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Abstract—A high-frequency acoustic experiment was per- . L  Baviigeen
formed at a site 2 km from shore on the Florida Panhandle ' - ; ‘ l@{:
near Fort Walton Beach in water of 18-19 m depth. The goal of . *i — I N
the experiment was, for high-frequency acoustic fields (mostly Destin o of
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in the 10-300-kHz range), to quantify backscattering from the
seafloor sediment, penetration into the sediment, and propagation
within the sediment. In addition, spheres and other objects were
used to gather data on acoustic detection of buried objects.
The high-frequency acoustic interaction with the medium sand
sediment was investigated at grazing angles both above and fwrion.

below the critical angle of about30°. Detailed characterizations ' !
of the upper seafloor physical properties were made to aid in
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quantifying the acoustic interaction with the seafloor. Biological | t »4»-‘~'H+‘~{)~\~~l I !
processes within the seabed and the water column were also in- [ feemsenin s -
vestigated with the goal of understanding their impact on acoustic B0V i B0 : Al
properties. This paper summarizes the topics that motivated the

experiment, outlines the scope of the measurements done, andrjg 1. [ocation of the SAX99 site near Fort Walton Beach, FL. Some

presents preliminary acoustics results. A preliminary summary of measurements were also made at the target field near Panama City.
the meteorological, oceanographic, and seafloor conditions found

during the experiment is given by Richardsonet al. [1].
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Index Terms—Acoustic imaging, acoustic measurements, detec'gion of 'bur.ied objects. The pritical grazing angle at the
acoustic scattering, attenuation measurements, buried object €Xperimentsite is abog0°, and an important aspect of SAX99
detection, seafloor, sediments, synthetic aperture sonar. was to quantify the acoustic interaction with the seafloor at
grazing angles both above and below the critical angle. For
propagation within the surficial sediment, topics of interest
include absorption and attenuation as functions of frequency

N THE FALL of 1999, a high-frequency sediment acoustiand spatial coherence of the propagating field. In order to quan-

experiment, "SAX99" (for sediment acoustics experimenttify these acoustic processes, SAX99 investigators carried out
1999), was performed in shallow water about 2 km from shottailed characterizations of seafloor physical properties. These
on the Florida Panhandle near Fort Walton Beach (Fig. Xharacterizations were done chiefly in the upper half meter of
The primary objective of this experiment was to quantify thehe sediment, since attenuation confines high-frequency fields
interaction of high-frequency acoustic fields (mostly in theargely to this region. In addition, biological processes within
10-300-kHz range) with the seafloor sediment, which wake sediment and the water column were investigated with the
medium sand at the experiment site. More specifically, thgal of understanding the potential impact of these processes
goal in SAX99 was to quantify acoustic backscattering fromn high-frequency sediment acoustics.
the seafloor sediment, acoustic penetration into the sedimentgAX99 has only recently been completed, and the task of an-
and acoustic propagation within the sediment. In additioglyzing the data has just begun. Nevertheless, we felt it would be
spheres and other objects were used to gather data on acoygfiful to present an overview of SAX99 in this special issue on

high-frequency acoustics to acquaint the reader with the topics

" - ed 30, 2000: revised October 10 2000. Thi that motivated the experiment, to outline the scope of the mea-
Wasasnuu;[f(r)lrrt)e(rjegf/“ﬁe g;f]izzr)(l)f l\iaval étrees\g;rech, go?jeet’szf OA (br. 3Sefvar { rements dQ”e' and to indicate where the '_nYeStlgatlons mlght
Simmen). lead. The topics to be covered have been divided into two sep-
PhE~ l Tfll_OYSOS'tK- L-L\jVi!"amiy D-f F\QA./Jaﬁksc;n,agd %trafc/\glsgesvlvgg?gggpggedrate papers in this issue. This paper focuses on the acoustic

%.S:gsCh%tﬁ;z (i)sr)\//;/ithntlxgr:\:c%l?ed s:sg;grcc;lnly_a;;a%ries, University of Tex eas_urements, Wh”? a paper _by Richardsbal. [1] gives an
at Austin, Austin, TX 78713-8029 USA. overview of the physical and biol

J. T. Christoff, K. W. Commander, J. L. Lopes, and J. E. Piper are with ggjcal measurements that were made during SAX99. The sep-
the Naval Surface Warfare Center, Coastal Systems Station, Panama City, FL . . .
32407-7001 USA. aration of topics may not appear clear cut, since acoustical tech-

C.F. Greenlaw, D. V. Holliday, and D. E. McGehee are with BAE SYSTEMSyiques were used to make many of the measurements discussed
Analysis and Applied Research Division, San Diego, CA 92123-4333 USA. jn [1]. However, we view the acoustical measurements in [1]

I. INTRODUCTION

M. D. Richardson is with the Marine Geosciences Division, Naval Research -, . " .
Laboratory, Stennis Space Center, MS 39529-5004 USA. as "acoustical oceanography,” i.e., the use of acoustics to mea-
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timately) seek to understand the "underwater acoustics" mee
surements described in this paper in terms of the environmente
descriptions obtained independently. At present, an

alysis of the acoustical and environmental measurements i
just beginning, and no attempt will be made here to model the
acoustical measurements. Indeed, only a few preliminary acous
tics results will be presented. Detailed analyzes of the data set
from SAX99 will be the subject of future publications.

