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On the acoustic diffraction by the edges of benthic shells
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Recent laboratory measurements of acoustic backscattering by individual benthic shells have
isolated the edge-diffracted echo from echoes due to the surface of the main body of the shell. The
data indicate that the echo near broadside incidence is generally the strongest for all orientations and
is due principally to the surface of the main body. At angles well away from broadside, the echo
levels are lower and are due primarily to the diffraction from the edge of the shell. The decrease in
echo levels from broadside incidence to well off broadside is shown to be reasonably consistent with
the decrease in acoustic backscattering from normal incidence to well off normal incidence by a
shell-covered seafloor. The results suggest the importance of the edge of the shell in
off-normal-incidence backscattering by a shell-covered seafloor. Furthermore, when considering
bistatic diffraction by edges, there are implications that the edge of the(klhiedj on the seaflogr

can cause significant scattering in many directions, including at subcritical angl@90®
Acoustical Society of AmericaDOI: 10.1121/1.1675813

PACS numbers: 43.30.5f, 43.30.HKGF] Pages: 239-244

I. INTRODUCTION II. EXPERIMENT

o . . The experiment involved insonifying individual bivalve
There is significant evidence that benthic shells, Whe%hells(one-fwalf shell at a tin)esandfﬁol?ar shells. and ma-

occurring in sufficiently large numbers, can dominate acousgineq circular metal disks with a broadband acoustic signal
tic backscattering by the seafloor, especially at angles of NG 4 laboratory tank. The shells were empty. Both back-
cidence away from normalJacksonet al, 1986; Stanic  gcattering and forward scattering were measured. Since the
etal, 1989; Fenstermachet al, 2001; Stanton, 2000; Wil- - analysis below involves just backscattering from one scat-
liamset al, 2001). A major limiting factor in the analyses of terer per category listed above, experimental data presented
these data has been the lack of understanding of the fundgover only relavent information.

mental scattering process of the shells. The shape of thE
shells is complex and it is impossible to formulate exact -
analytical models. Stantaet al. (2000 have recently shown The bivalve was collected off of Florida as part of the
that the scattering by one class of benthic shells, periwinklesSAX99 experimentThorsoset al, 2001 and the sand dollar

whose shape is roundetbw aspect ratiy has significant Was collected near Humboldt Bay, CA. The disk was ma-
contributions from the front interface, the interface exposedthined out of aluminum, which has a similar density and

from the opercular opening for certain orientations, and>°und speed as that of the shells. All objects were of com-
Lamb circumferential waves for other orientations. parable sizgTable § so that comparisons of the scattering

In this paper, measurements of the backscattering bcharactenstlcs could be madfig. 1). The three objects rep-

empty bivalve and sand dollar shells in free spe, awa Yesent, in essence, a progression of shapes of increasing com-
Py Paee, Y . plexity. The machined disk, used as a control target, is flat

frgm boundgrle).s are presented. In contrast to the PEM" and circular. The sand dollar is generally circular, mostly flat
winkles studied in Stantoat al. (2000, these shells have an on one side, and rounded on the other side. The one-half

oblate shapehigh aspect ratjowith distinct edges around i alve shell has an edge in a somewhat elliptical pattern

the perimeter of the bodies. Applying a pulse-compressioRyith an open surface that is concave. The surface and edge of

technique to the broadband echoes, the diffraction by thehe sand dollar are generally smooth while these features of
edges are resolved over a wide range of orientation anglege bivalve are corrugated.

The results are compared with the scattering by a machined
aluminum disk of similar dimensions, which provides addi- B, Experimental setup
tional insight into the scattering process. The results are also . . .
. ; : . The acoustic scattering measurements were conducted in
compared with previously published scattering measure-

. . a flume tank filled with fresh water in Fall 20@QRig. 2). The
ments from two cases involving a shell-covered seafloor. Th . .
nk was 23 m long, with a square cross section 1.2 m on a

Z'g?]'f'c?ﬁ ce of the edge II? the sc.attekr)mg prr? Cﬁss 'S d|zcuss %de. The targets and acoustic transducers were placed in the
oth with respect to backscattering by a shell-covered seakqyior of the cross section of the tank. A pair of closely

loor and penetration of acoustic energy into the seafloor.  gnaceqd transducers was used, one as transmitter and the other
as receiver, to emit and receive a broadband cHinear
dElectronic mail: tstanton@whoi.edu frequency modulatedsignal over the frequency range 40—95

Targets
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TABLE I. Dimensions of targets. The terms “horizontal” and “vertical” refer to cross dimensions of the objects

in the deployed positioriFig. 2), thus the vertical dimension is measured along a line parallel to the tethers
shown in Fig. 1 and the horizontal dimension is along a perpendicular line. The upper camber gives an
indication of the curvature of the shells. With the flat side of the sand dollar or concave side of the bivalve on

a flat surface, the upper camber is the largest distance or deviation measured between the surface and the
opposite side of the shell. Since the disk is flat, this measurement corresponds to its thickness of 0.19 cm. The
aluminum is an alloy(#6061), received a T6 heat treatment, and contained 97.92% aluminum.

