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Abstract: Ocean processes can locally modify the upper ocean density structure, leading to an
attenuation or a deflection of sound signals. Among these phenomena, eddies cause significant
changes in acoustic properties of the ocean; this suggests a possible characterization of eddies via
acoustics. Here, we investigate the propagation of sound signals in the Northeastern Atlantic Ocean
in the presence of eddies of Mediterranean Water (Meddies). Relying on a high-resolution simulation
of the Atlantic Ocean in which Meddies were identified and using the Bellhop acoustic model, we
investigated the differences in sound propagation in the presence and absence of Meddies. Meddies
create sound channels in which the signals travel with large acoustic energy. The transmission loss
decreases to 80 or 90 dB; more signals reach the synthetic receivers. Outside of these channels, the
sound signals are deflected from their normal paths. Using receivers at different locations, the acoustic
impact of different Meddies, or of the same Meddy at different stages of its life, are characterized
in terms of angular distributions of times of arrivals and of energy at reception. Determining the
influence of Meddies on acoustic wave characteristics at reception is the first step to inverting the
acoustic signals received and retrieving the Meddy hydrological characteristics.

Keywords: Mediterranean Water eddies; sound propagation; ROMS model; Bellhop model

1. Introduction

Ocean acoustics is the science of sound processes in the ocean and is concerned in par-
ticular with sound generation, propagation, attenuation and deflection [1,2]. This science
is essential to understand marine mammal communication, for seismic studies, oceano-
graphic applications, acoustic tomography, sonar detection and underwater engineering.
Sound propagation in the ocean strongly depends on variations of temperature, salinity,
pressure and on the presence of currents [3]. In particular, surface and internal waves,
eddies (oceanic vortices), inflow/outflow of water masses with different thermohaline
characteristics, fronts, seabed sedimentation, etc. affect the propagation of sound waves in
the sea [4]. The focus of our study is the influence of subsurface oceanic eddies on sound
propagation. The attention given to subsurface eddies, which are numerous and play an
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important role in ocean dynamics but are little known in terms of their acoustic impact, is a
novelty of this work.

Mesoscale (radius = 10–100 km) and submesoscale (radius = 1–10 km) eddies are
ubiquitous in the ocean [5,6]. They are long-lived horizontally recirculating fluid motions,
strongly constrained by the rotation of the Earth and by ocean stratification. Eddies are
found at different depths in the water column [7]. They have a deep imprint in the physical,
chemical and biological structure of the ocean. In particular, they strongly contribute to
the meridional transport of momentum, heat and salt across the oceans [8,9]. Cyclonic and
anticyclonic eddies have different thermohaline structures and rotations [10,11], which
affect sound propagation differently, though their presence is always associated with a
noticeable gradient of sound speed.

Previous studies have addressed the question of the impact of oceanic eddies on sound
propagation, mostly for surface intensified eddies. Henrick et al. (1980) [12] introduced
an acoustic model that related sound speed variations to the eddy radii and rotation
rates. Bong-Chae et al. (2012) [13] investigated eddies in the East/Japan Sea near the
Korean Peninsula. They discovered how a warm eddy affects sound propagation: the
low-frequency sound propagation from the eddy center to the eddy edge is more affected
by the eddy in comparison with the sound propagation from the eddy edge to the eddy
center. In another study, Li Jia et al. (2012) [14] found that an eddy with a warm core can
make the acoustic convergence zone recede and increase its width, while a cold eddy has
an opposite effect. Using the parabolic equation (PE), Lawrence (1983) [14] calculated the
transmission loss as a function of depth and distance for an acoustic signal crossing the
Tasman warm eddy. By examining CTD (Conductivity-Temperature-Depth) temperature
and salinity data, Qingyu (2006) [15] studied how an eddy affected the structure of the
sound velocity and concluded that it affected the surface velocity gradient and the structure
of the deep sound channel. Baer (1980) [16], showed that the location of the eddy relative
to the source causes changes in transmission loss of as much as 20 dB.

Nearly all the above studies were associated with sound propagation through a
surface eddy at a given instant; no investigation was carried out to determine how deep
eddies at different stages of their life affect sound propagation. Subsurface vortices play
a key dynamical role in the oceans but determining their 3D structure and geographical
distribution is a difficult task because of their small size. Pointwise measurements may
thus miss such eddies. Therefore, using integral measurements of changes in acoustic
properties of the ocean is more likely to identify subsurface eddies by quantifying such
changes on long vertical sections of the ocean. Our project has a two-fold objective: first,
quantify the changes in acoustic propagation due to subsurface eddies (the work reported
in this paper) and then invert these measurements to recover the structure and distribution
of subsurface eddies in the ocean. In this paper we address the first objective.

A well-known and dynamically active variety of subsurface eddies are Meddies
(Mediterranean Water eddies). Mediterranean Water flows into the Atlantic Ocean through
the Straits of Gibraltar and generates an outflow along the south and west Iberian coast,
and a plume in the northeastern Atlantic Ocean. Meddies are formed from the instability
of the Mediterranean outflow [17,18]. They may also originate from the interaction of the
Mediterranean Water plume with seamounts, currents or surface-intensified eddies [19].
These Meddies are intensified around 1000 m depth. Their horizontal extent varies from
30 to 100 km, while their vertical extent varies from 500 to 1000 m. They have a positive
temperature and salinity anomaly (up to 4 ◦C and 1 psu) with respect to the surrounding
ocean. They are often long-lived (from 1.5- to 4-year lifetimes). They mostly form near
the Iberian Peninsula, and then drift southwestwards [19,20]. Up to 15–20 Meddies can
form each year. Therefore, Meddies are frequent in the Northeastern Atlantic Ocean. In
particular, we concentrate here on anticyclonic Meddies (the cyclonic Meddies, generally
referred to as deep cyclones of Mediterranean Water, will be studied in another article).
Here we will quantify how Meddies affect the spatial propagation of sound signals locally,
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and how they modify the acoustic amplitude and the time of arrival of sound signals at
receivers lying at different depths downstream of the Meddy.

The present study is a first step to quantify these parameters (acoustic amplitude, time
of arrival) with respect to the Meddy structure and position with respect to the source and
receiver. The long-term goal is to invert the parameters and to recover the radial-vertical
structure of the Meddy via a neural network (this will be the subject of a future study).
In particular, we will then address the complementarity of the acoustic and of surface
dynamical information (sea surface height anomalies related to the eddy).

The key result of this study is that the acoustic impact of Meddies is measurable and
can be clearly attributed to these eddies; sound receivers placed at different depths and
distances from the acoustic source can identify distinct Meddies or the same Meddy at
different stages of its life.