A. Motivation: Applied Issues

The motivation for undertaking SAX99 arose from a variety
oftechnicalissues in the area of high-frequency sediment acous
tics, ranging from basic to applied. A motivating applied issue is
the detection and classification of objects, such as mines, burie
in sediments. The character and relative strength of the return
from the buried object (dependent on the level of acoustic pen
etration) and from the sediment itself (dependent on the leve
of backscattering) will determine whether detection and classi-
fication are possible. Intriguing issues have arisen for the case
of sandy sediments with sound speeds greater than the W‘Tﬂ&.rz. SAS image of a buried target obtained by CSS. The frequency was 20
above. If such sediments are modeled as fluids with flat inte4Hz, the top of the target cylinder was about 50 cm below the sediment surface,
faces, a critical grazing angle is predicted, often in2b2-30° an? the incident grazing angle wsto 5° compared to a critical angle of about
range, below which there is no appreciable acoustic penetratf’gn'
into the sediment except for the evanescent wave close to the in-
terface. If this picture were correct, acoustic detection of burigglazing angle wa4° to 5° compared to a critical angle of about
objects would not be possible at grazing angles below the cit°.
ical angle, except possibly in the evanescent wave region within
a wavelength or two of the inte_rface. Sub_star_1tia| evident_:e 8%~ Motivation: Basic Research Issues
ists [2]-[5], however, for acoustic penetration into the sediment
at angles below this critical grazing angle to depths deeper tharAn improved understanding of the coupling of sound into
reached by the evanescent wave, implying an inadequacy of sieeliments, of the propagation and attenuation within the sed-
fluid—sediment, flat-interface model. Accounting for shear efment, and of the scattering from the sediment interface and
fects via a visco-elastic model leads to negligible changes in thiem interior heterogeneity should lead to improved models for
compressional wave within sand sediments [6], [7]. Also, thredicting when buried objects can be detected and classified.
extremely high shear wave attenuation indicates that coupli@gean experiments are necessary to reliably address these issues
into shear waves cannot account for observed subcritical pehecause of the near impossibility of reproducing realistic ocean
tration. (SAX99 measurements [1] for shear wave attenuationssfdiment conditions in the laboratory. These sediment condi-
30 dB/m at 1 kHz suggest [8] an attenuation of order 600 dB/tions include surface roughness, volume heterogeneity, effects
at 20 kHz.) Thus, it is important to fully understand the faosf bioturbation, and the arrangement of grains under natural sed-
tors that contribute to acoustic penetration at subcritical grazinmgent deposition conditions.
angles. In addition to the magnitude of the acoustic field pene-For the topic of subcritical acoustic penetration, SAX99 was
trating into sediments, the spatial coherence of the penetratihgsigned to quantify the role of at least three mechanisms as
field is important in defining the quality of images of buried obpossible contributors: 1) the porous nature of the sediment that
jects. could lead to a second slow compressional wave [2]; 2) rough-

Fig. 2 shows an example of a detection of a buried cylindaess of the water/sediment interface that could diffract or re-
(center of figure) at an incident grazing angle well below thigact energy into the sediment [9], [10]; and 3) volume hetero-
critical angle. (The feature in the lower left of the figure is @eneity within the sediment that could scatter the evanescent
marker left by divers.) This image was obtained with a syntheticave (propagating along the water—sediment interface) into the
aperture sonar (SAS) system operated by the Coastal Systesdiment. Experimental data acquired both in the field and in
Station (CSS) in Panama City, Florida. The SAS measuremetits laboratory have been interpreted [2] using a poro-elastic
that were made in conjunction with SAX99 will be discussesdolid model for the sediment according to Biot’s theory. This ap-
later in this paper, and Fig. 2 is presented here simply to illusroach can yield a slow compressional wave with a wave speed
trate the reality of subcritical-angle detections. SAS measutess than the speed of sound in water, and thus no critical angle
ments were made both at the SAX99 site and at the target fielkists for that wave. However, it has been shown that the results
near Panama City (see Fig. 1). For the measurement showifram experiments carried out to date could also be explained
Fig. 2, the frequency was 20 kHz, the top of the target cylindas a result of roughness at the sediment—water interface [10].
was about 50 cm below the sediment surface, and the incidéntrthermore, recent modeling results [11], [12] show sediment
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volume heterogeneity near the water—sediment interface (witlsicoustic model predictions. One potential complication to such
about a wavelength of the interface) could also cause significantomparison is that within the framework of the Biot model,
subcritical penetration under some conditions. volume heterogeneity might lead to coupling into rapidly at-
Recently, additional measurements and analyses sugdestiating slow waves which may appear simply as increased
the importance of seafloor roughness as a mechanism fast wave absorption [18]. Thus, knowledge of volume hetero-
subcritical penetration. Simpson and Houston [13] reportegneity may be important in this context. [Note: The term "at-
laboratory measurements in which the penetrating fietdnuation”is used here to include both the effects of absorption
increased markedly when the interface was deliberately rougind scattering in reducing the intensity of a propagating wave.]
ened. Schmidt and Lee [14] used simulations to show thatAt grazing angles well above the critical angle, a substantial
ripple fields could couple substantial subcritical energy intivaction of the sound incident on the seafloor will penetrate the
the sediment. Magueet al. [5] made measurements in theinterface. The ability to use such fields to image buried objects
2-15-kHz range, and argued, based on modeling studies, timaty be limited by forward scattering from the rough water—sed-
the subcritical penetration they observed below 5—-7 kHz is diment interface and from volume heterogeneity within the sedi-
to the evanescent wave, while above 5-7 kHz it is due to rougtent. Such scattering will degrade the spatial coherence of the
surface scattering. These conclusions were strengthenedfibld as well as distort and spread in time the waveform of the
very recent analyses [15], [16]. Though arguments are accunpuepagating pulse. A need exists to better understand the magni-
lating on the importance of seafloor roughness for subcriticalde of these effects and their frequency dependence. In partic-
acoustic penetration, seafloor characterization has not begar, the ability to reliably model these effects from knowledge
extensive in previous acoustic measurements. Consequentlgf isediment structure needs to be developed.
still is not known if other mechanisms contribute.
. Inthe context of'detgcting and classifying buried objects, sed- £nvironmental Characterization
iment backscattering issues bear on the important task of accu-
rately modeling the interference due to seafloor reverberation.The physical and biological measurements made during
In order to have reliably accurate models of this interferenc8AX99 are described in [1]; in this section a brief description is
the underlying scattering mechanisms need to be understogien from an acoustics perspective. In general terms, the goals
However, for backscatter and general bistatic scatter from s&¢re to measure the acoustically important mean properties
iments at high frequencies, questions persist on the identityaifthe sediment as functions of depth, to measure the spatial
the dominant scattering mechanisms and the frequency raigsgability of the sediment that leads to scattering, to monitor
that are they important. Possible scattering mechanisms incldie temporal variability of the sediment (for correlation with
interface roughness, volume heterogeneity, discrete scattert@g)poral variability of scattering), and to understand biological
bubbles, and, at very high frequencies, sediment grains. and hydrodynamic processes that may affect the spatial and
While the level of acoustic penetration into sediments and tkgmporal variability of the sediment.
level of backscattering from sediments are important, SAX99 An important focus regarding sediment mean properties was
also addressed a broader range of technical issues associ@meatefine as completely as possible the parameters that enter
with scattering from sediments, propagation and attenuatiwio a Biot model description of the sediment. Measurements
within sediments, and scattering from buried objects. Someiofluded porosity, permeability, compressional and shear speeds
these issues are summarized in the following paragraphs. and attenuations to infer the frame bulk and shear moduli, and
In addition to understanding sediment scattering levels, itfigicroscopic measurements to define the tortuosity and the pore
important to understand the spatial variability of such scatterirgjze parameter. In addition to these direct measurements, low-
and the temporal dependence due to biological and hydrodgequency sediment propagation measurements were made in
namic reworking of the sediment. For volume scattering, digrder to look for velocity dispersion, a prediction of Biot theory.
crete scatterers, such as shells, may also be important. How sudBharacterizing the physical environment for high-frequency
discrete scattering should be treated in the context of stochasioustic scattering is a challenging task. In order to understand
modeling remains an issue. The importance of fine-scale stratattering, measurements of mean sediment properties are not
ification and sound speed gradients for modeling bottom intesufficient, and it is necessary to measure the spatial variability
action at high frequency also needs to be better understood. Atf@ertain sediment properties to a resolution of about a quarter
fundamental levelitis not known if sediment interface scatterirgf an acoustic wavelength. This variability is manifest in the
can be adequately represented by a fluid—sediment approximater—sediment interface roughness and sediment volume
tion, or if it is necessary to resort to a Biot representation. Funeterogeneity, i.e., sound speed and density spatial variations.
thermore, the importance of multiple scattering also needs toblee goal in SAX99 was to measure the sediment spatial
clarified. variability to a resolution of about 1 cm (or better for some
Some aspects of sediment acoustics can only be modefedasurements). If later data analysis shows this resolution
(aside from empirically) by going beyond the relatively simpléas been achieved, the sediment variability will be adequately
fluid model description: these include absorption versus freharacterized for scattering processes up to frequencies of
guency and the corresponding velocity dispersion. It is still nabout 45 kHz. For higher acoustic frequencies the sediment
known if this frequency dependence can be predicted by the Babtaracterization based directly on measurements will not be
model (e.g., see Stoll [17]) or other models when a broad range complete. However, quarter-wavelength resolution of sedi-
of sediment characterization is used that highly constrains tent variability is only necessary for understanding acoustic
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backscattering from sediments. Forward scattering is sensiti 233&
to larger scale sediment variability, relaxing the resolutio
requirement, or, equivalently, increasing the upper frequen:
range that can be addressed quantitatively.

