration, a zoom on a 1-millisecond segment at the
beginning of the signals (i1, i2 on plots P2, P3, Fig. 6) indicates that
they have the same rising edges (plot P4 and P5 where time is rel-
ative to the center of the segment i1 or i2). Using this method, we
found that the standard deviation of the TOAD measurements
was 10 ± 2 samples (N = 88), i.e. 64 ls ± 12 ls both for natural
BIS and synthetics VEMCO emissions.

The calculation of the CRB was carried out for the geometry of
the ‘‘Cyclope” for azimuths varying between 0 and 360� and eleva-
tions varying between �90� and +90�. Fig. 7 presents the results.
The standard deviation on the azimuth has the vertical as an axis
of symmetry; it is minimal for a rise of 0� and increases as the ele-
vation increases (Fig. 7a). For elevations between �10� and 50�, the
standard deviation of the azimuth is about 2.5�. The standard devi-
ation on the elevation varies little, and is of the order of 2� (Fig. 7b).
Elevation and azimuth can be estimated simultaneously, as the



Fig. 6. Process to estimate the standard deviation of the time of arrival of a typical BIS from the FAKIR module during calibration with the VEMCO. P0: process to estimate the
standard deviation of the time of arrival (3) with an estimate of the variability of the noise (1) superimposed to the rising edge (2) of a transient sound, P1: Spectrogram
(LFFT = 8192, REC = 0.9, Kaiser 180 dB), box b1: synthetic emission of the VEMCO tag, box b2: Noise of the diver’s regulator, arrow a1: emission of the VEMCO tag studied in
the plots P2 and P4, arrow a2: BIS studied in the plots P3 and P5. Plots P2, P3: waveforms in red and envelope in black of the VEMCO emission and the BIS, plots P4 and P5:
1 ms zoom (relative time) of the rising edge of the BIS envelope (black line) and the imprint of the variability of the ambient noise (black oval) allowing to determine the error
of measurement of the arrival time (arrow a3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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correlation coefficient between the two parameters is close to 0
(±0.05) (Fig. 7c).

Fig. 6 shows that the rising edges of the VEMCO tag emissions as
well as the BISs and the variances of their TOAD are equivalent.
Consequently, the synthetic signals of the VEMCO tag can be used
to study experimentally the azimuth and elevation localization
errors and estimate the accuracy of the here-proposed method.
The azimuth and elevation localization algorithm was applied to
VEMCO emissions with a SNR greater than 13 dB. Fig. 8 illustrates
the results. The successive VEMCO emissions were on average cen-
tered on the target’s theoretical position, therefore fully validating
the numerical implementation of the here-proposed mapping
method. 300 pulses were located per corner of the module. The
standard deviations for the three corners were 2.9�, 3.4� and 3.6�
for the azimuth and 3.8�, 4.2� and 3.51� for the elevation respec-
tively. These values measured in situ are of the same order of mag-
nitude as the CRBs (+�1�). Consequently, the similitudes between
the CRB theoretical approach and the VEMCO field approach fully
validate the accuracy assessment. The accuracy of the localization
process in azimuth and elevation is of the order of 3�, representing
a spatial accuracy of 0.15 m for an emission located at 3 m of the
recording array, 0.5 m at 10 m, 2.6 m at 50 m, 5.2 m at 100 m



Fig. 7. Results of the calculation of the CRB for the geometry of the ‘‘Cyclope” andrs = 64 ms. (a) Lower bound of the standard deviation of the azimuth estimation a. (b) Lower
bound of the standard deviation of the elevation estimation h. (c) Coefficient of correlation between elevation and azimuth.

Fig. 8. Estimations of the azimuth and elevation of the VEMCO source at 3 corners
of the FAKIR reef. Corner C4 was not included because the divers had to start their
ascent. In black, the location of 300 emissions per corner, in blue the CRB ellipse of
error, in red the perimeter of the FAKIR reef. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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and 10.4 m at 200 m. Numerical simulations not shown here, sug-
gested that the near field assumption was valid within a volume
made by the array of the hydrophones enlarged of approximatively
1 m in each dimension. Outside this quite limited volume the far
field assumption was met. Inside this volume the position of the
sources were defined by their three geometric coordinates and
the accuracy was ranging from 0.2 m at the center of the volume
to 0.5 m at the border.
4. Second processing stage: Mapping the BIB using the BISs
emitted over a significant period of time

A coastal environment can generate more than 50 BISs per sec-
ond (see Section 5.1). Using recordings of significant duration
allows collecting a large number of BISs, each of which can be pro-
cessed according to the first processing stage for detection and
localization. A time series is generated consisting of detection
dates, azimuths, elevations and features of the BIS (here SPLrms

and SPLpeak-to-peak). This time series is the rawmaterial used to gen-
erate the BIB maps.

The primitive space of mapping is the spherical space, where
the BIB is mapped as a function of azimuth and elevation. We pro-
pose to refer to this generic representation as the panoramic map
(Fig. 9, plots P1 and P2). Assuming an a priori knowledge of the
surface over which the sources of BIB are distributed, their position
can be assessed by intersecting the direction of arrival of the sound
{azimuth, elevation} with this surface. Consequently, this allows
obtaining well-adapted and specific representations.