Here, we use the results from a realistic, three-dimensional ocean model (ROMS), ap-
plied to the Northeastern Atlantic Ocean; this model simulates the formation, propagation
and decay of Meddies. The hydrodynamical model output allows us to calculate their
acoustic impact. In particular, we identify and investigate Meddies at different stages of
their lifetime. Section 2 presents the material and methods (oceanic and acoustic models);
Section 3 provides the results of the acoustic model, analyses them and discusses these
results. Section 4 gives the main conclusions and perspectives of the study.

2. Materials and Methods
2.1. Ocean Model
2.1.1. Model Characteristics and Forcing

Sound propagation within Meddies is studied here using the temperature and salinity
fields provided by a high-resolution numerical simulation of the Northeastern Atlantic
Ocean [19]. The simulation is run in the 4.5◦ W to 20◦ W and 32◦ N to 41◦ N area (depicted
in Figure 1) and is based on the Regional Ocean Modeling System (ROMS). ROMS is a 3-D
free surface, sigma-coordinate, split-explicit primitive equation model for the ocean, based
on the Boussinesq and hydrostatic approximations, with ocean thermodynamics and an
equation of state for seawater [21]. The resolution of the horizontal grid is about 3 km,
and the vertical grid is composed of 32 unequally spaced levels, stretched in order to have
higher resolutions near the surface. The model resolution is suitable to represent mesoscale
eddies with radii about 30–50 km and vertical extents ranging from 400 to 1000 m. The time
integration is performed every 300 s and the outputs are given by three-day averages [19].
The model was run for 24 years (starting from the year 2000, model time) with atmospheric
forcing provided by a climatological database [22]. Given the climatological forcing, the
model time is not in phase with actual dates. Nevertheless, in our study we will keep the
standard date format for simplicity.

2.1.2. Eddy Tracking

The Meddies’ trajectories were obtained by applying an eddy tracking software to the
numerical simulation described in Section 2.1.1 [19,23]. We restricted our analyses to four
Meddies with lifetimes exceeding 1 year; their trajectories are presented in Figure 1 and
they are automatically numbered by the tracking software.

Meddy 33 (red trajectory in Figure 1) was chosen as a reference for investigating the
impact of Meddies on sound signals. During its life cycle, it exhibited common features
of Meddies found in the real ocean and sampled via in-situ measurements [24]. Meddy
33 tended to grow in size and rotation rate from its early stages to its mid-term; it then
progressively decayed until its latest detection [25]. We will use it as a case study and show
the generality of our results in comparison with the other Meddies. Additional Meddies
will be examined at their mid-term evolution (see Section 3.2).

Meddy 33 lifetime was about 3 years; its radius was around 35 km. It had a swirl
velocity around 30 cm/s and extended vertically over 1000 m [25]. This Meddy was first
detected by the tracking software on 1 January 2004 in the model simulation (at the position
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11◦ W, 37◦ N). It exhibited a southwestward trajectory and reached the edge of the modelled
domain on 9 June 2006 (model time).
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Figure 1. Trajectories of the Meddies 33 (red), 120 (blue), 135 (green) and 143 (black) evolving through
the study area. Circles and crosses respectively indicate the first and last detection of each Meddy.
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the bathymetry and brown areas are land.

2.2. Acoustic Model
2.2.1. Bellhop Model

Since Meddies evolve near and below the oceanic thermocline, we use an acoustic
ray model which is suitable to simulate sound propagation in the deep ocean: the Bellhop
acoustic model [26]. The Bellhop program package is part of the Toolbox AcTUP—Acoustic
Toolbox User-interface & Post-processor to Matlab. This toolbox provides the user with
a working environment, automating the creation of code-specific initialization files and
guesses, as well as selection guidelines for code specific parameters [27]. An analysis
dataset is used to establish the environment for acoustic modeling and simulation. Bellhop
is based on the theory of normal modes, and it uses the boundary element method to obtain
the transmission loss. The program calculates the transmission loss (TL) due to discrete
modes, specifically those which propagate only via total reflection and refraction.

Reflection and refraction are two important phenomena in the field of sound signal
propagation. Reflection occurs at the surface and the bottom, and refraction occurs inside
the water mass. When the sound signals propagate, reflection occurs only in the surface
and the bottom, but refraction occurs more frequently for all signals, whether for those that
reach the surface or the bottom or for those that do not reach the surface or the bottom.
After passing through different layers and successive refractions, the signals reach the
surface or the bottom at different angles from the angle of emission and are finally reflected
from there. Refractions also occur when signals pass through different layers. However,
since the focus of the present paper is on the reflections of sound signals, more emphasis is
laid on the reflection than the refraction.

The present study investigates how sound signals propagate considering their angles
of emission and reception using the results from the Bellhop model. Each signal is emitted
at an angle between −35◦ and 35◦ (see also Section 3.1.1). The time of arrival of sound
signals is related to their transmission loss and to the number of their reflections at the
oceanic surface and bottom.

The way the signals propagate in the environment also affects their time of arrival.
The sound signals evolve differently according to their angles of emission. In the −10◦
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to 10◦ range of angles, they mostly evolve along straight lines without undergoing any
reflections and only with small refractions. However, for angles larger than 10◦ and −10◦,
the signals are reflected from the oceanic surface and bottom. The larger the number of the
signals that are reflected, the later they arrive at the receivers. Additionally, as the number
of reflections of sound signals from the surface and the bottom increases, the sound signals
lose more energy, and transmission loss also increases, so that sometimes some signals
cannot reach the receiver.

2.2.2. Sound Speed Feature

The sound speed in the ocean is a function of three variables: temperature, salinity,
and pressure (depth). The sound speed increases with the increase of any of the three
parameters following the empirical formula presented below [26,28–30].

C = 1448.96 + (4.591T)−
(

5.304 ∗ 10−2T2
)
+

(
2.374 ∗ 10−4T3

)
+ · · · (1)

where C is the sound speed in m/s, Z is the depth in m, T represents the temperature in
degrees Celsius and S stands for the salinity in PSU.

Figure 2 shows a vertical section of the sound speed, along the 36.5◦ N parallel, in our
study area (the Northeastern Atlantic Ocean) on 7 August 2004. In this figure, sound speed
anomalies are related to depth, temperature and salinity variations due to the presence
of currents, eddies and filaments of Mediterranean Water (like the one located at 1000 m
depth and 13◦ W, the Meddy 33 discussed in Section 2.1.2).
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Figure 2. Sound speed versus depth and longitude for Meddy 33 on 7 August 2004. Meddy 33’s
location is 13 w and 1000 m. The white areas are the bathymetry (seamounts) and land. The black
square identifies the Mediterranean undercurrent.

