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Application of dolphin’ s sonar abilities to echo sounders

Tomohito IMAIZUMI

47

Abstract : Conservation and management are necessary for sustainable use of fisheries re-
sources. For this purpose, acoustic surveys of fisheries resources using scientific echo sound-
ers are conducted worldwide. Although these surveys are powerful methods of estimating
fish stock biomass directly over wide areas, the acoustic survey method has several draw-
backs. One is the lack of a definitive method for classifying fish species using echo data and
another is that i situ target strength (TS) measurement methods can only be applied to
resolvable fish at short range or in sparse fish schools. In contrast, dolphins detect, pursue,
and prey on fish using their excellent sonar capability known as “echolocation.” Dolphins
can recognize not only the target size, but also its material and shape. As fish are the main
target of dolphins, this sonar capability is applicable to the improvement of artificial sound-
ers used in acoustic surveys and selective fishing.

The present study was performed to investigate the application of a dolphin’s sonar abili-
ties to echo sounders. In addition, this study focused on the characteristics of broadband fre-
quency and short duration of dolphin sonar sound and measurement of target strength (TS)
spectra of fish using this type of sonar. The broadband frequency characteristics of the TS
spectra of fish are believed to be key factors in target discrimination and behavior observa-
tion.

First, a system for measuring TS spectra was developed and the accuracy of the TS
spectra thus obtained was confirmed using a spectral ratio method based on the ratio of the
amplitude spectrum of the reflected and incident waves. The TS spectra of metal spheres
could be calculated accurately using a theoretical model, and their backscattering was uni-
directional. The frequency characteristics of the scattering of metal spheres agreed closely
with the theoretical calculations in a water tank. Therefore, the system and spectrum ratio
method are capable of measuring TS spectra accurately.

Second, the TS spectra of anesthetized fish from three species, horse mackerel (77achurus
japonicus), sea bream (Pagrus major), and chub mackerel (Scomber japonicus), were mea-
sured in a water tank. The variation in TS spectra with respect to the tilt angle of the fish
was also measured for one sea bream. The TS spectra of fish varied considerably among
species, individuals, and tilt angles.

Third, the TS spectra of tethered live fish were measured at sea. As we could not confirm
the relationship of the position between the transducers and the fish in the sea experiment
and because measurements are affected by the directivity functions of transducers, measur-
ing the TS spectra accurately was difficult.
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To compensate for the directivity, the fish were suspended with two metal spheres, and
directivity was compensated using echoes from the metal spheres. The variations in the TS
spectra of the tethered swimming fish (chicken grunt, Parapristipoma trilineatum) were ob-
served continuously. The TS spectra of fish with tilt angle changes are considered useful for
species discrimination.

Furthermore, because of the very short pulse of the dolphin-like sonar, we could obtain
well separated single echoes that would otherwise be multiple echoes for ordinary echo
sounders. The sea experiments suffered from directivity problems. We attempted to develop
a broadband split-beam (BSB) system to compensate for the directivities of transducers.
The split-beam (SB) method can measure the position and direction of the target from the
transducer using the time differences calculated from the echoes. These echoes are received
by the quadrant arrays of the receiving transducer. The SB method using the broadband
signal was first applied. The time difference detection methods were simulated, and we
decided to use the cross-correlation method. Second, we confirmed that the measured direc-
tivity functions at four sample frequencies agreed with the theoretical directivity function
calculated from the positions of the array elements. Third, to confirm the utility of the BSB
system, we measured the frequency characteristics of metal spheres at sea. By applying a
directivity correction to the measurements, good agreement was obtained between theory
and measurement. Finally, we measured consecutive iz situ TS spectra of fish at sea using
the BSB system with high range resolution.

Next, to determine the advantages of the dolphin sonar signals, we examined the sonar
signals of dolphins and artificial tone burst waves of the same duration as dolphin-like sonar
signals. In the experiment performed at sea, echoes from metal spheres measured using dif-
ferent signals (i.e., the dolphin-like sonar signals and short tone burst waves) were cross-
correlated with each incident waveform as a reference or replica.

