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Abstract: The ALMA – Acoustic Laboratory for Marine Applications- system has been the 
object of several publications and presentations within the past few years. In this paper, the 
authors focus on a joint environmental and acoustic analysis: during the 2016 campaign, 
where a 128-hydrophones comblike array was deployed approximately 9km away from an 
active acoustic source in shallow waters, temperature fluctuations were recorded by a 
thermistor string deployed in the vicinity of the passive acoustic array. These fluctuations 
translate into variations of the local sound speed profile. A study of the relative changes in 
the sound speed profile shows a strong periodicity of these variations, henceforth 
supposedly related to linear internal waves. The impact of these environmental fluctuations 
on the sound waves propagated throughout this medium is measured by calculating the 
acoustic intensity and the normalized acoustic intensity distribution. A strong 
discrimination can be observed between the various configurations, in very good agreement 
with what can be found in the literature. 
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1. INTRODUCTION  

This paper addresses the topic of sound waves propagating in a fluctuating ocean. The 
increase in the dimensions and frequency band of interest in order to adapt to the increasing 
stealth of the threats lead to a stronger sensitivity of the sonar systems to the environmental 
fluctuations [1-3]. To tackle this issue, a better understanding of the propagation of acoustic 
waves in randomly fluctuating media is needed. While an exhaustive literature on the topic 
is available [4-6], some progress to design robust corrective signal processing techniques 
allowing to compensate for the degradation of the array gain due to the medium fluctuations 
are still required.  

The ALMA system was designed in 2012 by DGA Naval Systems to gather underwater 
acoustic data representative of the real-life of sonar systems and share them with the 
scientific community [7-8]. By recording acoustic data propagated in shallow and coastal 
waters, where water mixing processes are likely to happen, it is possible to study the 
phenomena associated with the propagation of sound waves in challenging environments 
and how that process affects the sonar systems performance (detection, localization, …). A 
companion paper focuses on the latest evolutions and upgrades of the ALMA system [9].  

We propose, in this paper, to continue the study carried out in [10-11]: we apply a 
classification scheme based on the probability density function (pdf) of the normalized 
acoustic intensity. This scheme is validated on data acquired during the 2016 ALMA 
campaign, where fluctuations of the local temperature profile were recorded by a thermistor 
string. Section II provides a reminder of the acoustic experiment, while section III focuses 
on the various normalized intensity found in the literature and how they are linked to the 
theory of regimes of propagation. Section IV provides the experimental results associated 
with this analysis. 

2. THE 2016 ALMA EXPERIMENT 

The experiment was located in the Western Mediterranean Sea, on eastern coast of the 
island of Corsica, 5 km away from the shore of Alistro. On the receiving end, a comblike, 
4x32-hydrophones passive array was deployed, along with its power supply and data 
recording buoy. The passive array is displayed in Figure 2. About a mile east from the 
passive array, a thermistor string was deployed. The length of the thermistor string was 
150m, allowing to sample every 6.25 m the water temperature across the water depth. The 
acoustic pinger was moored 9 km south from the passive array at a 50m depth (see Figure 
1). The locations and depth of those elements are available in [11]. 
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Figure 1.  ALMA 2016 Experiment Area 

 
The passive array was arranged as follows: 4 vertical arrays of 32 hydrophones (acoustic 
sampling ∆ℎ = 0.15 𝑚, total acoustic height 𝐻 = 4.8𝑚) horizontally spaced by ∆𝑆 =
0.5𝑚). The overall dimensions of the array is 𝐿 = 2𝑚 × 𝐻 = 5𝑚.  