The temporal change of interface roughness and volume h
erogeneity is of interest for understanding the effects of bic
logical processes as well as of wave and current forcing ¢

high-frequency sediment scattering and penetration. Tempo 4 OSU Tripod

changes were monitored with acoustic scattering measureme 3o Taps-X

over extended periods and with studies of interface roughne 228N + eams TapsJ
+

and volume heterogeneity change over time.

Il. OVERVIEW OF SAX99
A. Site Selection Considerations

A primary consideration for selecting an experiment site fc
SAX99 was a need for the seafloor to have a relatively hig
critical angle (e.g.25°-30°) in order to allow study of acoustic 22_2%
penetration and scattering both above and below the critic
angle. This requirement translates into a sediment-to-wal
sound speed ratio greater than about 1.1, which implies that t
seafloor sediment should be sand. Because experiment pli
called for hydrophones to be inserted into the top meter ui
the sediment, a surface sand layer 1 m deep was consideregya. |ocation of the major measurement areas during SAX99. The position
requirement. of the moored R/V Seward Johnson was to the west of the ARL site and to the

A description of the site surveys used to select the fingputh and slightly west of the APL site.
site can be found in [1]. Initially, a site near Panama City
had appeared promising (a region including the target field Wtaried during the course of SAX99, but was in the 1-3-cm range
Fig. 1), but further investigation revealed that mud inclusior(snean to peak). See [1] for further discussion of the properties
(or mud lenses) were more common there than at the site nethe SAX99 site.

Fort Walton Beach, and the latter site was finally selected.
Prior to final site selection, CSS investigators had buried target Brief Chronology of SAX99

cylinders at the Panama City site in April 1999 to allow a The R/V Tommy Monro initiated activity during the Sept.
supst_antlal period for sediment recovery after burial. Thereforg_3q period with site survey and low-frequency work. The RIV
a limited number of measurements were also made at {gjican arrived at the SAX99 site on Oct. 2 and left on Oct.
Panama City site. 28. During this period, eight round trips were made between a
. staging area at the CSS dock in Panama City and the SAX99
B. The SAX99 Site site, and each trip brought additional investigators and equip-
The final site was selected in 18-19 m of water about 2 kment to the SAX99 site. One of these trips to CSS (Oct. 7-10)
from shore near Fort Walton Beach, Florida. Fig. 3 shows the lvas forced by high seas at the SAX99 site. The R/V Pelican
cation of the major measurement areas used during SAX99, bupported a continuous stream of equipment deployments and
many other areas were also used as part of the environmestahll boat/diving operations throughout its stay at the SAX99
characterization. In this paper, acoustic measurement actisite. The Pelican also deployed the four moorings used by the
will be described that occurred at the APL, BAMS, XBAMS Seward Johnson.
ARL, and CSS areas, and part of the activity at the BAE SYS- The R/V Seward Johnson arrived at the SAX99 site on Oct.
TEMS tower area will also be covered. Measurement sites riot and left on Nov. 14. It went into a four-point moor on Oct. 16
treated in this paper are covered in [1]. Fig. 3 was obtained wiiimd came out on Nov. 11. During this period, the R/V Seward
an EM 3000 multibeam echosounder (R. Flood, SUNY), whickohnson supported a variety of diver-intensive acoustic and en-
is also discussed in more detail in [1]. vironmental measurements, and as many as 20 cables were de-
The SAX99 site satisfied the essential requirements needgdyed from ship to equipment on the bottom. Only once (Oct.
for the planned acoustic measurements. The sediment criti8a-Nov. 2) did high seas force these cables to be disconnected
angle is abouB0° at the site. The sand layer at the sedimemnd dropped to the bottom. The R/V Seward Johnson then tem-
surface is close to 1 m in depth or greater. However, shell fragerarily came out of the four-point moor, and transited to CSS
ment layers were encountered in some areas within the topolwait out the high seas. The ship returned to the SAX99 site on
m of sediment, and whole sand dollars (generally dead) weXev. 2, came back into the moor on Nov. 3, followed by cable
also observed within the sediment, usually below about 20 aecovery that day and a resumption of experiments.
depth. A sedimentripple field was present at the site, with wave-Finally, the R/V Mr. Offshore was at the SAX99 site on Oct.
lengths generally in the 50—70-cm range. The ripple amplitu@8 to support CSS SAS measurements.

