Sound scattering by several zooplankton groups.
II. Scattering models
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Mathematical scattering models are derived and compared with data from zooplankton from several
gross anatomical groups—fluidlike, elastic shelled, and gas bearing. The models are based upon the
acoustically inferred boundary conditions determined from laboratory backscattering data presented
in part | of this seriegStantonet al, J. Acoust. Soc. Am103 225-235(1998]. The models use

a combination of ray theory, modal-series solution, and distorted wave Born approximation
(DWBA). The formulations, which are inherently approximate, are designed to include only the
dominant scattering mechanisms as determined from the experiments. The models for the fluidlike
animals(euphausiids in this cageanged from the simplest case involving two rays, which could
qualitatively describe the structure of target strength versus frequency for single pings, to the most
complex case involving a rough inhomogeneous asymmetrically tapered bent cylinder using the
DWBA-based formulation which could predict echo levels over all angles of incidénceiding

the difficult region of end-on incidengeThe model for the elastic shelled bo@yastropods in this

case involved development of an analytical model which takes into account irregularities and
discontinuities of the shell. The model for gas-bearing anirtgfshonophoreésis a hybrid model

which is composed of the summation of the exact solution to the gas sphere and the approximate
DWBA-based formulation for arbitrarily shaped fluidlike bodies. There is also a simplified
ray-based model for the siphonophore. The models are applied to data involving single pings,
ping-to-ping variability, and echoes averaged over many pings. There is reasonable gualitative
agreement between the predictions and single ping data, and reasonable quantitative agreement
between the predictions and variability and averages of echo datd.998 Acoustical Society of
America.[S0001-496807)01110-7

PACS numbers: 43.30.Ft, 43.30.Sf, 43.20[BHM]
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radius of sphere or cylinder BL()

average radius

numerically determined coefficients in ray- ©
based bent fluid cylinder model CL
real part ofy_

scattering amplitude of local facet that is
broadside to incident beam

modal series coefficient for homogeneous fluid KE
sphere

L/a

tilt angle of infinitesimally thin disk or cross
section of body at an arbitrary poing.s. This
is the angle between the direction of the inci- ¢
dent wavek; and the plane containing the disk. fos
Specifically, Byx=90°—cos }(k-f,) Where FL
IwaniS the tangent to the body axis at pomts
(Biir=0 corresponds to broadside incidence to
the disk axis at the arbitrary point on the body g

D
Aq

€]

axis). By is not to be confused with the orien- v, , Yp

tation angle,d, of the body, although the two
are the same when the body axis is straight. G,
imaginary part ofv_; attenuation coefficient of
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Lamb wave on elastic shelled sphere
attenuation coefficient of Lamb wave on flat
plate @=x)

sound speed

sound speed of Lamb wave

center-to-center distance between bubbles
deviation in effective radius from mean radius
of rough sphere

phase shift due to partial circumnavigation
(i.e., path betweert 6, pointy of Lamb waves
distance between the point of scatter and the
zero phase reference plagg is negative for
points on the source/receiver side of zero phase
reference plane

scattering amplitude

scattering amplitude in backscattering direction
factor, ranging in value from 0 to 1, to account
for loss of Lamb wave due to discontinuity in
shell

p2/p1

material property parameters in DWBA formu-
lation

coupling coefficient for combination of landing
and launching of Lamb waves on shell
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h c,/cy cident beam in medium “1) [ =(p,Cy/p1Cq

i J—1 unless used as a summation index or sub- —1)/(paCa/piCy+1)]
script tok Sp,SL standard deviation of angle of orientation and

k acoustic wave number=(27/\) length, respectively

K compressibility S s /L

ki wave number vector of incident field o (A2)12

K wave number vector of scattered field (opg)1 backscattering cross section of one bubble

L length of body (AN backscattering cross section Mfbubble array

L average length of body TS target strength=t 10 logf,d?)

A acoustic wavelength T2, T transmission coefficients for transmission from

) semi-empirical phase shift term for ray model medium “1” to “2” or “2” to “1,” respec-

v complex root of denominator of modal series tively [Ti;=2(p;cj/pici)/(1+ (pjcj/piCi))]
coefficient for fluid-filled elastic spherical shell 6 angle of orientation of body relative to the di-

(O] phase shift of Lamb wave heuristically added rection of the incident wavéd=0 corresponds
for nonideal body to broadside incidenge

dwm meridional angle o, launch/land angle for Lamb wave

Pec radius of curvature of longitudinal axis of uni- v volume of body
formly bent cylinder 4 deviation of radius from mean radius of irregu-

p mass density lar sphere at a given point on sphere

I pos position vector of axis of deformed cylinder 1,2 subscripts indicating medium “1'(surround-

ry, position vector of volume ing fluid) and medium “2” (body medium

P12 plane wave/plane interface reflection coeffi- (---) average over ensemble of statistically indepen-
cient (reflection off of medium “2” due to in- dent samples

INTRODUCTION front boundary. As a result, once reflected off the back inter-

In the first part of this series of papers. laboratory dat face, it can be of comparable strength to that of the echo

P : Papers, Y 931% 5 the front interface. The strong regular interference pat-

showed that the scattering properties of zooplankton from .

. : ; terns of target strength versus frequency imply that the two

different gross anatomical groups varied between the 9"OURZ aves are indeed of comparable strength and that the animal
(Stantonet al,, 1997. In this paper, the acoustic boundary

conditions inferred from that study are used to derive apcan be considered as a weakly scattering body. It was also

. . . . hypothesized that for other orientatiofsr even irregular
proximate scattering models of single echoes from an indi- .

. : . . 2 shapes at broadsigeother parts of the body may also con-
vidual animal, the ping-to-ping variability of the echoes as

. . . tribute significantly to the scattering, giving rise to six or
the animal changes shape and orientation, as well as the ay-

: more echoes from the body. As a result, many of the target
erage echo value. The models are compared with the labora; :
tory data Strength versus frequency curves had an irregular structure.

The single ping data and variability analyses in this two-. The scattering by this type of animal is quite complex as

. : its shape resembles that of a deformed finite length cylinder,
part study are most revealing of the fundamental physics o ; : . .
. : a shape for which there is no exact analytical solution. The
the scattering processes and serve at least as a guide towatd . . . X .
rch0|ce of which approach to use in modeling the scattering
3epends upon the application. If the emphasis is on the struc-

useful when examining resolved echoes in the field. Th% L
o . ; . ure of the target strength versus frequency curves for indi-
analysis involving average echoes is less revealing of the.

) : . : idual ping data, then enough detail of the boundaries must
fundamental scattering process, but is useful in modeling of . . :
.2 e included so that the interference patterns can be predicted
volume reverberation in field surveys.

(at least qualitatively However, if only averages over many
pings and animals are of interest, then the structure of the
interference pattern is reduced as a result of the average and
a simpler model can be considered.

There has been much development to date on descrip-

In Stantonet al. (1998, our analysis of data acquired in tion of scattering by weakly scattering finite-length fluid cyl-
at-sea laboratory studies indicated that there were typically ahders which involves a modal-series-based line inte@hal
least two arrivals from the body of the animal. We hypoth-formed cylinder formulatiop a ray summatior(derivable
esized that, near broadside incidence, there are two majérom surface integrals or Sommerfeld—Watson transforma-
arrivals, one from the front interface of the body and thetion imbedded in deformed cylinder formulatiprand a dis-
other from the back interfacéfter the incident wave has torted wave Born approximatiofDWBA, a volume integral
traveled into the body(Fig. 1). For a weakly scattering body which can be reduced to a line integral in this ga&tanton,
(i.e., one in which the density and sound speed of the bod§988, 1989a, 1989b; Stantaat al, 1993a, 1993b, 1994a,
are close to that of the surrounding medjutine wave that 1994b; Chuet al, 1992, 1993 The DWBA approach has
travels into the body suffers little transmission loss at thebeen very useful in calculatinghrough numerical integra-

I. SCATTERING MODELS
A. Euphausiids (deformed fluid cylinder )
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tion) average echoes from animals of arbitrary distributions  (a) (b)
of sizes and orientation angles. The ray formulation has bee
especially useful in both qualitatively illustrating the struc-
ture of target strength versus frequency curves as well a
being easy to manipulate in deriving simplget accuratg

closed-form expressions for echoes averaged over a col

/
'« "Winged"
foot
<«—— Opercular
opening

strained set of distributions of size and orientation angle. Tu T Harg elustic
The DWBA formulation is given in a general volume [P
integral form for backscattering in the farfield due to a finite- Cmcident fient Incident field ,4'7;?%#"’1@\
length body agMorse and Ingard, 1968 <f_' ==
FI N 7
Y
k3 _ S
s | | [ e vetons a, ® @ s
v -— Gas inclusion foas
where the material property parameters are expressed Incident field
terms of compressibilityx) and density(p) as {:
Y= (ko= K1) K, 2 fr1ssUE D
. -+
Yo~ (p2_ pl)/pZ ) (3) <(_necrlta:)s;l‘:ce)res, -—
. . . N astrozooids, etc)
where medium “1” (indicated by a subscriptis the sur- oo < -—

rounding water and medium “2'{also indicated by a sub-
scripy is the body of the animal. Also, the subscript “2"” to
pin the denominator in E.3) represents a correction to the FIG. 1. Zooplankton and corresponding illustrations of certain important
subscript “1” given in Chuet al. (1993 and Stantoret al. scattering coFr)nponents. P g P
(1993h. Given that these are weakly scattering bodies and
p>=p1, the difference is negligible. The compressibility is
written in terms of density and sound speed as ¥, @&, and By, can be functions of ,.s. The termJ, is the
2)-1, (4) Bessel function of the first kind of order 1.