Here, we developed two specific map representations. The first
one referred to as the sentinel surface map (plot P3, Fig. 9), focusses
on a known surface facing the hydrophone array. The second one,
referred to as the seafloor map (plot P4, Fig. 9) represents a map of
the BIB on the seafloor by taking advantage of the sea surface echo
of the BISs. In the panoramic map, the number of BISs per unit of
time and unit of solid angle (No Imp s�1 srad�1) and SPL (rms,
peak-to-peak, dB re 1 mPa) are mapped. For the sentinel surface
map and the sea floor map, the number of BISs per unit of time
and unit of area (No Imp s�1 m�2) and SL (rms, peak-to-peak, dB
re. 1 mPa at 1 m) are mapped.
4.1. The panoramic map representation

In the case for which we do not have a priori information on the
surface emitting the BISs, we suggest a generic panoramic map
representation (plot P1, Fig. 9). A sphere is defined around the
hydrophone array. The surface of this sphere is discretized into
small elementary pixels P corresponding to an azimuth range of
[a0-da/2, a0 + da/2] and an elevation range of [h0-d h /2, h0 + d
h/2]. Each pixel defines an elementary cone of known solid angle
for which, from the global time series, we search for the directions
of arrival of the BISs that belong to this cone. From these selected
BISs, we can evaluate the number of BISs per unit of time, as well as
the statistical distribution of the SPL (i.e., probability density func-
tion, mean, median, percentiles, etc.). We then obtain maps of the
number of BISs per unit of time and unit of solid angle as well as
the moments of the statistical distributions of the SPL as a function
of the central azimuth and the central elevation of the pixels. To
finalize the imagery, the maps of the acoustic properties are draped
onto the surface of the sphere thus providing the panoramic map
representation. To favor understanding, we transposed the spheri-
cal surface on a flat support (plot P2, Fig. 9). On the final planar rep-
resentation, the azimuth is found on the horizontal axis and the
elevation on the vertical axis (Fig. 9, plot P2, Figs. 10–13 for real
data examples).
4.2. The sentinel surface map representation

Here, we assume that the BISs are emitted on a surface S of
known distance and orientation from the array of hydrophones.
For each elementary pixel of the sphere representing a range of
azimuths and elevations (Fig. 9, plot P3), we can associate an



Fig. 9. The 3 types of representations of the map of the BIB. Plots P1 and P2: Panoramic map representation in a spherical view (P1) and in a plane view (P2), P3: Sentinel
surface map representation, P4: Seafloor map using echoes from the surface.
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elementary surface projected onto S. This surface is a quadrilateral,
centered on c and vertex {s1, s2, s3, s4}. The position of the center c,
the vertex and the area of the quadrilateral can be calculated from
the geometric considerations set out in Appendix C. The acoustic
descriptors associated with the elementary pixel on the sphere
are then associated to the center c on the surface S. Two new
descriptors can then be calculated: (i) the SL (dB re. mPa at 1 m)
from the distance between c and the recording array and (ii) the
number of BISs emitted per unit of time and area around c from
the area of the quadrilateral {s1, s2, s3, s4}.
4.3. The seafloor map representation

Here, we assume that the BISs are emitted near the seafloor.
Due to the roughness of the seabed or to obstacles, the direct path
between the source and the recording array can be attenuated or
masked. Therefore, the use the echoes reflected on the surface
may be of advantage, as they are not be masked. Furthermore,
the surface echo of a source located on the seafloor can be seen
as the measurement of a virtual hydrophone above the surface,
symmetric to the real one. This virtual hydrophone increases the
size of the array along the vertical axis and allows to estimate
the range of the source [58] in addition to its depth and azimuth.
Consequently, the absolute positions of the sources located on
the seafloor are available. At each elementary pixel of the sphere
representing a range of azimuth and elevation, we can associate
an elementary surface projected on the seafloor. This surface is a
quadrilateral centered on c and vertex {s1, s2, s3, s4} (plot P4,
Fig. 9). If the water depth is known, the position of the center c,
the vertex and the area of the quadrilateral can be calculated from
the geometrical considerations set out in Appendix C. The acoustic
descriptors associated with the elementary pixel on the sphere are
then associated with the center c on the seabed. By doing so, two
new descriptors can be calculated: (i) the SL (dB re. mPa at 1 m)
from the length of the surface-reflected path between c and the
recording array and (ii) the BIS density emitted per unit of time
and of area around c from the area of the quadrilateral {s1, s2, s3,
s4}.

4.4. Synthesis of the parameters of the mapping process

Table 2 summarizes the essential settings of the processing
chain and the values used for the results presented in part 4.
5. Application to the Prado2015 campaign

5.1. Panoramic maps of the FAKIR and ROCKS reefs

During 10 h of acoustic recordings (29/09/2015 at 21: 00 to
30/09/2015 at 07:00) at the FAKIR reef, the recording array
‘‘Cyclope” detected 1,955,822 BISs on channel A, i.e. 54 BISs/sec-
ond, and localized 430,267 BISs corresponding to 8 BISs/second,
or 22% of the overall detected BISs.