86 39.0W 86 38.8'W 86 38.6'W
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Fig. 4. The spatial arrangement of APL-UW equipment during SAX99: the Benthic Acoustic Measurement System (BAMS), the Accelerated Benthic Acoustic
Measurement System (XBAMS), and the Sediment Transmission Measurement System (STMS). Simplified diagrams of STMS subsystems are shown in the figur
and details of each system are given in the text.

I1l. APL:UW EXPERIMENTS DURING SAX99 localized "treatments" were carried out in the field of view of

The participation of the Applied Physics Laboratory of th(lg”b"\/lS and STMS by APL-UW and NRL-SSC researchers 1o

. . ) : " examine the effects of biological activity, sediment structure,
University of Washington (APL'UW) n S AX99 was dlreCtedand discrete scatterers on backscattering. The backscattering
toward a better understanding of acoustic scattering from oc

. ! o . ““fla set and some of the treatments are described in Sec-
sediments and ofacoustic penetrationintoand propagationwitQifh, |11-B. Other treatments are described in [
these sediments. RecentworkatAPL-UW hasexaminedhigh-fre1. sediment Transmission Measurement System (STMS)

quency backscatteringfromoceansediments[19] andtheposs\ipé% newly constructed for SAX99 and used to carry out a variety
roleofsc_atteringfromsedimeptroughnessin explaining acoustglf:measurements under real-time user control. These included
penetrationatsubcritical grazing angles [10]. attenuation measurements in the 80—300 kHz range, backscat-
tering measurements in the 10 to 150 kHz range, and penetration
_ ) ) _ _ measurements at multiple grazing angles and frequencies from
Fig. 4 illustrates the equipment location relative to theq g 50 kHz. STMS is comprised of a diver movable tower, a
mooring layout of the R/V Seward Johnson and gives simpligrge (5 mx 10 mx 1 m) frame, 30 small receivers that make

fied diagrams of the apparatus. an in-sediment array, a cofferdam, a diver-held attenuation
The Benthic Acoustic Measurement System (BAMS) [20 pani an Y. »adv uatl
dray, acquisition and control electronics, and power and com-

[21] and the Accelerated Benthic Acoustic Measureme S . -
System (XBAMS), which is similar to BAMS, collected Munication cables to a shipboard computer. Not shown in Fig. 4

backscattering data autonomously from circular areas 75 maff @n underwater battery pack and an RF buoy deployed for
diameter over the duration of the experiment. However, ti§eration in the event that the STMS cables had to be discon-
effective diameters were 36 m in order to avoid contaminatiritgcted from the ship.

effects of sea surface scattering. BAMS operates at 40 and 300he STMS tower was instrumented with four ITC 1032
kHz and XBAMS operates at 300 kHz. In addition to collectingpherical sources for penetration measurements and with an
data on backscattering from unperturbed areas of the bottdamgineering Associates (EA) model 33 planar array source and

