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 Shoals biomass estimation

— Counting methods for low fish densities
— Multiple scattering issues
— Open sea cages

Cannes aquafrais

« Mesoscopic wave physics for biomass assessment

— Spatial correlations and intensity probability density
— Coherent backscattering (CBS)

Angle @ (radians)

@ Dynamic CBS profile
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Shoal biomass estimation : low density

— Well separated targets
= Echo-counting

TS max

Lac d’Annecy - Seapix results (2016)

Depth (m)

30

Time (s)

60

Ts < loglL
’ \

Target Strength Fish length

J. Simmonds and D. N. MacLennan, Fisheries Acoustics (2008)

— Diluted shoals
= Echo-integration

Fig. 1: (a) 3D acquisition with a multi-beam sounder with juxtaposition
of 2D images formed along the plan perpendicular to the vessel route;
in red, zone sampled by a vertical sonar. (b) Geometry of the
acquisition with 3D sounders (from Simrad Compagny).

Backscattered
energy Target Strength

“ExNXTg”
Number of fish

K. G. Foote, J. Acoust. Soc. Am. 73, 1932 (1983)
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Single scattering approximation




Shoal biomass estimation : high density

High fish density:

« (Gregarious species
« Aquaculture

Cannes aquaculture
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Shoal biomass estimation : impact of multiple scattering

Effects of multiple scattering: Reverberating cavities
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Fig. 7. Obsexvations of relative integrator deflection on densities of sprat at 38 kHz.

Legend as in Fig. 5.

Number of fish
I. Rattingen, FiskDir. Skr. Ser. 16, 301 (1976) J. De Rosny and P. Roux, J. Acoust. Soc. Am. 109, 2587 (2001)

Solutions :

Manual counting
(invasive)

Counting by doors
(local)

Cannes aquafrais
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Mesoscopic wave physics for biomass assessment

Microscopic description (scale ~ 1):

: x/lS
Random walk of
- propagation direction

Random walk transport
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Macroscopic description (scale > 1):

-20-10 0 10 20 -20-10 0 10 20
x (mm) x (mm)
IS

i Diffusion of an acoustic
point source

%
ZHRLRL
e

Diffusive transport



Mesoscopic wave physics for biomass assessment

Microscopic description (scale ~ 1):

N
:{ 4‘:/‘

- \J - ¢
'r*l’.’ \', AR

,”/ o o

bl é

$ x/ls
= Random walk of
A e propagation direction

Random walk transport

Mesoscopic wave phenomena (5 ~ A):

Macroscopic description (scale > 1):
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impact of microscopic interferences of the macroscopic description
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Long range correlations
(K. Hildebrand et al.,
Phys. Rev. Lett. 112, 2014)

Non Rayleigh distribution of ultrasonic speckle
ISTerre (H. Hu et al., Nat. Phys. 4, 2008)
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Coherent backscattering
(A. Aubry et al., JASA 121, 2007)
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Sea breams cage (Cannes aquafrais)

C1 (sea breams, fry)

C2 (sea breams, adults)
C3 (sea breams, adults)
C4 (sea breams, adults)

C5 (croakers, adults)

Multiple scattering in open sea cages

N
75,000
5,000
10,080
6,000
13,900

Organic certified farm:

- Fish raised under conditions close to
their natural environment (selected
species, densities, size...).

- Necessity of developing non-invasive
monitoring methods.

w n (kg/m*)  V(m’)

10 6 125
500 7 343
284 23 125
320 15 125
886 24 512



Multiple scattering in open sea cages

SeapiX (iXblue):

- Mills cross shaped antenna

- 64+64 ultrasonic transducers (@ = 1/2)
f =150KkHz (A = 1cm)

Sea breams cage (Cannes aquafrais)

- Acquisition sequence repeated every 30 ms
3 acquisition sequences:

Point source Plane wave

= Emission
@ == Reception
ISTerre 9



Mesoscopic wave physics for biomass assessment

Average intensity:
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Backscattered intensity (a.u.)
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Diffusion theory:

!
IO +oo ZOe_VOZ .