Horizontal Vertical
Species or dimension dimension Upper camber

Target material ID no (cm) (cm) (cm)
disk Aluminum ALO2-4 8.0 8.0 0.19
sand dollar Dendraster HSU02-02 7.25 6.7 1.1

excentricus
bivalve Dinocardium SAX99-C-08 7.0 6.9 2.9

robustum

vanhyningi

kHz. The received signal was digitized with a digital oscil- wavelength is the acoustic wavenumber abdis a charac-
loscope and stored onto a personal computer for postprocesgristic outer dimension, such as length, width, or diameter.
ing. The target was rotated with a computer-controlled stepThe scattering is shown to be strongest near broadside inci-
per motor in 1° increments between pings, so that scatteringence with the exception of the convex aspect of the bivalve.
could be measured over a 360° range of orientations. Cargng gcattering pattern is especially strong and directional
was taken so that multi-path echoes from all surfaces of thﬂear broadside incidence for the flat surfaces since, in these

narrow tank did not interfere with the echoes of mtereSt'cases, the echoes from a flat interface tend to add construc-

Once the echoes were temporally compressed through cross . .
b y b 9 tively and dominate the scattering.

correlating the echoes with the calibration signal, the multi- ; _ )
path signals were resolved and eliminated in the analysis. Vel away from broadside, diffraction from edges be-

Because of the finite dimensions of the transducers, the twd:0mes important. This is best illustrated through use of the
transducer setup deviated from true backscatter. The centdeémporally compressed signdigs. 4—6. In the color con-
to-center separation between the transducers was 0.33 m ateir plots of scattered pressure versus orientation, the edge
the target-transducer separation was 3.0 m, resulting in diffracted waves produce a nearly sinusoidal pattern, which
6.3° deviation from true backscatter. Details of the pulsds especially apparent in the data concerning the disk and, to
compression signal processing, electronics, measuremesdme extent from the sand dollar. The patterns from the ma-
procedure, and calibration are given in Chu and StantoRhined metallic disk and sand dollar show multiple orders of
(1998, Stantonetal. (1998, 2000, and Reedeet al. (in  gifraction, due to multiple circumnavigations around the

press. surfaces of the targets. The first-order return is from a direct
arrival from the leading or trailing edge. The second-order
Ill. RESULTS return is from diffraction by one edgéeading or trailing,

The backscattering by all three objects was strongly ditraveling along the surface of the target, then diffraction by
rectional(Figs. 3—6. This dependence is consistent with thethe other edge(Similarly, higher order returns appear at
fact thatkD>1, wherek (=2#/\, where is the acoustic times corresponding to higher-order circumnavigations.

FIG. 1. Photo of targets used in acous-
tic scattering measurements. Left: alu-
minum disk, middle: sand dollar, and
right: bivalve. Centimeter ruler in
photo for scale. The thin lines perpen-
dicular to the ruler are the tethers used
to suspend and rotate the targets.
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near 20° and 160° in Figs. 4 and 5 of this work are consis-
tent with such excitation. For analytical and numerical de-
scriptions of scattering by impenetrable curved or bounded
edges, as well as more experimental results, the reader is
referred to the works of Lyamsheit999, Kristensson and
Waterman(1982, Nortonet al. (1993, Medwin (1981), Jeb-

sen and Medwin{1982, and Svenssost al. (1999.

IV. IMPLICATIONS FOR SCATTERING BY
SHELL-COVERED SEAFLOOR

Because of the significant observed diffraction by the
FIG. 2. Sketch of back_scatteri_ng measurement. Thickness of tethers exagge of the shells, there are implications of the importance of
gerated for purpose of illustration. the diffraction by the edge of the shells both in applications
of backscattering as well as penetration of the acoustic en-
Travel times along the surface are associated with waves @frgy into the seafloor.
supersonic speeds, at least for the disk.