Fig. 10 shows the panoramic map of the number of BISs emitted
per hour in a cone of 2� by 2� as a function of elevation and azi-
muth for the FAKIR reef, whereas Fig. 11 presents the panoramic
map of the 90th centile of the SPLrms. The distribution of the BISs
and their SPLs were not homogeneous over space. The highest den-
sities of BISs were concentrated in a ring (ring r, Fig. 10 or Fig. 11)
with elevations ranging between �7� to +7�. These BISs, near the



Fig. 10. Panoramic map of the number of BISs emitted per hour in a cone of 2� by 2� in elevation and azimuth for the FAKIR reef. Logarithmic color map (blue color for 1 BIS
per hour in a cone of 2� by 2�, yellow for 10 BIS per hour in a cone of 2� by 2�, red for 100 BIS per hour in a cone of 2� by 2�), r : elevations between �7� and +7� comprising the
BISs coming from the horizon, box b1: Angular window of the FAKIR reef located northward of the ‘‘Cyclope” array, box b2: angular window above the FAKIR reef
corresponding the BISs emitted at the top of the FAKIR and reflected at the surface. Arrows a: example of local maxima of the number of BIS per hour in a cone of 2� by 2�with
positive elevation corresponding to BISs emitted by distant reefs and reflected at the surface. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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horizontal direction, were produced by distant reefs of village n�6
(Fig. 1). This ring comprised 244,875 pulses, i.e. 56% of the localized
BISs. This horizontal area of high density of BISs has moderate
SPLsrms due to the great distance of the sources and potential
masking by the bathymetry or other artificial reefs. This area of
high BIS density showed a density decrease for azimuth between
66� and 127� (box b1, Figs. 10 and 11) coinciding with the highest
SPLrms values. This region (boxcar b1) corresponds to the angular
acoustic ‘‘fingerprint” of the front side of the FAKIR facing the
hydrophone array at 3 m. 46,311 BISs were directly emitted by
the module (i.e. 10.7% of the localized BISs) for elevations between
�20� and +25� and with SPLrms values of the 90th percentile of the
order of 130 dB re 1 mPa and more. On top of boxcar b1 is boxcar b2

(Figs. 10 and 11) with the same azimuthal range but with eleva-
tions near the vertical axis (i.e., >75�). Boxcar b2 corresponds to
the echoes of the BISs emitted at the top of the FAKIR reef and
reflected at the sea surface. Around 11 local maxima of BIS density
or SPLrms appear at positive (>10�) elevations (arrows a, Figs. 10
and 11). These local maxima correspond to sea surface echoes of
BISs emitted at the top of other distant reefs. This is highlighted
by the fact that the azimuth of theses local maxima coincides with
local maxima in the ring r, which correspond to the direct path of
the BISs of distant reefs.

Fig. 12 shows the panoramic map of the number of BISs emitted
per hour in a cone of 2� by 2� in elevation and azimuth for the
ROCKS reef, whereas Fig. 13 presents the panoramic map of the
90th percentile of the SPLrms. The panoramic maps of the ROCKS
reef follow the same general patterns as the ones of the FAKIR reef.
The horizontal ring concentrates the highest density with several
local maxima (arrows c, Fig. 12). Each local maximum corresponds
to a distant reef. To confirm this, for each azimuth angle we
summed the number of BISs with elevations within �7� and +7�
to obtain a density of horizontal BISs as a function of the azimuth.
We then created a polar-plot of this density on top of the side-scan
sonar map of the reef system. The polar-plot of the density curve
was centered on the ROCKS reef (Fig. 14). The connection lines
between the origin (ROCKS reef) and the local maxima of the den-
sity curve of the polar plot (Fig. 14, black arrows) follow three
regimes. For the angular sector A (Fig. 14), the curve does not pre-
sent local maxima and the far reefs are not detected; here the close
ROCKS reef masks the more distant reefs. The radius from ROCKS
oriented toward the direction of a local maxima, (Fig. 14, numbers
4–16) always intercept a reef within a 3-m accuracy, which is
coherent with the angular resolution of the here-described process
(5 m at a distance of 100 m) and the accuracy of the towed side-
scan sonar (2 m). For directions that always intercept a reef within
10 m (Fig. 14, radius 1–3) the accuracy is degraded because of the
partial masking of the closest ROCKS reef. The local maxima of the
density curve coincide with distant modules of the artificial reef
system. The ROCKS and FAKIR reefs differ in the boxcar b1 repre-
senting the angular ‘‘fingerprint” of the reef. For the ROCKS reef,
the density of BISs within boxcar b1 (Fig. 12) was weak (�10 times



Fig. 11. Panoramic map of the 90th centile of the SPLrms (dB re1mPa) of the BISs in a cone of 2� by 2� in elevation and azimuth for the FAKIR reef. r: elevations between �7� and
+7� comprising the BISs coming from the horizon, box b1: Angular window of the FAKIR reef located northward of the ‘‘Cyclope” array, box b2: angular window above the
FAKIR reef corresponding the BISs emitted at the top of the FAKIR and reflected at the surface. Arrows a: example of a local maxima of the 90th centile of the SPLrms in a cone
of 2� by 2� with positive elevation corresponding to the BISs emitted by distant reefs and reflected at the surface.
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less that the one of FAKIR). We hypothesize that the many rocks
composing the ROCKS reef mask the direct path propagation
between the BISs and the array. On the contrary, the density is high
within the boxcar b2, corresponding to echoes of the BISs emanat-
ing from the ROCKS reef and reflecting on the sea surface. These
surface-reflected echoes are less subject to masking by the rocks
constituting the ROCKS reef. The small number of BISs contained
within box b1 has the highest SPLrms (box b1, Fig. 13).