R . (I(t )=—j e 140
e v O =2n)_.. DA +7020)
L o Lyl

|'|‘ ' . Diffusion theory fit
RTTR E .
:J 1';‘1;:1],‘ ::; g ! ; with: D: diffusivity
I T ‘ \ il
f H ::I':: :5 'Hﬂuﬂl, :',:!‘. V2(Q) = —iﬂ_l_ 1 1,: absorption time
| I S
! I ""‘ ’ b Dt R: reflection coefficient
R S O T, ) 14R (waterair)
2 4 6 8 Zo=3 T _ R{) £*: transport mean
Time # (ms) free path
N 7% n (kg/m3)  V (m?)
C1 (sea breams, fry) 75,000 10 6 125
sea breams, adults :
C2 (seab dults) 5,000 500 7 343
sea breams, adults :
C3 (seab dults) 10,080 284 23 125
C4 (sea breams, adults) 6,000 320 15 125
C5 (croakers, adults) 13,900 886 24 512
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Mesoscopic wave physics for biomass assessment

Acoustic intensity distribution : the « conductance » g

Weak interferences =
weak variance

z(m)

(€P) o/hy Ansudup pasaneosyoreg

50 50

H. Hu et al., Nat. Phys. 4, 2008

Weak

. INntensity [~~~ pg) —expr-0) >
S
= 3 g=30
h." 10° = Theory
|01 (sea breams, fry) 75,000 10 6 125 [g =30 £
C2 (sea breams, adults) 5,000 500 7 343 E 1[}4 :
=
C3 (sea breams, adults) 10,080 284 23 125 =
= .
C4 (sea breams, adults) 6,000 320 15 125 2 1[}"5J [ H 'gh ,
c  intensity
C5 (croakers, adults) 13,900 886 24 512 & . — .
0 10 20 30
B. Tallon, P. Roux, G . Matte, J. Guillard, S. E. Skipetrov AIP Adv. 10, Intensity I/}
055208 (2020)
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Mesoscopic wave physics for biomass assessment

Acoustic intensity distribution : the « conductance » g

0 Strong interferences =

high variance 25.00

§ 22.50
20.00
g 17.50
15.00
12,50
10.00
5.000
2,500

z(m)

(€4p) o/hy Ansudyup pazaneosyoeg

| C1 (sea breams, fry) 75,000 10 6 125 i g =30

Probability density Pri1)

C2 (sea breams, adults) 5,000 500 7 343
| C3 (seabreams, adults) 10,080 284 23 125 |g=2
C4 (sea breams, adults) 6,000 320 15 125
C5 (croakers, adults) 13,900 886 24 512 . : :
0 10 20 30
B. Tallon, P. Roux, G . Matte, J. Guillard, S. E. Skipetrov AIP Adv. 10, Intensity 1P

055208 (2020)

fo%s) ico I
@ Th.M. Nieuwenhuizen and M.C.W. van Rossum, P(I/(I)) — f d_vf d_x em'va—f 9)
STerre Phys. Rev. Lett. 74, 2674 (1995) o V)i 2mi 12



Mesoscopic wave physics for biomass assessment

Spatial correlations

Weak interferences =
speckle

@ Source :
C(ar) (6(0)SI(AT))
r)= 5
(1(0))? )
5 4 0
- |C,",(Ar)|;3
—|C, P + G, 10" =
L-)“e
=
| C1 (sea breams, fry) 75,000 10 6 125 |Cy, = 0,04 2
5]
C2 (sea breams, adults) 5,000 500 7 343 107" '§
C3 (sea breams, adults) 10,080 284 23 125 - - i 2
2 =}
C4 (sea breams, adults) 6,000 320 15 125 E
C5 (croakers, adults) 13,900 886 24 _ 512
B. Tallon, P. Roux, G . Matte, J. Guillard, S. E. Skipetrov AIP Adv. 10, Distance Ar/i

055208 (2020)
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Mesoscopic wave physics for biomass assessment