A. Experiment Overview
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a EA model 41 source/receiver for backscatter measurementdsig. 5 shows backscattering strengths as a function of grazing
The 30 small receivers (B&K 8103s) for the in-sedimerdngle calculated from a single scan of XBAMS (Oct. 13) and
array were implanted horizontally into the sediment from thBAMS (Oct. 15) at 300 kHz, a single scan of BAMS (Oct. 6)
cofferdam in order not to disturb the water—sediment interfaes¢ 40 kHz, and from the 40-kHz backscattering transmissions
above them. The bottom-mounted frame could be unfolded STMS at the 20 mobile tower locations occupied on Oct. 26.
to its full 5 m x 10 m horizontal extent to protect a 5 m [The data belowi0° are contaminated by scattering from the air/
5 m region of the bottom on the tower side of the cofferdamvater interface due to sonar side lobes. The upper range of about
from accidental disturbance during diver operations. ThH° for BAMS and XBAMS is determined by the beam widths
unfolded position was also used to suspend an array of fand tilt angles for these systems.] The scattering strengths at 300
ITC 1032s, used as sources, to determine the precise positikHz from BAMS and XBAMS are within 3 dB of each other.
of the 30 in-sediment array elements using acoustic surveyifige scattering strengths at 40 kHz from BAMS and STMS are
technigues. During acoustic penetration experiments the framihin about 1 dB in the overlap area near a grazing angle of
was in the folded configuration with a horizontal extent of 5 rB0°. This initial comparison gives some confidence that the scat-
x 5 m (as shown in Fig. 4) and used to mount the same faering strengths being obtained are independent of the system
ITC 1032s, as receivers in this configuration, for tracking thesed (as they should be). Furthermore, the large difference in
location of the mobile tower. Four ITC 6148s (two acting ascattering strength between 40 and 300 kHz is a result that will
sources and two as receivers) were mounted on a small BeBa clear test of acoustics models when model predictions are
m x 0.5 m) diver-held frame for insertion into the sedimentade using the results of the SAX99 environmental characteri-
at multiple locations to measure sediment sound speed aadion. Further checks on frequency dependence will be possible
attenuation as a function of frequency. using other data from STMS and data from ARL-UT, CSS, and
BAE SYSTEMS.
As more data sets of backscattering strength are examined,
B. Backscattering Measurements and as environmental data on sediment roughness, sediment
volume heterogeneity, and sediment mean properties become
1) Backscattering from Natural Sedimerfor bottom available, modeling of the backscattering will be used as a key
scattering it is not always easy to obtain scattering from maayenue in addressing fundamental questions on scattering mech-
independentareasonthe bottomsothataverages canbetakengfiins. The 40-kHz BAMS data can also be used to examine
backscattering transducers for the STMS mobile tower are on tegnporal changes in backscattering, including the effect of a sig-
opposite side fromfour spherical transducers used for penetratiificant weather event over the Oct. 31-Nov. 2 period. Over the
measurements (see Fig. 4) and produced backscattering d@@ period Oct. 6-Nov. 4, 878 40-kHz scans were acquired.
from 10 to 150 kHz. Repositioning of the tower by divers gaverom Oct. 6 to Oct. 24 at 16:30 local time (CDT) a scan was
measurements over independent patches of the bottom that casdiformed once every 90 min. From that point until 16:00 on
intensity-averaged to obtain backscattering strengths. The song$. 4 (CST) a scan was performed once every 30 min.
onBAMS and XBAMS rotate inazimuthinsteps ofthe horizontal |n addition to scattering strength computation, the BAMS
beam widths, which are smali{for BAMS at40kHz and ° for  40-kHz data can be used to produce images of the backscat-
BAMS and XBAMS at 300 kHz). A fulB60° rotation (or"scan”) tered intensity [22]. The horizontal beam width of the 40 kHz
takes approximately 6 minutes to complete for BAMS at 40 kKHzansmitter/receiver i§°, which implies an azimuthal resolu-
and for XBAMS (300 kHz) and approximately 30 minutes fofion of about 1.1 m at a range of 12.5 m. The bandwidth of
BAMS at300 kHz. Thus, the ensemble averages of backscattefigsl transmission was 2 kHz and therefore the highest range
intensity that are needed for backscattering strengths canrfolution of the 40-kHz system is about 0.37 m. Backscat-
obtained withoutdiverintervention. tered intensity images were formed with a "pixel" size at 12.5
Backscattering measurements with the mobile tower required of 1.1 m x 0.5 m. The azimuthal dimension of a pixel
extensive diver activity. In conjunction with penetration meachanges linearly with range based on the horizontal beam
surements, the mobile tower was placed by divers near the inte@idth, e.g., at 10 m it is 0.9 m while at 30 m it is 2.6 m.
sections of the radial lines and semicircles shown in the bottddinety-degree sectors from two such images are shown in the
left part of Fig. 4 with the backscattering transducers pointddllowing subsection to illustrate effects of the localized treat-
away from the frame. Backscattering data were acquired for 88nts carried out in the field of view of BAMS. Images of
positions of the mobile tower on this grid (where the 7-, 10-, arlththymetry [23] and temporal changes in scattering can also
15-m-radius semicircles intersect the solid radial lines in Fig. )e made [24] and will be examined, along with images of
The data set at each position included as many as nine transrn@ekscattered intensity, in investigating spatial and temporal
sions at each of 15 center frequencies (10-150 kHz in 10-kMariations in bottom backscattering.
increments with approximately 2-kHz bandwidth, except at the XBAMS carried out 204 scans between Oct. 6 and Oct. 31,
lowest two center frequencies that had bandwidths of aboutvhereupon the system shut down due to low battery voltage.
kHz) taken 1 s apart. The multiple transmissions allowed c¥BAMS scans were carried out once every 3 h, and images
herent averaging to reduce the effects of scattering from figimilar to those formed with the BAMS 40-kHz system will be
which were sometimes present in the field of view. A substantifdrmed using these data. Only five BAMS 300-kHz scans were
number of additional backscattering measurements were madenpleted before a hard disk error on Oct. 18 prevented further
independent of the penetration studies. data acquisition. However, this data set is still valuable (e.g.,
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Fig. 5. Backscattering strength as a function of grazing angle calculated from a single scan of XBAMS and BAMS at 300 kHz, a single scan of BAMS at 40 kHz,

and 40-kHz STMS backscattering transmissions at 20 mobile tower locations occupied on Oct. 26.

Fig. 5) for comparison to backscattering strengths determinateas were located within the acoustic field of view of
with XBAMS at 300 kHz. the STMS tower. The sides of each treatment area were
2) Backscattering from Sediment Treatments Are8pe- either parallel or orthogonal to the radial acoustic beams,
cific, well-defined treatments (or manipulations) of the seaflo@nd for BAMS the areas were centered at 12.5 m from the
(Tables | and Il) were conducted by NRL in the field of viencentral vertical axis of the acoustic tower and separated by
of BAMS and by NRL and APL-UW in the field of view of the 2 m of open seafloor. Precise pixel locations of the 2 m
STMS tower in order to assess the impact of changes in seafloor2 m treatment areas relative to the BAMS coordinate
roughness and the role of near surface discrete scatterersystem were determined by placing 0.2-m-radius liquid
high-frequency scattering from the seafloor. Biological anfilled target spheres directly beyond each treatment area.
physical processes operating at the benthic boundary layer @he target spheres provided high target strength markers for
known to alter surficial seafloor physical properties and bottothe sites of the manipulation experiments. After removal
roughness [25]-[27]. These changes often have profouofithe target spheres the treatment areas were acoustically
effects on the magnitude (and on the temporal and spatial fluedistinguishable from the surrounding area suggesting that
tuations) of backscattering of high-frequency acoustic energyanipulations by divers or presence of the marking systems
from the seafloor [19], [24], [28]. Larger discrete scattererbad little effect on acoustic backscattering strength. Three
such as shells, can also influence and sometimes domingdges of manipulations were conducted within the treatment
acoustic backscattering at or near the seafloor [26], [29]-[3Hreas. Roughness was alternately created and destroyed
Creating a well-defined roughness by raking the seafloor osing hand-held plastic drywall knives. A sawtooth pattern
the introduction of spherical discrete scatterers (marbles) wats45° pitch was cut from the business end of a plastic
not meant to mimic natural conditions but to provide acoustirywall knife that allowed divers to create ripples (19.5 mm
model validation and determine acoustic system sensitivityavelength) within treatment areas #4 and #5 [Fig. 6(a)].
Model simulations of the potential effects of roughness [28] arithis ripple wavelength is about half the acoustic wavelength
discrete scatterers (using a model similar to that in [29], [30§f the 40 kHz BAMS transducer, and is the ideal "Bragg"
were used as a guide in planning the manipulative experimemswvelength for low grazing angle backscattering. Treatment
Before manipulations began, 2 m 2 m areas were areas #4 and #5 were alternately smoothed or raked either
marked off with plastic tent stakes and #18 Nylon Masoparallel or orthogonal to the acoustic path from the BAMS
Twine. Five such areas were set in the NE quadrant tafwer. At treatment sites #1 and #3 glass spheres (marbles)
the circular area associated with the BAMS tower and twwere placed in a random pattern at increasingly dense
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A SUMMARY OF NRL SEAFLOOR MANIPULATIVE EXPERIMENTS CONDUCTED

