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Summary 

We propose the application of a numerical model based on the Method of Fundamental 

Solutions to the estimation of the target strength (TS) of single fish, a crucial parameter for 5 

evaluating fish abundance when using active acoustical techniques. We consider a realistic 

beam and the influence of the evolution of the scattered field with distance maintaining the 

target in the far field of the ultrasonic transducer. The cases of a fluid sphere and a prolate 

spheroid model for the swimbladder are used to verify the application of MFS against other 

analytical and numerical methods. Additionally, a model considering only the swimbladder and 10 

the fishbone is presented to evaluate the differences between dorsal and ventral aspect 

measurements, and to understand previous experimental works performed with Atlantic salmon 

(Salmo salar) in floating cages. 

 

PACS no 43.30.+m, 43.30.Gv, 43.30.Sf, 44.05.+e 15 

 

 

1. Introduction 

The target strength (TS) of single fish, a 

parameter related to the acoustical 20 

reflectivity, is a fundamental input 

value for fish abundance estimations 

when using active acoustical techniques. 

Such techniques assume that the total 

integrated echo energy returned from 25 

randomly distributed targets inside the 

acoustic beam is proportional to the 

quantity of those targets and to the echo 

intensity returned by an average 

scatterer [1, section 2.5.6]. Therefore 30 

the characterisation of the TS of 

different species, and its variability 

under different changing factors like 

fish orientation, depth and physiological 

factors, have been an important part of 35 

the research developed in fisheries 

acoustics since the early 80's [1, section 

6.3]. Three alternative or 

complementary methods are used for 

TS estimations: (i) in situ measurements 40 

of fish in the wild, (ii) ex situ techniques 

by measuring constrained fish (dead or 

alive), and (iii) theoretical modelling of 
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the acoustic field backscattered by the 

fish’s main anatomical structures [2].  45 

We are interested in the experimental 

situation that is common to different 

scenarios and applications of fisheries 

acoustics: very shallow waters (like in 

rivers and ponds), aquaculture floating 50 

cages or biomass characterisation close 

to fishing aggregating devices (FADs).   

They have in common that the TS 

measurements are usually conducted at 

close distances of fish, and some errors 55 

associated with the near range are 

expected. These errors include: the TS 

dependence with distance due to 

extension of the near field of the 

transducer and also of fish as scatterers 60 

[1, section 2.4.1]; the point-source 

principle violation, that affects the 

accuracy of the applied time-varying 

gain or TVG [3-78]; the extended size 

of fish, which also produces an 65 

indetermination in the position inside 

the beam measured by split-beam 

echosounders and therefore in the 

directivity gain compensation [10-123]; 

and even the partial insonification of 70 

fish [13].  

Assuming that the near field of the 

transducer is known from the equipment 

specifications, and that the related 

minimal operational distance is 75 

respected, our interest is focused on the 

more elusive answer about the far-

enough distance to achieve the far field 

condition from the fish, and to minimize 

the above referred near distance effects 80 

associated to its size when compared to 

the beam volume. Some experimental 

results found in the literature suggested 

that fish size (or the relative close 

distance to the fish) could have 85 

conditioned their TS measurements [13-

15], whilst other minimize its influence 

[16].   

TS measurements on caged salmon 

(Salmo salar) have been addressed to 90 

monitor fish growth and total biomass 

evolution inside floating cages by 

Knudsen et al. [13]. The results of such 

work have shown a good correlation of 

TS versus fish length (20-78 cm) at high 95 

frequencies (120 and 200 kHz) with 

uni-modal distributions of TS for each 

class size from ventral aspect; in the 

dorsal case, the distributions were 

shown to be bi- or tri-modal (mainly for 100 

the smaller fishes) and a much poorer 

correlation of TS with fish length was 

found. TS dependence with distance (6 

to 18 m) was reported as not relevant 



  I. Pérez-Arjona et al. 

4 

for both observed fish aspects.  105 

In the case of tuna, measurements in 

cages can provide TS values for new 

techniques of biomass estimation in the 

wild [17], or to improve size and 

species discrimination in fish 110 

aggregating devices (FADs) equipped 

with quantitative echosounders [18]. 

Preliminary works with caged bluefin 

tuna (Thunnus thynnus, fork length of 

130-210 cm) showed a similar tendency 115 

to that of salmon, with ventral aspect 

being the only one suitable for size 

monitoring in spite of partial 

insonification [14]. Dorsal 

measurements of juvenile yellowfin 120 

(Thunnus albacares) were performed in 

[15] both in situ (around a FAD) and ex 

situ (in a tank); obtaining for the last set 

of data a poor linear correlation 

coefficient (R²=0.42) between TS and 125 

optically measured fork length (25–80 

cm tuna at a distance between 2.6 and 

3.4 m). 

Nevertheless, a recent ex situ 

experiment from lateral aspect with 130 

fresh water species (Andalusian barbel, 

Luciobarbus sclateri, and carp, 

Cyprinus carpio, between 325 and 525 

mm of length) did not seem to show TS 

dependence with distance (6 to 12 m) 135 

[16]. 

At this point we consider as necessary 

to develop appropriate simulations to 

investigate numerically the possible 

effects of the near field of fish, as a 140 

function of aspect, combined with the 

interplay between fish size and beam 

dimensions and transducer directivity in 

its far field. As a first step, we must 

chose a simulation method with the 145 

possibility of evaluating the measured 

TS for an increasing distance of fish to 

the transducer. 

A lot of acoustic scattering models to 

predict acoustic backscatter by fish and 150 

zooplankton have been developed since 

the 1960s [19] and were recently 

summarised and compared [20, 21]. 

Particularly, for the case of fish with 

gas-filled swimbladder: the T-matrix 155 

method [22], scattering models based 

on cylinders [23-25], the Kirchhoff-

Approximation (KA) [26] and 

Kirchhoff-ray-mode model (KRM) [27], 

the analytical model based in a modal 160 

expansion of a prolate-spheroid [6], the 

Fourier mode matching method [28] 

and the numerical solution of the 

Helmholtz equation using either the 
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finite element method (FEM) [29] or 165 

the boundary element method (BEM) 

[30]. 

A reasonable agreement between in situ 

and ex situ measurements and 

simulations has been reached mainly 170 

with Kirhchoff approaches [31-34], 

with differences between modelled and 

measured TS depending on the tilt angle 

distributions [32,35-37]. 