Spatial correlations

Strong interferences =
long range correlation

@ Source 3
C(ar) (6(0)SI(AT))
r)= |
(1(0))?
= |C,|’,(ﬁ.r)|2 0~
—c,mnf+¢,| 110 B}
P —"———
5
| C1 (sea breams, fry) 75,000 10 6 125 |Cy, = 0,04 E
L
C2 (sea breams, adults) 5,000 500 7 343 10" E
I C3 (sea breams, adults) 10,080 284 23 125 I Co =04 — - — ‘%‘
C4 (sea breams, adults) 6,000 320 15 125 E
C5 (croakers, adults) 13,900 886 24 _ 512
B. Tallon, P. Roux, G . Matte, J. Guillard, S. E. Skipetrov AIP Adv. 10, Distance Ar/2

055208 (2020)
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Mesoscopic wave physics for biomass assessment

Spatial correlations and Intensity distribution:

[c,,.mnfl | ~ 1 A - = = P(D) =exp(-I/\D))/{D)
! :|C',}.{/_\.r}|3 +C, 10 a \:/ N O g=2
= b = S \ =30
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> % "‘:\\ ’ : 2 ' . - ‘E\ %
; 5 2100}
g ]
RN 2"
10
2 3 4 5 .
l Distance Ar/2. Intensity KD
2 Cdv oo dx L+xv f(
= -f(9)
Cor =|Cy|"+ Co pasn = [ Z[ see®
0 —ioo 2T
C1 (sea breams, fr 75,000 10 6 125 — _
Lo y) Co = 0.04,g = 30
C2 (sea breams, adults) 5,000 500 7 343
| C3 (seabreams, adults) 10,080 284 23 125 | Co=04,g=2
C4 (sea breams, adults) 6,000 320 15 125 . . .
C5 (croakers, adults) 13,900 886 24 512 ngh fISh denSIty

= long range correlation +
@ low conductance
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Mesoscopic wave physics for biomass assessment

Coherent backscattering (CBS):

Static (2 = 0) CBS Dynamic (2 # 0) CBS

o
o

Plane wave

o

Angle 6 (radians)
S
= o
OO

S
()
00°

1 09 08 07 06 05

Normalized intensity Time ¢ (ms)
10)/X1(0))
N W n (kg/m3)  V(m?)
C1 (sea breams, fry) 75,000 10 6 125
C2 (sea breams, adults) 5,000 500 7 343
C3 (sea breams, adults) 10,080 284 23 125
| C4 (seabreams, adults) 6,000 320 15 125 |
| C5 (croakers, adults) 13,900 886 24 512 |
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Mesoscopic wave physics for biomass assessment

Coherent backscattering (CBS):

In the frequency domain:

Static (2 = 0) CBS Dynamic (2 # 0) CBS

0.2

0.1
z': source depth

Angle 6 (radians)
o

0.1 N .
0 o%o s Y = \/Tlﬂ + kZsin2(0) + f’i’a
I 09 08 07 06 05
Normalized intensity Time 7 (ms) Yo =y(@ =0)
MO ?,: absorption length
£7: transport mean free path
N W n (kg/m3)  V(m?)
C1 (sea breams, fry) 75,000 10 6 125
C2 (sea breams, adults) 5,000 500 7 343
C3 (sea breams, adults) 10,080 284 23 125
| C4 (seabreams, adults) 6,000 320 15 125 | £ =171
| C5 (croakers, adults) 13,900 886 24 512 | £* = 0.7
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Mesoscopic wave physics for biomass assessment

Coherent backscattering (CBS):

s s )

*O Experiments % {fi Sub-diffusion of
- Dynamic of the o __.7] acoustic waves

Angle ¢ (radians)

Time ¢ (ms) Time ¢ (ms)

Diffusivity D can be estimated from the
dynamic CBS profile

N W n(kg/m’) v (m) AB 2 =< [}
C1 (sea breams, fry) 75,000 10 6 125
C2 (sea breams, adults) 5,000 500 7 343
C3 (sea breams, adults) 10,080 284 23 125
| C4 (seabreams, adults) 6,000 320 15 125 | £* =1.71,D = 0.2 m?/s
| C5 (croakers, adults) 13,900 886 24 512 | #* = 0.74,D = 0.07 m?/s
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Mesoscopic wave physics for

biomass assessment

Coherent backscattering (CBS):