A Hovmoller diagram shows the time evolution of the vertical profile of sound speed
at Meddy 33’s center (from 31 January 2004 until July 2006; Figure 3). This figure indicates
that the sound speed undergoes different changes with time at depths between the surface
and 100 m, between 800 to 1600 m or between 1600 and 3200 m. In surface and near-surface
layers, temperature and salinity are affected by the atmospheric forcing; in particular, as
the Meddy drifts southwestward, the surface temperature increases and so does the sound
speed. The second noticeable change is that Meddy 33 decays away from its generation
site near the Iberian Peninsula. As salt and heat diffuse from the Meddy core to its
environment, the sound speed anomaly decreases in the Meddy core. More generally, heat
and salt diffusion from all Meddies feed the Mediterranean Water “tongue” (or plume)
which extends from the Strait of Gibraltar to the mid-Atlantic Ridge. Finally, as the Meddy
moves away from the eastern boundary of this geographical domain, it flows above colder
and fresher waters such as the Labrador Sea Water (LSW) and the North Atlantic Deep
Water (NADW). The acoustic signature of these water masses appears via the decrease
in sound speed at depths between 1600 and 3200 m. Below 3500 m depth, the Antarctic
Bottom Water (AABW) is relatively uniform in this area.
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2.2.3. Methodology Used to Calculate the Acoustic Impact of Meddies

In this paper, we compare the acoustic signals reaching different locations using
synthetic receivers placed at different depths and horizontal distances from the acoustic
source (see e.g., Section 3.1.2 or Figures A1–A3 for more details). This is firstly investigated
for a section crossing the Meddy core (with a spatially varying sound speed, dependent on
the hydrological properties of this Meddy) and secondly for a “reference” section outside
the Meddy, created by extending uniformly horizontally the acoustic properties of a point
outside the Meddy periphery. This latter section reflects the hydrological and acoustic
properties of the ocean, locally, at rest (in the absence of the Meddy).

3. Results

Firstly, we investigate the impact of Meddy 33 on acoustic propagation during its
lifetime, focusing on its early stage (6 February 2004), mid-term structure (28 January
2005) and at its latest detection stage (9 June 2006). Then, we will compare the results for
Meddy 33 with those of the other long-lived Meddies in the numerical simulation (their
trajectories are depicted in Figure 1).

3.1. The Reference Case (Meddy 33)

In Figure 4, the horizontal structure of Meddy 33 at different dates is shown: the
physical quantity represented is the Ertel Potential Vorticity (EPV) anomaly. In a primitive
equation model, EPV is expressed by (2):

EPV =

(
∂v
∂x
− ∂u

∂y
+ f

)(
∂ρ

∂z

)
− ∂v

∂z
∂ρ

∂x
+

∂u
∂z

∂ρ

∂y
(2)

where f is the Coriolis parameter, ρ is the seawater density, and (u, v) are the two compo-
nents of horizontal velocity. The EPV Anomaly (EPVA) is the difference between the local
Ertel potential vorticity and that of the ocean at rest:

EPVA = EPV − f
∂ρ

∂z
(3)

Clearly, Meddy 33 is close to an elliptical shape in EPVA at these three stages of its
evolution. It is surrounded by a few filaments or a ring of an opposite-signed EPVA which
isolates it from the surrounding ocean.
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depth in the three panels superimposed to the trajectory image. The red line is the Meddy trajectory, 
the green point is the Meddy center (point called B), the grey contours are the bathymetry and 
brown areas are land. (b) The selected points (inside and outside the Meddy) are superimposed on 
the EPVA maps at the three dates. Point A (the black one) is chosen in the Meddy periphery and 
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Figure 4. Meddy 33 at its early life (6 February 2004), mid-term evolution (28 January 2005) and at
its latest detection (9 June 2006). (a) The Meddy is identified via the ERTEL PV anomaly at 1000 m
depth in the three panels superimposed to the trajectory image. The red line is the Meddy trajectory,
the green point is the Meddy center (point called B), the grey contours are the bathymetry and brown
areas are land. (b) The selected points (inside and outside the Meddy) are superimposed on the EPVA
maps at the three dates. Point A (the black one) is chosen in the Meddy periphery and point B (the
green one) is at the Meddy center. 6 February 2004: B has coordinates 37.35◦ N, 11.96◦ W and A
has coordinates 38.5◦ N, 11.96◦ W (128 km from the center of the Meddy), 28 January 2005: B lies
at 34.67◦ N, 15.29◦ W and A lies at 35.2◦ N, 15.29◦ W (59 km from the center of the Meddy) and
9 June 2006: B lies at 32.53◦ N, 18.39◦ W and A lies at 32.95◦ N, 18.39◦ W (47 km from the center of
the Meddy).

Below, we firstly show the hydrological properties of the ocean at two locations: at the
Meddy center (called point B) and at a point outside of the Meddy (called point A), which
far away to avoid its influence and to be representative of the Meddy environment. On
6 February 2004, point A is 128 km north of point B; on 28 January 2005, A is 59 km north
of B, and on 9 June 2006, A is 47 km north of B. The position of these points are shown
in Figure 4b. The profiles of sound speed, salinity and temperature for points A and B
are presented in Figure 5 at three stages in the life of Meddy 33. For the three dates, the
maximal salinity, temperature and sound speed lie in the Meddy core, as expected. On
6 February 2004, the sound speed profile reached a maximum at depths between 300 and
2000 m. In the Meddy, the sound speed was around 1517 to 1520 m/s, while values around
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1509 to 1512 m/s were found out of it. The presence of the Meddy created sound channels
between the surface and nearly 1000 m depth, and between approximately 1500 and 3500 m
depth. On 9 June 2006 (Meddy 33’s latest stage) the sound speed at the sea surface was
1525 m/s, higher than at any other depth, most likely due to the onset of summertime
near-surface stratification. This lowered the probability of sound signals to reach the ocean
surface because sound signals propagate towards areas with lower sound speed. The only
signals which can reach the surface were those emitted at angles larger than ±20◦.

3.1.1. Sound Propagation and Transmission Loss (Vertical Sections)

Now, we study the sound propagation and transmission loss in vertical reference
sections and sections across Meddy centers. The reference sections were created as follows:
the vertical profile of salinity, temperature and sound speed at each point B was extended
uniformly horizontally. This contrasts with the Meddy sections, where strong horizontal in
homogeneities of T, S and C occur. These Meddy sections were extracted from the ROMS
model output.