The main similarity in all cited efforts is 175 

the evaluation of TS in the far field; in 

fact only FEM and BEM can calculate 

TS at a desired finite distance whilst the 

rest of cited methods have assumed in 

different ways the far field condition. 180 

However, this capability has not been 

exploited due to the high, or even 

unaffordable, computational cost (even 

higher with FEM, as a volume mesh 

method for field propagation). 185 

In recent decades, a new class of 

numerical methods has emerged, 

namely meshless methods, which have 

been in progressive development 

aiming mostly at a reduction of 190 

computational costs and of the effort 

involved in the discretization of the 

problem geometry. Within this class, 

the Method of Fundamental Solution 

(MFS) has merited attention for 195 

acoustic problems, since, as happens 

with the BEM, it makes use of 

fundamental solutions that directly 

account for infinite or semi-infinite 

spaces. However, its mathematical 200 

formulation and implementation are 

much simpler, since it is based on a 

collocation approach without requiring 

any numerical or analytical integration. 

In fact, the method is simply based on a 205 

linear superposition of fundamental 

solutions to approximate the solution of 

the problem, assuming sources located 

outside of the computational domain to 

avoid singularities in the solution. There 210 

is extensive literature regarding the 

MFS and its application to acoustic 

scattering and/or radiation problems, 

such as the early works of Fairweather 

et al. [38]. More recently, the method 215 

has been successfully applied to model 

acoustic problems in the fields of room 

acoustics [39], acoustic radiation 

problems [40] and underwater acoustics 

[41]. Detailed numerical studies 220 

regarding the stability and accuracy of 

the MFS have also been published [42], 

demonstrating that the simple 

mathematical formulation of the MFS 

and its high accuracy can result in 225 
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significant computational resource 

savings if large problems are considered. 

The above mentioned studies have also 

evidenced that the MFS can have some 

limitations when applied to complex 230 

geometries with sharp edges, for which 

the simple setup of the method may not 

be able to reproduce the acoustic field 

accurately. However, the application of 

the MFS to smooth geometries, both in 235 

2D and 3D, seems to be advantageous 

and to allow some important 

computational gains. 

In this context, we propose the 

application of the MFS for the solution 240 

of the Helmholtz equation at arbitrary 

distances of an idealized fish model. In 

the following sections the method will 

be described, verified through the 

calculation of the TS of different cases 245 

of fluid spheres and a gas-filled prolate-

spheroid and the comparison against 

other methods [20], and finally applied 

to investigate its potential in a case 

study, with the fish modelled by its 250 

swimbladder and spine bone, using its 

predictions to interpret the experimental 

results of Knudsen et al. [13].  

 

2. Material and methods 255 

2.1 Mathematical formulation of 

MFS 

2.1.1.  Governing equations 

The propagation of sound within a 

homogeneous acoustic space can be 260 

mathematically represented in the 

frequency domain by the Helmholtz 

differential equation, 

2 2 0  p k p  (1) 

where 
2 2 2

2
2 2 2x y z

  
   

  
 in the case 265 

of a 3D problem; p [Pa] is the acoustic 

pressure, k c the wave number, 

2  f the angular frequency,  f [Hz] 

the frequency and c [m/s] the sound 

propagation velocity within the acoustic 270 

medium. 

For the 3D case, assuming a point 

source placed within the propagation 

domain, at point x0 with coordinates 

0 0 0( , , )x y z [m], it is possible to establish 275 

fundamental solutions G, for the sound 

pressure, and H, for the particle velocity 

[m/s], at a point x with coordinates 

( , , )x y z [m], which can be written 

respectively as: 280 
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-i
3

0
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( , , )

kr
DG k

r
x x , (2) 

3
0

-i

2

( , , , )

1 ( - i 1)e

i

D

kr

H k n

kr r

r n



 

 





x x

. (3) 

In these equations, r [m] corresponds to 

the distance between the source point 

and the domain point, given; n
  285 

represents the direction along which the 

particle velocity is calculated and 

[kg/m3] the medium density. 

 

2.1.2. MFS Formulation 290 

While fish have a number of anatomical 

features that can affect TS, we chose to 

focus on flesh and vertebrae, because all 

fish have these throughout their live, 

and some have a gas-filled 295 

swimbladder, which is known to 

dominate TS in the Rayleigh, resonant, 

and into the geometric scattering 

regions. It is important to understand 

that under this consideration the most 300 

significant contribution of the acoustic 

scattering from fish at the frequency 

range of the commercial echosounders 

is due to the swimbladder (when 

present) [26] and, eventually, from the 305 

bony structures (skull and spine), since 

these two internal elements are the ones 

with more important contrast with 

respect to the water. As for the fish 

flesh, its properties are, usually, closer 310 

to those of the host medium (water) 

than the other fish structures [43]. Even 

though, a more general numerical model 

should simulate as accurately as 

possible the presence of these three 315 

components, accounting for their 

internal properties like in Figure 1.a). 

Since the swimbladder is usually gas-

filled, the contrast with respect to the 

surrounding water is quite strong, and 320 

so its boundary can be basically seen as 

a pressure release interface. As for the 

flesh, skull and spine, its properties are 

much closer to those of the water than 

for the swimbladder, and their presence 325 

must be simulated as a heterogeneity 

with its own properties. The complex 

geometry of the skull and spine, 

together with their elastic properties, 

condition severely the feasibility of 330 

numerical simulations. Even more, the 

contribution of shear waves has been 

reported to be not relevant for the 

backscattering of backbone in previous 

works [44], even more in the case of 335 

low and medium frequencies (<150 

kHz). Therefore in this work we will 
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consider only the propagation of 

longitudinal waves along the fish spine.  

In a first approach and in order to 340 

evaluate the main contributions to the 

scattering properties of fish, we propose 

a simplified fish model that includes: 

 The swimbladder, simulated as a 

volume with pressure release 345 

boundary conditions at its 

surface; 

 The spine, modelled as a fluid 

filled inclusion, with distinct 

properties from the host 350 

medium. 

 The flesh, modelled as a fluid 

surrounding the spine and the 

swimbladder with slightly 

different properties from the 355 

water 

We will particularize this three 

component model in the following to 

verify the validity of application of 

MFS in different cases,  360 

To formulate the MFS for the analysis 

of acoustic scattering by a system, it is 

first necessary to understand that the 

basic principle of the MFS is that the 

sound field in a homogeneous region 365 

can be simulated by the linear 

superposition of the effects of a number 

of virtual sources, each one with its own 

amplitude. So, to define the formulation 

of this problem, let us first consider five 370 

sets of virtual sources located: the first 

and second on the inner and outer sides 

of the flesh-water interface, 

respectively, each with NS1 sources; 

the third and fourth on the inner and 375 

outer sides of the spine’s surface, each 

with NS2 sources; the fifth within the 

swim bladder, with NS3 sources.  