The signal-to-noise ratios (SNRs) were then compared with those of the original data. The
SNRs improved by more than 10 dB for all sonar signals. The SNRs were compared after
cross-correlation, and the results indicated that the dolphin-like sonar signals improved the
SNR by 9 dB (at maximum) over the tone burst wave. Although broadband signals are sus-
ceptible to noise, the dolphin sonar signals have greater potential than the other types.

The findings of the present study will contribute to the development of a system and
method of accurately measuring broadband TS spectra of targets with high range resolu-
tion. The variations in iz situ fish TS spectra originating from movement and changes in tilt
angle of the target may represent information that will allow species discrimination as well
as estimation of size and behavior. We can measure accurate TS spectra of the target using
dolphin-like sonar signals with short duration and broadband frequency characteristics. This
will help resolve the problems associated with acoustic surveys and contribute to the man-
agement of fisheries resources.

Keywords : Sonar of dolphin, broadband sonar signal, target strength of fish, target
strength spectrum
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Fig. 1-2. Flow chart of this study.
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received by the transducer.



Application of dolphin’s sonar abilities to echo sounders 53

O TSIIAKETETIE, PLNEEENRTA=FT
HY, TNFTLELOMENPENT WS, TS IEHf
ZICEAOEEEHRTH Y, TSIE, BE=HED:
DDA —IVT 777 ThHbhHEEHIZ, TSHHDK
E02FIIZIZHHATLZEZHVTAREDIEETE
DT, WMHTEETH D,

WIS, WIE TR/ FEKERIFRAE OB E N 2
MWL, A VADY—F =R LD ZDRIOHE
PEEL, 2T, AIVADY—F—IZOWTEEMIC
WD, T2, ANIDYV—F =T NI EZIE
L72BATAIZEIC D W T DA L, ABFZE L D & ok

5o

2.2 V—F—FERXEKEZTEOEXR

F—=y FAML YT A (TS) 1%, WEIE
ARG LS, AGEomE (1) 33 538 H
51mOBEECOFEEO®RS (1) DL LT,

Ts =— (2-1)

LEREND (EEFDS, 1968), —fEIZH D TSIZK
ELEHT L7720, MUOF AN 1085 L

TS =10logT (2.2)

EFYNMEE LTET. KL T, DK (2.2)
NAEBD & HITRKLFH 2 LR EDOLAIZT v~
wE, O L) ICHE LT TRLFISRZ TR O
Hi, WEEEERT,

xR 7 & OFELPE AR DE & A7 % HigE ik, it
Lh 5 DEELIE D FIE Py lE, W R OGS % %
55 PR E S C O BGELIRIE T & BE B\ ARLE § B JEHIC 5
7,

o

P.\’l'!“ = !-)r.l'h r (2 . 3)
"

LFRIND (BEMARFHIZEK) . 22T, P.ldA
W OEE, riF4h o BllaE TOREE 138
BHAL, RIIVEEERL, fREBRBEL, c2HHL
ToHE, h=2nfcThbo BELIRIEIIBELOKE X
DEETOIETH Y, —BITHROFFITHAR T
HEECIl, HERCRTE LR 2D, TOMSIE, FHE
D 2FIZIHIT S,

w2, 1ROAHI BN - TL 5 XHED R X % Fig.
2-212 X > THMT 5, EZWHOET (a3
TImOETOREEER Pb$5E, fadividi
DOFMTOFFEE, FHZL 2 KE E0EWEERTIR
MR D (0) fishde EPLAFNITHEEC X
LWEL, WARKIZLDMWMEE DT, wH () 25K
W32, O, MANOAFED TofErza—&L

TRATF %0 FOEREIGIER L AL X 2 WIUC X 2 3%
FEO, RTRBCIESNDL, JOMTERTS
WX ND A S DIGHEHIES Py £ 55 &,

2 2 €

=2 jkr I
P =Fy i g D*(@)T, (2.4)