This DWBA-based deformed cylinder formulation is
In this formulation, the material property terms are allowedsimilar in form to the modal-series-based deformed cylinder
to vary inside the volume. Note that this formula is the com-formulation presented in Stant¢h989a. The differences lie
plex conjugate of the one presented in Morse and Ingard anigh the fact that the DWBA is only accurate for weakly scat-
is consistent with the phase shift conventionedf*" for an  tering bodies while the modal-series-based solution can de-
outgoing scattered wave. Also, in this “distorted wave” for- scribe a wide range dhxisymmetri¢ material profilegelas-
mulation, the incident wave number in the exponent is evalutic shelled body, ety. However, the DWBA formulation, by
atedinsidethe mediund (k;),]. That is, the wave number of the nature of its volume integration, is accurate for all angles
the wave traveling inside the body has a magnitkde  of orientation, while the modal-series-based solution is only
There will be phase errors associated with this distorteéccurate near broadside incidence because it uses modal-
wave formulation for conditions under which the incident series coefficients from an infinitely long cylinder.
ray will pass through part of the body, into the surrounding For a uniformly bent cylinder, the term in the exponent
medium, and back into the body agasuch as in the case of (k;),- rpo=kopo(1—c0sBiy). Using |drpod = p.d By gives
end-on incidence for a bent cylinderCorrection for the the integral expression
phase shift for the path in the water can, in principle, be
taken into account through piecewise integration. For an ob- Kipe
ject whose cross section is circular at every point along the  fos=
lengthwise axig(i.e., a deformed circular cylindgrtwo di-
mensions of the integratiofwithin a cross section at an ar- aJi(2k,a cos Bij)
bitrary point along the cylindgrcan be performed analyti- Cos Biit tit - ©®
cally, which reduces the formulation to a line integral:

k=(pcC

ei2k2Pcf (y.— ‘yp)e*iz‘(zﬂc COS Bt

This expression is accurate for all angles of orientation

k .
fbszzl f (Ve y,)€2 )2 Tpos and arbitrary variability of the cross-sectional radius along
Fpos the length of the bodysuch as a tapered cylindeihe cyl-
J1(2k,a oS By inder is bent in the plgne containirkg . I_:or broadside inci-
Y |drpod s (5)  dence(i.e., the body is bent symmetrically away from the
tilt

echo sounder the integral is symmetrical abogt;;=0. For
where now the material properties are allowed to vary withend-on incidence, the integral is symmetrical abggt
respect to position along the lengthwise axis, but restricted te= /2.

remaining constant within each infinitesimally thin cross sec-  For broadside incidence, the integral can be performed
tion at any given point along that axis. In this equatign, using the method of stationary phase,
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k,a _ Since this structure is greatly reduced or washed out in an
fos= 7 (ve— Vp)\/pc)\lJl(Zkza)e'""‘, (7) average, these parameters do not need to be known as accu-
4v2 rately for the predictions. However, when the structure of the

where the condition Ryp.(1— cos@Bii)ma)>1 Was required  CUrves of single resolved echoes is required for analysis, the

in order to use the method of stationary phase. This conditiofoundary must be made more realistic, which tends to make
requires the body to be bent enough so that many Fresnd}€ Problem more complex. It can be taken into account ei-
zones are present on(this corresponds to having deflection ther by directly incorporating a complex, realistic boundary
of the end points much greater than an acoustic wavelgngthinto the integral in Eq(1) or by direct summation of echoes
Limiting expressiongwith respect to wavelengtiof the  T0M various parts of the body. Use of EQ) is far more
scattering can be determined from both E@3.and (7). At precise (providing that the actual boundary is known pre-

very low values ofka and wavelengths long enough so that CiS€lY); however, summation of echoes in an approximate
the bend does not affect the scattering, Eg.can be evalu- manner has utility as it can provide the statistical properties

ated in the long wavelength limit. For shorter Wavelengths,Of the echoes quite readily. Analytical manipulation of the

there are two other regions of scatteritig:ka<1 with the ~SUM can also be done more readily than with the general
condition that the wavelength is short enough so that thdntegral formula. , _ ,
benddoesaffect the scattering an@) kas1. For these latter A general high-frequencygeometric scattering regipn
two cases, Eq(7) can be evaluated by inserting the appro-"aY formula which adds an arbitrary number N)(“'gllnt”

priate limiting expression for the Bessel function. Using Eqs.@Ys together to produce the total echo of the animal can be
(1) and(7) as indicated above, the scattering limits for broad-Wtten as

side incidence are given by

(kla)2

N
foe J_Zl b,e' 2, (12)
be: 4 L(’y’(_’)/p)l

where the(complexy amplitude coefficient; is given for

ka<l and Xp(1—cod Bii)mad<1, (8)  two common cases of spherical curvature as follows:
f (kya)2 o i bjz%,%ilza (facing interface, convex
=) A\ o e K , ) ) )
b 4v2 el ¥ Yo from viewpoint of source/receivir (13
ka<l and XKp.(1-cod Biit) ma> 1, 9 bj=—3T1,T 21 %28
JVpea 3 - (back interface, concave from viewpoint
fos= (7~ 7p)CO8 2k,a— — m|e'™, _
4 4 of sourcelreceiver). (14)
ka>1 and Xp(1—cod Bii) max> 1, (10) The phase shift of each ray due to the relative location of
Jra the interface from which it scatters is taken into account in
=_ pca (7.~ yp)efi2k1a(1+iei4k2a) the exponent where; is the deviation of the_ point of scatter
8 from a (zero phasereference plane that is normal to the
(ray form). (11) direction of the incident acoustic wave. The teems nega-

tive for points on the source/receiver side of the reference
The approximatiork,=k;=k was used, where appropriate, plane. For a sphere whose center is on the zero phase plane,
in the above equations. Typically, it is important to distin- ;= —a and +a for the front interfacg Eq. (13)] and back
guish betweerk,; and k, in phase shift terms but not in interface[Eq. (14)] cases, respectively. The reflection coef-
amplitude terms. Phase terms such as the exponait#s?  ficients of the front and back interfaces have been taken into
greatly influence the position of the nulls in the targetaccount inb; (note that’,,= —.72;,). The plane tangent to
strength versus frequency curves. Equatibl) is equivalent the middle of each curved section is perpendicular to the
to Eg.(10) and is written to illustrate arrivals from the front direction of incidence giving rise to the glifite., the sec-
and back interface of the bodjfirst and second term within tions are broadside to the transdugerSor surfaces with
the parentheses, respectivellforka<1 andkL<1, Eq.(8) more complex curvature such as the side of a bent cylinder,
applies for all angles of orientation. thenb; is more complex. For example, for a convex interface

While these limiting expressions at broadside incidencelescribed in planes (1)” and “ (2)” by two local radii of

are very useful, the orientation dependence of the scatteringurvature p{",p(), a is replaced by {"p{*)*? (Gaun-
(for all ka) generally must be determined through numericalaurd, 198%. The phase ob; depends specifically upon the
integration of Eq(6). Predicting volume scattering strengths curvature (convex, concave, cylindrical, spherical, com-
due to aggregations of animals in the ocean involves numerpound, etg. For example, the phase for the concave spheri-
cally calculating averages over angle of orientation and sizecal surface isr as indicated by the minus sign in E@.4).
In this case, structure in the target strength versus frequencihe wave number is held fixed & in this formulation for
curves for single echoes from individuals will be greatly re-simplicity. As a result, the position of the nulls in any TS
duced. The structure is quite sensitive to the precise sizejersus frequency curve would be slightly in error. The sim-
shape, orientation, and material properties of the animablification does not significantly affect the results, especially
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when averages or statistics of random phask € en-  whereL is the mean of the narrow length distributi¢and
sembles are analyzed. narrow in this case means the width of the distribution is
This formula is written down heuristically based upon much less than the mean lengtFor a narrow distribution,
various other formulations. Great success has been achievefd |?), =2{1—exd —8(kas)*Jcos(&a+ w)}, wheres is the
with a two-ray formulationStantonet al, 1993a, 1993pbin  standard deviation of length, normalized by the mean length.
which the rays only from the front and back interfaces atThe termA;; was determined in that paper for all four com-
broadside incidence are taken into account. In the two-rapinations of straight and bent cylinders, and Gaussian and
formulation, the local reflection and transmission coefficientsuniform (0— 24) distributions of angle of orientation. For a
were taken into account as well as the phase shifts, radius @ent cylinder whose angle of orientation is Gaussian distrib-
curvature of the bent axis, and cylindrical radius of the crossited, A is given as
section. A six-ray model in which each local scatterer had 22
associated a ran)(/jom phase and unity amplitude was used in TBCB/(lG\/a_BS")’ (19
Stantonet al. (1994b to describe the statistical properties of wheres, is the standard deviation of orientation distribution
the scattering by a decapod shrimp off broadside incidencén radiang, andTg and Cg are empirically determined pa-
(more than six rays gave the same statistical behavior of thEameters from simulations using the DWBAg=1, Cg
echo envelope, so the summation was truncated to include 1.2.

only six rays. B. Gastropods (deformed elastic-shelled sphere )

The two-ray version of Eq(12) has experienced much )
development and use. In Stantenal. (1993a, 1993h an The backscatter data from gastropods presenteq in Stan-
approximate two-ray model was derived for all angles 0fto_n et al. (1998 showed overallhigh) echo levels consistent
incidence: with that of a dense and/or hard scatterer. Furthermore, the

data indicate the possibility of an echo from part of the body
foe= 13 \/ﬁy/}lze*iz“laloe*“B(”Pc”—)z, (15)  traveling at a subsonic speed and then interfering with the
echo from the front interfac@-ig. 1). These properties of the
where echoes are consistent with the fact that the outer boundary of
lg=1— Ty,T e Hoagiutksa) (16) the animal is a dense, hard elastic shell made of aragonite.

The subsonic wave is possibly a flexural Lamb wave that
This expression for scattering amplitude was shown to decircumnavigates the body at a subsonic speed before return-
pend upon the radius of curvatypg of the longitudinal axis  ing to the transducefsee, for example, Kargl and Marston,

of the body, radius of the cross section of the body, reflec- 1989; Kaduchalet al, 1995.

tion coefficient.,, of the front interface, length., and Modelling the scattering of sound by gastropods is a
angle of orientationd. The width of the main lobe of the great challenge because of the complexity of the boundary.
scatter versus angle pattern based on this formula best ffthe shell is irregular and contains a major discontinibe
more precise DWBA-based calculations when the parametépercular opening Our attemptgnot shown to model it as
ag=0.8. In order for this ray solution to be valid for values an idealized spherical shell using the exact formulation of
of k;a less than unity, the following phase shift term was Goodman and Ster(1962 (and taking into account differ-

used(Stantonet al, 1993a: ences between the interior tissue and surrounding)fluate
unsuccessful, even as a first approximation. The idealized
(ki) = —(ml2)k.a 17 sphere model produced resonances not seen in the data
! k,a+0.4 ° (some of the broader resonances remained even after averag-

) ) ) _ ing over a distribution of sizesTherefore, a more realistic
As a result, the scattering amplitude is valid for valuesoge| must be used. Rigorous treatment of this problem
of kya as low as 0.1. For orientations far away from broad- 4|4 include numerical evaluation of the wave equation

side incidence, more sophisticated mode!s, such as t ansson, 1993or a sophisticated generalized ray theory
DWBA, must be used and evaluated numerically. However(Fe|Sen and Lu. 1989 Ho and Felsen. 1990: Norris and Re-

the gbove equation for the sc_attering amplitude 'works We'binsky, 1994: Ho, 1994: Yangt al, 1995; Rebinsky and

for smgle echoes near broac?&de or can be useq in accuratq{yorris, 1995, and Yanet al, 1996.