Static (2 = 0) CBS Dynamic (2 # 0) CBS

Enerqy velocity of diffusive waves:

¢£* =1.74,D = 0.2 m?/s

02 3D
o = Ve =" =35m/s
E
> 0
o
80 _ =
2ol £* = 0.7,D = 0.07 m2/s
02 o D
| > v, =—=30m/s
I 09 08 07 06 0.5 e px /
Normalized intensity Time ¢ (ms)
10)/1(0)) _
Ultra-low transport velocity
N W n (kg/m3)  V(m?)
C1 (sea breams, fry) 75,000 10 6 125
C2 (sea breams, adults) 5,000 500 7 343
C3 (sea breams, adults) 10,080 284 23 125
| C4 (seabreams, adults) 6,000 320 15 125 |
| C5 (croakers, adults) 13,900 886 24 512 |
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Mesoscopic wave physics for biomass assessment

Fish structure model : elastic medium

Coherent backscattering (CBS):

scales

neural
spine

Static (2 = 0) CBS Dynamic (2 # 0) CBS

0.2

0.1
sertebral

column

Angle 6 (radians)
o

0.1 N
%o\ pleural
02 . ! J | 00 ribs skull
I 09 08 07 06 05 soft
Normalized intensity Time ¢ (ms) flesh/ swim
16)K1(0)) muscle bladder
(1) Swim bladder: ~ air
N W n (kg/m3)  V(m?)
C1 (sea breams, fry) 75,000 10 6 125 (2) fISh flesh: Vp = 1600 m/s
C2 (sea breams, adults) 5,000 500 7 343 Vi = 10 m /S
C3 (sea breams, adults) 10,080 284 23 125
| C4 (seabreams, adults) 6,000 320 15 125 | (3) fish bones: v;; = 2340 m/s
| C5 (croakers, adults) 13,900 886 24 512 | vr1 = 1040 m/s
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Mesoscopic wave physics for biomass assessment

Coherent backscattering (CBS): Energy velocity of diffusive waves:

Static (2 = 0) CBS Dynamic (2 # 0) CBS

— Assuming energy equipartition
(E./E;=2v} /2v3 > 1),

shear waves dominate in the fish.

027

0.1r¢

Angle 6 (radians)
o

0.1} ON_ #
[e] *
ol % = Vrisn ~ Uy = 10 m/s
o
I 09 08 07 06 05 Vwater ~ Vo = 1500 m/s
Normalized intensity Time ¢ (ms)
10)/1(0)) . _
¢ fish volume fraction
N W qke/m?) V(o) 1+ 9/ — )3
C1 (sea breams, fry) 75,000 10 6 125 Ve = 1/170 4+ (¢/(1 _ ¢))1/3/vt
C2 (sea breams, adults) 5,000 500 7 343
c3 b , adult 10,080 284 23 125
(sea breams, adults) ve - 30 m/s
| C4 (seabreams, adults) 6,000 320 15 125 |
| C5 (croakers, adults) 13,900 886 24 512 |

@Terre 21



Mesoscopic wave physics for biomass assessment

Enerqgy velocity of diffusive waves:

scales

neural
spine

sertebral
column

pleural
ribs

soft
flesh/ swim

muscle bladder
(0) sea water:
Vo = 1480 m/s

po = 1g/cm®
(1) Swim bladder:
v;;1 = 340 m/s
py = 0.001 g/cm3
@ R; = 5mm
ISTerre

y (mm)

2 2
lo 1"+ 1ol

1
-50 0.8

0.6

0

0.4

50 0.2
-50 0 50
(mm)

Map of scattered intensity

v = 1500 m/s
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Mesoscopic wave physics for biomass assessment

Enerqgy velocity of diffusive waves:

scales

neural
spine _
€
e v =50m/s
sertebral
column
pleural -50 0 50
ribs skull x (mm)
soft Map of scattered intensity
flesh/ -
msele bladder
(0) sea water: (3) fish bones: _
Vo = 1480 m/s vy, = 2340 m/s 1 Scattering delay
po = 1g/cm3 vy =1040m/s =V
— 3 —
p1=1l4g/cm 102 Swim bladder + flesh + bones [
R;{ =31 mm