 
Figure 2. Passive Array Arrangement (left) - ALSEAMAR’s SG01 Acoustic Pinger (right)  

 
The signal emitted was a sequence consisting of broadband pulses, frequency modulated 
signals, continuous waves (CW) and white noise, in the frequency range 1-13 kHz. The total 
duration of this sequence was 𝑇 = 59𝑠, with a repetition rate of 𝑇 = 60𝑠 (see [11] for 
more details). 
The thermistor string recorded temperature fluctuations throughout the entire duration of 
the campaign. It was therefore possible to identify specific time periods in which strong 
temperature fluctuations were observed. After translation of the temperature data into 
relative sound speed changes data, Figure 3 displays two time windows of interest: a 
relatively stable phase (left), where solely slight changes in the relative sound speed 
temporal evolution are notices; and a perturbed time series, where oscillations are noticed 
(right). The identification of these two time windows will allow to relate those 
environmental fluctuations to the acoustic observations. Note the appearance of a turbulence 
layer around 50m depth, fluctuating at very high frequency during the two phases. 
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Figure 3. Unperturbed (left) and perturbed time periods during vertical relative sound 
speed variations profile. 

 

3. PDF OF THE NORMALIZED ACOUSTIC INTENSITY 

It was shown in the literature that classifying experimental configurations involving 
propagation of waves in fluctuating media into regimes of fluctuations was extremely 
helpful. Indeed, depending on parameters such as the range of propagation, the relative 
amplitude of sound speed fluctuations, its two-dimensional correlation lengths, and the 
frequency of the signal of interest, one can attribute a specific regime of saturation, 
according to [5].  

The behaviour of the normalized acoustic intensity 𝐼/𝐼  strongly depends on the observed 
regime of fluctuation [12]. It can therefore theoretically constitute a way to characterize a 
given experimental configuration, using passive acoustics only  

The statistics of this quantity are used to perform this analysis, namely the pdf of the 
normalized acoustic intensity. In the fully saturated regime, where phase and amplitude 
fluctuations of the acoustic signals are noticed, inducing a strong degradation of sonar 
performance, the pdf of 𝐼/𝐼  is known to follow an exponential distribution of the form: 

 
𝐷 (𝐼/𝐼 ) = 𝐼/𝐼  𝑒

/ . 
 
In [13], the authors introduce an alternative distribution, called Modulated Exponential, 

where a factor depending on the scintillation index 𝑆𝐼 =
〈 〉

− 1 appears: 
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Finally, in the unsaturated regime, where sole phase fluctuations are likely to happen, the 

pdf of normalized intensity supposedly follows a log-normal law: 
 

𝐷 (𝐼/𝐼 ) =
1

√2𝜋𝐼𝜎
𝑒  . 

4. EXPERIMENTAL RESULTS 
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We hereby calculate the pdf of normalized intensity on the 1 kHz CW emitted by the 
active pinger as part of the global emission sequence. The duration of the signal of interest 
is 2s. The intensity if then calculated and normalized on 5 hydrophones taken at the 
geometrical center of the first Vertical Line Array (VLA). The two time-windows described 
in Section 2 are considered (unperturbed and perturbed media). 

Figure 4 displays the time series of normalized intensity in both cases: 
 

 
 

Figure 4. Time series of the normalized acoustic intensity - Unperturbed (solid line) and 
perturbed (dotted crosses) time periods. 

 
Figure 5 displays the calculated pdf of normalized intensity, as well as the theoretical pdf 
expressed in Section 3. As expected, the perturbed case fits nicely with the ME distribution, 
while the log-normal distribution fits the unperturbed case. 
 

 
Figure 4. Pdf of normalized intensity: comparison between theoretical distributions and 

measurements - Unperturbed (left) and perturbed (right) time periods. 
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CONCLUSION 

In this paper, we demonstrated the capability to associate specific experimental 
configurations or time periods of a given setup with regimes of fluctuations. The association 
was performed using the probability density function of the normalized received acoustic 
intensity. It was indeed shown that, in presence of strong fluctuations (i.e. in the fully 
saturated regime), an exponential decrease of the normalized intensity pdf was observed. 
On the contrary, when slight fluctuations are observed, a log-normal distribution is a better 
fit for this quantity. 

Our interpretation of this result is that it could constitute a first step in a global processing 
scheme allowing to first identify the regime of saturation involved in order to, in a second 
time, select the appropriate algorithm to process the data and guarantee the maximum sonar 
performance. 
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