The depth of the simulated sound source (Ds) was chosen as 800 m near a local
maximum of sound speed. The sound velocity at this depth is about 1510 m/s. A sound
source at this depth allows sound signals with small or large angles of emission to propagate
upwards or downwards. In our study, sound signals are emitted with angles between−35◦

to 35◦, but only the signals emitted between −24◦ and 24◦ reach the receivers. Indeed, the
signals emitted at angles larger than ±24◦ are reflected at the bottom or surface at narrow
angles. These numerous reflections and refractions dampen the signals, preventing them
from reaching the receivers.

The source frequency is 200 Hz. The acoustic range considered for all cases is
201 km. The position of the source and successive positions of the receivers are shown
in Figures A1–A3 in the Appendix A with respect to the position of the Meddy. Meddy 33
was located in areas with different bathymetries for three dates: 5000 m depth on 6 Febru-
ary 2004, 3500 m on 28 January 2005 and 4000 m on 9 June 2006. Figures A4–A6 in the
Appendix A show the propagation of individual sound signals. Here, Figure 6 shows the
transmission losses for all dates.
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On 6 February 2004, in the control section, no acoustic signal propagated directly from
the source to the receiver without reflection. An acoustic channel was observed between
the surface and the 800 m depth with multiple reflections. In the section with Meddy 33,
the sound signals were deflected to the surface and could not reach the bottom. The depth
of the sound channel increased in comparison with the control section; the sound signals
intensified, and the transmission loss decreased to 80 dB. In particular, the transmission
loss decreased near the surface (upper 500 m), between 1000 to 1500 m depth, near the
bottom (from 4000 m down to the bottom) and also at long range (between 195 to 200 km),
(Figure 6a).
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On 28 January 2005, in the control section, acoustic signals were concentrated in a
channel extending from the sea surface to 1000 m depth. In the section with Meddy 33,
the sound signals separated into two channels. Part of the signals were focused near the
Meddy and formed a sound channel down to 500 m depth; the other signals travelled in
a deeper channel below 1000 m depth. Between the 2 sound channels, the transmission
loss increased (almost from 85 to 90 dB). After crossing the Meddy, the sound signals in
the surface sound channel were deflected downwards and merged with the deep sound
channel. The acoustic signals were intense (travel with large acoustic energy) in the sound
channel. The Meddy favored their propagation along the range; thus, the transmission loss
decreased (Figure 6b).

On 9 June 2006, the Meddy induced again 2 sound channels (between the surface and
800 m depth and between 1500 and 3000 m). The signal in the shallower sound channel
was deflected downwards after crossing the Meddy and was reflected upwards from the
ocean bottom. This modified the signal transmission loss in the area (Figure 6c).

3.1.2. Number and Time of Arrival of Sound Signals at Different Receivers

To obtain more information on Meddy influence on sound propagation, synthetic
receivers were placed at different depths (keeping the range constant) or at different ranges
(keeping the depth constant) (see Figures A1–A3 in Appendix A). As mentioned before, the
sound signals that do not reach the receiver are not shown on the plots. In this subsection,
we analyze in detail the number and time of arrival of sound signals at the various receivers.

As a general remark, we note that more signals reached the receivers in the presence
than in the absence of Meddy 33. We also note that, with Meddy 33, signals emitted with a
wide angle (larger than ±10◦) were reflected several times at the surface and at the bottom,
and reached the receiver at a later time than those with a narrower angle of emission
(see Tables A2–A6 in Appendix B), which give the number of sound signals reaching the
receivers in the presence or absence of Meddy 33). Conversely, signals with small emission
angles (between−11◦ to 11◦) reached the receivers earlier in the presence of Meddy 33 than
in its absence; in the former case, they propagated in the sound channel. They were strong
because their transmission loss was low, and they moved directly towards the receiver (see
again Tables A1–A4 in Appendix B which show the time of arrival of the signals).

Now, we consider the case of several receivers at the same range but at different depths.
On 6 February 2004, the times of arrival of all signals in the absence of the Meddy ranged
from 129 s to 134.2 s, and, in the presence of the Meddy, between 129 s and 134.5 s. At this
date, the sound speed was low at the surface (about 1508 m/s), and the signals reached
the surface and reflected on it, increasing their time of arrival at the receiver. However, on
9 June 2006 (see Table A2 in Appendix B), most sound signals reaching the receiver had a
large emission angle (larger than ±11◦). On this day, the times of arrival in the absence of
the Meddy ranged between 99.5 s to 104.5 s, and in the presence of the Meddy, times of
arrival ranged between 99.5 s to 105.5 s. This increased on 28 January 2005: in the absence
of the Meddy, it ranged from 99.5 s to 103.9 s, and in the presence of the Meddy, times
of arrival ranged between 99.5 s to 105.9 s. This was due to the high sound speed at the
surface, which prevented most of the signals from reaching it. In the presence of the Meddy,
the modified sound speed at depths between 1000 and 2500 m made these sound signals
reach the receiver later.

Now, we consider the case of several receivers placed at the same depth but at
different ranges. Signals reaching close receivers (10 km away from the source) are the
fewest at all 3 dates, because near the source, the signals propagate towards the surface
or the bottom after being emitted. Their times of arrival in the absence or presence of
the Meddy are almost the same (see the Figure A7 in the Appendix A). However, as the
range increases, more sound signals are received in both cases (absence or presence of the
Meddy). Notwithstanding a few exceptions, we can state that the presence of Meddy 33
could be inferred from the delayed arrival of signals emitted at wide angles.



Water 2021, 13, 3617 12 of 30

The time of arrival is analyzed with respect to the angle of reception. As was men-
tioned before, more sound signals reached the receivers in the presence of Meddy 33
than in its absence. Late (respectively, early) sound signals reached the receivers at large
(respectively, small) angles since they are reflected at the bottom and at the surface (see
Figure A8 in Appendix A). Furthermore, in the presence of the Meddy, most sound signals
reached the receivers at small angles (between −10◦ to 10◦), and they had short times of
arrival (99 s, 100 s and 129 s). Again, this clearly characterizes the influence of the Meddy
in the number of sound rays and on their time of arrival.

3.1.3. The Pressure Amplitude of Sound Signals at Various Receivers

The presence of the Meddy affects the pressure amplitude of the sound signals re-
ceived. No universal pattern was observed for the pressure amplitude. Generally, the
largest amplitudes were found for narrow angles of emission and of reception. Signals
emitted at a wider angle underwent more reflections and were weaker (see Figure A9 in
the Appendix A).