The first set is responsible for the 

simulation of the sound field in the host 380 

water medium (here designated as 1 ), 

and allows sound field to be written as 

1

1
3

1
1

1 1

( , ) ( , , )

+ ( , , ) for   in 

NS
D

j
j

inc source

p k PG k

p k




 



 1, jx x x

x x x

 (4) 

Using the second, third and fifth sets of 

virtual sources, the sound field within 385 

the flesh (medium 2 ) can be computed 

as: 

2

1
3

2
1

2
3

2
1

3
3

2 2
1

( , ) ( , , )

( , , ) (5) 

( , , )for   in 

NS
D

j
j

NS
D

j
j

NS
D

j
j

p k Q G k

R G k

T G k












 







2, j

3, j

5, j

x x x

x x

x x x
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Finally, using the fourth set of sources 

located around the spine, the sound field 390 

within the spine can be calculated as 

3

2
3

3 3
1

3

( , ) ( , , ) 

for   in 

NS
D

j
j

p k S G k






 4, jx x x

x

  (6) 

In Equations (4), (5) and (6), jP , jQ , 

jR , jS  and jT  are unknown 

amplitudes of the virtual sources, 395 

( , , )inc sourcep kx x  represents the incident 

field generated by a source located at 

sourcex , and 1k , 2k  and 3k  represent the 

wavenumber in the host medium 

(water), in the flesh and in the spine, 400 

respectively. To determine the relevant 

amplitudes, a system of equations must 

be established by imposing the 

necessary interface and boundary 

conditions. For that purpose, it is 405 

necessary to consider: 

 continuity of pressure and of 

normal particle velocity in the 

interface between the host water 

medium and the flesh ( 1 ); 410 

 continuity of pressure and of 

normal particle velocity in the 

interface between the flesh and 

the spine ( 2 ); 

 null pressure along the 415 

boundary surface of the 

swimbladder ( 3 ). 

Mathematically, these conditions can be 

written as: 

1 21 2 1( , ) ( , ) , p k p k  x x x  (7) 420 

1 21 2 1( , , ) ( , , )v k n v k n  
 

x x , x  (8) 

2 32 3 2( , ) ( , ) , p k p k  x x x  (9) 

2 32 3 2( , , ) ( , , ) ,  v k n v k n  
 

x x x  (10) 

22 3( , ) 0 , p k   x x  (11) 

To completely establish the formulation 425 

of the method, a number of collocation 

points must be considered throughout 

the surfaces of the spine, of the 

swimbladder and of the flesh. Figure 

1.b) illustrates the typical configuration 430 

and the location of these points, also 

identifying the three acoustic media 1  

(water), 2 (flesh) and 3 (spine), as 

well as their boundaries 1  (interface 

between flesh and water), 2  (interface 435 

between the flesh and the spine) and 

3  (boundary of the swim bladder).  

Imposing these boundary conditions at 

those discrete points homogeneously 

distributed throughout the three surfaces 440 
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(points 
1,i x , 

2,i x and 
3,i x ), an 

equation system with 

(2xNS1+2xNS2+NS3) equations on 

(2xNS1+2xNS2+NS3) unknowns can 

be written. Equation (12) gives a 445 

generic representation of this system of 

equations. 

1 1 1 2 1 2

1 1 1 2 1 2

2 2 2 2

2 2 2 2

3 2 3 2

1 2

1 2

2 3 2 2

2 3 2 2

3 2

,1, ,2, ,3,

,1, ,2, ,3,

,2, ,3,

,2, ,3,

,2, ,3,

,5,

,5,

,4, ,5,

,4, ,5,

,5,

0 (12)

0

0

0

0

0

     

     

   

   

   

 

 

   

   

 

 

 


 






 


 
 





Ax B

G G G

H H H

G G

H H

G G

G

H

G G

H H

G





















1

1

,

,

0

0

0

inc

inc





  
     
   
           

pP

Q v

R

S

T

P , Q , R , S  and T  are vectors of 

length NS1, NS1, NS2, NS2 and NS3, 450 

respectively, which contain the 

unknown amplitudes of the virtual 

sources of the MFS. Each entry of A , 

x  and B  corresponds, itself, to a 

submatrix containing the effects of each 455 

set of virtual sources on each boundary. 

The matrices G  and H  can be written 

as: 

, ,

3
1, ,1

3
, ,1

3
1, ,

3
, ,

( , , )

( , , )

( , , )

( , , )

i l

i

i

i

i

j

D
j l

D
NSi j l

D
j NSj l

D
NSi j NSj l

G k

G k

G k

G k

 














 









G













x x

x x

x x

x x

 (13) 

3

1, ,1 1,

3

, ,1 ,

3

1, , 1,

3

, , ,

, ,

( , , , )

( , , , )

( , , , )

( , , , )

i i

i i

i i

i i

i l

D

j l

D

NSi j l NSi

D

j NSj l

D

NSi j NSj l NSi

j

H k n

H k n

H k n

H k n

 

 

 

 

 

















H

















x x

x x

x x

x x

 (14) 460 

 where , in x  represents the collocation 

point n  over boundary i , ,j nx  is the 

virtual source n  associated with thj  

set of virtual sources, N S i  is the 

number of collocation points over 465 

boundary i , lk  is the wavenumber in 

domain l , and , imn 


 is the normal to 

boundary j  at the 
thm  collocation 

point. Finally, the independent term B  

contains the effects of a possible real 470 

acoustic source at each of the 

collocation points. Further details will 

be given in the next subsection. 

After solving the equation system, the 
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pressure at any point of the host water 475 

domain can be determined making use 

of Equation (4). 

One should note that this formulation 

can be greatly simplified if only some 

of the features of the fish are to be 480 

considered. In those cases, a careful 

selection of the correct subsets of 

virtual sources can lead to a significant 

reduction of the size of the equation 

system. The cases of interest for this 485 

paper are: 

 Considering just the spine and 

swimbladder: for this case, only 

the interfaces 2  and 3  are 

needed, as well as the third, 490 

fourth and fifth virtual source 

sets, leading to a system with 

2xNS2+NS3 equations and 

unknowns; the required 

boundary and interface 495 

conditions are given by 

equations (9), (10) and (11); 

 Only considering the 

swimbladder: in this case, only 

the boundary 3  is required, 500 

and the fifth virtual source set is 

sufficient to simulate the sound 

field in the host medium, 

leading to a system with NS3 

equations and unknowns; the 505 

required boundary conditions 

are given by equation (11). 