LEREIND, TTT, aldKOWIUREEHET, &
D& XL, —HOFTEEFEOBBEZRLTEY,
V—F =K EMEN S,

H ARG TIIRIE I 40D TS ZHET 57201213,
BOBRZWENIT A0 F721%, Fk->T, %
ZWEROIRINMEZ W IES B LED D 5, FBINEEED
MIEICIE, HEOTRTIT) ke, Matizusc
179 K hd Bo Fig 2-312%E O LI T ) 5Tk
BMEOMIED 720D 25D E%RT, Fig 2-3(a)
X, TaTNVE—AEOFEREIRT, TaTIVE—24
BT, RPN TRBE L, ZWT A E— 2 L,
EZ WA THERE L, ZO—HTZWT HIEE— L4
RS 5. WRBBEZW RO HIVUE, L, Bk
2DODZWE = NIZEREL WD, FrsTNh
MEICHIE, LRVENELL, HOHLD, 20
LAV ESRIEE OIS ERRTB &, LAOVER
SIgMEEE M5, kIZ, Fig. 2-3(b)ICA 7Y v b E
— 2 (LT SBi) WP EZIRY, SB Lo AL

Fig. 2-2. Formation of the single fish echo.



54

Tomohito IMAIZUMI

Fo_re
Narrow
Wide Starboard - - Port
Aft
Phase beam
(Starboard )
Phase or time
difference
Level _‘_
difference/ Phase be
ase beam
( Port )
Level beam

(a) Dual beam method

-

..“._,( -"‘,“"‘/“‘

-

(b) Split beam method

Fig. 2-3. Principles of the dual beam method (a) and the split beam method (b).
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Fig. 2-4. Schematic diagram of fish species identification by using acoustic methods.
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Fig. 2-5. Wave forms and amplitude spectra of dolphin's click. The left side figures are classified as the
bottlenose dolphin type and the right side the porpoise type. “SL” shows click source level at 1 m.
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Table 3-1. Physical parameters used to calculate the form function of metal

spheres.
Copper Tungsten carbide Rigid

Longitudinal wave speed ¢; [m/s] 4785 6867 16867

Shear wave speed ¢, [m/s] 2288.5 4161.2 14161.2
Density of metal p; [kg/m3 ] 8947 14900 1100000
Poisson ratio ¢ 0.3497 0.2095 0.2095

Density of seawater p=1000 kg/m3, sound speed in seawater ¢ = 1500 m/s
3
— Tungsten carbide
2.5 — Rigid

— Copper

(]

e

Form function
[
Ln

e
n

0 5 10 15 20
ka

Fig. 3-1. The form functions of metal spheres. The x axis shows the
product of wavelength and sphere radius, the y axis shows value of
the form function.
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Fig. 3-2. The schematic diagram of simulation of the form function. “FT" stands for
Fourier transform and “IFT" stands for inverse Fourier transform.
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setting the transducers face to face: tone burst wave (d), bottlenose dolphin (e),
and finless porpoise (f).
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Table 4-1. The fork length and body breadth of fish used in the experiment.
The averages value and standard deviations, were calculated for each species.

Fork Body Avg. fork Avg. body
Species Sample length breadth length breadth
name no. [mm] [mm] [mm] (SD) [mm] (SD)
1 220 31
2 203 28
3 197 27
4 208 30
Horse 5 225 30 207.6 28.8
mackerel 6 196 27 (3.0 0.4)
7 207 28
8 204 29
9 201 29
10 215 29
1 300 46
2 305 48
Sea 296.2 45.4
3 285 43
bream 4.7 (0.9)
4 285 44
5 306 46
1 252 41
2 254 43
Chub 3 250 38 256.0 41.4 (1.2)
mackerel (5.1) ’ ’
4 276 45
5 248 40
~4m Surface
Dorsal
side e
Transducers Tungsten Y
carbide
sphere
Chub
< [ e
< " 1 mackerel
< & ~
Ty F