Finally, the panoramic maps of the FAKIR and ROCKS reefs indi-
cate that the front side of the FAKIR reef is a good candidate for the
sentinel surface map representation, whereas the top side and the
surroundings of the ROCKS reef are appropriate candidates for the
seafloor map representation using surface echoes.
5.2. Sentinel surface map of the front side of the FAKIR reef

Fig. 15 presents the sentinel surface map of the number of BISs
per hour and square meter at the front side of the FAKIR reef, while
Fig. 16 presents the 90th percentile of the SL (dB re 1 mPa at 1 m).
Density and SL match the geometry of the reef and show specific
biophonic modulations. The density of BISs is not equally dis-
tributed over the surface of the reef. ‘‘Hot-” and ‘‘cold-” spots are
spread over the surface. Details clearly appear at a scale of
30 cm. This validates the results of the resolution/accuracy
exposed in Section 3.3. Density was poor at the borders of the reef,
particularly along the vertical stakes as well as the lower part of
the module (Fig. 15). In contrast, the upper level of the reef showed
high BIS density, in particular within the cavity structures of the
module (Fig. 15). The distribution of the 90th percentile of the SL
follows exactly the same pattern as the density. The SL of the
‘‘hotspots” ranged between 145 and 150 dB re 1 mPa at 1 m, which
is in agreement with Lossent et al. [59], who measured 147 dB re
1 mPa at 1 m.

Under the assumption of transmission loss [60] equal to

TL rð Þ ¼ 10log10
r
2h

� �
þ 20log10 2hð Þ ð6Þ

with h representing the water depth, the range of the BIB of the
FAKIR reef was 100 m with a SNR of 10 dB, 503 m with a SNR of
3 dB, 1000 m with a SNR of 0 dB.

5.3. Seafloor map using the surface echoes of the BISs of the
neighborhood of the ROCKS reef

Seafloor maps were built based on the measurements obtained
from the hydrophone array located at the ROCKS reef. All the BISs
with an elevation greater than 10� (Fig. 12, area A1) were consid-
ered as surface echoes and were back-propagated on the seafloor.
Fig. 17 presents the map of the number of BISs per hour and
100 m2. The map of the 90th percentile of the SL is given in
Fig. 18. The BIB was not homogenous within the 300-m radius
around the array. Hot-spots appeared around each artificial reef
in a radius of 200 m around the array. The density decreased with
the distance to the array. One cause may be the attenuation of the
BISs’ SPL due to propagation resulting in smaller SNR values. Com-
pared to the side-scan sonar map, the resolution of the acoustic
map was good below 75 m around the measurement point and
slowly degraded from 75 m to 200 m. ROCKS reefs were detected
and localized up to 200 m. Furthermore, the results obtained on
the dead matte and on the seagrass surrounding village n� 6 illus-
trate how the here-proposed method can be transposed to natural
environments with a well-defined frontier between the dead matte



Fig. 12. Panoramic map of the number of BISs emitted per hour in a cone of 2� by 2� in elevation and azimuth for the ROCKS reef. Logarithmic color map (0-blue => 1 BIS per
hour in a cone of 2� by 2�, 1-yellow => 10 BISs per hour in a cone of 2� by 2�, 2-red => 100 BISs per hour in a cone of 2� by 2�), ring r: elevations between �7� and +7�
comprising the BISs coming from the horizon with local maxima (arrows c) associated to distant reefs, box b1: Angular window of the ROCKS reef located northward of the
‘‘Cyclope” array, box b2: angular window above the ROCKS reef corresponding the BISs emitted at the top of the ROCKS and reflected at the surface. Arrows a: example of a
local maximum of the number of BISs per hour in a cone of 2� by 2� with positive elevation corresponding to BISs emitted by distant reefs and reflected at the surface. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Panoramic Map of the 90th centile of the SPLrms (dB re1 mPa) of the BISs in a cone of 2� by 2� in elevation and azimuth from the ROCKS reef. r: elevations between �7�
and +7� comprising the BISs coming from the horizon, box b1: Angular window of the ROCKS reef located northward of the ‘‘Cyclope” array, box b2: angular window above the
ROCKS reef corresponding the BISs emitted at the top of the ROCKS and reflected at the surface. Arrows a: example of a local maximum of the 90th percentile of the SPLrms in a
cone of 2� by 2� with positive elevation corresponding to BISs emitted by distant reefs and reflected at the surface. The arch represented by the dotted black line corresponds
to loud bathymetric sonar emissions of a passing boat.
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Table 2
Synthesis of the settings of the processing chain.

Settings Bloc in Fig. 5 Value

Bandpass filter C1 [1500 Hz, 70,000 Hz]
Nint: Size of integration for envelope calculation C3 64 samples
Q1, Q2 percentiles for the calculation of the ANL C4 Q1 = 0.2, Q2 = 0.5
Pfa for CFAR C5 10�6

Neutralization time after detection B3 2 ms
Path difference accuracy threshold B6, B7, B8, B9 0.05 m
Discretization of the search space of the azimuths and

elevations of the source
B6 Azimuth = �180�:0.1�:180�

Elevation = �90�:0.1�:90�
Discretization of the search space of the x, y, z of the source B8 X = �10 m :0.2 m :10 m

Y = 10 m:0.2 m:10 m
Z = 10 m:0.2 m:10 m

Discretization of BIB maps* Generic panoramic mode 720 � 360 pixels
720 central azimuths = �180�:0.5�:180�
360 central elevations = �90�:0.5�:90�
Pixel width in elevation = 2�
Pixel width in azimuth = 2�

* The step and width of the discretization of the azimuth and elevation angles are consistent with the angular resolution of the order of 3� of the ‘‘Cyclope” recording array.