There is a striking resemblance between the pattern
first-order edge-diffracted waves from the sanddollar and  The results show that the diffraction by the edge in the
metallic disk. In addition to the similar near-sinusoidal pat-backscattering direction for oblique orientations is generally
terns, both show consistent strength across much of the rangdout 10—-30 dB below the level of the backscattering from
of orientation away from broadside incidence. There are imthe shell for near-broadside orientations where the shell sur-
portant differences between the patterns as well—for exface dominates the scattering. In order to understand the im-
ample, near broadside, the main lobe of the scatter pattern grtance of this level in the context of acoustic scattering by
the sand dollar is asymetrical about the plane of the bodw shell-covered seafloor, data from the seafloor are required.
since one side is nearly flat and the other side is rounded. There are limited scientific data available to date for this

The scatter pattern from the bivalve is more complexparticular type of scattering.
than those of the other targets. Since the radius of curvature In one study involving the bivalve used in this analysis,
of the shell is smaller than that of the other targets and tha number of known shells were laid on the seafloor and the
shell subtends such a large range of angles, the main lobe backscattering was measured at 40 kHz and at a fixed graz-
the scatter pattern is much broader than those of the othémng angle of 16°. This experiment, known by the name
targets. In fact, most of the pattern is from either the scatterSAX99, was conducted in the Gulf of Mexico in 1999 and is
ing from the convex surface.g., 110° to 250°) or concave described, in part, in Thorsost al. (2001 and Williams
surface[e.g., —70°(290°) to 50°]. Over a small span of etal. (2001). The bivalve used in the measurements de-
orientations(e.g., 50° to 110° and 250° to 290°) where the scribed herein was 1 of the 81 large shédi approximately
surface scattering is not dominating, there are features th& cm in diameterused in the SAX99 experiment. In one of
correspond to edge diffraction. the (SAX99) measurements involving just the large shells,

The physics of the scattering by these elastic objects ithe bivalves were laid out on the seafloor in a random spac-
complex and a detailed description of the various scatterining with a number density of about 207mall with the con-
mechanisms associated with the scattering is beyond theave side in the upward direction. The measured area scat-
scope of this work. The reader is referred to the experimentédkring strength(or, equivalently, target strength of a square
studies of the scattering by elastic disks presented in Hefneneter of seaflogras defined in Urick1983 was —27 dB.
(2000 and Hefner and Marstof2001, 2002 In those stud- The target strength of the bivalve in this study at an orienta-
ies, the pattern of scattering by the edges was observed. Alstion of 74° (concave aspect, Fig.),3which corresponds to
other effects, involving excitation of Lamb waves, were ob-the 16° grazing angle, is about42.5 dB. Although this
served and described in those studies. The series of echoeslue corresponds to the 70-kHz frequency component, a
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FIG. 3. Target strength derived from 70—kHz component of echo versus orientation for each target. Since the spectral component of the sigmidy is inhere
narrow-band, various scattering highlights are not temporally resolved in this plot. The orientation is relative to broadside incidence @ $udaea of
each target, thus the angles in this plot may not directly correspond with the angles given in Figs. 4—6 where broadside occurs at 0°, 180°, and 360°.
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FIG. 4. Color contour image of temporally compressed echo versus orientation for aluminum disk. Various echoes from the target are resolvgd, includi
diffracted echoes from leading and trailing edges of the target and echo from surface. Range resolution of this signal is approximately 2 cnscEbe color
is in dB relative to the maximum value. Apparent echoes from the surface at orientations near 0°, 180°, and 360° arriving at negative time delajy are act

processing sidelobes from the large O-time-delay echoes.

similar range of values was observed at 50 KHat shown  the area scattering strengtbame definition as aboyérom
and presumably it would be similar at 40 kHz as wile 40  an aggregation of randomly distributed targets lying on a
kHz component is at the edge of the band and is not includegdlanar low-reflective substrate is approximateB=TS

in this analysig Using Eqs(2) and(4) from Stanton(2000), +10logn, wheren is the numerical density. From this equa-