5m

Fig. 4-1. Measurement system of fish TS spectra in tank (left side). Three 3 species of fish
are used in the experiment; horse mackerel, sea bream, and chub mackerel (right side).
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Fig. 4-2. The definition of fish orientation. The sound wave is perpendicular to the body axis of
the fish (b), with minus degrees for the fish tail-on (a), and plus degrees for the fish head-on (c).
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Fig. 4-3. Measured TS spectra in 100 pings (50 s) of horse mackerel (H-1 to H-10), sea bream
(S-1 to S-5), and chub mackerel (C-1 to C-5). The x axis shows ping number, the y axis shows
frequency, and the color shows TS value.
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Fig. 4-4. Measured TS spectra of horse mackerel (H-1 to H-10), sea bream (S-1 to S-5), and chub
mackerel (C-1 to C-5). The x axis shows frequency, the y axis shows TS value.
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Fig. 4-5. Normalized TS at 70 kHz and 100 kHz for three species
of fish. Dotted line at -66 dB shows standard value of normalized
average TS.
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Fig. 4-6. Variation of TS spectra in 100 pings of a sea bream by changing tilt angle
from +90 deg (right) to 90 deg (left). The x axis shows the tilt angle of the fish (sea
bream), the y axis shows frequency, and the color shows TS value.

Frequency [khz]




Tomohito IMAIZUMI

Tilt angle
-30 [ \ [deg]

-690 75 80 85 90 95 100 105 110
Frequency [kHz]

Fig. 4-7. Variation in TS spectra of a sea bream by changing the tilt angle from +30°
(top) to -30° (bottom). For comparison purpose, 40 dB grid lines are shown. The TS
values at 100 kHz shown by solid lines are used for Fig. 4-8.
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Fig. 4-8. Comparison of the dependence of TS on the tilt angle for sea bream
of similar size at 100 kHz. Lines are from Miyanohana et a/ (1990). and the
black circles denote the measured TS from this study.
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Fig. 4-11. Schematic diagrams of measurement set up of tethered fish at sea.
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Application of dolphin’s sonar abilities to echo sounders 79

MEEHWIEEE, NS FIAVH, AFRAYVDY
—F—F 2 ClE LB L TS % ks % &,
100 kHz O FFIC#95.0 dAB £ > T b, [Al—1filfkD
AEWMELTOVAICH b ST, 3Dy —F—
TR LN TS O R L 575, [ UEER
125 L7z TC BRoIREEIE, Hiame X< H->T
WL EDSL, WNYRIALVA, AFRAXAYDY —F—
B & ACCllE L7z, BT RS o g B % 21,
BOLEBDPEL, TI—A ML YT RAARY PIVIC
WELLEZLNS,

Dk, RECIEHEEROBINAREZMIE L, k% 5
FBREEICEL LAOIZI—A ML Y T RAANRY b
VENE Lz, O, BEAO—HTHSL TCED
TEARBIE 2 WE L, WNEOBENFEZRIEICHEONT
WELORMER L. LAL, TI—APML YT ARANR

7 M, BINEEBOEEYEATEY, Bt
BHIEZThb g, hodsic, HRKED
T DITRBEARH) & 2 Lo 72 ONEIER TS ARY
FVIIEIZNEECTH B, £ 2T, KETTCEZFH
L CIRMEEHORMIEZ R A S,

4.4 EBRREOED TS ANY MVOEIE
HARREO L O TS AR bV % M TR IE
T 5720121, BB ERMIET 2LES DD, £
ZCAHEITIE, TCERZFMML T, fRMMEREEHIEL
A, MO TS AT MVENET %, 8§ 3ETHEN
72LBY, BIEERIE, BHEREOREE o ol E
W, BRHICIRIAMEA R <, Z O RELREYE S BRER 912
RDOONB, KFITIEX, ZOX)y FEFH, 2%
TC Bk BEFH AL 2 v CHRIMPER 8 2 MiE L