Fig. 14. ROCKS Polarplot (centered on the ROCKS reef) of the relative density of horizontal BISs superposed on the side-scan sonar map. Each black arrow is a line passing by
the center of the array and a local maximum of the density curve. A is the north-east angular sector where masking by the close ROCKS reef holds on.
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and the living seagrass. As illustrated in Fig. 17, the density was
very poor in the dead matte, while it was high within the Posidonia
oceanica meadow (area A1, Fig. 17). The areas of high SL coincided
with the area of high density. The ROCKS reefs appear to host the
loudest BIB compared to the other reef types as well as the Posido-
nia oceanica meadow, although the differences remain below
13 dB.

6. Discussion

Recent developments in soundscape ecology highlighted the
need to link a sound emission with its position and to estimate
the density (number of emissions per unit of surface) rather than
number of BISs only [19,20].

The main contribution of our study was to describe and illus-
trate the 3D mapping of the BIB using a simple operational system
(cost efficient, ease of use). We propose a novel, straightforward
methodology that produces acoustic maps of the BIB from a com-
pact 2 m � 2 m � 2 m array of 4 hydrophones at both small and
large scales. The maps are based on individually detected BISs
localized in azimuth and elevation using the TOAD between pairs
of hydrophones. As the production of the BIB is sustained (54
BISs/s in this study, [61,62]), a recording session of several hours
makes it possible to collect BISs coming from all possible emission
sites. The extraction of acoustic features from the detected BISs
allows building acoustic maps at different spatial scales.

The here-proposed work lies within the framework of tool
development for underwater eco-acoustic studies. To our knowl-
edge, three studies [11,43,48] used operational instrumentation
and suggested processing chains to describe the directionality (azi-
muth) of the BIB of coastal ecosystems. In these three studies,
advanced adaptive or non-adaptive beam forming algorithms,
well-suited for planar and spherical waves, were fed with the spec-
tral coherence functions between sensors. This allows limiting the



Fig. 15. Sentinel surface map of the number of BISs per hour and m2 on the front side of the FAKIR reef, logarithmic color scale (1-blue => 10 BISs per hour and m2, 2-
green => 100 BISs per hour and m2, 3-red => 1000 BISs per hour and m2), black thin line: contour of the FAKIR reef (source E. Medioni, City of Marseille). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 16. Sentinel surface map of the SL(dB re 1 mPa at 1 m) on the front side of the FAKIR reef, black thin line: contour of the FAKIR reef (source E. Medioni, City of Marseille).
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number of sensors by using the large bandwidth of the coherent
signals from one sensor to another. As the spectral coherence func-
tion is built from an FFT to compute the azimuth of the wave, the
spectral coherence function between sensors integrates simultane-
ously the direct path and a series of echoes, with time of arrivals
falling within the FFT window. The set of echoes with their own
positive or negative elevations emanate from the reverberation.
As long as we consider hydrophones distributed on the same hor-
izontal plane, this reverberation is very similar from one hydro-
phone to another, in particular if the inter-sensor distance is
small compared to the distance between the recording array and
the source. In this case, the reverberation does not cause the spec-
tral coherence function to collapse. For the localization and a map-
ping in three dimensions, it is necessary to arrange the
hydrophones at different depths. In this configuration, the rever-
beration between two hydrophones at different depths varies, even
if they are close to each other. In this case, the coherence function
collapses and the solutions proposed in Ferguson and Cleary, Mik-
lovic and Bird and Freeman et al. [11,43,48] are no longer appropri-
ate. D’Spain and Batchelor [49] showed a successful
characterization of the vertical directionality of BIB from a planar
antenna of 6 m height and 0.6 m width, comprising 131 hydro-
phones. The large number of sensors makes it possible to directly
apply classical or adaptive tracking techniques even in the pres-
ence of reverberation. However, this type of system is costly and
difficult to deploy. To succeed in mapping the BIB in 3D with only
4 hydrophones, we suggested a new approach, which consists in
working only on individual BISs that emerge from the background



Fig. 17. Seafloor map of the number of BISs per hour and per 100 m2 of the neighborhood of the ROCKS reef. Grey scale background layer: side-scan sonar map, black circles:
50 m, 100 m, 150 m and 200 m radius centered on the array, black area A1: Posidonia oceanica meadow. Colored lines: iso-contour of the number of BISs per hour and per
100 m2 – green = 280 BISs per hour and per 100 m2, yellow = 560 BISs per hour and per 100 m2, orange = 1120 BISs per hour and per 100 m2, red = 2240 BISs per hour and
100 m2, purple = 4480 BISs per hour and per 100 m2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 18. Seafloor map of the 90th centile of the SL (dB re 1 mPa at 1 m) of the neighborhood of the ROCKS reef. Grey scale background layer: side-scan sonar map, black circles:
50 m, 100 m, 150 m and 200 m radius centered on the array, black area A1: Posidonia oceanica meadow. Colored lines: iso-contour of the 90th centile of the SL (dB re 1 mPa
at1m) – green = 132 dB, yellow = 135 dB, orange = 138 dB, red = 142 dB, purple = 145 dB. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Table 3
Summary of the performance of the methods developed.