averaging over angle of orientation over a wide range of | grder to describe the scattering by such an irregular
a_ngl_e_s(the inaccuracies far from t_)road3|de mcujen(_:e are nOBody, we chose &nalytica) ray approach over a numerical
significant provided the average includes contributions fromyne hecause certain ray models can not only provide greater
near broadside incidence where the scattering is the Strori‘ﬁsight into the physics of the scattering process, but can also

ges). _ _ _ be manipulated algebraically for other calculations. The ray
The above expression for backscattering amplitude cagymulation in the case of the weakly scattering body de-

be used to average the backscattering cross section over @giped abovéEgs.(12)—(19)] involved rays scattering from

arbitrary range of length and angle of orientation providedihe front and back interfaces of the body. However, with the
the average includes broadside incidence. A convenient fol5,q elastic shell of the gastropod, the incident ray cannot

mula was derived in Stantoet al. (19930 for an average penetrate the shell with much energy. In contrésircum-

over a narrow range of animal sizes: ferentia) shell waves are excited by the incident field and
T2 p 2 N o1 travel around the shell, continuously shedding off energy.
(o0, ILT= A1l DB 18 Some of this energy sheds or “leaks” back toward the sound
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source/receiver and will interfere with the ray that is re-different classes of Lamb waves, antisymmetric and symmet-
flected off the front portion of the shell. As a result, theric of all order, each of which involves the superposition of
scattering amplitude versus frequency plots have peaks argl singly and multiply circumnavigated waves. The last term
dips corresponding to the constructive and destructive intefis due to the Franz wave. The Lamb and Franz waves are
ference, respectively. both circumferential waves—the Lamb or “plate” waves
Given the complexity of the problem of scattering by an represent various classes of plate deformations that circum-
irregular shell, we have found it convenient to begin with the,yigate the body in a wavelike manner while continuously
ray formulation for an idealized spherical shell, and thenleaking energy into the surrounding fluid. The Franz or

heuristically mod_|fy th? f‘?fm“'a“o” to tal_<e Into acco_unt “creeping” waves travel along the boundary but within the
roughness and discontinuities. The result is an approximat

Surrounding fluid.
formula that illustrates effects due to those features. We be- g_ . . o
T . Evaluation of each term in Eq20) is quite involved.
gin with a ray formulation from Kargl and Marstai1989 The backscattering data. involvin ropods indicate th
and summarized in Marstoret al. (1990 and Marston € bac snf:a enng aah oving ga? opo Sh pael We
(1992. It gives the usual decomposition of the scatteredPr€Sence of two major echoes coming from éach animal. vve
wave into various components: assume that one of the echoes is from the front interface of
the animal. The other echo has the strength @udbsoni¢
Fos=fspect fwt fLambt Trranz: (200 gpeed consistent with that of Lamb waves under certain con-
where thefg,; or specular term contains specularly “re- ditions. In order to model the scattering by those animals and
flected” echoes from the front interface, afig corresponds for simplicity in the analysis, we retain only thgypoth-
to all internal refractions and reflections within the shell andesized dominant terms for the case of hard, dense spherical
interior fluid. The termf ., contains the summation of the elastic shellsfgpecand fzmp:

L

a . 1 . .
fbsziygue szla_EGLae 2(m 0L)BLel7]LE (—1)"e Zwmﬂl_eﬂ‘rrmklacl/c[‘,

m=0 (21)
scattering
from front Lamb wave (flexural) leakage
interface I
where fluid-filled spherical elastic she(3, is the attenuation coef-
_ ficient of the Lamb wave due to its continuous shedding or
= 2kiaf(ci/e ) (m =0 ) = cos b | = ml2, (22 leaking of energy into the surrounding fliidMarston,
. =sin"X(c,/c), (23) 1992. Here,c,, «,, and B, are generally complicated
functions ofka.
G =8wp.c,/c,, (24) The above expression describing the scattering by a

shell is approximate as it only takes into account one class of
Lamb wave(other Lamb waves could quite readily be taken
c /ci=kjal(a +1/2). (25 into account by simply summing over other “L"-type indi-
. . . ces, however the zeroth-order antisymmetric Lamb wave
. The two terms in the expression for the scatterm_g aMiends to dominate the scattering for the low-to-moderate val-
plitude correspond to the scattering from the front portion of

the shell and the lowest-order antisymmetric Lamb waveues ofka in our data sets and is the only wave being in-

: ; . cluded in this analysigKargl and Marston, 1989 Further-
(flexural wave that circumnavigates the sheti times, re- ; o . .
spectively[m=0 corresponds to traveling around the shell ™°"e: the thickness resonance is ignored. This resonance is
an amount 2¢— 4, ) radiansm=1 corresponds to traveling due to the fron_t ray penetrating the outer b(_)undar_y _Of the
around the shell an amount 2¢ 6,)+ 2, etc] where 6, shell and experlencmg multiple internal reflections Wlthln the
is the angle at which the Lamb wave lands onto and launche¥€!l material(for the hard shell of the gastropod, it is as-
from the shelkfor subsonic waves), = 7/2). The termy_is ~ SUmed that little energy penetrates the outer boundér
a phase shift term corresponding to the phase shift incurreﬂ'm'la_r reasons, |_nternal refractions and reflections within the
on the shell by then=0 Lamb wave(this travel-path and body interior are ignored. Exact values of the tei@s, c, ,
caustic-related phase is relative to the zero-phase referenée . @ahda, must be obtained through numerical evaluation
plane that contains the center of the sphere and is perpeff the Sommerfeld—Watson transformation of the modal se-
dicular to the direction of the incident waves, is the com-  ries solution and is beyond the scope of this present analysis
bined coupling coefficient for the conversion of the fluid- (Kargl and Marston, 1989
borne sound into the Lamb wave and back into fluid-borne  As previously discussed, one major complication of the
sound,c, is the speed of the Lamb wave, and and3, are  modeling for the gastropod involves the fact that the body is
the real and imaginary parts of the complex reptof the  not perfectly spherical but irregular. In order to estimate ef-
denominator of the modal series coefficiémbt shown fora  fects of roughness on the scattering, the above approximate

and
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ray-based formulation is heuristically modified. The radiuswhereas the integral ovef,, involves a finite range of,, .
of the body at a given point on the body is written as a  Using the fact that the complex phase shift terms in this
stochastic parameter, average are more important in this average than the random

a=a+¢ (26) (rea) am.plitude terms, pnly _the random complex exponential

' terms will be treated in this averag&tanton, 199 For

wherea is the mean radius anglis the random deviation of mathematical convenience and given the fact that many ran-
the radius from the mean at a given point on the shell. Thelom natural processes tend to follow Gaussian statisligs,
Lamb wave will travel many different paths resembling me-is assumed to be Gaussian distributed and the formula
ridional lines(not shown in the two-dimensional plot in Fig. ) -
1). Because of the boundary deformations, the paths will ~ (€'¥2ay=e~ (1270 (30
randomly deviate from pure meridional lines. Each path will, . . . .
experience variations in local radii of curvature resulting in a’s used to obtain the following approximate expression:
slightly different effective radiua+ A for that path{where

a . 1 R
the effective radius is the circumferen@aong a rough path fos= 5 TorF spe” P12~ > G e'Prag 2" AL
divided by 27]. The phase shift of the differential portion of
the Lamb wave that travels along a given path will vary x @i2kgal(cy/cp)(m— o) —cos o ]—iml2E

depending upon the particular path taken.

In order to estimate the effects of roughness on the total
Lamb wave, we use Eq21) to heuristically write an ap-
proximate expression for the differential Lamb wave that

o]
% 2 (— 1)me—2wmﬁLei2wmk1?cl/cﬁe—(l/z)yzaz’
m=0

travels within a differential meridional angle: (3D
1 o where
df amy=— = GLae 27 Whgin —1)m _ _
Lamb™ 2 =L mE:o( ) y=k{2[(c,/c ) (m— 6, )—cos 6, ]+2mmc, /c,
x e_z"TmBLeiz'”'mklacl o, d¢M (27) + Bkla [2( m— 0|_) + 27Tm]} (32)

27’ . . . .
m This formula takes into account dispersion of the Lamb

where ¢y is the meridional angle. The total Lamb wave is wave by linearizing the dependenceaf/c, uponk,a over
calculated by integrating the above expression over all methe narrow range of values &fa aska is fixed andA, is

ridional angles: varied. Hereclchzﬂlc_LJr Bk,A,, wherec is the value
1 (2n of ¢, evaluated aka. Dispersion of the flexural wave is
fLamb™ — > f GLae ™ 0hLgim much stronger for lower values &f (e.g.,ka<20) than for

higher valuegKargl and Marston, 1989 The angles, stays

fixed at /2 during the averaging provider] remains sub-
mﬂ, (28)  sonic.
2w While the derivation of Eq(31) was far from rigorous,
these results show that the Lamb wave term in the scattering
—a+A,), for a given meridional angle. Note that, given the amplitude becomes attenuated due to the randomness of the

symmetry of the scattering geometry, only half of the rangé)hase of the various Lamb wavelets traveling around the

of angles contains a unique set of effective radii. For a perlrregular body. In addition to taking into account the ran-

fectly smooth ideal sphere, the integrand is constant ngomness of the irregularities, three other terms were incor-

respect to the meridional angle and the integral reduces tBorateq heuristicall1) the termP pecto 'Fake into accoun ta
the Lamb wave component of Eq1). If a is randomly reduction of echo level from the front interface for orienta-

distributed over the 0—2 range of meridional angles, then 11ONS in which part or all of the opercular opening is facing

this integral is roughly equivalent to the ensemble averagd'® €CN0SOUNdEF ye=1 when the opening is facing away
over the distribution oft ,: rom the sounder, & Fgp<1 when part or all of the open-

ing is facing the soundgr(2) The termF, takes into account
, the fact that part of the Lamb wave does not travel beyond
Flam=\ =5 GLae A7 helmn the opening that it may encountd¥, =0 when the opening
faces away from the echosounder and no Lamb waves can
* _ propagate beyond the opening<@& =<1 for other angles of
X > (—1)Me”2mmALgizmmiqac; /°L> : (290 orientation. This term must be determined strictly from geo-
m=0 metrical arguments. Reflections of the Lamb wave off the
This equivalency is analogous to the ergodic theorem wherdiscontinuity are ignored(3) Because of irregularities and
a temporal average of a quantity is equatder certain con- uncertainties in material properties, the tegit was in-
ditions to the ensemble spatial average of that quantityserted to account for any deviation in phase shift from that
(Skudrzyk, 1971 In this analysis,¢,, replaces time. The predicted from an idealized theory. Tlaein the first term
analogy to the ergodic theorem is not perfect as the temporaépresents the local radius of curvature of the shell surface
average in the theorem is taken over the limit of all timeseen by the acoustic source/receiver.

oo
% 2 (_1)mefzrrmﬁ|_ei27rmklacllc|_
m=0

where nowa is the effective radius, as defined abowe (
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C. Siphonophore (bubble plus tissue ) mathematical boundary describing the body of the siphono-

The backscatter data from siphonophores presented ip]ho_re_and perform the integration directly. In order for the
Stantonet al. (1998 indicated that the gas inclusion in the statlstps of the target strength versus frequency curve to be
pneumatophore dominated the overall average levels of th etermined, the boundary must be randomly perturbed

echoes. However, the tissue surrounding the gas sometim %hanglng shape and orientation, gwver an ensemble of

significantly contributed to the pattern of the target strengﬂp!ngs' Such a procedure, while rigorous, would be quite te-

versus frequency curves. The scattering amplitude can b ous.

written in terms of the separate contributions of the scatterih ﬁnot_hf_r apprfoach Itot_obtgln ec_:ktl 0 dStat'? “C$ Ct?p involve
ing from the two parts of the bodiFig. 1): e heuristic ray formulation described earlier in this paper.