SAND DOLLAR
)2 TR

FIG. 5. Color contour image of tem-
porally compressed echo versus orien-
tation for the sand dollar. See caption
to Fig. 4 for more details.
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FIG. 6. Color contour image of tem-
porally compressed echo versus orien-
tation for bivalve. See caption to Fig.
4 for more details.
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tion, and assuming all targets have the same target strengttown to about 10°. The data show that the backscattering by
of —42.5 dB, the area scattering strength is predicted at apa shell-covered seafloor at angles well away from normal
proximately—29.5 dB. This predicted value is about 2.5 dB incidence is about 20 dB below the levels at normal inci-
lower than the observed value in the SAX99 experiments. Oflence. This amount of decrease is essentially the same as for
course, the model had approximations, and, very importantlythe convex case of the bivalve at the corresponding orienta-
the target-to-target variability and effects due to the seaflootion of 80° in Fig. 3 and 100° in Fig. €nly the convex side
substrate(such as its roughness and the edge-seafloor ragf the live mussels and cockles are “seen” by the acoustic
path were not taken into account. For example, the scattersystem. The comparison is not definitive since the shells in
ing strength by the seafloor without the shells wa31 dB.  the Jacksomrt al. (1986 paper were not documented. Also, it
Assuming that the echoes from the shells and seafloor add conceivable that the shells in their study were oriented
incoherently and that the shells shadowed only a small fracsuch that there were significant contributions to the scatter-
tion of the seafloor, then the combination of scattering by théng from the surface of the shells. Nonetheless, since the
seafloor and shells would be approximately 27.2 dB, whicledge-diffracted echoes are significant at these angles, the
is essentially the same as the observed value of the shelbfomparison shows that it is possible that the diffraction by
covered seafloor. Accounting for the shell-seafloor ray patlthe edges alone could dominate the backscattered echo at
can further enhance the contribution from the shells—an efangles well off normal incidence.
fect predicted by Williamset al. (2001 in the case of
marbles. Although these are crude estimates, the backscatt%r-
ing value of the individual shell provides a plausible expla-~"
nation for the increase in scattering by the seafloor when The demonstration of the importance of the edge dif-
shells are present. As shown in Fig. 6, this region of shallowfracted wave in the backscatter direction also has signifi-
grazing angles (16°) corresponds to the an@ghesr 74°) at cance for the bistatic geometry. It has been demonstrated
which the edge of the shell is contributing significantly to theboth theoretically and experimentally that edges can diffract
scattering. Thus, it is important to account for the edge of thean acoustic wave into directions other than the forward di-
shell when making scattering predictions at angles well offrection. For example, in the work of Bremho(d978 and
normal incidence. Medwin (198)), it is shown that the diffracted wave due to a
In another study, Jacksaat al. (1986 presented results semi-infinite plate is in the range 15 to — 25 dB below the
of measurements of backscattering as a function of grazintgvel of the incidence wave for the case where the source is
angle for a shell-covered seafloor over the range 20—50 kHxnear the plate and for diffraction angles 90° past the forward
The seafloor was nearly completely covered with a thickdiffraction angle[i.e., curve §=270° of Fig. 5 in Medwin
dense layer of live mussels and cocklesth types are bi- (1981)]. For the seafloor problem, this angle would corre-
valveg (Darrell Jackson, personal communication, 1998 spond to a shallow grazing incidence angle and near-vertical
The grazing angles ranged from 9@hormal incidence penetration of the diffracted wave. Although the edges of that

Bottom penetration
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study were straight and impenetrable, it is reasonable to exgremhorst, J. H(1978. “Impulse wave diffraction by wedges and plates,”
pect a similar effect for the curved and penetrable edges ofM.S. thesis, Naval Postgraduate School, December.

the benthic shell, even when lying on a penetrable surfac&!: D and Stanton, T. K(1998. “Application of pulse compression
such as the seafloor techniques to broadband acoustic scattering by live individual zooplank-

i . i X ton,” J. Acoust. Soc. Am104, 39-55.
If the edges of the shell diffract energy into directions renstermacher, L. E., Crawford, G. B., Borgeld, J. C., Britt, T., George, D.

different than that of the incident field, then a shell lying on A., Kiein, M. A., Driscoll, N. W., and Mayer, L. A(2001). “Enhanced
the seafloor will diffract sound into the seafloor, which is acoustic reflectivity due to high abundance of sand dollBexdraster
also penetrable acoustically. A bed of randomly located, rané—_| E?CE”ISC“TS'(';"S‘(;'(;‘E‘lieoref_outr)cesk Gegte_ch”d'grh135‘145-t o aireu
domly oriented shells can scatter sound diffusely into the™c o = - 7ACOUSHC backsearering enhancemen's for cirewar