Method Configuration of the application Mapping range Mapping resolution Density unit

Panoramic Map All benthic sources �500 m 3� in elevation and azimuth, 15 m at
a distance of 300 m

Number of BISs per unit of time and
unit of solid angle

Surface Sentinel Map Sources on a known vertical surface �5 m 0.2 m in the mapping range Number of BISs per unit of time and
unit of surface

SeaFloor Map Sources on the seafloor �200 m 10 m in the mapping range Number of BISs per unit of time and
unit of surface
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ambient noise. We can therefore take advantage of the large band-
width naturally present in these transient sounds [63] in order to
estimate their TOA. The TOA were based on the rising edge of the
BIS, i.e., the first instant at which the sound level of the sound
exceeds the detection threshold. This rising edge informs about a
single arrival from a direct path or a surface reflected path. By
working with rising edges, the influence of the reverberation can
be avoided. This allows to realize localization in azimuth and ele-
vation of the BISs. The outputs of the here-proposed method are
maps of the density of BISs and of their acoustic features. For the
panoramic map, the density of BIB is the number of BISs per unit
of time and per unit of solid angle. If some a priori knowledge is
available about the location of the surface where the benthic inver-
tebrates are situated, the azimuth and elevation may be converted
in absolute 3D positions. For the sentinel surface map and the sea-
floor map the density of the BIB is the number of BISs per unit of
time and surface. In this study, we illustrated the mapping of
two acoustic features, the SPLrms and SLpeak-to-peak, but any other
measurable BIS feature (peak frequency, duration, etc.) can be
mapped as well. The mapping process if fully quantitative and
allows comparisons between areas, surfaces, objects, etc. Further-
more, the sentinel surface map allows to follow benthic inverte-
brate activity at small scales with a high accuracy within a
defined area or volume (i.e., here the artificial reefs). It therefore
represents a means to identify and follow bioacoustics hotspots
over space and time. The seafloor map presents the features pro-
jected on the seafloor, providing a large-scale map of the benthic
invertebrate activity and also allowing to assess detection or hear-
ing ranges. Together, these represent key parameters, usually miss-
ing in eco-acoustics surveys.

Another advantage of the here-proposed localization method is
its accuracy and mapping resolution. The results using in situ
measurements of known active emission locations matched the
theoretical framework based on CRB. The angular accuracy and res-
olution were 3� in azimuth and elevation, implying a spatial accu-
racy and resolution equal to 0.15 m for a source located at 3 m of
a recording array, 0.5 m at 10 m, 2.6 m at 50 m, 5.2 m at 100 m
and 10.4 m at 200 m (see Table 3). This high accuracy, particularly
at small ranges, allows identifying acoustic patterns also over small
spatial scales and track sound sources. This was clearly illustrated
in the sentinel surface map of the FAKIR reef that perfectly matched
the geometry and structure of the reef. This not only confirms the
accuracy and resolution of the here-proposed method, but also
emphasizes patterns of acoustic map linked to local benthic activ-
ity. This may have implications if such acoustic hot-spots are asso-
ciated to specific species or behaviors. Combined to themetrics that
can be calculated (e.g., density, SL), such activities/behaviors can be
quantified and used to assess ecologically-relevant processes (e.g.,
quantification of grazing activity in sea urchins).

The here-proposed 3D mapping method also allows direct com-
parisons. The panoramic maps of BIB densities and SPLrms for
instance, highlighted differences between the two artificial reef
types but also shared patterns that can be implemented inmonitor-
ing surveys and compared to other data such as biomass, diversity
etc. For both, the FAKIR and ROCKS reef, the BIB was not uniform in
space, but highly directional. Only �10% of the BISs were emanated
by the nearest FAKIR or ROCKS reef. The panoramicmaps of the two
modules differed. While the side of the FAKIR reef facing the hydro-
phone array was clearly visible, it was almost absent in the ROCKS
reef. However, because the BISs echoes from the sea-surface above
the ROCKS reef were numerous, the difference observed may not
result from a smaller benthic activity of the ROCKS reef compared
to the FAKIR, but rather indicate that the rocks composing the reef
mask the direct horizontal propagation path.

Using the same compact hydrophone array system, we were
also able to create large-scale maps, referred to as seafloor maps
using the surface echoes of the BISs of distant reefs. The seafloor
map matched the side-scan sonar map. The sea-surface reflected
echoes that appeared as local maxima in the density map at eleva-
tions greater than 7� corresponded to distant modules on the side-
scan sonar map. The maxima of the sea-surface reflected echoes
used for the seafloor map also coincided with the local azimuth
maxima of the horizontal ring with an elevation between �7� to
+7� in the panoramic map. This ring concentrated the highest den-
sity of BISs i.e., almost 60% of all detected BISs and the retro-
propagation of the observed maxima to their sources, revealed that
they were indicative of distant soniferous reefs. The BIB of reefs at
up to 200 m distance could successfully be located and mapped
using the seafloor map method with an accuracy equal to 15 m,
which further confirms our prediction of accuracy and resolution.
The seafloor map indicates differences in density and SL between
different reef types. However, to avoid misinterpretation, direct
comparisons should only be conducted between reefs located
approximately at the same distance from the array. Besides provid-
ing a detailed large-scale acoustic map, the seafloor map approach
also allows to differentiate between natural habitats. The BIB of the
dead matte was poor and weak compared to the rich and loud BIB
of the Posidonia oceanica meadow. A comparison between the BIB
of the Posidonia oceanica meadow and the BIB of the artificial reefs,
allows to identify the artificial reefs that reproduce a number of BIS
per unit of time and unit of surface equivalent to the natural one
and those reefs that produce more or less than the natural BIB.