3.2. Acoustic Impact of the Other Meddies

As a further analysis, three additional Meddies were chosen, and their impact on
sound signals were investigated. In particular, we analyzed:

1. The case of Meddy 120: this Meddy was tracked for 27 months and was first detected on
27 July 2013. Its radius and swirl velocity ranged from 10 to 35 km and 16 to 29 cm/s;

2. The case of Meddy 135: this Meddy was tracked for 34 months and was first detected on
16 March 2013. Its radius and swirl velocity ranged from 18 to 43 km and 14 to 33 cm/s;

3. The case of Meddy 143: this Meddy was tracked for 29 months and was first detected
on 24 December 2013. Its radius and swirl velocity ranged from 17 to 44 km and 12 to
31 cm/s;

The vertical profiles of temperature, salinity and sound speed showed the following
results (see Figure A10 in the Appendix A). In all Meddies, the sound speed at the surface
was between 1515 to 1520 m/s, i.e., larger than the values observed at depths down to
3500 m. The Meddy hydrodynamical structure thus impacted sound signals and created a
sound channel (between 300 m and 600 m depth).

In the presence of Meddy 120, the sound speed was high at the surface (about
1520 m/s) and decreased to nearly 1505 m/s at depths of 2200 m, a larger sound speed
difference compared to the other two Meddies. For Meddy 135, the sound speed decreased
from the surface (about 1517 m/s) down to 2000 m, where it reached its minimal value
(about 1504 m/s). At depths of about 300 m as well as between 2500 m and the bottom,
in the absence of Meddy 135, the sound speed was greater than in the presence of the
Meddy. For Meddy 143, the sound speed was 1519 m/s at the surface, which was greater
than outside of the Meddy (about 1517 m/s). The sound speed decreased and reached a
minimum around 2000 m (about 1505 m/s in the Meddy). This vertical decrease of sound
speed (from the surface to the 2000 m depth) in the presence of Meddy 143 was larger than
in its absence (changing vertically and smoothly between 500 to 2000 m).

Figure 7 shows the sound speed profiles for the analyzed Meddies within their core.
Compared with Meddy 33, the sound speed profiles of Meddy 120, 135 and 143 at mid-
depth (between 500 to 2000 m) were lower and changed more smoothly. In Meddy 33, the
minimum value of sound speed occurred at 400 m, but in other Meddies, the sound speed
reached its minimum value at about 2000 m.

3.2.1. The Sound Propagation and the Transmission Loss of Sound Signals

Here we investigate the propagation and transmission loss of sound signals for
Meddy 120, 135 and 143 using the same methodology adopted for Meddy 33. The depth
of the source (Ds) is 800 m and the source frequency is 200 Hz. The acoustic range
for all the Meddies is 201 km. Sound signals are emitted with angles between −35◦ to
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35◦, and in all Meddies, most signals are reflected between the bottom and the surface
(bathymetry is included).
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Figure 8 shows the transmission loss and the propagation of sound signals at all dates
(see also Tables A5 and A6 in Appendix B). In all three Meddies, most of the signals which
are emitted at large angles are reflected by the surface and bottom. In the absence of
Meddies, we observe a surface sound channel. However, few sound signals moved along a
straight line within the acoustic range and in the sound channel. As the range increased, the
sound signal energy decreased due to the reflection between the ocean surface and bottom.

In the presence of the Meddies, the depth of the surface sound channel decreased
and reached 500 m. At the location of the Meddies, their hydrological structure led to the
creation of a deep sound channel between 1500 m and 3500 m. The number of sound signals
moving in a straight line along the acoustic range and in both sound channels increased.
The sound signals were stronger at the location of the Meddies, and the transmission loss
decreased.

The following behavior is observed for all Meddies: the presence of Meddies caused
the creation of 2 sound channels in which the sound signals were more intense because
their transmission loss decreased (it reached 80–85 dB). After crossing the Meddies, the
sound signals in the two sound channels deviated and scattered or mixed with each other.

3.2.2. The Number and Time of Arrival of Sound Signals at Different Receivers

For the additional Meddies analyzed here, three receivers were placed at different
depths (keeping the range constant), and three receivers were positioned at different ranges
(keeping the depth constant). The sound propagation was investigated both in the presence
and in the absence of the Meddies. Figures A11 and A12 in the Appendix A show the time
of arrival of sound signals as a function of the angle of emission and as a function of the
receiving angle, respectively (see also the Tables A5 and A6 in Appendix B).

In the presence of the Meddies, more signals reached the receivers than in their
absence. A majority of sound signals which reached the receivers had small angles of
emission (between −10◦ and 10◦) and shorter times of arrival (between 123 s and 129 s).
More signals were received at long range.

With Meddies 135 and Meddy 143, the time of arrival in the absence of the Meddy
was larger than in the unperturbed case. The range of values of the time of arrival in
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Meddy 120 was larger than for other Meddies (relatively between 129.5 s to 136.5 s) and
close to that of Meddy 143. Finally, the range of values of the time of arrival for Meddy 135
was smaller than for other Meddies (relatively between 123 s to 130 s).

In investigating the time of arrival as a function of the angle of reception, it was
observed that in the presence of Meddies, the number of sound signals with low angles
reaching the receiver increases, generating positive differences from 2 to 10. Most of them
arrive at the small angle. In the absence of Meddy 143, most of the sound signals reach the
receivers at large angles.
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4. Discussion and Conclusions

In the present work, the effect of Meddies on sound propagation was investigated.
The aim of this study was to determine and characterize the acoustic signature of Meddies,
so that this can be inverted in order to retrieve their hydrological structure. For this
purpose, four Meddies with long lifetimes were selected using the output of the ROMS
numerical model; the sound propagation was studied (along a vertical cross-section) in
the presence or absence of Meddies using the Bellhop model. To investigate the sound
signals, we considered the domain to be 201 km in range, bounded at the bottom by the
local bathymetry; the depth of the sound source was chosen to be 800 m, its frequency was
200 Hz and the angle of emission was between −35◦ and 35◦.

The main questions in this paper introduction were: (1) Do Meddies in general create
a characteristic change in sound propagation (e.g., compared with surface vortices)? (2) Do
significantly different Meddies create very distinct acoustic changes (that could be inverted
in order to retrieve the hydrological structure of the Meddies)?

To answer the first question, we have analyzed 6 different cases of Meddies, among
which 3 cases were Meddy 33 at 3 different stages of its lifetime and 3 other cases were
Meddies 120, 135, and 143. These Meddies’ features are representative of typical Meddies
observed in the North Atlantic and provide enough diversity so that the results presented
here can be generalised.