With that approach, only the contributions from various ma-

f o= Foubblet frissuer (33)  jor scattering features of the body are included in a ray sum-

mation. A major feature in this context is defined as a facet

This formulation assumes that shadowing from eachy facetlike part of the body that is broadside to the incident
component does not significantly affect the scattering by th%eam(giving rise to “glint”). This feature would scatter the

other. This is a reasonable assumption since the tissue &&nd back toward the receiver with a level much greater

most likely a weakly scattering material and the incidentihan that of a feature that is not broadside. With this ray

Since the gas inclusion is so small, the shadow region behind . N

it is much smaller than the total volume of the tissue and | e (f i2Kky e

hence little of the scattering by the tissue will be affected. Fos=— Ky mzzo (2m+1)(~1)™bj, )+,Zl b; &1,
Prediction of the total echo from the siphonophore re- (36)

quires evaluation of each of the above components of the

scattered field. The following exact formula is used to calcu

late the scattering by the pneumatophore:

There is great utility to this approacklodal-series com-

ponent This exact solution to a spherical bubble will predict
echo levels that are accurate for all valueskaf For the

—i - siphonophores in which the gas dominates the average echo

fbubblezk_l mz:o (2m+1) level at all frequencies, use of the expression can produce
reasonable estimates of the average target strength of the
X(—1)™b{)  exact, allk;a. (34  siphonophoresRay componeni1) It is simple in form and

] ) can be readily manipulated and evaluaté?). For six or
~ This formula was taken directly from Anderséb950. e random-phase rays, the statistical nature or probability
It is an exact expression for the scattering of sound byaﬂu"&ensity function (PDP of this ray component will be
sphere(gas behaves acoustically as a fluid as it does noRayjeigh—PDF-like. Once the ray component is added to the
support shear wavesThe gas inclusion in siphonophores 6qa series component, the statistics of the envelope of the
may depart from being a perfect sphere, hence this equatiqgia| echo will be Ricean. As a practical matter, it may be
should be considered to t(er) an approximation to the scatteringicyit to directly determine the values &f . If data are
by the bubble. The terrhy,” is the modal series coefficient ayajlable on a particular siphonophore, it is reasonable to

for a fluid sphere. _ _ . adjust the values df; according to the observed contribution
Evaluation of the scattering by the tissue is a great chalsrgm the tissue.

lenge. If one were to choose a simple boundary like a smooth  apaiytical averaging of the predicted backscattering

bent cylinder, the statistical nature of the structure of the,oss section from the siphonophore over a range of orienta-
target strength versus frequency curve may not be accuratt_a{y)n angles, in general, involves many cross terms, and it
predicted. However, the boundary of the siphonophore igyqyid be more practical to perform the average numerically.
sometimes quite complex, and it may not be possible to proggyever, at high enough frequencies where the length of the

duce a reasonable mathematical construction of the OUthody is much greater than a wavelength, the energies from
boundary. A general approach in estimating the scattering by, gas and tissue will add independently:
the tissue would be to use the general volume integral of the

DWBA. Adding that contribution to the one from the gas (0p9 = (Tbbupbiet (Tostissuer  KiL>1. (37)
gives the backscattering amplitude from the entire animal: There are no brackets aroundy) . ppie Since the scat-
. @ tering by the bubble is independent of orientation.
1/
Jos=— x 20 2m+1)(=1)"pY’ Il. COMPARISON BETWEEN MODELS AND DATA
e
< —— - The above theoretical models are now compared with
" gas inclusion laboratory scattering data from Stantenal. (1997 involv-
k7 20(k)y ¢ ing single pings, ping-to-ping variability of the echoes from
+4—7; v()’x— Yp)e 2 dy, individual animals, and averages of the echoes.
o , (35

ene A. Single ping data
There was reasonable success in using the models to
where the terms of the integral are defined earlier in thigqqualitatively predict the various classes of patterns of mea-

paper. This approach allows one to construct a complesured target strength versus frequefEig. 2).
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cise orientation and shape of the animal was not known.
Here, the radius of curvature of the bent cylinder model was
-60

EUPHAUSIID fixed at a reasonable valup{=2.2.) that also resulted in a
_BOW W best fit to the data and the orientation was assumed to be
100 broadside for the modeling of the individual ping. Other

40 echo data(not shown from this animal showed the nulls

_60 changing position and spacingypically smaller spacing
g GASTROPOD which indicates that changes in the orientation and shape will

_sovw change the pattern. Adjustment of the relative phases of the

100 rays in the two-ray model can account for this effect pro-

-0 vided the pattern is periodic. For slight changes in phase, the

adjustment corresponds to tftapered animal changing ori-
Arve oo M SIPHONOPHORE entation so that a different part of its cross section with a

-40

TARGET STRENGTH (dB)

-60

&0 different thickness is in the first Fresnel zone of the acoustic

w00 50 B0 o0 800 a0 500 S0 700 800 beam which dominates the scattering. Larger changes may

correspond to the possibility of rays from other parts of the

FREQUENCY (kHz) body contributing to the echo.
This work with a freshly caught euphausiid is consistent

FIG. 2. Target strength versus frequency for individual echoes from a euWlth the mOdelmg performed on the decapOd shrlfﬁpan-
phausiid, two different gastropods, and a siphonophore. Two-ray models aon et al., 19933 where the two-ray model was first devel-
given in the(left) euphausiid and gastropod plots where the structure of theoped_ In that work, the animals were oriented so that they
data is regular. A one-ray model is used for the nearly flat gastropod CUNVE are nearly broadside to the incident field. The regular pat-
while the exact gas sphere model is used for the flat siphonophore curve. . .. ’ . .
Thin curves are model predictions, thick curves are data. Description of thé€fNS observed with the euphausiids reported in this more
animals is given in Fig. 2 of Stantoet al. (1998. Simulation parameters recent work also correspond to nearly broadside incidence.
are a combination of measured values, values published for similar animalyisyal observation of the orientation of the animal used in
or materials, semi-empirical model-based values, and values inferred fror&. 2 d iodicall ith A ind d
the data: euphausiid, left panel only: E(L5) used with =0, (g,h) . Ig_‘ was made penc_> Ically with- a viewing window an_
=(1.0357,1.0279) based on properties measuredEfgshausia superba  INdicated that the animal was generally near broadside
(Foote, 1990 and Foot al, 1990, a=1.9 mm(within range of measured throughout the experiment.
values, used for best fit to structure of plop./L=2.2 (consistent with The irregular patterns in the euphausiid data observed in
visual observations, used for best fit to overall levels of Xdta 29 mm this study(Fig 2 right ploj are similar to the ones observed
(length, based on measurement, is “reduced” acoustic length since tail con- C . . . e
tributes so little to the scatteringgastropod, left panel: Eq31) used with  IN Stantonet al. (1994b involving broadband insonification
#1,=0.84,a=a=0.63 mm(this is the radius of a sphere whose volume is of an obliquely oriented decapod shrimp. It was determined
the same as the gastropod modeled as a 2-mm-long by 1-mm-wide prolajgy that analysis that the echo could be approximated from a
spheroid, o=.02% (inferred from datg /5, =0.00&;a (theka functional = osavictical standpoint by as few as six randomized rays. The
dependence is based on the analytical Lamb-wave model and the coefficienf P y . yS.
0.002 is based upon a fit to the data, =8k,a (based on modgl &, = six rays were formulated with random phases and added to-
— /2 (inferred from data for the subsonic waveg, =m/2 (based on  gether to form a random signal whose spectral characteristics
mode), ¢, /c;=k,a/(a +0.5)=1/8 (this value was predicted theoretically gre irregu|ar_ This type of Signa| is expected when the animal
and observer F =1 (inferred, Fpec=0.71 (the.71,=0.84 Is calculated g gither not at broadside incidence or near broadside but
for the coefficient expected for a semi-infinite planar half-space of calcite . . . .
where the published values for calcge- 2.646 anch=4.345(longitudinal W'th an |rregu_lar shapg. V\_/'th this random set of rays_, com-
waves, the inferred value of ¢,e=0.71 in essence “corrects” that value ~parison of a single realization of the predicted echo with data
down to 0.6, also, the series was truncated to include onlyrtize0 term in is not particularly useful, hence a prediction is not shown.

the Lamb wave series; gastropod, right panel: same as left panel exceptThe statistical properties of the predictions and data are com-
=0.81 mm,Fg.~1 andF =0 (the inferred value= =0 corresponds to pared below

total loss of Lamb wave due to change in orientation, changefiom left o .
panel corresponds to the incident wave “seeing” a different radius of cur- Gastropods.The gastropod that exhibited a consistent

vature at front of gastropod due to change in orientatisiphonophore, left  periodic pattern of TS versus frequency was best modeled by

panel only: Eq(34) usinga=0.35 mm(this is the radius of a sphere whose 4 two-ray model where one ray was from the front interface
volume is the same as the elongated gas bubble modeled as a 1.3-mm-lon

by 0.5-mm-wide prolate sphergdid(g,h)=(0.0012,0.22) which are pub- O? the bOdy and the other ray was due to a smg‘re':(O)
lished values for air at one atmosphere pressure. Lamb wave that traveled around the body once while expe-

riencing roughness-induced attenuatitfig. 2, left ploj.
The periodicity exhibited by the data is characteristic of the
EuphausiidsThe regular pattern of TS versus frequency dominant subsonic zeroth order antisymmetric Lamb wave.