7. Conclusions

The mapping processes presented in this study demonstrated
that the BIB is highly directive and coming from localized acoustic
hot- spots including artificial reefs or natural habitats. Our results
also highlight the potential of this compact, easily replicable sys-
tem and its derived acoustic maps for eco-acoustics or ecological
applications. The full understanding of the BIB to diagnose which
reefs are the best hosts for marine fauna, the most efficient ones,
or to describe how the reefs are connected with their surrounding
natural environments requires a directive multi-hydrophone hear-
ing and a mapping process.

Our results also suggest that passive acoustic monitoring with
directional hearing and mapping is appropriate to survey the effi-
ciency of ecological restoration actions such as artificial reef
deployments or to follow the settlement of the fauna on newly
introduced structures such as marine renewable energy devices.

This work represents a first and promising step towards the use
of acoustic maps to answer ecologically-relevant questions at local
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spatial scales. An additional key development of the here-proposed
method would be to adapt it to the biophony of fishes using a lar-
ger 10 m � 10 m � 10 m four hydrophones array to account for the
lower frequencies of fish sounds. Knowledge on spatio-temporal
activity of marine species and entire communities, home ranges
and acoustic spaces of fish species, movements, etc. is still sparse
but ecologically critical. Advances in the here-proposed method
will help to study these issues and fill some of these gaps.
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Appendix A. Algorithm for the Constant false alarm Rate (CFAR)
detection of individual pulses

Let s1 nð Þ be the rawmeasurement at time n. Te of one channel of
the 4-hydrophones array. Firstly, s1 nð Þ is filtered by a bandpass
Butterworth filter of 4th order to produce s2 nð Þ. The lower cutoff
frequency is 1500 Hz and the higher cutoff frequency is
70,000 Hz (C1, Fig. 5).

Then the energy of s2 nð Þ over the duration T = Nint. Te is com-
puted by (C2 and C3, Fig. 5):

u1 ¼ n� Nint
2 � 1

u2 ¼ nþ Nint
2

ES2 nð Þ ¼ Pu2
u1

s2 n� uð Þð Þ2
ð7Þ

ES2 nð Þ is the statistic test T that will be compared to a threshold k
(C6, Fig. 5) to run the detection.

This threshold is based on a Constant False Alarm Rate detector.
Let cdfT að Þ be the cumulative distribution function of test T, when
the measurements contain noise only, and Pfa the aimed probabil-
ity of a false alarm, then the threshold of detection is given by:

k ¼ cdf�1
T 1� Pfað Þ ð8Þ

To compute cdfT að Þ, we made the assumption that the samples
of the noise at different times are independent, identically dis-
tributed and following a normal distribution of zero mean and
variance equal to ANL (Ambient Noise Level). Under these assump-
tions, ES2 nð Þ follows a chi-squared distribution with Nint degrees of
freedom. Its mean is equal to Nint. ANL. If Nint is higher than 20,
then the chi-squared law may be approximate by a Normal law.
The two parameters (mean equal to ANL and variance r2) are
unknown and must be estimated directly from the measurements
(C4, Fig. 5).

We follow the method described by Kinda et al. [55]. A 10s-
snapshot of ES2 nð Þ is selected and a single ANL law is estimatedfor
each sample in the 10 s interval. The time series of ES2 nð Þ is then
ordered and two small quantiles Q1, Q2 are chosen (typical value:
Q1 = 0.2, Q2 = 0.4). Let E(Q1) and E(Q2) be the value of the energy
at these quantiles. Because the quintiles Q1 and Q2 are small, we
assume that their levels are constituted by background noise only
and can be used to infer the two parameters of the normal law:

ANL ¼ erfc�1 2Q1ð ÞE Q2ð Þ � erfc�1 2Q2ð ÞE Q1ð Þ
erfc�1 2Q1ð Þ � erfc�1 2Q2ð Þ

ð9Þ
r ¼ �1ffiffiffi
2

p E Q1ð Þ � E Q2ð Þ
erfc�1 2Q1ð Þ � erfc�1 2Q2ð Þ

ð10Þ

Then the detection threshold k is:

k ¼ ANL�
ffiffiffi
2

p
rerfc�1 1� Pfað Þð Þ ð11Þ
Appendix B. Formulation of TOA under the wave-plane
hypotheses and derivation of the Cramer Rao Bounds (CRB) for
the azimuth and elevation

We assume a 3D recording array consisting of 4 hydrophones
arranged at positions {xi, yi, zi}, i e {1,2,3,4}, an acoustic source at
large distance generating a plane wave with its direction of arrival
defined by its azimuth as and its elevation hs. For two different sen-
sors of indices i and j, the vector connecting these two sensors is
defined by:

xji ¼ xj � xi; yj � yi; zj � zi
	 
 ð13Þ

The direction vector of the wave ensonifying the recording array
is defined by:

u ¼ �cos hð Þcos að Þ;�cos hð Þsin að Þ;�sin að Þ½ � ð14Þ
The difference in the TOA of the incident wave between the sen-

sor j and the sensor i is given by:

sji ¼ si � sj ¼ �1
c

< xji;u > ð15Þ

Where <. . . > is the scalar product.
Thus:

sji ¼ �1
c

xj � xi
� �

cos hð Þcos að Þ þ yj � yi
� �

cos hð Þsin að Þ þ zj � zi
� �

sin hð Þ	 

ð16Þ

The Cramer-Rao theorem [57] indicates that for any unbiased

estimator of ba; bhn o
on the basis of TOAD measurements, we have:

cov ba; bh� �
� I�1 � 0 ð17Þ

where I is the Fisher information matrix.
Thus, the diagonal terms of I�1 are lower bounds of the variance

of any unbiased estimator of ba; bhn o
. These lower bounds called

‘‘Cramer Rao Bounds” are reached asymptotically by the maximum
likelihood estimator.