Firstly, we observed that the sound speed was higher in the presence than in the
absence of a Meddy, an effect which was due to the formation of new sound channels or to
the change in depth of existing ones, which in turn modified the energy and time of arrival
of the acoustic signals.

The observed changes can be first classified in terms of sound channels (i.e., vertically).
If the sound speed at the surface was lower than that of mid-depth (between 1500 to
3000 m), the sound signals with different angles of emission can reach the surface easily
or move in the surface sound channel. If the sound speed at the surface was larger than
at mid-depth, the sound propagation near the surface would be more difficult and only
two types of sound signals could reach the surface: the reflected sound signals from the
bottom and the large angle of emission sound signals (angles larger than −20◦ or +20◦).
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Nevertheless, these wide-angle signals would not reach the receivers at long ranges because
of a large transmission loss.

Secondly, the horizontal changes in sound propagation in the presence of the Meddy
focus sound propagation in its vicinity. Near Meddy 33, sound signals propagated with
little energy losses across the shallow and narrow sound channel. Sound signals devi-
ated downwards after passing the Meddy. The presence of Meddies can generate sound
channels, decrease transmission loss and promote sound transmission.

The times of arrival of the acoustic signals at the receivers were investigated as a
function of the angle of emission and as a function of the angle of reception. Note that,
obviously, the times of arrivals were larger for wide angles of emission (leading to multiple
reflections at the surface and at the bottom). These effects were general for all Meddies:
they were observed at the mid-life of Meddy 33 (28 January 2005), at the end of its life
(9 June 2006) and also for the three other Meddies (Meddy 120, 135, and 143).

The changes in acoustic signal propagation in the presence of Meddies are also differ-
ent from those in the presence of surface eddies, as described in previous studies.

To answer the second question, we considered the time of arrival and energy of
acoustic signals for all Meddies. To obtain sufficient information, we used several receivers
at the same range and different depths, and conversely at the same depth and at different
ranges. Clearly, for different Meddies, with different hydrological structures, the acoustic
impact was different: indeed, 3 factors, the bottom depth in the area, the sound speed at
the surface, and the sound speed at intermediate depths (between 1000 and 3000 m), affect
the time of arrival of the sound signals. Meddies affect the sound propagation as well
as the time of arrival by changing the last two factors (sound speed at the surface and at
mid-depth). When the sound speed is low at the surface, the sound signals can reach the
surface, and this affects the time of arrival of sound signals to the receivers. The smaller
the difference between the sound speed in the case with and without a Meddy, the closer
the time of arrival of sound signals for the two modes. When the sound speed is high at
the surface, changes in sound speed at mid-depths affect the signal’s time of arrival. The
greater the difference between the sound speed in the mid-depth, the greater the difference
between the times of arrival. The depth of the area (obviously, not Meddy-dependent) also
affects the amount of time the signals take to reflect between the surface and the bottom.

Our study has essentially considered Meddies (i.e., deep anticyclones of Mediter-
ranean Water), and even more precisely, Meddies in isolation from other motions, to
calculate their acoustic impact. Further work should concentrate on the impact of deep
cyclones of Mediterranean Water, on the association of several Meddies, of Meddies with
filaments or of Meddy interaction with internal waves. Of interest also are the other sub-
mesoscale subsurface eddies in the world oceans, like Reddies (Red Sea Water eddies),
Peddies (Persian Gulf Water eddies), Leddies (Levantine Intermediate Water eddies), etc.
Another development of this study could be passive acoustics where ambient noise is used
to track the subsurface eddies, but for the moment, the impact of such eddies on sound
speed is complex enough that using a well-controlled acoustic source is still necessary.

The result of this study is the first step of a project in which we wish to establish the
relationship between sound signals and Meddy parameters in order to be able to detect
Meddies. The analysis of the effect of different meddies on sound signals showed us
that Meddies with different characteristics (radius, depth, thickness and speed) can have
different effects on sound signals. By considering the Meddy parameters (thickness, radius,
speed, and etc.) and the characteristics of the sound signals (time of arrival, angle of
reception, sound speed, and transmission loss), one can establish a relation between Meddy
parameters and sound characteristics. The complementarity of the acoustic and of surface
dynamical information (sea surface height anomalies related to the eddy) will also be
investigated. Using neural networks, the relation between subsurface eddy structure and
their various signatures can be inferred, in particular for typical eddies of the Northeastern
Atlantic Ocean. The results of the present study will contribute to the data needed by the
neural networks. Finally, the impact of eddies in the presence of other flow structures
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(internal waves, oceanic turbulence), rendering the problem more stochastic, will also
be addressed.
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Figure A7. (a) Time of arrival of sound signals as a function of the angle of emission on 6 February 2004 for two receivers
for each date; for example, Receiver 2 (bottom picture) is at 2000 m of depth and 73 km of range (reference Figure A1), and
receiver 7 (top picture) is at 1000 m of depth and 195 km of range (reference Figure A1). (b) Time of arrival of sound signals
as a function of the angle of emission on 28 January 2005 for two receivers at each date; for example, Receiver 3 (bottom
picture) is at 1000 m of depth and 97 km of range (reference Figure A2), and receiver 6 (top picture) is at 1000 m of depth
and 150 km of range (reference Figure A2). (c) Time of arrival of sound signals as a function of the angle of emission on
9 June 2006. Receiver 2 (bottom picture) is at 1000 m of depth and 50 km of range (reference Figure A3), and receiver 6 (top
picture) is at 1000 m of depth and 150 km of range (reference Figure A3).
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Figure A8. (a) Time of arrival of sound signals as a function of the angle of reception on 6 February 2004 for two receivers
for each date; for example, Receiver 2 (bottom picture) is at 2000 m of depth and 73 km of range (reference Figure A1), and
receiver 7 (top picture) is at 1000 m of depth and 195 km of range (reference Figure A1). (b) Time of arrival of sound signals
as a function of the angle of emission on 28 January 2005 for two receivers at each date; for example, Receiver 3 (bottom
picture) is at 1000 m of depth and 97 km of range (reference Figure A2), and receiver 6 (top picture) is at 1000 m of depth
and 150 km of range (reference Figure A2). (c) Time of arrival of sound signals as a function of the angle of emission on
9 June 2006. Receiver 2 (bottom picture) is at 1000 m of depth and 50 km of range (reference Figure A3), and receiver 6 (top
picture) is at 1000 m of depth and 150 km of range (reference Figure A3).

