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Abstract: The authors focus on the effects of phenomena, such as linear internal waves, 
that are responsible for fluctuations of the depth-dependent sound speed profile and, 
hence, induce distortions of the resulting acoustic pressure field and degradation of the 
associated sonar performances. The main goal of this study is to develop a scaled 
experiment configuration able to provide some results representative of this kind of 
distortions. To do so, a theoretical study of the phenomenon has first been carried out: we 
obtained an expression for the standard parabolic equation applied to the Fourier 
transform of the moments of order 2 and 4 in 3D medium.  
Various simulation programs were developed and used for the following purposes: 
validating or discarding some relationships given by Flatté through his classical 
dimensionless analysis (ΛΦ plane); tracing rays through an acoustic lens featuring a 
plane face and a randomly rough face and propagating an acoustic wave through the 
same object in order to anticipate for the shape of the distorted pressure field, including 
diffraction effects. 
We were able both theoretically and experimentally to induce acoustic scattering that 
mimics, at reduced scale and frequencies around 2MHz, the correlation properties and the 
corresponding array performance that would be observed at sea, after propagation 
through a linear internal wave field, or reflection on a rough sea surface.  

Keywords: De-coherence, Tank Experiments, Fluctuations, Dimensionless Analysis. 
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1. INTRODUCTION.  

Wave propagation in random media (WPRM) is a well-studied topic in the literature. 
From a historical point of view [1] [2], to more recent applications to various fields such 
as optics [3] or underwater acoustics [4] [5], it has been proven that, in order to enhance 
the performances of operational systems, stochastic knowledge of the fluctuating media is 
needed. Linear internal waves (LIW) are an example of fluctuations in the ocean medium 
that causes perturbations in the underwater sound propagation, such as the appearance of 
caustics [6].  

The performance of acoustic arrays associated with this kind of phenomena is 
therefore mitigated [7-10]. The objective of our research is to perform measurements of 
sound waves fluctuations in a controlled environment (water tank), which, in our opinion, 
would help to understand the involved physical phenomena. In a second time, corrective 
signal processing techniques are sought out. 

In this paper, we focus on the theoretical approach and present some simulation results 
compared with experimental data acquired in a tank.  

2. THEORETICAL STUDY. 
 
We first wrote the standard parabolic equation applied to the Fourier transform of the 2nd 
and 4th order moment of the pressure field (respectively denoted 2J  and 4J  (extension 
from 2D to 3D media)). These equations and the results associated (expression for the 
average number of eigen rays) are presented in [11]. 
 
The method we adopted for reproducing the effects of LIW like phenomena in water tanks 
is the propagation of an ultrasonic signal through an acoustic wax lens presenting a plane 
input face and a randomly rough output face. The randomly rough face of the lens is 
characterized by its amplitude xδ   and its vertical and horizontal correlation lengths 

(respectively VL  and HL ). This random profile is represented in Fig.1. 

 

 

Fig.1: (a): Randomly Rough Output Face Profile - 3 ;  3 ;  30 .x V Hmm L mm L mmδ = = = ; 

(b) CAD view of the Lens. 
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If we can anticipate quite reasonably that our experimental configuration would induce 
focal points, caustics and distortions of the acoustic wave fronts, a way to link our work to 
the theory developed in the literature is needed. Flatté defined two dimensionless 
parameters in order to classify the acoustic signal distortions into perturbations regimes: 
the diffraction parameter Λ, qualitatively describing the nature of the acoustic distortions, 
and the strength parameter Φ, characterising the amplitude of these distortions. Both 
parameters depend upon oceanographic quantities that are measurable during at-sea 
experiments [4]. Unfortunately, we cannot evaluate directly these parameters with the 
configuration given in our experimental framework.  
Flatté proposed connections between these two parameters and the average number of 

eigen rays eigN , the rms phase difference between the extreme micropaths RMSϕ∆  and the 

total vertical range over which the micropaths are spread z∆ [4]: 

eigNΛΦ ≈  (1) , 2
RMSϕΛΦ ≈ ∆  (2) , z

VL

∆ΛΦ ≈  (3) 

 Our first goal was therefore to validate these equations: we developed a simulation ray 
tracing program in order to assess the parameters involved in the right members of 
equations (6) to (8) in the case of a medium presenting Gaussian fluctuations of the sound 
speed. The software is based on tracing rays and takes into account the local sound speed 
fluctuations. The ray tracing system from [12] is solved using a 5th order Runge-Kutta 
technique [13]. 

 
Fig.2: (a): Ray Trace - Medium Presenting Fluctuations of the Sound Speed - f=1kHz – 

zS=500m - 404m <zR< 596m - 1 km<dx< 15km – LV=50m – LH=500m – δc=1m/s. 
(b) to (d): Equation (6) to (8) Validation. 

 
Fig.2 shows a relatively good agreement between our simulations and Flatté's identities 
corresponding to equations (6) to (8). All three relations can be validated and used in the 
following work. 
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3. SIMULATION RESULTS. 
3.1. RAY TRACING AND Λ-Φ PLANE. 
 
With the ray tracing program, it was possible to predict the average number of eigenrays 

eigN  and the rms phase difference between extreme micropaths RMSϕ∆  when a beam of 

rays propagates through the wax lens defined earlier. These predictions were conducted 
for several positions of the sensor used as a receiver. The distance between the source and 

the object is also a tunable parameter. Therefore, we were able to evaluate eigN  and 

RMSϕ∆  for virtual arrays (either vertical or horizontal) at various distances of the distorting 

object. 

 
Fig.3: (a): Ray Trace – Vertical Direction – Wax Lens. 

(b): ΛΦ Plane – 256 Sensors Vertical Array – f=2.25MHz. 
 

The analysis of Fig.3 shows that this process provides results in the fully saturated 
regime at distance 1, and partially saturated regime for all other distances, in the case of a 
vertical linear array. This is consistent with the presence of caustics at very short distance 
from the lens output face. 

3.2. ACOUSTIC WAVE PROPAGATION. 

Moreover, in order to anticipate for experimental results in terms of the shape of the 
acoustic field measured after propagation through a distorting surface, we developed a 3D 
propagation software based upon a parabolic equation calculating the propagated acoustic 
wave in an unbounded medium. Hence, we are able to observe the distorted acoustic field 
in various planes. 
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Fig.4: Acoustic Wave Propagation Through Wax Lens: (a): Vertical Plane – 

 (b) Horizontal Plane – (c) Transverse Plane. 
 

The refraction of the acoustic wave can be observed in Fig.4, especially in the vertical 
case (Fig.4 (a)), where caustics can be observed in good agreement with Fig.3 (a).  
Finally, we compared the coherence function calculated with the output of the simulation 
program presented in Fig.4 with experimental results of the same configuration.  
 

 
Fig.5: Average Coherence - (a): Vertical Array – (b) Horizontal Array. 

 
Fig.5 displays the average coherence function along the linear array for the first 

propagation distance ( / 0.23 src rcvrd m= ).The agreement between the two cases is quite 

good for the main lobe, and therefore for the radius of coherence, whose value can be 
related to the array gain [8]. 

4. CONCLUSION 

The theoretical and simulation results presented here are used to define an experimental 
protocol leading to the acquisition of distorted acoustic signals in specific regimes of 
fluctuations predicted according to Flatté’s theory. The induced distortions in the acoustic 
field are characteristic of ocean perturbations, such as LIW. The effect of these 
perturbations on array gains is studied through the calculation of the coherence function. 
The latter displays a small radius of coherence both in experimental and simulation 
framework, which implies a degradation of the system performances. 
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