Under the assumption that the TOAD measurements are cor-
rupted with a Gaussian additive noise of variance r2

s and indepen-
dent for two pairs of different hydrophones, then the maximum
likelihood estimator consists in minimizing the criterion JFF [57]
and the Fisher information matrix is simply written as:

I ¼ 1
r2
s

@s
@a
@s
@h

" #
@s0
@a

@s0
@h

	 
 ð18Þ

where s is a vector column collecting the different TOAD s ij for i
and j between 1 and 4 and i– j.

Appendix C. Details of the geometric calculations for sources
located on known sentinel surfaces and on the seafloor via
reflected echoes on the surface

Here we provide the elements for calculating the positions of
the points and the areas of the surfaces for the specific case of
the mapping of BIB coming from known surfaces: a vertical surface
and the seabed. For both cases, we have to connect the direction of
arrival given by the azimuth and the elevation with its intersection



192 C. Gervaise et al. / Applied Acoustics 148 (2019) 175–193
with the emitting surface (Fig. 19). Then from an elementary pixel
in azimuth and elevation we must find the vertex of the quadrilat-
eral corresponding to the elementary pixel projected on the surface
of ensonification. Finally, we must calculate the area of this
quadrilateral.

Case 1: The sources are located on a known sentinel surface

We suppose a vertical surface S located at a distance d from the
origin, perpendicular to the y-axis (Fig. 20). A source ‘‘I” on surface
S emits an incoming sound with an azimuth a and an elevation h,
then the directing vector of the line of sight connecting the origin
with ‘‘I” is given by:

u ¼ ux;uy;uz
	 
 ¼ cos hð Þcos að Þ; cos hð Þsin að Þ; sin að Þ½ � ð19Þ

R the distance between the origin and the point ‘‘I” is obtained by:

R ¼ d
uy

ð20Þ

The coordinates of ‘‘I” are then:

Ix; Iy; Iz
	 
 ¼ d

ux

uy
; d;d

uz

uy

� �
ð21Þ
Fig. 20. Calculation geometry for a source on the seabed using the reflected surface
echoes for the assessment of the seafloor map.

Fig. 19. Calculation geometry for a sentinel surface representation.
For an elementary pixel in azimuth and elevation P : [a0 + da/2,
a0 + da/2]x[h0-d h/2, h 0 + d h/2], the coordinates of five points are
calculated: the center of the quadrilateral C (see plot P3, Fig. 9) cor-
responding to {a0, h 0} and the four vertex of the quadrilateral s1
corresponding to {a0 � a/2,h0 � dh/2}, s2 corresponding to
{a0 � a/2,h0 + dh/2}, s3 corresponding to {a0 + a/2,h0 + dh/2}, and
s4 corresponding to {a0 + a/2,h0 � dh/2} (plot P3, Fig. 9).

Finally, the area A of the quadrilateral is computed thanks to the
coordinates of the vertex by:

2A ¼ x1 � x3ð Þ � z2 � z4ð Þj j þ x2 � x4ð Þ � z1 � z3ð Þj j ð22Þ

where x1, x2, x3, x4, z1, z2, z3, z4 are the coordinates of the s1, s2, s3, s4
in the vertical surface S.

Case 2: The sources located on the seafloor using echoes reflected
on the surface

We assume a source ‘‘I” located on the seabed and emitting an
echo reflected on the surface and then joining the array of mea-
surement (Fig. 20). The distance between the source ‘‘I” and the
origin is referred to as ‘‘R” and the height of the water column is
referred to as ‘‘h”, the azimuth and the elevation of the arrival of
the path reflected at the surface are a and h. The distance ‘‘R” is
given by:

R ¼ 2
h

tan hð Þ ð23Þ

And the coordinates of ‘‘I” are:

Ix; Iy; Iz
	 
 ¼ Rcos að Þ;Rsin að Þ;0½ � ð24Þ

As in the other case, for an elementary pixel in azimuth and ele-
vation P : [a0 + da/2, a0 + da/2]x[h0 � dh/2, h0 + dh/2], the coordi-
nates of five points are calculated: C (plot P4, Fig. 9)
corresponding to {a0, h0} and the four vertex of the quadrilateral
s1 corresponding to {a0 � a/2, h0 � dh/2}, s2 corresponding to
{a0 � a/2, h0 + dh/2}, s3 corresponding to {a0 + a/2,h0 + dh/2}, and
s4 corresponding to {a0 + a/2, h0 � dh/2} (see plot P4, Fig. 9).

Finally the area A of the quadrilateral is computed thanks to the
coordinates of the vertex by:

A ¼ x1 � x3ð Þ � y2 � y4ð Þj j � x2 � x4ð Þ � y1 � y3ð Þj j ð25Þ

where x1, x2, x3, x4, y1, y2, y3, y4 are the coordinates of the s1, s2, s3,
s4 at the seafloor.
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