Water 2021, 13, x FOR PEER REVIEW 23 of 32 
 

 

 
(c) 

Figure A8. (a) Time of arrival of sound signals as a function of the angle of reception on 6 February 2004 for two receivers 
for each date; for example, Receiver 2 (bottom picture) is at 2000 m of depth and 73 km of range (reference Figure A1), and 
receiver 7 (top picture) is at 1000 m of depth and 195 km of range (reference Figure A1). (b) Time of arrival of sound signals 
as a function of the angle of emission on 28 January 2005 for two receivers at each date; for example, Receiver 3 (bottom 
picture) is at 1000 m of depth and 97 km of range (reference Figure A2), and receiver 6 (top picture) is at 1000 m of depth 
and 150 km of range (reference Figure A2). (c) Time of arrival of sound signals as a function of the angle of emission on 9 
June 2006. Receiver 2 (bottom picture) is at 1000 m of depth and 50 km of range (reference Figure A3), and receiver 6 (top 
picture) is at 1000 m of depth and 150 km of range (reference Figure A3). 

 
Figure A9. The pressure amplitude of the sound signals as a function of the angle of reception for two receivers on 6 
February 2004, for example. 

Figure A9. The pressure amplitude of the sound signals as a function of the angle of reception for two receivers on 6 February
2004, for example.



Water 2021, 13, 3617 24 of 30Water 2021, 13, x FOR PEER REVIEW 24 of 32 
 

 

 
(a) 

 
(b) 

Figure A10. Cont.



Water 2021, 13, 3617 25 of 30Water 2021, 13, x FOR PEER REVIEW 25 of 32 
 

 

 
(c) 

Figure A10. Vertical profile of temperature (left), salinity (middle), and sound speed (right). The red line refers to the 
point out of the Meddy (the area without Meddy) and the blue line to the Meddy core. (a) Meddy 120 (9 December 2014). 
(b) Meddy 135 (25 January 2015). (c) Meddy 143 (13 May 2017). 

Figure A10. Vertical profile of temperature (left), salinity (middle), and sound speed (right). The red line refers to the
point out of the Meddy (the area without Meddy) and the blue line to the Meddy core. (a) Meddy 120 (9 December 2014).
(b) Meddy 135 (25 January 2015). (c) Meddy 143 (13 May 2017).
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Appendix B

Complementary tables:

Table A1. Number of sound signals reaching the receiver in the absence or presence of Meddy 33 on 6 February 2004 and 28
January 2005 as a function of emission and reception angles.

Meddy
(Date)

Number of Sound Signals Reaching the
Receivers

Label of
Receiver

(Depth (m),
Range (km))

Emission Angles
(−10◦ to 10◦)

Emission Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Reception Angles
(−10◦ to 10◦)

Reception Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Meddy 33
(6 February

2004)

1 (2000 m, 10 km) 1 1 1 1 1 1 1 1
2 (2000 m, 73 km) 5 2 4 8 4 1 5 9

3 (2000 m, 100 km) 3 6 9 10 2 6 10 10
4 (11 m, 195 km) 17 19 12 17 15 19 14 17
5 (800 m, 195 km) 22 41 15 28 19 40 18 29

6 (1000 m, 195 km) 9 28 15 22 10 30 14 20
7 (2000 m, 195 km) 8 22 16 30 6 22 18 30
8 (3200 m, 195 km) 6 30 18 31 8 30 16 31

Meddy 33
(28 January

2005)

1 (1000 m, 10 km) 1 1 5 4 1 1 5 4
2 (1000 m, 70 km) 9 9 12 12 9 11 12 10
3 (1000 m, 97 km) 13 12 14 17 13 15 14 14
4 (11 m, 150 km) 13 25 13 17 13 29 13 13
5 (500 m, 150 km) 21 75 17 28 21 79 17 24

6 (1000 m, 150 km) 17 42 19 27 18 46 18 23
7 (1500 m, 150 km) 18 46 20 16 19 49 19 13

Table A2. Number of sound signals reaching the receiver in the absence or presence of Meddy 33 on 9 June 2006 as a
function of emission angle and reception angle.

Meddy
(Date)

Number of Sound Signals Reaching the
Receivers

Name of Receiver
(Depth of

Receiver (m),
Range of Receiver

(km))

Emission Angles
(−10◦ to 10◦)

Emission Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Reception Angles
(−10◦ to 10◦)

Reception Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Meddy 33
(9 June 2006)

1 (1000 m, 10 km) 2 2 3 3 2 2 3 3
2 (1000 m, 50 km) 3 5 5 10 3 7 5 8
3 (1000 m, 80 km) 7 10 8 12 7 11 8 11
4 (11 m, 150 km) 4 6 17 33 8 12 13 27
5 (11 m, 195 km) 18 18 11 34 18 23 11 29
6 (600 m, 150 km) 11 28 13 23 12 31 12 20

7 (2000 m, 150 km) 12 25 12 15 11 22 13 18
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Table A3. Time of arrival of sound signals in the absence or presence of Meddy 33 on on 6 February 2004 and 28 January
2005 as a function of emission angle and reception angle.

Meddy
(Date)

Mean Time of Arrival [s]

Name of
Receiver

(Depth of
Receiver (m),

Range of
Receiver (km))

Emission Angles
(−10◦ to 10◦)

Emission Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Reception Angles
(−10◦ to 10◦)

Reception Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Meddy 33
(6 February

2004)

1 (2000 m, 10 km) 6.67 6.67 6.88 6.88 6.67 6.67 6.88 6.88
2 (2000 m, 73 km) 48.58 48.54 49.50 49.55 48.51 48.47 49.37 49.44
3 (2000 m, 100 km) 66.56 66.29 68.08 68.11 66.49 66.29 67.94 68.11

4 (11 m, 195 km) 129.57 129.40 132.24 132.74 129.52 129.40 131.92 132.74
5 (800 m, 195 km) 129.57 129.39 132.54 132.69 129.49 129.38 132.12 132.59
6 (1000 m, 195 km) 129.65 129.38 132.58 132.16 129.65 129.38 132.58 132.16
7 (2000 m, 195 km) 129.70 129.38 132.03 132.11 129.56 129.38 132.44 132.11
8 (3200 m, 195 km) 129.84 129.41 132.60 132.67 129.99 129.41 132.87 132.17

Meddy 33
(28 January

2005)

1 (1000 m, 10 km) 6.63 6.66 7.34 7.24 6.63 6.66 7.34 7.24
2 (1000 m, 70 km) 46.54 46.58 48.28 48.30 46.54 46.67 48.28 48.31
3 (1000 m, 97 km) 64.54 64.47 66.56 66.58 64.54 64.61 66.56 66.89
4 (11 m, 150 km) 99.96 99.65 102.49 102.65 99.96 99.80 102.49 103.26

5 (500 m, 150 km) 99.73 99.63 102.66 102.26 99.73 99.69 102.66 102.51
6 (1000 m, 150 km) 99.87 99.67 102.89 102.93 99.92 99.77 103.01 103.08
7 (1500 m, 150 km) 99.80 99.69 103.00 102.83 99.85 99.76 103.12 103.30

Table A4. Time of arrival of sound signals in the absence or presence of Meddy 33 on 9 June 2005 as a function of emission
angle and reception angle.