11

TABLE |

A SUMMARY OF NRL SEAFLOOR MANIPULATIVE EXPERIMENTS CONDUCTED NEAR THEBAMS TOWER (OCT. 22—Nov. 7). STEREO AND DIGITAL PHOTOGRAPHS
OF THE TREATMENT SITES WERE TAKEN ON OCT. 19 BEFORE SEAFLOOR MANIPULATIONS AND ON OCT. 22, 23, 26, 27, 29ND Nov. 4 1999AFTER SEAFLOOR
MANIPULATIONS. FIG. 7 INDICATES WHERE THE FIVE MANIPULATION AREAS WERE RELATIVE TO BAMS

Area # 5 1 2 3 4
Treatment Raking Large Marbles Shells Small Marbles]  Raking

Oct. 22 Orthogonal Flatten - Flatten Smooth

Oct. 23 Smooth 60 - 60 Parallel

Oct. 24 - 250 - 250 -

Oct. 26 Parallel 500 81 large 500 Smooth
Convex

Oct. 27 Smooth 750 81 large 750 Orthogonal
Concave

Oct. 27 — 1000 200 small 1000 —
81 large

Oct. 29 Orthogonal Remove 200 small 1000 Smooth
81 large

Oct. 30 Smooth 61 200 small 1000 Parallel
81 large

Oct. 31 Paralle] 310 200 small 1000 Smooth
81 large

Nov. 3 Smooth 560 200 small 1000 Orthogonal
81 large

Nov. 4 Parallel  |Bury (surface)] Remove 2118 Parallel

Nov. 5 Orthogonal | Bury (5 cm) — 2118 Orthogonal

TABLE I concentrations [Fig. 6(b)]. The smaller (10-mm-diameter)

NEAR THE APL STMS ToweR (Nov. 11-12)

Area # 1 2
Treatment Rake/Shells Rake/Marbles
Nov. 9 Smooth Smooth
Nov. 9 Orthogonal Orthogonal
Nov. 9 Parallel Parallel
Nov. 9 Orthogonal Orthogonal
Nov 10 e s o
Nov. 10 Remove Shells 250
Nov. 10 - 500
Nov. 10 — 750
Nov. 10 — 1000

glass spheres were too small to be recovered but the larger
(85-mm-diameter) yellow cat's-eye marbles were removed
midway through the experiments and the increasingly
dense concentration pattern repeated. Near the end of the
experiments, the larger marbles were buried flush to and
then below the sediment surface. Mollusk shells of various
sizes and concentrations were placed within treatment area
#3. The mollusk shells were never exposed to air during
collection or subsequent manipulation. Digital photographs
were taken to document treatments and stereo photographs
were collected to determine seafloor roughness. Similar
manipulations were later conducted at two treatment sites
within the field of view of the STMS tower, but with the
center of the treatment areas 5.8 m from the central vertical
axis of the tower. Since this much lighter tower could be
moved by divers, alternate ensonifications (with the same
pulses used for the backscattering data described above)
and manipulations were done at the two treatment sites
approximately180° apart relative to the tower. Marbles in
the mobile tower experiments were 19.0 mm in diameter
and the mollusk shells and drywall knives were the same
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backscattering levels came from treatment area #1, which
contained 1000 35-mm-diameter glass spheres, while treatment
area #3 had 1000 10-mm-diameter glass spheres and showed
an expected reduction in backscattering level in comparison
to area #1. Other measurements with glass spheres showed an
expected increase in backscattering level with higher sphere
concentrations. The second highest backscattering levels
occurred in treatment area #4, which was prepared by raking
orthogonal to the acoustic path from BAMS. After treatment,
the backscattering level at area #4 was much higher than before
treatment, while raking parallel to the acoustic path (not shown)
had little impact on the backscattering level. Treatment area #2
had 281 mollusk shells which led to much higher scattering
levels than background sites, suggesting that concentrations of
shells encountered in nature can also greatly increase acoustic
scattering strength. The preliminary results in Fig. 7 suggest
that observed and modeled backscattering levels should agree
at least qualitatively. Quantitative comparisons of this data
with acoustic models are being carried out as part of ongoing
investigations.
Backscattering at treatment areas also provided important in-

formation on the effects of biological reworking of the sediment.
It was found that the increased values of backscattering strength
in orthogonally raked treatments rapidly decayed, which corre-
lates with visual observations of the rapid decay of diver-made
roughness as a result of sediment reworking by fish and larger
megafauna. The decay of the backscattered intensity, as indi-
cated by the Lambert parameter for the treatment site, is shown
in Fig. 8. It follows from the curve fitin Fig. 8 that the character-

6 ph hs of Cihe 2 m 2 s during th istic time for the decay (i.e., the time for the backscattered inten-
rFr:ghiphla';v:tggg?e?ir:eﬁtstwn(;a? trt1eeBAl\n/|qS tonv]vet:.e?;;nipéastlr:qe:nt l;irtlgg#g Wity to decrease by a factor of is about 10 h. After about one
seafloor raked orthogonal to the acoustic path from the BAMS tower. (6iay, values of acoustic backscattered intensity were nearly the
Treatment site #1 with 750 large (35-mm-diameter) "cat's-eye” marbles.  same as pre-treatment levels, and after two days the diver-made
roughness was difficult to visually detect.

employed during the manipulative experiments near the .
BAMS tower. C. Penetration Measurements