for the euphausiid can be described by the two-ray modelnitial application of the model with no roughness resulted in
(Fig. 2, left plo). The positions of the peaks and difir  a pattern(not shown that had the same periodicity as the one
nulls) for this particular plot were satisfactorily described by measured, but with sharp peaks and nulls that did not re-
the model indicating that the pattern was most likely due tosemble the data. Once roughness was incorporatedmnthe
constructive and destructive interference between rays from»0 Lamb waves were attenuated to the point that they did
the front and back interfaces of the animal near broadside. hot significantly contribute to the scattering. The result was
was not possible to make objective comparisons between theo terms dominating the expression, the echo from the front
overall predicted echo levels and those observed as the primterface and droughness-inducedattenuated Lamb wave.
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With roughness incorporated, the resultant pattern is morthickness, the predicted value was abguhat of the sur-
smoothly varying like the data and exhibits the same periodrounding water, which is much greater than what we ob-
icity as that of the data. In the computations, the infiniteserved. However, the predictions @f produce values of
Lamb wave series must be truncated at some point. Wabout 0.005 for the 2@m-thick shell forka=1 and values
chose to truncate at the=0 point(i.e., to include only the very close to zero for highgta and/or thinner shells. The
m=0 wave which further improved the fit to the data. inferred value of8, (from the data was about 0.002 once

In contrast to the above gastropod whose particular orifoughness was taken into accouift roughness was not
entation was apparently conducive to the Lamb wave traveltaken into account, that inferred value would be smaller but
ing readily around the body, another gastropod was orientedot small enough to be consistent with a value predicted for
in such a way so that the Lamb waves were apparentlp-um-thick idealized shells Thus one inferred valued( ) is
blocked(Fig. 2, right plo}. The resultant pattern is relatively consistent with predictions from a shell thicker than that as-
flat and was modeled simply by eliminating the Lamb wavesociated with the predictions that were consistent with the
term in the modeli.e., by setting~, =0). It is hypothesized other inferred valued, ). Nonetheless, both inferred values
in this case that the opening of the shell was facing in d@nvolving data from the rough irregular animal shell of vari-
direction that prevented the traveling of Lamb waves in path&ble thickness were consistent with the range of predictions
along the body that would have eventually shed toward thénvolving a range ofidealized shell thickness close to that
receiving transducer. of the animal, which is perhaps the best one could expect

A major challenge in modeling the scattering by the gas-given the differences between the animal shell and the ide-
tropods involved choice of material properties and associatedlized spherical shell. These inferred values therefore appear
Lamb wave coupling coefficients and speed. The animalo be reasonably consistent with the hypothesis that the sub-
bodies consist of aragonite. Since all critical material paramsonic wave is the zeroth-order antisymmetric Lamb wave.
eters (density, longitudinal sound speed, and shear sound Given the facts that the shell thickness is nonuniform
speedl were not available for aragonite, we used publishec@nd that the observed subsonic wave had significant energy
parameters associated with calcite, a very similar substanctr values ofka greater than unitywhich implies a nonzero
The density and longitudinal speed were used directly fovalue of 3), we used the values of the Lamb wave speed
predicting the Rayleigh reflection coefficient. Given the dif-and coupling coefficient that were inferred from the data
ficulty of determining the Lamb wave parameters for a bodyrather predicted from the idealized predictions.
of this complexity, we used certain values inferred from the ~ SiphonophoresThe nearly flat pattern exhibited in some
data. We also compared numerical calculations of Lamtchoes by the siphonophore could be modelled by the single
wave parameters based on backscattering by an idealiz&Pble modelFig. 2, left plod. The single bubble alone will
spherical shell with the inferred values to test the validity ofdive @ flat spectrum in this frequency range regardless of
the hypothesis that the observed subsonic waves are inde@fgle of orientation. Alternatively, the flat pattern could be
the zeroth-order antisymmetric Lamb wave. modeled by the more general bubble-plus-tissue model for

The shell of the gastropods used was approximately gealizations in WhiCh' the tissge does not con.tribute.signifi—
um thick according to our measurements of shell thicknes§@ntly to the scattering. The irregular pattéffig. 2, right
of other similar-sized animals. We are uncertain as to thd!0t) must be predicted by the model which includes both the
thickness of the shell within all parts of the body and assum&2S and tissue. Because of the stochastic nature of the scat-

that layering of the spiral shell will cause the thickness tot€"iNg by the tissue, it is not useful to make direct compari-
vary within a given shell. Because of the variation in thick- SONS between single realizations of the predicted and mea-

ness, it is expected that there would be deviation betweefUred patterns. The statistics of the predicted and measured

predictions of Lamb wave parameters based upon an idegfchoes can be compared and are done so in the next section.
ized sphere and comparisons with the data. ) .
Using the calcite material parameters, predictions of>- Ofiéntation dependence of echoes
acoustic backscattering were made for individual water-filled  Orientation of one of the euphausiids was digitized from
spherical shells and for individual tissue-filled shells, eachthe video camera data and compared with the echo levels
for a variety of shell thicknesg@he thickness was held fixed that correspond to each video frarfiég. 3). Scattering pre-
for a given simulation (Kaduchak, 199) The predictions dictions based upon the DWBA model using observed orien-
were based upon the Sommerfeld—Watson transformation a@étion data were also compared with the observed scattering
the modal series solution. This transformation converts théevels(Fig. 3).
modal series into a series of ray terspecular ray, Lamb- The data illustrate that the echoes are generally higher
wave ray, etg. The tissue material properties were chosen tdor broadside incidence than for end-on. There was also sig-
be the similar to those of weakly scattering fluidlike animalsnificant variability from ping-to-ping in the echo level. Be-
(density and sound speed were set equal to 1.1 times that ofuse of the variability and for direct comparisons, the scat-
the surrounding waterfor lack of available information. tering data, scattering predictions, and orientation data were
The idealized shell calculations show that for au+  averaged over a running seven-ping interimfore the av-
thick shell andka in the range of 1-4, the speed of the eraging was performed the scattering predictions for a given
zeroth-order antisymmetric Lamb wave was roughtigat of  ping were based on the observed instantan¢oeis not av-
the surrounding water. This value is the same as that whicbraged orientation anglg Also, the data and simulations
we observed in the measurements. For shells ofu®0- represent an average over the 350-600-kHz spectrum,
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FIG. 3. Average target strength data from an individual 36-mm-long euphausiid and predictions from 200 consecutive acoustic pings as animal changes
orientation[same animal as in Fig. 3 of Stanteh al. (1998]. Left plot: Measured and simulated acoustic backscattering. The measured scattering has had
the measured nois@quivalent TS-—81.5 dB removed from it(removed on a linear scale first before logarithm is takdime simulations use a rough

tapered inhomogeneous cylinder model, based on the DWBA line integral given (B)ERight plot: measured orientation angle of euphausiid averaged over
seven-ping running average for smoothing purposes. Scattering and orientation data collected simultaneously for each ping. Predictiotimsts@tsame

neous, not averagearientation angle as measured for each corresponding ping although head-tail reversals are not distinguished for the near-broadside-
incidence data. Pings 10—30 and 60—70 involved near head-on incidence and pings 100—120 and 150—200 involved near broadsietroidérechead

of the body was observed to be, on average, slightly farther from the transducers than the telson prTtailheasured and simulated backscattering levels

were averaged over a seven-ping wind@wvsimple uniformly weighted seven-ping average for the data and a 30-realization Gaussian-distributed average
based on the mean and standard deviation of angles over the seven pings used for the simiilatidiackscatter data and simulations were averaged over

the 350-600-kHz band of frequencigdl averaging, over pings and frequencies, involved averages of backscattering cross-section before the logarithm was
taken. The measured noise and unwanted reverberation was reduced through first time-gating the compressed pUGewatpLStanton, submittednd

had (after processingan equivalent average target strength-d81.5 dB resulting in the worst case SNR of about 2.5 dB near ping numbgread end-on

incidence, but typically about 4 dB and better for other near end-on incidence values and better than about 11 dB for near broadside incidence. Simulation
parameterst. = 30.5 mm(this measured quantity is the reduced or acoustic length that corresponds to the fact that the telson or “tail” of the euphausiid does
not contribute substantially to the scattejingean cylindrical radiusa= 1.9 mm(inferred from measurement of lengtip. /L =0.8 (this is an intermediate

value within the range of values of the ratio as measured from the video ilmagesthe mean valugs=h=1.054. These values of andh were adjusted

for a better fit to the data and are higher than the values in other simulations in this paper. The yallle @fhich is based on measurements, is lower than

that used in other simulations in this paper. The higher valuesarid h, in essence, offset the decrease in scattering levels due to the decrgagk,in

making this combination o, h, andp./L somewhat compatible with the combinations used in other simulations. The valgeanofh varied indepen-

dently and randomlyGaussian distributgdalong the length of the body with a standard deviation of 0.005 over six segments of equal length. The value of
radius varied independently and randorfilg., uncorrelated adjacent values, each following a Gaussian distribution with a standard deviation of 10% of the
expected valueover 200 segments of equal length.

which corresponds to the spectrum of useful energy of th@ossible that the roughness elements are the source of the
transducers. Because of the low signal-to-noise ratio of someultiple ray echoes observed near end-on. Adding to the
of the echoes, the average measured noise level was sutmplexity of the problem is the possibility that the material
racted from the measurddoisy) echo levels which resulted property of the animals is not uniform throughout the body.
in a better representation of actual measured target strengthhe inhomogeneities of the material properties could also
The scattering modeling for angles of orientation neargive rise to scattering levels near end-on.
broadside was relatively straightforward as the levels were Predictions using a smooth homogeneous cylinder
predictable using smooth homogeneous bent tapered cylimnodel underestimated the scattering levels near end-on inci-
ders. However, for angles near end-on, it was a significantlence. For the reasons given above, we used a more complex
challenge to predict the echo levels. This fact, coupled withdescription of the animal morphology in order to describe the
the facts thai@) there was variability from ping to ping in near end-on scattering levels. We used an elongated tear-
the echoes as the animal changed orientation slowly(bnd drop tapering function much like that illustrated in Fig. 1 of
the statistics of end-on echoes were consistent with echoetanton(1992 and incorporated both roughness and inho-
due to many parts of the bodi€Stantoret al, 1994b; Fig. 4 mogeneities of material properties of the body. Given the
of this papey, required a more complex shape and materialack of knowledge of the precise roughness and material pro-
profile to be used. As shown in Stant@t992 and Stanton file, we arbitrarily assigned 10% random variability to the
and Chu(1992, roughness of bounded bodies can cause sigeross-sectional radius along the length of the body and 0.5%
nificant variability in echoes and has been used to explaimandom variability to the mass density and sound speed
ping-to-ping variability of tethered animal@Viebe et al., along the length of the bodfthe 0.5% variability corre-
1990. Roughness elements of a target can be treated as isponds to about 10% of thdifferencebetween thgweakly
dividual scatterers. Once the target is at an oblique angle tscattering body material properties and that of the surround-
the sonar transceiver and the main returns are not comingg wated.
from the front and back interface, then these individual ele-  The actual roughness profile of the animals has both a
ments play a significant role in the scattering. It is quitesmall smoothly varying componeritiorsal sidg¢ and large
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rapidly varying componentiventral side which contains -Broadside ~End-on

legs. For simplicity, an intermediat€l0% of radiug rapidly 8 @ ®)
varying profile was used which involved statistically inde- | - 2
pendent rapidly varying values of cross-sectional radius. Th 21 . DATA
material property profile consisted of six statistically inde- i Hﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
pendent sections to represent the fact that there are a sm o 1 2 % 1 2
number of sections of the body of a euphausiid.