2.1.3. Simulation of the acoustical 

transducer and beam in the far 

field. 510 

As mentioned above, the independent 

term in Equation (12) contains the effect 

of the real source, illuminating the 

scatterers. This source can be of any 

type, such as a simple point load, or can 515 

be a more complex and realistic 

radiating object. For the purpose of the 

present paper, the specific case of the 

far field of a circular piston, as an 

idealisation of a scientific echosounder 520 

transducer, is of particular interest, 

since this is the usual tool used in 

practice to create the incident acoustic 

signal in field measurements.  

To simulate this type of source, its 525 

surface is first discretized in small 

triangles, as illustrated in Figure 2, and 

the necessary boundary conditions are 

prescribed at each of these triangles 

(usually a given particle velocity at the 530 

emitting surface, and null velocity at the 

remaining surfaces). Assuming that the 

source is sufficiently far from the 

scatterer and considering that high 
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frequencies are excited, a high-535 

frequency approximation of the sound 

field at the required field points can 

then be obtained using the Rayleigh 

integral in the form 

1

3

1

1

( , , ) ( , , )

( , ) 2i

source source

source

D

lG k v k n

p k 

 



  

 


x x x

x
 (15) 540 

This simple approach can be 

computationally very effective, since it 

does not require the solution of any 

equation system. However, one should 

note that this can only be considered for 545 

high frequencies and for small sources, 

where the interaction between the 

source and the scatterers can be 

neglected. 

2.2 Verification of the MFS for a 550 

fluid-filled sphere. 

To first verify the proposed MFS 

formulation, the benchmark case of a 

fluid-filled sphere subject to the 

incidence of a plane wave is considered. 555 

For that purpose, a sphere with radius 

0.01 m is defined, immersed in water  

with c=1479.6 m/s and =1027 kg/m3., 

and three different sets of properties are 

considered for the fluid filling the 560 

sphere:  

- 343 m /sc   and  31.2 kg/m   , 

simulating air; 

- 1520  m/sc   and  31043 kg/m   , 

simulating the properties of fish 565 

flesh; 

- 5000 m/sc   and  37000 kg/m   , 

simulating a quasi-rigid sphere. 

All three cases are analysed for incident 

plane waves with frequencies of 38 kHz 570 

or 120 kHz, and for increasing numbers 

of uniformly distributed collocation 

points defining the sphere, ranging from 

100 to 1500. For each number of 

collocation points, a relative error is 575 

computed with respect to the classical 

benchmark analytical solution given by 

Andersen [45], taking into account the 

response at a receiver located 0.02m 

from the centre of the sphere.  580 

Figure 3 presents the relative error at 

the receiver for the three configurations 

described before. It can be observed that 

fast convergence is registered for all the 

properties of the inner fluid, with very 585 

low errors being computed for as little 

as 300 collocation points, even at the 

higher excitation frequency. To have a 

better insight of the meaning of these 

results, in the same figures, 590 
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convergence curves computed for a 

conventional BEM implementation 

were also included. Clearly, comparing 

both methods, the MFS provides a 

much faster convergence to the 595 

solution, allowing an effective reduction 

of the number of collocation points to 

provide the same error level as the 

BEM.  

2.3 Application of MFS to calculate 600 

the TS of a gas-filled prolate 

spheroid. 

A comparison of well-established 

numerical models for TS estimation of 

swimbladdered fish was given in [20]. 605 

In the cited work it was considered the 

acoustic reflection from pressure release 

prolate spheroids, which approximate a 

fish swimbladder [6,46]; results 

obtained from the analytically exact 610 

prolate-spheroid-modal-series model 

(PSMS) were compared with the 

computed results from KA, KRM and 

FEM. We have applied the MFS 

formulation introduced in the previous 615 

subsection to the same cases of gas-

filled prolate [20] with semi-major axis 

a [m] and semi-minor axis b [m]. To 

compare with [20] we have calculated 

length-normalized TS as 620 

10	 	

	
 [dB], where Ibs [W m-2] 

corresponds to the backscattering from 

the target calculated on the ultrasonic 

source; R [m] is the distance between 

the target and the source and Iinc [W m-2] 625 

is the incident intensity on the target.  

Following [20] we have chosen two 

prolate spheroids with 12	 

and	 1or 5, where k is the 

acoustic wavenumber, given by 2π /c.  630 

For each prolate spheroid, the length-

normalized TS have been calculated at 

incident angles from 0 to 50, in 2 degree 

steps. Sound velocity c in water 

surrounding the prolate spheroid is 635 

1479.6 m/s and density =1027 kg/m3. 

Since the gas filling the swimbladder 

(c=343 m/s and =1.2 kg/m3) exhibits a 

very large contrast with the water, null 

pressure conditions are ascribed to the 640 

boundary of the prolate spheroid. The 

working acoustic frequency was set to 

38 kHz and the prolate spheroid 

dimensions were chosen to obtain the 

required  and  values.  645 

2.4.  Relative contributions of fish 

elements. 

As it was stated previously in the paper, 

the usual properties that can be 
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considered for the fish flesh are closer 650 

to those of the host fluid medium (water) 

than other fish structures, and so the 

perturbation in the response originated 

by the contrast of properties between 

water and flesh should be a minor 655 

contribution in comparison with the 

swimbladder or the spine. However, 

confirmation of this hypothesis is 

necessary, and so, to assess the 

influence of considering different levels 660 

of detail of the fish model in the 

calculation of the TS, simulations were 

performed using the proposed MFS 

model. In these simulations, the flesh is 

assumed to have 1520  m/sc   and  665 

31043 kg/m  , and the spine is 

assumed to have  cbone = 2270 m/s, 

bone=1100 kg/m3. A small fish of 

length 0.18 m is considered, with a 

spine length of 0.15 m.  670 

Using the described problem 

configuration, simulations were 

performed using the 3D MFS model 

and considering three distinct situations: 

the complete fish with the fish flesh, the 675 

fish represented by its spine and swim 

bladder, or just including the swim 

bladder. Two different frequencies were 

analysed, 70 kHz and 120 kHz, and the 

TS was computed for ventral and dorsal 680 

insonification considering distances 

ranging from 1.0 m to 10.0 m.  

2.5. Application of the MFS to 

calculate the compared gains of the 

TS from a swimbladdered fish 685 

(Atlantic salmon) depending on 

aspect. 

Once the MFS has been applied to the 

calculation of the TS of an idealised fish, 

we wanted to improve the 690 

understanding of TS measurements of 

big- and medium-sized fish at short 

distances when the far field condition 

for the emitted acoustic beam is assured.  