(2) fish flesh:
v, = 1600 m/s

(1) Swim bladder:
Vi = 100 m/s

11 / 3 v = 340 m/ S = i\‘_15',’.‘;f’,}',‘v,":‘-.’";:,’”‘;tf{.“,".{ e e e =
P2 = 1L.1g/CIn — 3 0 10 20 30 40 50 60 70 80
i p; = 0.001 g/cm \ o
r R; =30 mm 0
ISTerre

Energy density (VVS)/Ei

R; = 5mm Swim bladder + flesh



Conclusions

 Conclusions
— Observation of mesoscopic wave phenomena in fish shoals
— Potential new tools for biomass assessment

* Perspectives
— Long time range experiments (fish growth monitoring)

avec le FEAMP
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Mesoscopic wave physics for biomass assessment

Enerqgy velocity of diffusive waves:

(0) sea water:
Vo = 1480 m/s
po = 1g/cm®

(2) fish flesh:
v, = 1600 m/s
Vi = 100 m/s
p, = 1.1g/cm3

@ R; = 30 mm
ISTerre

(1) fish bones:
v = 2340 m/s
Vi = 1040 m/s
p; = 1.4 g/cm3
R;{ =31 mm

(3) Swim bladder:

~ vacuum
R; = 5mm

2
Vo /Vph 12 ORef (0)
Vop = — Y R
gr 1 + Agr Agr = ZﬂjR Nr o aw dR
2
o Vo /vph Vph
Ve = A =2y A
1+A +A4, 17 2 T e

dpgr(6
A, = vagrj j dRdOngsind|fz(0)|? ¢r(6)
R Jo dw
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Mesoscopic wave physics for biomass assessment

Enerqgy velocity of diffusive waves:

(0) sea water:
Vo = 1480 m/s
po = 1g/cm®

(2) fish flesh:
v, = 1600 m/s
Vi = 100 m/s
p, = 1.1g/cm3

@ R; = 30 mm
ISTerre

(1) fish bones:
v = 2340 m/s
Vi = 1040 m/s
p; = 1.4 g/cm3
R;{ =31 mm

(3) Swim bladder:
~ vacuum
R; = 5mm

Ve

k() = k2 () + 4n j nefa(0)da

a

2
V4 /Vph 12 ORef (0)
— 0 R
vgr 1 + Agr Agl‘ - zn_fR R E dw dR
vg/vph Vph
= Ay =—22v, A
1+A1+A2 1 vg gr =gr
dpr(6
A, = vagrj j dRdOngsind|fr(0)]? ¢r(6)

1.5

150 152
Frequency (kHz)
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P. Sheng, Introduction to wave scattering,
Localization, and Mesoscopic phenomena (2006)

Effet de rétrodiffusion cohérente : vers une estimation directe de la biomasse
) | ) | ) 4

Seapix Avec boucles d’interférence

|4+ BI? = 2|412{1 + cos|(kq + ). = )]}

Facteur 2 sur 'intensité dans la direction k = —k,.

2 T T T T T T T T
1.5F b
Z S~

0.5

0 1 1 1 1 1 1 1 1 1

) ' -5 -4 -3 -2 -1 0 1 2 3 4 5
(%)
. Gloires optiques :

@ earthsky.org
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Effet de rétrodiffusion cohérente : vers une estimation directe de la biomasse

Déphasage sur chaque élément Mesure du cdne de rétrodiffusion dans des
bancs de saumons :

5 10
l Zz (m) !
| |
| Diffusion | Diffusion
I simple ¢ Mmultiple

B. Tallon, P. Roux, G . Matte, J. Guillard, S. E. Skipetrov J. Acoust.
Soc. Am. 148, EL234 (2020)
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Effet de rétrodiffusion cohérente : vers une estimation directe de la biomasse

Amplitude du cbne :

2
1.8
5 m@@@&é}aﬁ%
1.6 % 8o -
’E“ ’ o 0«5??)
— o o /:@0
B 1.4 Fo, i
—-— . - - O—Oo'%)oo
4/3 ;; odf® - o |
12 @ o .
3 &2 % | © Experiment
o]
1 0%52’0% | - - -Linear fit
O I I