With these added complexities, we made predictions o s s
acoustic scattering over the entire range of orientation angle Two-ray © Six-ray “
(Fig. 3. The predictions of backscattering with the rough — &* : RAY
inhomogeneous bent tapered cylinder generally follow the 1 H 1 SIMULATIONS
pattern of the measured levels over the full range of orienta cﬂﬂnﬂnﬂﬂﬂﬂﬂﬂﬂ [ | li

[\

1 2

tion angles. Most importantly, the near-end-on levels coulc NORMALIZED ECHO AMPLITUDE

be predicted by taking into account the added complexitie:

of thle mfocdel(the predll(otloos near broadsrl]de were not SIgFIfITFIG. 4. Echo envelope histograms of echoes from an individual 36-mm-
C_amy affected by taking |.nto account the adc_j?d comp eX"Iong euphausiid from sets of pings in which the animal is either generally
ties). Although the modeling of the complexities was far broadside or end-on to the incident acoustic wésame animal as in Fig. 3
from ideal in this particular study, it is clear that the fine- of Stantonet al. (1998 and using subset of data presented in Fig. 3 of this

scale Complexities of the animal body must be included irPape). Acoustic frequency_ls the 560-kHz component of the broadband
. . echo. Two-ray N=2) and six-ray N=6) models are used in those cases,
order to predict near-end-on backscattering. respectively, using Eq12). All b; for a given simulatiodplots (c) and(d)]
are of the same value. The horizontal scale of each of the four plots is
C. Statistics of echoes normalized by the rms amplitude of the values plotted in gt The
' end-on and broadside pings were selected from a fraction of pings within the
The statistics of some sets of echoes are analyzed fdpnge of ping numbers 5-70 and 100-200, respectively. The rimez)
one euphausiid and one siphonophore. The animals were flﬁd-on angle is measured to be 14.1° off head-on incidence=(%.9°) and

. . e mean(nea) broadside angle is measured to be 10.1° off broadside inci-
to Change orientation throthOUt the measurements a nce(dorsal aspe¢t(s.d=5.1°) with the head of the body observed to be
many orientations and shapes were realized. However, betghtly farther, on average, by about 10° from the transducers than the
cause of the small size of the gastropods and nature of thelson or_“tail.” Certajn pings within those ranges were excludod; for ex-
tethering process, their movement was highly constraineﬁmp'e' pings near pings 40 and 140 were excluded where intermediate

L .. . . cimgles were observed.
and a statistical analysis is less meaningful and not included.

1. Euphausiids over a range of values withit: 30% of the average cylin-
The statistical behavior of the echo envelopes of thedrical radius(this distribution coincidentally corresponds to a

scattered signal from the euphausiid was analyzed with botbniform distribution in phase difference between the two

the ray approacliFig. 4) as well as with the DWBA ap- rays over the 0—2 range at 560 kHz This randomization

proach (Fig. 5. The ray approach helps provide physical

insight into the scattering process, although the results for

this type of approach tend to be qualitative. The DWBA- ~Broadside ~End-on

4 7 4
based method, while more complex than the ray approach, @ s ®
also potentially more predictive. Given the significant differ- & bwBA
. L . D2 2 ROUGH/INHOMO
ence in the variability of the echoes between the cases ir * . HH
volving broadside and end-on incidence, the analysis treat Sl Hﬂ Mo 4 o HH
each of those cases. We perform this statistical analysis ¢ ° ! =20 ! 2
the data set presented in Fig. 3 in which the video data of th
animal were used to measure animal orientation for each ¢ * © (c)
the echoes measured. Only the 560-kHz components of tt 3 N
. . . .. w 3 DWBA
broadband lechoe_s were examined in this statistical stud 92 . SMOOTH/HOMO
(data and simulations 1 H i H 1 H
Ray approachDepending upon the orientation informa- o (oI o ! o Dg
tion as well as pattern of target strength versus frequency NORMALIZED ECHO AMPLITUDE

either the two-ray model or the six-ray model was used in the
ray description(Fig. 4). The two-ray model is used in the FiG. 5. Echo envelope histograms of simulated echoes from an individual
case when the animal was generally near broadside durirg$-mm-long euphausiid using two DWBA-based models. The predictions
the measurements, which resulted in a regular pattern fdtl)lvere bosed on the 5|rr1_ulot|ons performed in Flg.'3 using selected pings for
o . . . roadside and end-on incidence. The rough and inhomogeneous model used
about 40% of the echoes. The six-ray model is used in th@,e 560.kHz component of the Fig. 3 simulations directly using the same
case when the animal was generally near endh@ad-on in  proadside and end-on pings that were used in the data plots as in Fig. 4. The
this casg which resulted in an irregular pattern for about s_mooth and homogeneous model used the 569-kHz component of simula-
90% of the echoes. In the two-ray model, variations in ori_tlons that were smllar to those performed for Fig. 3, using Fhe same b‘road—
. . ide and end-on pings that were used in the data plots in Fig. 4, but with no
entation angle and shape are taken into account by I'andOm\eriability in radius (except for the tapgror in material properties. The
and uniformly varying the cylindrical radius of the animal simulations for these four plots excluded noise.
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takes into account the fact that the animal has a crossadius still varied according to the same taper fungtion
sectional radius that varies along the length of the body. @ The DWBA-based simulations show that the variability
When it changes orientation, a different part of the bodyof the echoes for angles of incidence near broadside for the
(with a different radiuswill make up the first Fresnel zone rough inhomogeneous case is broadly similar to that of the
of the scattering and dominate the scattering. smooth homogeneous cafeft plots in Fig. §. The echo
Both measured and predicted echo amplitude histogramanvelope PDFs based on both sets of DWBA simulations for
show marked differences between the two cases of animdlroadside incidence span a relatively wide range of echo
orientation. The histograms for the data involving nearvalues like the echo data PDF presented in the top left plot of
broadside incidence show a more-or-less featureless patterinig. 4. However, the data PDF has much less structure than
Those histograms can be explained, in part, by first examineither of the sets of DWBA-based simulations.
ing the model shown in the left plot of target strength versus ~ The greatest differences between the DWBA-based ap-
frequency in Fig. 2. For a two-ray model, one expects thergroaches involved end-on incidence. The mean value of the
to be echo levels spanning the full range of values from (redictions for the smooth, homogeneous case was signifi-
(total destructive interferengéo twice the level of one ray cantly lower than the corresponding value for the rough, in-
(constructive interferengenith more values occurring near homogeneous cageight plots in Fig. 5. The difference in
the maximum value. The corresponding histogram of echdnean level is consistent with the differences observed be-
envelope values based on the two-ray simulations takes ont&ween the two different models averaged over the band of
set of nearly uniformly distributed values up to the maximumfrequencies that were discussed above. Furthermore, the
echo value which has a peaked histogram value. The daghapes of the two histograms in the end-on case are also
histogram is similar to the simulated pattern with differencegdifferent from each other. The shape of the PDF of the echo

at the high echo levels—the data do not show a peak in thenvelope datétop right plot in Fig. 4 is closer to the shape
histogram near the maximum echo value. predicted by the rough inhomogeneous model than that pre-

In contrast, the histograms for the case of end-on incidicted using the smooth homogeneous model, although there
dence show a Rayleigh-like PDF with a distinct peak. Theare some distinct differences.
data for end-on incidence here have a lower SNR than in the  In conclusion, predictions of the echo envelope statistics
broadside case which adds a Rayleigh-distributed componefpPpear to be relatively insensitive to the complexity of the
to the echo. However, th@®ayleigh-like variability of these ~DWBA model (rough inhomogeneous versus smooth homo-
end-on incidence echoes are consistent with the variability Z#e€neous for the distribution of angles of incidence near
end-on incidence observed in an earlier experiment with proadside. The greatest sensitivity involved the case where
similar elongated animatiecapod shrimp but with a higher the distribution of angles was near end-on incidence. Here,
SNR (Stantonet al, 1994b. In order for the envelope of the the rough inhomogeneous model explained the overall
scattered signal to be Rayleigh distributed, the scatterin&mea'? levels of the data much better than for the predictions
must be random and diffuse, which implies that there ardnvolving the smooth homogeneous model and it explained

echoes coming from many parts of the body that contributdh® shape of the PDF data somewhat better. The improve-
significantly to the total echo. ments are due to the fact that there are elements both within

With both classes of animal orientation, the ray simula-the body interior and on the surface that can contribute to the
tions predicted the general nature of the histograms involvScatiering. These elements are insignificant near broadside
ing the euphausiids. In addition to the six-ray model alsghcidence as the echoes from the front and back interface
being consistent with the end-on decapod shrimp data anf§nd to dominate the scattering. However, off normal inci-

associated ray modeling presented in Stargbal. (1994b, dence, the two rays do not contribute significantly to the
the two-ray model is also consistent with the broadside de:_scattering and effects due to these other sources of scattering

capod shrimp data and ray modeling presented in Stantofiominate. The fact that these multiple elements dominate

et al. (1993a, 1994pconfirming the earlier results for ani- near end-on is consistent with the fact that a six-ray model is
mals of this l'Jody form. required to describe the scattering in that rediBiy. 4).