Preliminary results from two 40-kHz scans in a treatment Numerical simulations (using methods described in [10]) in-
area made from the BAMS tower are shown in Fig. 7. Theicated that an array of 18 buried hydrophones, in the nominal
scattered intensity in Fig. 7 is presented in terms of a Lambednfiguration shown in Fig. 4 (the three vertical columns far-
parameter [24] for each pixel, which normalizes the intensithest from the cofferdam), would give sufficient resolution in
in a way that reduces its range dependence. First, the sqanetration experiments to distinguish between possible pen-
tered intensity is normalized by the incident intensity and thetration mechanisms. However, the addition of 12 more hy-
ensonified area, and effects of transmission loss and bedmphones allowed even better resolution. The strategy imple-
loss are removed. [At this stage, an ensemble average of thented during the experiment was to initially deploy 18 hy-
normalized scattered intensity would yield the (dimensionlesdlophones, acquire data for several days, then deploy the last
scattering cross section per unit area per unit solid anglé2 and acquire additional data. The penetration experiment used
The scattered intensity is further normalized by a factor skveral of the STMS subsystems: the mobile tower, the frame,
sin® #, where ¢ is the grazing value, to obtain the Lamberthe tracking phones, the cofferdam, the buried array, and the
parameter for each pixel. The top panel of Fig. 7 showsmputer.
pre-treatment backscattering levels at five treatment sites, and he frame was deployed first and served several purposes as
the bottom panel of Fig. 7 shows the levels after the secoddscribed in Section IlI-A. It was deployed in its 55 m
set of treatments of Oct. 27. [The higher backscattering leelded mode from the fantail of the R/V Seward Johnson at a
in the region beginning about 3 m north of treatment aresgte that divers had inspected. Divers oriented the frame such
#5 is due to NRL'sin situ resin impregnation system.] Afterthat the ridges and troughs of the large scale ripple field made an
treatment, four of the five sites had higher scattering levedmgle of abouf5° relative to the side of the frame immediately
than before; treatment area #5 had been recently smootlabdve the cofferdam (see Fig. 4). This orientation placed the
and gave low backscattering levels. Backscattering from gldegs of the frame in the troughs of the ripple field. Divers also
spheres was found to follow a predictable pattern. The highdésteled the frame at this time. The frame had two vertical guides

(b)
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Fig. 7. Backscattered intensity expressed in terms of the Lambert parameter for pixels in the NE quadrant of the acoustic viewing area of the BE&® tower

pixel represent$® of azimuthal angle and 0.5 m of range. Top: scan collected at 0732 on Oct. 22, 1999, (before treatments were done) showing low values of
backscattered intensity from all treatment areas. Bottom: scan collected at 1502 on Oct. 27, 1999, (after treatments) showing high bactetsitiehexirint

treatment areas. The highest values of backscattering level are from treatment area #1 with 1000 large glass spheres (35-mm-diameter)éaitovesd dmet

#4 which was raked orthogonal to the BAMS acoustic path, treatment area #2 which contained 281 shells, and treatment area #3 which containest 1000 small
glass spheres (10-mm-diameter). Treatment area #5 had recently been smoothed and therefore had low values of backscattered intensity.
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that allowed the cofferdam to be placed in its desired positiodse of four sources allowed data at four grazing angles to be ac-
shown in Fig. 4. quired for one tower position. The ITC sources had tuning cir-
The cofferdam is a 1.1 i 0.8 m x 0.6 m sheet metal box Cuitry to allow operation from 10 to 50 kHz. Transmission data

open at the top and bottom. Thirty holes had been machin&g@m the tower to the buried array were taken at tower locations
through the side that would be closest to the buried array. d€fined by the intersections of the 7-, 10-, 15-, and 20-m-radius
lip was placed along the outside of the cofferdam to indica?@m'c'“?'es Wlth the solid lines radiating outward from the cof-
when it had been embedded to the correct depth, and four E¢dam in Fig. 4. N o

centric, pneumatic shakers were temporarily mounted at the top” data set for one position of the tower typically included
The cofferdam was placed on the sand using the frame guidé@nsmissions one second apart at 8 center frequencies from
Under the control of divers, pressurized air from the ship w&&ch source. The transmission frequencies were 11, 20, 25, 30,
then supplied to the shakers, and the resulting vibration allowda 40, 45, and 50 kHz and each had approximately 10-kHz
the cofferdam to work its way into the sediment. Periodicall@ndwidth, except the lowest frequency which had 5-kHz
divers shut off air to the shakers and excavated the sand witRndwidth. For each source and center frequency, several
the cofferdam, taking care to place the excavated sand outsi@smissions (normally less than 10, but in some cases up to
the area of the experiment. Following this procedure, the cdf00) were sent so that coherent averaging could be used as in

ferdam was inserted into the sediment to the desired depth 4R backscattering measurements to reduce the effect of schools

the sand inside it removed. of fish sometimes present in the field of view. Thus, for most
The 30 holes in the cofferdam were arranged in five vertlctcfWer p03|.t|ons there were typlcglly 200-300 transmissions
. . .10 the buried array. The tower sites at the 7-m range were
columns with six holes on each column. Divers fastened guides_ ". . . .
- : ) . . ‘Occupied two times in the course of the experiment, those at 10
within the cofferdam immediately behind each hole. The guidés . . .
. . M occupied 4 times, and those at 15 m and 20 m occupied once.

allowed a hollow rod, holding a B&K 8103 hydrophone at its - L

Much of the on-board analysis involved examination of data

tip, to be inserted horizontally to the desired length. Therqd " . . .
. . rom individual tower locations. As part of that analysis, the
was then retracted through the guide, leaving the hydrophone in . . .
. : complex baseband time series were plotted and then used in

place. This procedure allowed the buried array geometry shown

in Fig. 4 to be attained without disturbing the surface above tﬁgnstructlng speed/angle plots of the penetrating field (e.g., see

array. For each of the 5 vertical arrays, the nominal hydropho eo])' Two examples are shown in Fig. 9. In Fig. 9(a), the en-

depths were 0.06, 0.11, 0.16, 0.21, 0.31, and 0.41 m, The hig0PeS Of baseband (30-kHz center frequency) time series from
a five-transmission average are shown for six of the buried hy-