In particular we focused on the TS 695 

results obtained in [13] for the ventral 

and dorsal aspects of Atlantic salmon 

introduced above.  

Teleost fish, such as salmon, normally 

have a swimbladder. This organ, located 700 

below the fish bone, is responsible for 

most of the energy reflected by the fish 

[43]. Therefore, in principle, ventral and 

dorsal TS measurements would only 

differ in the influence of shapes and 705 

orientation of swimbladder boundaries 

and minor backscattering, diffraction 

and shadowing effects of the fish bony 

structures (spine) [26,47].  We have 
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considered a simplified scheme of 710 

Atlantic salmon, shown in Figure 1.a), 

to evaluate the differences when 

measuring dorsally or ventrally and 

their influence in the near field distance 

of the scattered field from the fish. 715 

Since the flesh and the skull would 

contribute in a similar way to the total 

TS from both insonification 

perspectives, their contributions were 

not taken into account to simplify the 720 

calculations.  

The emitting transducer was modelled 

as a flat piston as explained above and 

we calculated the evolution of the 

measured TS with distance and with 725 

relative orientation between the 

transducer axis and fish for the case of 

120 kHz. For the sake of comparison, 

we calculated as well for a lower 

frequency, 70 kHz, since the required 730 

computational memory exceeded our 

hardware limits at 200 kHz (64 GB).  

The transducer size was chosen to 

produce a half-beam angle at -3dB of 

3.5º following the transducers’ 735 

specifications of Simrad EK60 

scientific echosounders at the working 

frequencies.  We considered ventral and 

dorsal insonifications of fish in order to 

analyse the effect of the spine in the 740 

near-to-far field evolution of the 

backscattered field in each 

configuration. We considered ventral 

and dorsal insonifications of fish in 

order to analyse the effect of the spine 745 

in the near-to-far field evolution of the 

backscattered field in each 

configuration.  The simulated TS 

derives from the value of the 

backscattered field at the position of the 750 

transducer working as a receiver, like in 

real measurements. Since the TS is 

calculated as the logarithmic expression 

of the ratio between the backscattered 

intensity at 1 m of the scatterer and the 755 

incident intensity on it, we must 

compensate the transmission loss from 

this distance to the transducer, 

considering absorption and the 

geometrical decay. As it is done by the 760 

software implemented in scientific 

echosounders, the scatterer is 

considered in the far field as a point 

source with a geometrical decay of 20 

log R. If this fish far-field condition is 765 

achieved, the resulting TS will not vary 

with fish distance. Therefore in the near 

field of fish the measurements (and our 

simulations) will exhibit TS variations, 

whilst the far field condition can be 770 

assumed when the TS reaches a certain 
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stationary value.  In these calculations 

we have assumed the following 

properties for the materials: cbone = 2270 

m/s, bone=1100 kg/m3, cwater= 1479.6 775 

m/s and water = 1027 kg/m3 [48,49]; 

since the fishbone is modelled as a 

fluid-like structure, only longitudinal 

wave propagation across the fishbone 

has been considered.  780 

The relation between spine and 

swimbladder dimensions, as well as the 

relative tilting angle, for a fish of total 

length L ( in cm), has been chosen to 

approximate the internal structure of 785 

Atlantic salmon [29,50,51].  

To compare with the experimental 

results in [13] we performed the 

calculations for fish lengths, L, from 24 

up to 72 cm, corresponding to spine 790 

lengths from 20 to 60 cm. We have 

simulated measuring distances from 

transducer to fish from 6 to 100 meters, 

and the distance range from 6 to 18 

meters is separately analysed in 1 m 795 

steps to compare with [13]. To take into 

account fish behaviour when diving and 

surfacing, TS directivity has been 

calculated at each measuring distance 

for a fish rotation from -90 to 90 800 

degrees, considering angular intervals 

of 1 degree, for both 70 and 120 kHz.  

 

3. Results 

3.1. Fluid-like sphere 805 

The case of the fluid-filled sphere 

illuminated by a plane wave, for which 

analytical solution is known, can be 

quite useful to assess capacity of the 

MFS model to reproduce the acoustic 810 

pressure field at different distances from 

the scatterer.  

To have an adequate insight on the 

behaviour of the method, results 

presented in Figure 4 illustrate, for the 815 

three scenarios identified in section 2.2, 

a comparison between the analytically 

and numerically computed sound 

pressures over a line of receivers 

crossing the sphere, and positioned 820 

between x=-0.3m and 0.3m. The system 

is illuminated by a plane wave 

propagating parallel to the y-z plane, in 

the negative direction of the x axis, and 

frequencies of 38kHz and 120kHz are 825 

considered.  

The comparison between the MFS and 

the analytical solution reveals an 

excellent agreement between both 
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results, for all computed distances. The 830 

analysis of these results indicates that 

the MFS can reproduce both the near 

field and the far field of the scatterer 

with excellent accuracy, and ensures 

that the method can be used for the 835 

analysis of more complex cases, both in 

what concerns the near field and the far 

field of scatterers.  

3.2. TS of a gas-filled prolate 

spheroid with MFS. 840 

Figure 5 compares the result from MFS 

with the exact analytical solutions from 

PSMS; and with the numerical solutions 

of KA, KRM and FEM. Figure 5 

reproduces Figure 4 in [31], modified to 845 

include our results from MFS 

calculations. 

To analyse the computational 

performance of the MFS in this type of 

problem, in comparison with BEM, the 850 

two extreme geometries of prolate 

spheroids of [20] were considered; with 

lengths of 14.74 cm and 14.84 cm, and 

transverse diameter of 1.24 cm and 6.18 

cm, as depicted in Figure 6. For both 855 

configurations, the spheroid is 

illuminated by a circular piston of 

radius 3.1 cm, located 10 m away from 

the scatterer, working at a frequency of 

38 kHz. Figure 7 depicts polar plots 860 

comparing the MFS and the BEM TS 

directivity results for these 

configurations. 

3.3. Influence of the different 

structures of fish in the computed 865 

TS. 

The calculated TS for ventral 

insonification of a small fish, of length 

equal to 0.18 m (spine length of 0.15m), 

is represented in Figures 8a and 9a, as a 870 

function of the distance between the 

transducer and the fish, while dorsal 

insonification results are presented in 

Figures 8b and 9b. Transducers with 

two different frequencies are considered, 875 

with the TS for a 70 kHz transducer 

being represented in Figure 8, and the 

TS for a 120 kHz transducer being 

depicted in Figure 9. In each figure, 

three curves are represented, 880 

corresponding to the calculation 

considering the complete fish model 

including the flesh (dashed line with 

circle marks), just considering the spine 

and swim bladder (dashed line with star 885 

marks), and only accounting for the 

swim bladder (dotted line with square 

marks).  
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3.4. Case study with MFS: TS of 

Atlantic salmon in floating cages. 890 

3.4.1. TS directivity. 

The TS() directivities, being  the 

observation angle, at 70 and 120 kHz 

are given in Figure 10 for L=24 cm and 

L=72 cm fish size at 6 m and 18 m from 895 

the transducer, corresponding to the 

limits of the selected distance range in 

[13].  