DWBA approach.In addition to the more qualitative
ray-based approach, we also investigated the statistical n
ture of the echo with the more predictive DWBA method In the case where the siphonophore was studied both
(Fig. 5. Both a smooth homogeneous asymmetrically ta-whole and without its pneumatophore, the measured echo
pered bent cylinder as well as a rough inhomogeneous asynenvelope PDFs were markedly differef$tanton et al,
metrically tapered bent cylinder were used. The simulatior.997, and Fig. 6 of this papeMWhen comparing the predic-
parameters for the latter case are identical to those used tions with the data, a model including both the gas contribu-
the study of backscatter versus angle described in Fig. 8on (one ray of constant phasand tissue contributiofsix
while using the orientations used in Fig. 4 for direct com-randomized rayswas used to describe the whole animal
parison. The parameters for the smooth-homogeneous-modehile the six-ray model alone was used to describe the scat-
simulations were identical to those of the rough-tering by the animal without its pneumatophore. The phase
inhomogeneous-model case in every respect except for thaf the gas ray was held constant while the phase of each
fact that the mean values of the cylindrical radii and masgissue ray was randomized uniformly over the range Osto 2
density and sound speed contrasts from the rough inhomogéhe use of six rays was chosen to describe the scattering by
neous case were used rather than the stochastic véhees the tissue because of the generally random shape and ori-

g; Siphonophores
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WITH GAS WITHOUT GAS a more Gaussian-like PDF. For this latter, whole animal,

2 @ ® case the relative strengths of the rays in the ray modeling can
P 5 be estimated. The valugg,cg=2 implies that the sum of the
g ! ! DATA energies of the sigtissue rays is 0.5 times that of the simu-
08 HH 08 lated gas echo. By arbitrarily assigning equal strength to
% o5 1 15 2 % o5 1 15 2 each tissue ray, then the energy of each tissue ray would be
0.083 times that of the energy of the gas ray.
2 2 Using the relative values for the ray strengths as esti-
15 € s @ mated above, there is reasonable qualitative agreement be-
é" 1 1 SIMULATIONS tween the ray simulations of echo envelope histograms and
05 05 data (Fig. 6). Data involving the whole animal and corre-
e ol e sponding simulations show the distribution of the echo enve-

lope to be Gaussian-like. Data and simulations involving the
animal without the pneumatophore show the distributions to
FIG. 6. Statistical study of echoes from an individual siphonophore bothP€ Rayleigh-like. All histograms are consistent with the
whole and with pneumatophore removed. Measured @astograms in up- ~ Ricean PDF for differentygice. As discussed in Stanton

per plotg are compared with simulation histograih@wer plots. Rice PDF et al. (1997), this variability in shape of echo histogram for
curves are superimposed upon all histograms. Data taken directly from Fig[h . | T h d with h . . ith th

6 of Stantoret al. (1998. Acoustic frequency is the 560-kHz component of e amm_a with and without the gas Is consuste_nt with the
the broadband echo. The horizontal scale from each plot is normalized bjpypothesis that the gas produces a strong consistent return.
the rms value of the values plotted (@. Rice PDF shape parameter: using The tissue at these high acoustic frequencies produces a

a (yricp) Notation similar to thaty) of Stanton and Ch1992, ygice=2 - : PURETI - :
for both plots in left column andee—0 for both plots in right column highly variable return, indicating that there are interfering

where ygice is the ratio of coherent to incoherent energy of the sigtras ~~ €Choes coming from various parts of the tissue.
yrice @and they in Stanton and Chi1992 are not to be confused with the

other y given explicitly in the text of this papérFor ygce=0, the Rice

PDF reduces to the Rayleigh PDF. The simulations in the left plot used EqD- Averaged echoes

(12) inserted into each of the two terms on the right-hand side of(&3). . . C g .
For the bubbleN=1 ande; =0, while for the tissue &, ¢; was randomized The backscattering cross sections from individual ani-

in the range 0—2 andN=6 (six random rays from the tissueThe energy ~ Mals were averaged over a large number of pings and com-
of each tissue ray was set equal to 0.083 of the energy from the gas ray to igared with the appropriate models on a decibel sl 7).
consistent with the observegk,ce=2. The simulations in the right plot use Data used are from a Iarger range of acoustic frequencies
the same ray summation as in the left plot, but now excluding the gas term:. . . .
than with the single ping analyses.

. . . The averaging has the general effect of smoothing out
entation of the body which would tend to produce d'ffusemost of the structure of the scattering. Some structure re-

scattering at these high frequencies. As described above, Siaing in the euphausiid data where there is a dip and peak at
rays is a reasonable approximation for describing the stauss—oo and 600 kHz, respectively. The structure in the siphono-

tics of a diffuse scatterer. hore data quite expectedly disappeared as the echo from the

In order tq further undgrstand the statistics of the. echoegas should be relatively strong, featureless, and stable while
and to determine the relative value of the rays, the Rice PD

is used in this analysis. The Rice PDF was originally deriveaIhe structure from the echo due to the tissue should be ran-

. . . . - dom with no consistent structure. The structure in the gastro-
in electrical signal theory to describe the envelope of a smepod data mostly disappeared, possibly due to the variability
wave with added nois@Rice, 1954. The PDF has since been ! path length of the Lamb wavéand hence variability in

applied to various scattering problems where there may exidl : . :
a consistent echo with a highly variable one superimposeatrucwre as the animal changed orlgntatlon. )

(Clay and Heist, 1984; Stanton, 1984; Stanton and Chu, WO models for the euphausiids were used in the
1992. In the case of the siphonophore, the consistent echBredictions—both the more precise DWBA model numeri-
would correspond to the scattering by the gas and the varfally averaged over orientation and size and the two-ray-
able echo would correspond to the scattering by the tissu@.ased_ model analytically averaged over orientation an(_j size.
Fits of the Rice PDF to the siphonophore data result in val-The size averages correspond to the fact that the animal is
ues of the shape parametgs,ce to be equal to 2 and O for tapered and the part of the cross section that dominates the
the whole animal and animal-less-gas data, respectifédy scattering depends upon orientation angle. Consequently, the
6). In this contextygce is defined as the ratio of coherent Section dominating the scattering for a given ping varies in
scattered energy to incoherent scattered energy. The value @@meter from ping to ping which results in an effective
yrice=2 for the whole animal indicates that the incoherentchange in animal size. The average over a small range of
energy is: of the total energy. The observed decrease ofength is equivalent to an average over a small range of ra-
about 5 dB in echo energy when the gas inclusion was cudius in this case. The rough elastic shell ray model, numeri-
off is consistent with this fractiof10 log(1/3)=—4.8 dB). cally averaged over size, was used for the gastropods. The
The value ofyg,ce=0 for the tissue-only case correspondssum of the backscattering cross section using the exact
to the limiting case of the Rice PDF when it becomes amodal series solution for a gas bubble and the cross section
Rayleigh PDK.e., diffuse random-phase scattering with nobased on the analytically averaged bent fluid cylin@tay)
coherent componentwhile the yg.e=2 case corresponds to model for the tissue was used to model the scattering by the

NORMALIZED ECHO AMPLITUDE
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lll. SUMMARY AND CONCLUSIONS

g EUPHAUSIID GASTROPOD SIPHONOPHORE . . .

E . - ®] o © The scattering properties of zooplankton from various

% LM gross anatomical groups have been shown to be strongly
£ T ey O dependent upon the material properties of the animals. The
5 -90 %0 %0 : fluidlike euphausiids, hard-shelled gastropods, and gas-
g 0 200 400 600 O __200 400 60 0 200 400 600 bearing siphonophores all have distinctly different acoustic

= FREQUENCY (kHz)

signatures. Mathematical models were used to relate the sig-
natures to the basic physics of the scattering process.

FIG. 7. Target strength versus frequency averaged over many echoes from . .
euphausiid, gastropod, and siphonophéreoss section averaged before The plOtS of (smgle pmg target strength versus fre-

logarithm was taken Both two-ray(dasheil and DWBA (solid) fluid cyl-  quency for individual euphausiids showed significant struc-
inder models given in euphausiid plot, two-ray rough elastic shell modelture, regardless of orientation of the animals. The structure is
used for gastropod plot, and hybrid model of fluid bent cylinder containingsometimes regular for angles of orientation near broadside
gas sphere used for siphonophore plot. Thin smoothly varying curves . S
(dashed and soljdare predictions, thick irregular curves are data from ncidence, while it is random for_ all other a_ngles. The type of

broadband transducers, and-" are data from single frequency transduc- Structure for the gastropods varied dramatically with angle of
ers. Predictions using the euphausiid curves with similar parameters tharientation. For some angles, the structure was quite regular

successfully predicted scattering levels down into the Rayleigh scattering, ; ;

region at 50 kHz with decapod shrin{Stantonet al, 1993h. Predictions Wit pronounced peaks and nulls, while at others the pattern
similar to the siphonophore cur{but with two gas spheres to model split was more random. For some sets of angles, the pattern was
gas inclusionsfollow the increase in levels near the resonance region as fanearly flat with random fluctuations of minimal amplitude.
down as 50 kHAFig. A4 of this paper. Plot parametersia) euphausiid: ~ The siphonophores produced patterns that were sometimes
sam9(|nd|V|duaI) animal as in Fig. 2 of Fh|s paper, data avergged over f'rStnearIy flat and sometimes irregular. Once the data were av-
50 pings of data from each transducer; EtB) used for(analytically aver- .
aged ray model using the samig, h) simulation parameters as in Fig. 2 eraged over a set of pings, the structure of the target strength
andL =29 (measured reduced lengtta=1.75 mm(average value of mea- patterns tended to wash away. In some cases, there was some
sured radius at mid point in body, averaged between widthwise and deptistructure that would remain. For example, there is structure
wise directiong s=0.08(estimateg], s,= 10° (inferred, and the parameters ; _
(Cg,Tg,ag)=(1.2,1,0.8) were previously determined through compari- n the..quer frequency range. Of.the data for both the eu
sons with DWBA prediction$Stantoret al, 1993h; an equation equivalent phausnd and gaStmpOd data in Fig. 7. However, the pattern
to Eq. (6) (but written in Cartesian coordinateis used in(smooth, homo- ~ Of the residual structure varies with ping set. Other eu-
geneous DWBA modeling[|f,{? in Eq. (6) was numerically averaged us- phausiid datdnot shown have a different pattern of residual

ing above parametergvhere appropriajeplus p./L=3 and a tapering structure while other averaged gastropod d&ﬁi}l- 4 of
functiona=a0\/1—(z/(L/2))Itj is used where@y, is the radius in the middle Stantonet al, 1998 show no structure. No doubt, the orien-
of the body andz is the position along the axis of the body relative to the ) T . ’ S
(z=0) mid-point of the body: (b) Gastropod: averaged data from 50 pings tation distribution of the animals for each ping set greatly
each from eight individualone at a timg Limacina retroversa. All animals ~ affects the structure of the averaged data.

were in the range 1.8—2.0 mm long. Numerical average of square of mag-  The greatest challenge in the modeling involved identi-
nitude of Eq.(31) with the same parameters as given in Fig. 2 caption fying the dominant scattering mechanisms and formulating
except for the inferred value® =, F =1, ando=0.0é. The average . . :
spanneda= 3 s.d. where s.&=0.1a (it is expected in this case for certain reliable approximate formulas. Upto several models per ani-
parameters with the average echo model to be different than those of th@al were derived, depending upon the application and ap-
single echo model because for one realization, the ping will only “see” theproximation used. The structure of both the target strength
front interface from one angle which has a fixed radius of curvature ancﬁersus frequency data as well as compressed pulse output for
related Lamb waves will only experience a certain range of radii whereas . . .