8.0 TS A7 MV EimCHlET %,

4.41 #H &

FEEE, 4.3 EFBRIC, EEETOLIED] %
SN S, MORMIC RS & W xE L, T
PLEEI11FE T, 20064 8 A 24T - 720 Fig 4-1412 3
E%TTOK%%Ti £ BERRE 2V TS
ANRT M NVERERLIZD E%tii@ﬁ%%ﬁbto
B0 FFICEZE38.1 mm & TC 5k 2 fHkE L 72,
TCEHIFRALTHAT /Y AZMET I ALEL, 2D
O TC FROHENIIEAR, b LETFMRICAER ST
T2ODT T AREAL, IIEETFEEL, TR
< BIEL, ZIIEHAPLSHFWSYUS XL,

ZREDE—=AEE, T HVwi-¥—2DED
L&(E L) X, EOXKTE TOREN17.3 m
DAy, E—AEEEL, 50 kHz T4.8 m, 130 kHz T
19m &2, BMEBANPEZRBOETIITH T

i, NEoxKEfIZ, E— 2000 H %,
7, 902 oAAPLFETIEHOcm THDZD
T, TCERLMDHINE, 12U EALED, T
W72, 77’/1)22:4"5‘* (Parapristipoma
trilineatum) 2R TH %, FEFH DR L E % Table
4-210RF, TOEBRTHRONIMHO TSI, 1ZIZH
PRAIRBBIE VW 7280, HEEIRIREE & I8,

WRTE L 72U R Z RO — 2 D R K720, A0
BmEREEE ETICmA LA TCERO EL H2v% Fln
THIES %0 4, ffEPLETORMELZ r, AOHEL
Wz, (w, 0,) E3 5. TTTH,IZHDOLKESA
ERT, IhoEzznen (31D RITRAL, 35
NEEHED7 =) 2% E,(w, 0,) 55, [
B TCEkF CoOHEEL », BELIRIEZ T, (w), TC
BRroOGHED 7 —) 22840 % E,(w, 0) £ 5
CRED2ODHW DT — ) TERDOIL R, % & %
L, BRE, MOFEAITIZE L & AEIUL, FRIEE
M Ex Y VRS, BRI

E,(@6) I,(w.6,), expl-2r,cl0)+ jor, /c]

A= E (06) (o) cxp[— 2r,alw)+ jor, /)

FI(" ﬂ()ffj )exp[j w/ f-'("f ~h )]

(4.3)
LFEED, ZOXROHFHII TC EROFHETRD 7
iz @352 LT, MEEEEFY VL, f
DTS ARZ bVvaERDOLNDL, Tz, (4.3) T
W, EIRIZBIEFACREICHLEALELDT,
MARKOWIURED F ¥ IV TE S, DM VE) X
FHET D0, V—F—FORWEMEZ02s &
L, v 7 v 7% 5 MHz T500€ >~ 7 (10 's)
DOWMEEAT > 726

4.4.2 #EFREHE

Fig. 4-151NY FIA VAD Y —F —F &2 HWT
HEHRREDOA X2 5O EETMEL /2 a—7
S h%RT, TCEMASDTa—1Z, ETTRHUB)E
ZLTBY, 4.3HERAL LI IMOENICL SR
BNRBHLH, —HTAT IO a—13REFMICE
WML <40 cm BREZBHWTH Y, HMoES L —
FLTWwE, HohAFora—& Eo TCEHD
ITa—%FHALT, #EAKRKREOMD TS AT bV
ZRDIze ETFTOTCHALOZI—LRXVIEFRLT
HY, FNSEHCTRDZZENZFND TC HROEIK
BARUIBRGERAE & —3 L 7=

Fig. 4-161NY FIA VAD Y —F—F & HWT
RKDIZAFFD TS AT M VERT, 92 kHz i
IR TS DfEDE L <KL 25 T B3G5 H



80 Tomohito IMAIZUMI

Surface Upper tungsten

P ‘I carbide sphere

Transducers = . [:w i
Main 03m
: line Sub line
r g Py 1 S
I:f Im

Lower tungsten
carbide sphere

Fig. 4-14. Setup for TS spectra measurement of tethered swimming fish
at sea. “P,,” and “P,;” show the amplitude spectra of sphere and fish, “I",,"
and “I",,” show scattering amplitude of sphere and fish, respectively.