The calculations compare the results 

from ventral and dorsal fish aspect, 900 

varying the observation angle ± 90º, 

from the normal incidence, the positive 

x-axis has been taken to be =0. 

The directivity of the fish, TS(), was 

calculated at different target-to-905 

transducer distances and the maximum 

value of TS(), defined as  , 

for each fish-to-transducer distance, d, 

was obtained for further analysis.  

3.4.2. TSmax versus fish-to-910 

transducer distance. 

The variation of the maximum value of 

TS, ,  with the target-to-

transducer distance is shown in Figure 

12. It should be noted that only 915 

distances in the far-field regime of the 

transducers are considered.  Fig. 11 

shows that the value of  reaches 

a constant value, defined as ,  only 

from a far enough distance. For larger 920 

fish the constant  value is 

reached further than for smaller ones. 

Dorsal aspect calculations resulted in 

minor  values and further 

distances to get  than ventrally. 925 

Distance to reach  also increased 

with frequency.  

3.4.3. TSmax and fish length 

Figure 12 provides the regression 

curves showing the  value 930 

dependence on the fish length when 

ventral fish aspect is considered. The 

fish-to-transducer distance has been 

fixed to d=18m, corresponding to Eq. 

(13) for 70 kHz and Eq. (14) for 120 935 

kHz. In order to compare with 

experimental results, the mean TS 

versus logarithm of length relationship 

from the regression linear fit given in 

[13] has been included. Good 940 

correlations were obtained ventrally 

both at 70 kHz and 120 kHz: 

70	 ; 	 	 	 :	    

19.1	 58.82,									(13) 

120	 ; 	 	 :					 

18.18	 57,												(14) 945 
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where  is measured in dB and L 

in cm, with correlation coefficients 

0.98	  in both cases . Ventrally, 

from 6 to 18 meters, as considered in 

[13], the relationship between  950 

and fish length exhibited very good 

correlation, with 0.97.  

However, dorsal aspect simulations 

provided poorer 	 -to-logarithm-

of-fish-length correlations along the 955 

distance range of measurements in [13], 

mainly for the higher frequency. At 

d = 18 m the dorsal TS vs. L 

relationship was given by 

70	 ; 			 	 	 :      960 

12.88	 50.24,	     (15) 

120	 ; 			 	 	 : 

7.4	 44.01,          (16) 

 with correlation coefficients 0.94 

and 0.7 respectively.  From 6 to 965 

18 m, the relationship between  

and fish length exhibited good 

correlation and expected values only for 

the lower frequency, with 0.9

0.94 at 70 kHz and 0.47 0.7 at 970 

120 kHz.  Nevertheless, when the 

calculations were performed to 

distances where the far field is supposed 

to be achieved (arbitrarily 100 m), the 

results show good correlations both for 975 

ventral and dorsal aspects of fish. The 

dependence of  with fish length 

for 120 kHz at 100 m of the transducer 

were given by: 

120	 ; 			 	 	 : 

18.29	 56.9,        (17) 980 

120	 ; 				 	 	 :  

13.96	 53.34,      (18) 

with correlation coefficients 0.99	 

and 0.98	 respectively. Similar 

results could be found at 70 kHz. 985 

 

4. Discussion 

4.1. Verification of the proposed 

MFS model for numerical calculation 

of TS. 990 

There was a good agreement between 

the MFS results and the analytical 

solutions of all fluid-like spheres and 

the PSMS method in all prolate 

spheroid sizes and inclinations 995 

considered, similar or even better to the 

results obtained with FEM (Figure 5). 

The most important disadvantage of 

FEM model is the large computational 

requirements for three-dimensional 1000 

problems and long propagation 
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distances, even more if we consider the 

higher frequencies which increase the 

needed mesh density. Nevertheless, 

MFS is a meshless method, which 1005 

means that we can avoid some 

limitations found with a FEM model 

due to fine mesh requirements. If we 

compared the results for backscattering 

acoustic field from a prolate spheroid 1010 

calculated with FEM and MFS models, 

we could conclude that using MFS 

model we kept good agreement with 

PSMS model, but the computational 

effort was reduced, even more when 1015 

higher frequencies were considered. A 

similar argument supports the use of 

BEM for such calculations. However, if 

we take into account the results shown 

in Figure 3 for fluid-filled spheres, it 1020 

was clear that the accuracy of the MFS 

can be better than that of the BEM, 

allowing reduction in the number of 

points to reach the same accuracy level.  

Considering the polar plots from Figure 1025 

7 (calculated for the prolate spheroids in 

Figure 6), they also indicated an 

excellent agreement between MFS and 

BEM results for non-spherical 

geometries. The BEM is well-known 1030 

for its high accuracy and reliability, and 

so this was a quite important finding 

that allows us to state that the MFS was 

also able to provide accurate results for 

this type of regular geometry. Since 1035 

both BEM and MFS use equal number 

of elements (BEM) and collocation 

points (MFS) in the presented example, 

and thus led to similar RAM memory 

requirements, it is interesting to 1040 

compare their computational 

performance. When calculated in a PC 

equipped with an Intel i7-4790 

@3.6GHz, calculation times of 3.4s and 

1.6s were obtained for the MFS, and of 1045 

5.9s and 2.8s for the BEM. Thus, for the 

two studied cases, the MFS consistently 

allowed a reduction in the calculation 

time, which was around 55%-60% of 

that obtained using the BEM.  1050 

The result in Figure 5 verified that MFS 

was a valid method for estimating the 

TS of swimbladdered fish. In addition, 

results shown in Figure 4, also clarified 

that the method was capable of 1055 

simulating the pressure field both near 

and far from the scattering fish with 

accuracy. It is clear that MFS model 

also has limitations to be used for TS 

calculations. The number of nodes on 1060 

the target surface as well as the number 

of virtual sources determines the 

dimension of the matrix. The dimension 
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of the matrix constrains the application 

of the model. Matrix dimension 1065 

increases with the target size, the 

frequency and the number of domains 

(interfaces with different materials) 

composing the target, and it is 

dependent on shape of the domains. As 1070 

explained in the introduction, MFS is 

more adequate for soft-rounded shapes, 

since sharp edges can affect its accuracy. 