averaging over orientation involves the full range of values.Siphono-  Single echoes provided most of the basis for the model de-
phore: one individuaNanomia Cara26 mm long with only one gas inclu- velopment. The two-ray modébne ray from the front inter-

sion 1.5 mm long by 1 mm widgsame siphonophore as used in Fig. 7 of fgce and one from the bacKor the euphausiid seems to

Stantonet al. (1997]. Here, 200 pings per frequency were averaged excep . . . L
for the 120-kHz measurements where only 10 pings were averaged. Eunal\-lOrk well for orientations near broadside incidence and for

tion (37) was used with modal series solutifBq. (34)] used for bubble ~ @V€rages over angle of orientation while more régsrre-
component and averaged two-ray mofid. (18)] for tissue component.  sponding to other parts of the bodgre required for single
Model parameters are, gaaipne:e=0.425 mm based on measurement of ping data far off broadside. A predictive model incorporating
bulbus side of gas inclusion facmg_ the transducegshx=(0.0012,0.22)_ roughness and material property inhomogeneities was also
based on published values for air at one atmosphere pressure. Tissue: . . .
a.,=0.6 mm andL =22 mm (both based on direct measurements of tissue_Shown to d(.ESCI’Ibe scattering off broads!de. A two-ray .mOdeI
section of body, g=h=1.02(chosen to be consistent with those parametersis also required to model the gastropod in the geometric scat-
of other weakly scattering bodies(Cg,Ts, ) =(1.2,1,0.8) which were  tering region where one of the rays is from the front interface
previously determined through comparisons with DWBA predicti@tan- and the other is due to excitation of a Lamb wave on the
tonet al, 1993b, s,=0.15 rad(inferred, ands= 1.0 (this high length vari- hell. Th inh h h ized by th f
ability corresponds equivalently to the high variability in effective cross- shell. . € siphonopnhore \_Nas c .araCtenze y the Sum oran
sectional radius of the body,, is considered to be an effective radius €Xact single bubble solution which was used to describe the

because of the complex structure of the tissue sectidme inclusion of the scattering by its gas inclusion p|US a mo@®WBA or ray)
tissue scattering term adjusted the predictions at the highest frequenci%r the tissue

upward by about 1.5 dB, making the predictions more in line with the data. . .
P y gimep In conclusion, as a result of conducting controlled labo-

ratory measurements, the fundamental scattering properties
(whole) siphonophore. The data and model for the siphonoof zooplankton from several gross anatomical groups have
phore both indicate a rise in the levels for lower frequenciedbeen determined. This served as the basis for developing
as the gas approaches resonance. The model predicts a reapproximate acoustic scattering models which are predictive
nance for this animal at about 4.6 kHz. in nature. That is, they are written in a general enough form
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so that they can make predictions beyond the existing set aissumes first-order scattering only. That is, any multiple
data and be used to describe scattering by other specissattering between the bubbles is ignored, as are any shad-
within those groups. The models are limited, in part, by theowing effects.

amount of available scattering data. For example, direct mea- The average scattering cross section can be derived by
surements of the material properties of the animals need tfirst calculating the square of the magnitude of the above
be made to reduce the number of empirical parameters in thexpression, then averaging over all angles of orientation as-
modeling. Certainly, more controlled experiments and sosuming that the angles are uniformly distributed over the
phisticated models will help improve the accuracy and rangeange 0—2r. The resultant expression can be written in com-

of usefulness of the existing models. pact form as
ACKNOWLEDGMENTS ((Tn) = (b, (A2)
where

The authors are grateful to Phil Marston of the Wash-
ington State University, Pullman, WA, for his advice on NN
sound scattering by shelled bodies, Greg Kaduchak of the A= Zl Z Jo(2(j" = )k:D) (A3)
Applied Research Laboratory, University of Texas, Austin, it
TX, for his advice and numerical simulations determining NN
Lamb wave parameters for fluid-filled spherical calcite shells =N+ > Jo2(j'—)kD), j#i. (A4)
over a wide range of conditions, and Shiri@owmar) Bar- I=tjr=1
kley of the Woods Hole Oceanographic Institution, WoodsHere, (0,9,=|f,|?> and J, is the zeroth-order Bessel func-
Hole, MA, for preparing the manuscript to this article. This tion. The latter expression fak is given as it helps show its
work was supported by the National Science Foundationimiting values:
Grant No. OCE-9201264, the U.S. Office of Naval Research

Grant Nos. N00014-89-J-1729, N00014-95-1-0287, and a_|N" 2(N-DkiD<1, (AS)
N00014-94-1-0452, and the MIT/WHOI Joint Graduate Edu- N, 2k,D>1. (AB)
cation Program. This is contribution number 9198 for the For very high frequencies wherekfD>1, the echoes
Woods Hole Oceanographic Institution. from the individual bubbles add incoherentiye., the phases

of the echoes from the individual bubbles are randomly dis-
APPENDIX. EFFECTS OF FRAGMENTATION OF GAS tributed over the range 072 and the average backscattering
INCLUSION OF SIPHONOPHORE ON ACOUSTIC cross section is equal fd times the cross sectionr(g, of
PROPERTIES an individual bubble. For very low frequencies whereN2(
One challenge in the experiment involved maintaining~ 1)k1D <1, the echoes from the individual bubbles add co-

the physical integrity of the siphonophores so that their morherently(i.e., the phases of these echoes are essentially the
phology during the acoustic experiment represented its moi§@Me and the average cross section is equ_am%mmeo the
phology in its natural environment. Some of the siphono-CroSS section of an |n_d|V|duaI bubble. For mtermedlate val-
phores were observed to have contained several gatS of frequencies will take on a much more comp_llcateo
inclusions. It is believed that during the netting procedure ird®pendence upon the parameters of the array as given in the
which the animals were caught by the net at deep depths arfigheral equation above. .

raised to the surface, the gas inclusion of the siphonophore ~FOr one or two bubbles reduces to simple forms:

splitinto an array of smaller bubbles. The resultant scattering  pA=1, N=1, (A7)
properties were dramatically different than that of an animal
with a single inclusion. In this Appendix, the array of smaller ~ A=2(1+Jy(2k;D)), N=2, (A8)

inclusions is modeled to a first approximation as a IinearWhere for one bubbleA is simply equal to unity(i.e., the
array ofN equally spaced bubbldig. A). Scattermg pre- average cross section is equal to the cross section of a single
.dICtIOHS. based on this model are compared with data 'nVOI,Vbubee, as expectdand for two bubblesA is equal to the

ng a S|phonoph0r_e whose gas remained fragmented du”r%m of two terms. For low frequencies, the Bessel function
the acoustic experiment. term in the two-bubble expression becomes equal to unity

The backscattering from a linear array b aqually makingA=4 (i.e., coherent additionwhile at high frequen-
spaced bubbles at an arbitrary angle of orientatias writ- cies, the Bessel function approaches zero Amd2 (i.e
ten in terms of the backscattering amplitutieof a single incoherent addition o

bubble as The scattering by the siphonophores whose gas inclusion
N o ' remained fragmented was characterized by a target strength
fN:flzl e 20 DkiDsing, (Al)  versus frequency pattern that contains significant structure

=

(Fig. A2). The pattern was irregular and consisted of one or
where D is the center-to-center separation between thenore peaks and dip&r nully that varied in position and
bubbles. This equation was adapted from 8@) by setting level from ping to ping. Occasionally, the animals that pro-
b;=f, ande;=—(j—1)D sin 6. The relative phase of each duced this type of pattern would produce a flat pattern. It is
scatterer due to its respective position in the array is indihypothesized that the irregular pattern is due, in part, to in-
cated in the summand. This equation is approximate as terference between the echoes from the different gas inclu-
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sions from each animal. Tissue, of course, plays a role in th FREQUENCY (kHz)

interference pattern as well. The pattern, when dominated b . . .

. . . IG. A3. Comparison between two-bubble mod#lin curve and single
mUIt'ple bubbles, would vary as the animal Changed Onema;')ing data(thick curve from siphonophore whose gas inclusion remained
tion and would be flat or nearly so when the axis of the arraytragmented throughout the experime@animal described in Fig. A2 cap-
of inclusions is perpendicular or nearly so to the direction oftion). Equation(Al) was used using Eq34) for f; andN=2, a=0.7 mm
incidence of the incoming signal. (slightly above measured value, adjusted for best ¢jt=0.0012, andh

While there were two to nine inclusions in any given =0.22. HereD sin # was adjusted arbitrarily to fit the location of the null

. . (orientation is not known

siphonophore with a fragmented gas bubble, some were

larger than others. After modeling the scattered signals, the

best fits were obtained by assuming that two of the bubblethe deep nulls exhibited by those animals on a ping-by-ping

dominated the scattering.e., settingN=2). This approach basis were generally washed out during the averaging pro-

was successful both modeling the single ping d&ig. AJ) cess, although some structure remained in this case.

and average echo dafBig. A4). Since the orientation of the To summarize, as a result of the net sampling process,

animal was not known for any given ping, the angle of ori-the gas inclusions of some siphonophores apparently frag-

entation in the modeling of the single ping data was arbi-mented into multiple smaller inclusiorisanging from two to

trarily varied to move the position of the null and obtain anin€e). The resultant scattering behavior of these animals was

good fit to the data. Of course, for the average echo modekharacterized by a very irregular pattern in single ping data,

ing, averages were calculated over all angles of orientationwhich is in sharp contrast to a much smoother one observed
The average echo is shown to increase with decreasing

frequency, an effect that is due to a combination of effects

from both scattering by each individual bubble and the co-

herent addition of the scattering by the two bubbles within

the animals at the lower frequencig@sg. A4). Furthermore,
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FIG. A4. Comparison between two-bubble model and 50-ping average of
data from siphonophore whose gas inclusion remained fragmented through-
out the experiment. Animal described in Fig. A2 caption. Equatia)

used with the saménclusion radius of 0.7 mm used in this two-bubble

FIG. A2. Frequency spectruTS versus frequengyfor four sequential ~ simulation as in Fig. A3. In addition, a center-to-center separafignof
echoes from a 24-mm-long siphonophore whose gas inclusion remainetl.40 mm was required for a good fit. This should be compared with the 2.65
fragmented during the acoustics experiment. Throughout the experiment, inm (before experimento 0.95 mm(after experimentrange of separations
had two main bubbles each measuring about 1 mm in diameter with sever#éthe animal experienced during the experiment. Thin curve is from predic-
smaller bubbles 0.5 mm in diameter and smaller. The pattern contained aions, thick irregular curve from broadband transducers, a#d data from
least one null or dip for a significant fraction of the pings. single frequency transducers.
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