Table 4.2. Maximum, average, and normalized TS for three species of fish at 70 and

100 kHz.

Sample Horse mackerel Chicken grunt Chicken grunt

Fork length [cm] 17.5 14.5 15.2

70 kHz Max. TS [dB] -35.4 -34.3 -30.9

Avg. TS [dB] -50.9 -45.9 -52.8

TScm [dB] -75.8 -69.2 -76.4

100 kHz Max. TS [dB] -36.4 -35.2 -35.5

Avg. TS [dB] -52.3 -46.9 -52.1

TSem [dB] -77.2 -70.2 -75.7
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Fig. 4-18. The echogram showing iz situ fish (in 10 s).
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Fig. 5-2. Schematic diagram of broadband split beam (BSB) experimental
set up. Reflected wave is received each split arrays of BSB receive

transducer.
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Fig. 5-3. Photograph of the split beam receive transducer (a), transducer installation in
tank experiment (b), and at sea experiment (c). The receive transducer is separated in
four quadrant array channels. Direction signals are composed by adding two quadrant
signals, for example fore direction signal is made by CH1 and CH2 signals.
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Fig. 5-4. Comparison of the directivities by theory using array element
positions, by measurement, and by circular piston model with equivalent radius
of 5.3 cm. The dotted line shows —3 dB level.
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Fig. 5-5. Schematic diagram of measurement of the transmit transducer
directivity. Electrically controlled transducer base can be moved up, down,
right, and left, and rotated accurately.
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Fig. 5-7. Angle deviations by the separation distance 7, between transmit and
receive transducers. The black line is for the case of tank experiment, the blue
line for sea experiment, and the red line for the smallest separation determined
by the transducer diameters. The dotted line shows 1 degree.
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Fig. 5-8. Flowchart to measure form function or TS spectrum by broadband
split-beam method compensating for the directivity function of transducers.
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transducer which is calculated by using two times the -3 dB beam width
120 kHz and red dotted line shows that of transmit transducer.
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Fig. 6-5. TC sphere position angles, # and ¢ (upper and middle), and the
range between the transducers and TC sphere (lower) as a function of ping

number, respectively. The x axis shows ping number (325 s)
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Fig. 6-6. The measured form function of TC sphere and sphere position using bottlenose dolphin sonar signal.
Left side shows processes to calculate form function: amplitude spectrum of incident wave and reflected wave
(first and second line), form function without directivity correction (third line) and final form function (forth
line). In the form function figures, red line shows theoretical value and blue line shows measured data by the
spectrum ratio method. Right side shows detected sphere position; red solid line shows the beam spread of
receive transducer which is calculated by using two times the -3 dB beam width at 120 kHz, and red dotted
line shows that of transmit transducer. The position angle 8 for (a) to (e) are 081, 2, 4, 6, and 7.6 degrees,
respectively.
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Fig. 6-8. The measured TS spectra of semi-in situ fish and fish position using
bottlenose dolphin sonar signal. Left side shows processes to calculate TS
spectra: amplitude spectrum of incident wave and reflected wave (top and
middle), and TS spectra (lower). Right side shows detected the fish position;
red solid line shows the beam spread of receive transducer which is calculated
by using two times the -3 dB beam width at 120 kHz, and red dotted line shows
that of transmit transducer. The measurements result of 409" ping (a), and 426"
ping (b), respectively.
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Fig. 6-9. Result of semi-in situ fish TS spectra using bottlenose dolphin sonar
signal. The x axis shows ping number (15 s), the y axis shows frequency, the z
axis shows depth, and color shows TS value.
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Fig. 7-2. The result of cross correlation processing. The reflected wave from
the tungsten carbide sphere (top), the incident wave form as replica (center),
the result of correlation function by cross correlation processing.
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Fig. 7-3. Comparison of averaging signal per noise ratio between original reflected
wave from TC sphere and cross correlation processing.
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