0 2 6 & 10 12
,  z(m)

s =(4+03)m
_1(0)  2Ips(0) + 21pp(0)

Mesure du cbne de rétrodiffusion dans des

bancs de saumons :

1) 2Ips(0) + Ipy(6)

B. Tallon, P. Roux, G . Matte, J. Guillard, S. E. Skipetrov J. Acoust.

Soc. Am. 148, EL234 (2020)
QTerre

5 10
l Zz (m) !
| |
| Diffusion | Diffusion
I simple ¢ Mmultiple
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Effet de rétrodiffusion cohérente : vers une estimation directe de la biomasse

Scan superficiel du banc (diffusion simple):

105 ym)
0 y
0.5

¢

B. Tallon, P. Roux, G . Matte, J. Guillard, S. E. Skipetrov J. Acoust.

Soc. Am. 148, EL234 (2020)
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N targets

Distribution de TS:

200

150 1

=
S

[}
ja)

(a) B Experiment

- - -Gaussian law

-32 -30 -28 -26 -24
TS (dB)

TS = (-28 + 1) dB
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Effet de rétrodiffusion cohérente : vers une estimation directe de la biomasse

Amplitude du cbne : Distribution de TS:

2 . . . ’ : 200 - . r
(a) ) B Experiment
1.8F ) %@Mﬁw& 150} ’ - - -Gaussian law |
1.6 °% s 8RS : 2
@ o o A@%«&) g;)n
=14 0 oI5 5100
/3, L0 ] 8
Tl &L % | o Experiment 50 f
1 %%%OQ) | - = =Linear fit
. ! | : : .
0 2 4 6 8 1012 32 30 28 26 24
, 2z (m) TS (dB)
£.=(4+03)m 1
s = (#1053 TS = (=28 + 1) dB

U 10-TS/10 % £
n = (7 £ 1) poissons/m3

B. Tallon, P. Roux, G . Matte, J. Guillard, S. E. Skipetrov J. Acoust.

Soc. Am. 148, EL234 (2020)
QTerre
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Suivi de I'activité du banc S _
Distribution de Vitesses :

4 :
B Experiment
N \ - - -Rayleigh law| |
5 ~\\(v) = 0,19 m/s
é‘z \ 4
=
2]
o=
21
1 L U AN A
7 1 Ve \
—2 0
0 0.2 04 0.6

Velocity (m/s)
Distribution de Rayleigh = pas de corrélations de vitesses

Profondeur z (m)

Saumons atlantique
(Norvege)

A. Gelblum et al. eLife 9 (2020)

@\ S. Omes, PNAS 110 (2013)
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DWS: Diffusing wave spectroscopy

Milieu dynamique

@Terre
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DWS: Diffusing wave spectroscopy

Milieu dynamique
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Amplitude

Correlation In(g(T))
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DWS: Diffusing wave spectroscopy

Milieu dynamique

/\
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Correlation In(g(T))
o ) A
O
[

1
I

n
o
— |
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(e}

Amplitude

S
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o
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o
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DWS: Diffusing wave spectroscopy
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Milieu dynamique

0

~-1r o

=)

2

-2t o
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=
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DWS: Diffusing wave spectroscopy

(a) (b)
. H W DATA ¢=0.50
1 4T —— Eq. () with AV (L) = 5.0 mm/s
o O DATA ¢=040
----- Eq. (7) with AV, (£) = 6.9 mm/s
A I
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{ < 2+
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Figure 3.2.3: (a) Non-uniform flow from the diffuser. 1 t + + + t t
(b) Uniform fluidization. 0 10 20 30 40 50 60 70

Lorsque la dynamique est connue :
5 T ; T

m =004 Iy il
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M. Cowan et al., Phys. Rev. E 65, 066605 (2002)
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Shoal biomass estimation : low density

Poissons osseux = forts diffuseurs pour les ultrasons

Pour une faible densité de poissons:

Sonde ultrasonore
Seapix
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Régime de diffusion simple
= Comptage traditionnel
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