These factors could restrict the 

application of MFS to TS simulations, 1075 

in close competition with BEM. BEM is 

in principle useful for arbitrary shapes, 

even those with sharp edges; this also 

implies to define the shape boundaries 

with a higher number of elements, and 1080 

the consequent increase of 

computational memory needs. Globally, 

the MFS is a good candidate to estimate 

TS of simplified smooth structures form 

near to far field, even for higher 1085 

frequencies, with a lower computational 

effort than the BEM for the same 

geometries. 

One relevant aspect that is worth 

discussing is related to the importance 1090 

of incorporating or not the fish flesh in 

the conceptual fish model. The results 

depicted in Figures 8 and 9, calculated 

using 3D MFS models considering the 

complete fish (including the flesh), the 1095 

spine and the swimbladder, and only the 

swimbladder, clearly shown that 

considering the spine in the numerical 

model introduces some important 

changes for both frequencies, while the 1100 

effect of the flesh, for the tested cases, 

particularly with ventral insonification, 

was less significant; from the presented 

plots, maximum deviations of around 

0.2 dB were registered for the lower 1105 

frequency, and even lower deviations 

were seen for 120 kHz, with the 

introduction of the fish flesh in the 

model. However, the computational 

effort required to consider the presence 1110 

of the fish flesh was considerably 

higher: for example, in the model used 

for 120 kHz insonification, an equation 

system with 44528 equations and 44528 

unknowns needed to be assembled in 1115 

order to consider the fish flesh; if just 

the swim bladder and the spine were 

modelled, the dimension of this system 

was drastically reduced to 5704 

equations and 5704 unknowns.  Given 1120 

the very small differences of TS 

introduced by the flesh, and also the 

fact that no qualitative changes are 

observed in the plots between the two 

situations, we believe that the 1125 
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simplification of the model to just 

consider the spine and the swimbladder 

provided physically meaningful results, 

and it was adequate for the analysis of 

TS by swimbladdered fishes for the 1130 

analysed frequencies. A similar 

consideration should be done about 

considering the skull in the fish model: 

The obtained results are representative 

of the simplified model and 1135 

incorporating the skull may modify the 

absolute TS response, but in a similar 

way for dorsal and ventral 

insonifications. 

4.2. Case study: Atlantic salmon in 1140 

floating cages. 

4.2.1. TS directivity 

Because of the tilted swimbladder, the 

backscattering direction is not 

necessarily the direction corresponding 1145 

to the maximum value of TS, even 

when fish swim horizontally. The 

calculations show qualitatively different 

directivity results for dorsal and ventral 

aspects, exhibiting more complex 1150 

structure in the dorsal configuration. 

For a fish of 24 cm, the directivity was 

mostly the same both at 6 and 18 m.  

Then it can be considered that 

measurements in [13] were performed 1155 

far enough to be in the far-field region 

of the target for such fish size. 

Nevertheless, in the case of a bigger fish 

(L=72 cm), the directivity changed 

along the distance range considered in 1160 

[14], for the case of dorsal configuration 

at 120 kHz (Figure 10). As it was 

expected, directivity increased with 

frequency [27], which was clearly 

shown comparing the results at 70 and 1165 

120 kHz for dorsal calculation: the 

presence of lobes could be observed, 

being narrower for the larger target. For 

the smaller target the existence of lobes 

could contribute to the appearance of bi- 1170 

or tri-modal TS distributions in 

measurements. However, it was 

possibly not enough to explain them 

completely, and the specific shape of 

the swimbladder and/or the fish bone 1175 

should be considered to describe them 

properly, as has been suggested by [13]. 

By instance, the modulation of the spine 

shape should introduce variability and a 

softening effect in the coherent 1180 

modulation of directivities noticeable in 

Figure 10.  

 

4.2.2. TSmax and fish-to-

transducerfish-to-transducer distance 1185 
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Our calculations showed that the fish-

to-transducer distance to get the far-

field region depends not only on the fish 

size, but also on the fish aspect 

considered. The dependence on the fish 1190 

aspect is more evident in the case of 

large fish (see Figure 11). We focus 

now in our results at 120 kHz, to 

compare with experimental 

measurements of [13]: for ventral 1195 

calculations,  variations with 

measuring distance are less than 1% in 

the measuring interval –from 6 to 18 

meters- and less than 5% when the 

 value at 6 meters is compared 1200 

with the  value at 100 m, where 

the far field condition should have been 

reached. Nevertheless, for dorsal aspect 

calculations, those variations are as 

large as the 8% along the measuring 1205 

interval and reaching variations of 16% 

between the value at 6 and 100 meters.  

From Figure 11, it is evident that the 

far-field distance also moves further for 

dorsal than for ventral aspect 1210 

simulations. 

It should be remarked that the different 

behaviour between dorsal and ventral 

simulations comes exclusively from the 

presence of the bone, and not from the 1215 

particular morphometry of the 

swimbladder, what was proposed to be 

the main cause of the divergence 

between ventral and dorsal 

measurements [13]. Ventrally, the 1220 

acoustic wave impinges almost directly 

on the swimbladder – with a minor 

effect of the fish flesh. Dorsally, 

however, the ultrasonic field impinges 

first on the fish spine, which shadows 1225 

the swimbladder and diffracts the field. 

Ventrally, and perhaps laterally, the 

Fraunhofer distance is governed by the 

swimbladder dimension [6, 16]. On the 

contrary, the total length of the fish 1230 

spine should be considered for dorsal 

configurations. This could also explain 

why ventral  exhibits higher 

values than dorsal  [13, 52, 53]: 

the secondary scattering by the 1235 

swimbladder has been shadowed 

because of the presence of the spine. 

Higher TS values in ventral 

measurements than in dorsal have been 

also reported in measurements on other 1240 

species with swimbladder: bluefin tuna 

Thunnus thynnus [14] and gilt-head sea 

bream Sparus aurata [54]. Both the 

divergence in far-field distance between 

dorsal and ventral configurations and 1245 

the higher TS values for ventral rather 

than for dorsal fish aspect would be 
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revealed as a universal feature for fish 

species possessing swimbladder.  

 1250 

4.2.3. TSmax and fish length 

The good correlation obtained between 

ventral calculations and measurements 

at short distances, rather than dorsally, 

could be also interpreted as a 1255 

consequence of the diffraction effects of 

fishbone. The presence of the spine 

distorts the acoustic field, as can be 

observed comparing dorsal and ventral 

directivity diagrams in Figure 10. The 1260 

coherent effects of the superposition of 

the contributions of bladder and spine 

were revealed in those plots. A more 

realistic description of the spine 

geometry should produce a smoothing 1265 

of the smaller scales in the directivity 

patterns. 