. . . elastic plates and acrylic targets, the application of acoustic holography to
seafloor. It is known that for grazing angles below a certain the study of scattering from planar elastic objects, and other research on

value(i.e., the critical anglg sound will not penetrate a flat  the radiation of sound,” Ph.D. thesis, Washington State University.
homogeneous seafloor. However, the presence of shells wittefner, B. T., and Marston, P. L(200). “Backscattering enhancements
edges can cause the sound to scatter into the seafloor at thes@ssociated with the excitation of symmetric Lamb waves on a circular
angles due to diffraction by the edges. Because of this eﬁec}_‘p'ate' direct and holographic observations,” ARIZ)S5—60.

h - . efner, B. T., and Marston, P. L(2002. “Backscattering enhancements
ObJeCtS within the seafloor could pOSS|ny be detected aCoUS-4550ciated with antisymmetric Lamb waves confined to the edge of a
tically at subcritical angles when shells are present that could circular plate: direct and holographic observations,” ARBO101—106.

not have otherwise been detected. Jackson, D. R., Baird, A. M., Crisp, J. J., and Thompson, P. A(1886.
“High-frequency bottom backscatter measurements in shallow water,” J.

Jebsen, G. M., and Medwin, H1982. “On the failure of the Kirchhoff

Measurements have been made in which the free-field assumption in backscatter,” J. Acoust. Soc. Arg, 1607-1611. _
acoustic diffraction by the edge of individual benthic She”SKZSntSZS.ZgS;nf; 223:"5’2;{2;” bP' g:’ci?ar;*;ig Jm"/j_\‘t:(’)‘ufs‘ir ;‘g‘c’“;;rf
has been isolated from echoes from the shell surface. The[ s/ ™ 9 9y ' '
diffracted echoes are shown to be of a strong enoth level tQlamshev, L. M.(1999. “Nonspecular reflection, resonance scattering and
be potentially significant in applications of acoustic scatter- radiation of sound by plates and shells in water,” Acoust. PH$s593—
ing by a shell-covered seafloor. For backscattering applica-716.
tions, the ratio of the(free-fielo) edge-diffracted echo at ob- Medwin, H.(1981). “Shadowing by finite noise barriers,” J. Acoust. Soc.
ligue angles of incidence to the surface-scattered echo ?}Am' 69, 1060-1064. . . .

. L. . . orton, G. V., Novarini, J. C., and Keiffer, R. £1993. “An evaluation of
broadside incidence is shown in one case to be comparab &he Kirchhoff approximation in predicting the axial impulse response of
to the corresponding rati@nvolving shallow grazing angles  hard and soft disks,” J. Acoust. Soc. Ai93, 3049—3056.
and normal incidengefor a shell-covered seafloor. These Reeder, D. B., Jech, J. M., and Stanton, T(iK.press). “Broadband acous-
results impIy that there may be conditions under which the tic Zaﬁksc;d\t}te;and ?ig;sh—reiolution morphology of fish: Measurement and

. . modeling,” J. Acoust. S0C. Am.
edge of the shells can dominate the backs_ca.ttermg by a Shegianic, S.:C]Briggs, K. B., Fleischer, P., Sawyer, W. B., and Ray, R989.
covered seafloor for angles off of normal incidence. Another “High-frequency acoustic backscattering from a coarse shell ocean bot-
implication from these results is that the edge may causetom,” J. Acoust. Soc. Am85, 125-136.
significant penetration of acoustic energy into the seafloorgtanton, T. K(2000. “On acoustic scattering by a shell-covered seafloor,”
even at angles below the critical angle. This has importance?: Acoust. Soc. Am10§ 551-555.

in detecting targets that are below the water/bottom interface> 27" T- K., Chu, D., Wiebe, P. H., Martin, L., and Eastwood, R. L.
(1998. “Sound scattering by several zooplankton groups. |. Experimental

. Althou_gh the results of this study are strongly s_u_gggsuye determination of dominant scattering mechanisms,” J. Acoust. Soc. Am.
in the applications to a shell-covered seafloor, verification is 103 225-235.

required such as through experimentation and simulatiortanton, T. K., Chu, D., Wiebe, P. H., Eastwood, R. L., and Warren, J. D.
Very importantly, the influence of the water/bottom interface (2000. “Acoustic scattering by benthic and planktonic shelled animals,”

: J. Acoust. Soc. Am108 535-550.
on the edge-diffracted echo needs to be explored. Svensson, U. P., Fred, R. |., and Vanderkooy;1999. “An analytic sec-

ondary source model of edge diffraction impulse responses,” J. Acoust.
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