Meddy (Date)

Mean Time of Arrival (s)

Name of Receiver
(Depth of Receiver

(m),
Range of Receiver

(km))

Emission Angles
(−10◦ to 10◦)

Emission Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Reception Angles
(−10◦ to 10◦)

Reception Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Meddy 33
(9 June 2006)

1 (1000 m, 10 km) 6.64 6.63 7.37 7.37 6.64 6.63 7.37 7.37
2 (1000 m, 50 km) 33.40 33.25 34.26 35.03 33.40 33.35 34.26 35.40
3 (1000 m, 80 km) 53.38 53.14 54.77 55.41 53.38 53.19 54.77 55.57
4 (11 m, 150 km) 100.38 99.65 102.30 103.52 100.77 100.34 102.80 104.08
5 (11 m, 195 km) 99.87 99.69 101.97 103.03 99.87 99.87 101.97 103.46

6 (600 m, 150 km) 99.99 99.69 102.14 102.81 100.05 99.76 102.25 103.17
7 (2000 m, 150 km) 100.12 99.80 102.52 102.54 100.07 99.73 102.37 102.13

Table A5. Number of sound signals which reach the receiver in the absence or presence of Meddy 120, 135 and 143 as a
function of the emission or reception angles.

Meddy
(Date)

Number of Sound Signals Reaching the
Receivers

Name of Receiver
(Depth of

Receiver (m),
Range of Receiver

(km))

Emission Angles
(−10◦ to 10◦)

Emission Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Reception Angles
(−10◦ to 10◦)

Reception Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Meddy 120
(9 December

2014)

1 (11 m,195 km) 8 16 20 20 12 20 16 16
2 (500 m, 195 km) 27 45 20 20 26 45 21 20

3 (1500 m, 195 km) 16 35 20 20 16 35 20 20
4 (1500 m, 10 km) 2 2 3 4 1 2 4 4
5 (1500 m, 68 km) 7 6 10 10 7 6 10 10

6 (1500 m, 100 km) 6 16 13 13 6 17 13 12
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Table A5. Cont.

Meddy
(Date)

Number of Sound Signals Reaching the
Receivers

Name of Receiver
(Depth of

Receiver (m),
Range of Receiver

(km))

Emission Angles
(−10◦ to 10◦)

Emission Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Reception Angles
(−10◦ to 10◦)

Reception Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Meddy 135
(25 January

2016)

1 (11 m, 185 km) 4 32 20 20 10 36 14 16
2 (800 m, 185 km) 25 95 18 19 26 96 17 18

3 (1200 m, 185 km) 20 98 17 16 21 99 16 15
4 (1200 m, 10 km) 1 1 3 3 1 1 3 3
5 (1200 m, 43 km) 4 3 9 9 4 3 9 9

6 (1200 m, 100 km) 13 17 11 20 13 17 11 10

Meddy 143
(13 May

2017)

1 (11 m, 195 km) 8 21 29 40 11 28 26 33
2 (800 m, 195 km) 18 60 35 39 18 62 35 37

3 (1500 m, 195 km) 17 57 46 53 17 58 46 52
4 (1500 m, 10 km) 1 1 3 3 1 1 3 3
5 (1500 m, 62 km) 4 4 12 11 4 4 12 11

6 (1500 m, 100 km) 7 15 17 20 7 16 17 19

Table A6. Time of arrival of sound signals in the absence and presence of Meddy 120 and Meddy 135, as a function of
emission angle and of reception angle.

Meddy
(Date)

Mean Time of Arrival (s)

Name of Receiver
(Depth of Receiver

(m),
Range of Receiver

(km))

Emission Angles
(−10◦ to 10◦)

Emission Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Reception Angles
(−10◦ to 10◦)

Reception Angles
(−10◦ to −25◦ and

10◦ to 25◦)

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Absence
of

Meddy

Presence
of

Meddy

Meddy 120
(9 December

2014)

1 (11 m, 195 km) 130.26 129.86 133.69 133.65 130.64 130.16 134.26 134.22
2 (500 m, 195 km) 129.76 129.65 133.69 133.65 129.73 129.65 133.55 133.65
3 (1500 m, 195 km) 129.90 129.74 133.69 133.67 129.90 129.74 133.69 133.67
4 (1500 m, 10 km) 6.65 6.65 7.25 7.25 6.65 6.65 7.25 7.25
5 (1500 m, 68 km) 45.31 45.25 47.13 47.10 45.31 45.25 47.13 47.10
6 (1500 m, 100 km) 66.66 66.46 69.00 68.94 66.66 66.50 69.00 69.09

Meddy 135
(25 January

2016)

1 (11 m, 185 km) 123.89 123.21 126.84 126.81 124.65 123.40 127.56 127.27
2 (800 m, 185 km) 123.27 123.01 127.16 127.28 123.32 123.02 127.31 127.44
3 (1200 m, 185 km) 123.33 122.95 127.22 127.17 123.39 122.97 127.38 127.35
4 (1200 m, 10 km) 6.64 6.64 7.35 7.34 6.64 6.64 7.35 7.34
5 (1200 m, 43 km) 28.66 28.65 30.49 30.47 28.64 28.65 30.49 30.47
6 (1200 m, 100 km) 66.63 66.57 68.95 68.69 66.63 66.57 68.95 68.69

Meddy 143
(13 May 2017)

1 (11 m, 195 km) 130.14 129.68 133.22 133.10 130.47 130.07 133.44 133.50
2 (800 m, 195 km) 129.84 129.50 132.81 132.73 129.84 129.53 132.81 132.84
3 (1500 m, 195 km) 129.82 129.50 132.56 132.27 129.82 129.52 132.56 132.30
4 (1500 m, 10 km) 6.65 6.65 7.40 7.40 6.65 6.65 7.40 7.40
5 (1500 m, 62 km) 41.35 41.32 42.64 42.53 41.35 41.32 42.64 42.53
6 (1500 m, 100 km) 66.63 66.39 68.13 68.12 66.63 66.44 68.13 68.18
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