 The far field region was further away in 

the dorsal measurements case and the 

relationship between TS and fish length 1270 

showed, indeed, poorer correlation 

coefficients at short distances. 

Nevertheless, for large enough distances 

the good correlation of TS versus fish 

length was recovered and then we could 1275 

assume that the far field condition has 

been achieved. The relationship 

between ventral  and fish size 

with a good correlation coefficient was 

achieved closer to the target than for the 1280 

dorsal case. 

This was apparently contradictory with 

the results of TS variation with distance 

reported in [13]. But it should be 

remarked that, for each fish length, the 1285 

variations of simulated  with 

distance between 6 and 18 meters are in 

the variation range of the measured 

mean TS reported by [13], 

0 0.2 61290 

, where  is the  

value calculated at 6 meters from the 

fish. 

   

5. Conclusions 1295 

The MFS can be a very useful tool for 

estimating the measurable TS of fish at 

arbitrary close distances, taking into 

account the effect of the near field of 

fish and the contribution to TS of fish 1300 

main structures. The application of 

MFS has been verified against the most 

recognized numerical methods showing 

a better performance in computational 

terms than BEM for idealised smooth 1305 

geometries. 
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The coherent contribution of the 

different inner structures of fish can be 

considered using MFS, and for the case 

of swimmbladdered fish, the main 1310 

features of the evolution with distance 

of the backscattered field are described 

considering a simplified fish model that 

takes into account only the bladder and 

the spine. 1315 

The presented numerical results would 

suggest that ventral measurements are 

able to give more reliable and higher TS 

values at short distances than dorsal 

measurements; a common experimental 1320 

condition in aquaculture cages. The 

effect of fish bone is relevant when 

dorsal fish aspect is considered:  it 

influences on the far-field distance, 

leads to lower TS value and poorer 1325 

correlation of TS versus fish size at 

short distances. The present numerical 

simulation could aid in interpreting the 

divergences between ventral and dorsal 

measurements reported in [13, 14,52-1330 

54]. To reproduce quantitatively the 

experimental results of [13] a synthetic 

reproduction of TS distributions should 

be obtained, considering appropriate 

fish distance and tilt distributions. Also, 1335 

the effect of a more detailed description 

of swimbladder and fishbone geometry 

should be considered. 
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a) 

 

b) 

Figure 1 – Illustrative sketch of the problem geometry: a) Generic representation of the 

idealized swimbladdered fish model. Swimbladder is approximated as a prolate spheroid and 

fish spine as a straight cylinder with smooth edges.  X-Ray image of a salmon from [50]; b) 

representation of the collocation point distribution in the MFS model of the flesh, the spine the 

swim bladder.  

  



 

 

Figure 2 – Discretization of the echo-sounder’s surface in small triangles. 

  

Vibrating surface
of the echo-sounder



 

 

Figure 3– Relative error of the numerical calculations for the benchmark fluid-filled sphere 

problem, considering increasing numbers of collocation points (or elements, in the case of the 

BEM), for: a) 38 kHz; b) 120 kHz.  

  

(a)

(b)



a) 

b) 

c) 

Figure 4 – Pressure along a line of receivers for the case of the fluid-filled sphere, calculated 

using the MFS and analytically. Left column corresponds to a frequency of 38 kHz and right 

column to a frequency of 120 kHz. The properties of the filling fluid are: (a) fish-flesh; (b) air; 

(c) quasi-rigid sphere. 
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Figure 5 – Comparison of MFS method scattering results with results from PSMS, KA, KRM 

and FEM models from [30]. Results plot length-normalized target strength (nTS) for two prolate 

spheroids with ka=12 and kb=5 (upper lines) and ka =13 and kb=1 (lower lines) as a function of 

angle off broadside.  Curves for PSMS, KA, KRM and FEM from Figure 4 of [20]. 

 

  



 

 

 

 

Figure 6 – Discretization of the surface of the two analysed prolate spheroids using MFS (a1 

and b1) and BEM (a2 and b2). In (a), the prolate spheroid has a transverse radius of 1.24 cm, 

while in (b) the transverse radius is 6.18 cm. 

(a1) 

(a2) 

(b1) 

(b2) 



 

Figure 7 – Directivity plot calculated 10 m away from the spheroids, considering the MFS (full 

line) and the BEM (circles): a) prolate spheroid with transverse radius of 1.24 cm; b) prolate 

spheroid with transverse radius of 6.18 cm.  
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a) 

b) 

Figure 8– Calculated TS at 70 kHz for ventral (a) and dorsal (b)  insonification for a 18 cm fish 

as a function of the distance between the transducer and the fish. Three curves are represented, 

corresponding to the calculation considering the complete fish model including the flesh 

(dashed line with circle marks), just considering the spine and swim bladder (dashed line with 

star marks), and only accounting for the swim bladder (dotted line with square marks).  

  



a) 

b) 

Figure 9. Calculated TS at 120 kHz for ventral (a) and dorsal (b)  insonification for a 18 cm fish 

as a function of the distance between the transducer and the fish. Three curves are represented, 

corresponding to the calculation considering the complete fish model including the flesh 

(dashed line with circle marks), just considering the spine and swim bladder (dashed line with 

star marks), and only accounting for the swim bladder (dotted line with square marks).  



 

Figure 10 – Dorsal (90º) and ventral (270º) TS directivity on the x-y plane calculated at 70 kHz 

(dashed) and 120 kHz (continuous line) for fish length L=24 cm (upper) and L=72 cm (lower). 

Transducer-to-fish distance d=6 m (black line) and d=18 m (grey line). 

 

 

  



 

Figure 11– Evolution of  𝑇𝑆𝑚𝑎𝑥 with transducer-to-fish distance d at 70 kHz and at 120 kHz 

for L=24 cm (upper) and L=72 cm (lower). Distances are larger than the far-field distance of the 

transducer. Vertical lines correspond to the minimum and maximum working distances in [14]. 

  



 

 

Figure 12. Regression curves for TSmax versus fish length considering ventral fish aspect 

calculated at 70 kHz (dashed line) and 120 kHz (continuous line) at d=18 m corresponding to 

Eqs. (13) and (14), respectively. Calculated values are included as circles (70 kHz) and  

diamonds (120 kHz). Regression fit of mean TS-to-fish length from experimental results 

ventrally measured at 120 kHz in [13] are included (dotted line). 

 