|zqntal posmon_s of these arrays occup!ed the corners and m(']%phones (all from one vertical column). The earliest arrival is
points (.)f two sides of an equilateral triangle of side 0.6 m o the top hydrophone and the arrivals occur in order of hy-
shown in Fig. 4. drophone depth; each is normalized to a maximum envelope
The position of each buried hydrophone was surveyed r¢hue of unity. The geometry is such that the incident grazing
ative to the base plates (feet) of the frame legs several tinqﬁ§g|e (38.4°) is greater than the critical angle of ab@t°.
during the experiment. To do this, the frame was unfolded aRgie corresponding speed/angle plot (using 18 hydrophones) is
leveled, and a Y shaped structure was placed on the frame abgygwn in Fig. 9(b). In the analysis used to generate this dis-
the buried array. Four ITC 1032's were attached on this strugy no assumption is made on the value of the sediment sound
ture with their physical centers 0.9800.005 m above the feet speed: all values less than 2000 m/s are considered possible.
of the frame. The 1032s also had known horizontal separatipRe white curve indicates speed/angle combinations consistent
(:0.005 m). Each 1032 transmitted 200-ms pulses centereqgth Snell's law for refraction. The black plus sign marks the
30kHz. The geometry was chosen so thatin every case there Wasest output from the speed/angle processor, and indicates a
a low-loss refracted path from source to buried receiver. Froﬁ?opagation angle af9° and a sediment sound speed of 1760
the times of arrival from each 1032 to each buried hydrophongys values fully consistent with refraction at a flat water-sed-
the positions of the hydrophones were determined with an Ygrent interface. The sediment speed is also in the range found
cgrtalnty of about-0.01 m. This was th_e uncertainty range prepy other researchers during SAX99 (see [1]). Fig. 9(c) and (d)
dicted before the experiment using simulated pulses of sougdhe time series and a speed/angle plot for a case with the in-
transmitted through a rough interface [10]. The presumed hyigent grazing anglé18.2°) below the critical angle. The time
drophone positions were then varied within #6.01 m un- series in Fig. 9(c) are much closer together, more complicated,
certainty range to optimize the resolution seen in speed/ang|&4 not in the same order as Fig. 9(a). In addition, the highest
plots (e.g., see [10, Appendix B]) for geometries where the igutput of the processor is not near the Snell's law curve. These
cident grazing angle was greater than the critical angle. Thifsasurements of penetration both above and below the critical
procedure reduced hydrophone position uncertain#@d05 5ngle will be compared to the predictions of different penetra-

m and resulted in speed/angle plots that gave good predictig@g hypotheses and will be used in examining spatial and tem-
of refracted path grazing angle and sediment sound speed atjhg,| coherence issues.

highest frequency used (50 kHz). These optimized hydrophonqp the |ast few days of the experiment, the surface of the sed-
positions were used in the examples shown later in this sectighent above the buried array was altered and then penetration
The four ITC 1032 sources used for the penetration measudata acquired. Alterations included smoothing the surface and
ments were equally spaced on the STMS tower, with the top ot creation of small-scale ripples similar to the ripples used
5 m above the sediment surface and the bottom one 3 m abduebackscattering measurements, except the ripple wavelength
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Fig. 8. Decay of 40-kHz backscattered intensity (averaged over 5 pixels in the center of treatment site #4) after the sediment surface was oaletthbatitbog
acoustic path from BAMS. The backscattered intensity is expressed in term of the Lambert parameter. The solid line is a curve fit to the dataesthexpress
Lambert parameter (in decibels) a§.2 — 0.042t? wheret is the time since treatment expressed in hours.

was the same as the acoustic wavelength at 40 kHz. Stereo pre- offset enough from a line so that none of the ray paths is
tographs were taken after each manipulation of the sediment wastructed by the inner legs. The two transmitters are on the
carried out and then a set of acoustic data was acquired. Thester legs with the receivers on the inner legs. We designate ray
measurements will be used as further checks on acoustic pgpegh length?,,,, as the distance from transmittieio receivenn
tration hypotheses. wherel,mm = 1 or 2. There are a total of four rays paths with
path lengths;; = 22.9cm, Pi» = 44.1cm, P»; = 43.5¢cm,
and P> = 22.2.cm. During the experiment, the attenuation
array was first set on the seafloor with all 6148s in the water
Accurate sediment attenuation measurements over a bread a set of calibration data was taken. Then divers pushed the
range of frequencies may lead to important constraints etements into the sediment (in most cases to a depth of about 10
acoustic propagation models for sediments. In preparation ton), and a set of data was taken. A data set consisted of 48 trans-
SAX99, broad-band tuning circuits were built so that the usahigissions of 100-ms pulses from each source to each receiver.
source frequency band for the ITC 6148s in the diver deploy&hch transmitted pulse had about 10-kHz bandwidth and 12
attenuation array is from 80 to 300 kHz. This frequency rangenter frequencies were used over the 80-300-kHz range in steps
overlaps the frequency ranges of the NRL attenuation measus&20 kHz. This cycle of 12 center frequencies was repeated four
ments (10-100 kHz) and the APL-UW acoustic tomograpltimes to get the 48 transmissions quoted above. During SAX99,
(130-180 kHz) and penetration (10-50 kHz) measurements sets of in-sediment attenuation data were taken.
that also produce attenuation data. These overlaps will allowData taken at 100 kHz at 11 of the 42 measurement sites are
consistency checks of results. shown in Fig. 10. The sediment absorption coefficient is esti-
The attenuation array consists of two transmitters and two meated by comparing the integral of the square of the waveform
ceivers giving four separate paths for which measurements wereelope with those of the calibration data, assuming that the ab-
taken. Both transmitters and receivers are 6148s (with an aorption coefficient of water is negligible. For each of the four
tive element about 0.7 cm in diameter, and with a sensor giaths, estimates of the absorption coefficient were obtained for
ameter including waterproof jacket of a little less than 1 cn8ach of the 11 sites and are shown in the figure. The average ab-
and are mounted at the ends of separate legs of a rigid frarserption coefficient for the 11 sites is also given for each path:
The electronics and data acquisition systems are packagedvin was obtained using path lengfi;, and so on. The av-
a pressurized housing, which is also mounted on the franeeage over all four paths is 30.5 dB/m, or, equivalently, 0.305
The four elements are almost aligned in a straight line, but thdB/m/kHz at 100 kHz. The large fluctuations observedin Fig. 10

D. Attenuation Measurements
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Fig. 9. Two examples from acoustic penetration experiments. For the first example [(a),(b)], the incident grazing&hdkeisfgreater than the critical angle

of about30°. Baseband (30-kHz center frequency) time series from a five-transmission average are shown in (a) for transmissions from the mobile tower to six
of the buried hydrophones (all from one vertical column). The earliest arrival is for the top hydrophone and the arrivals occur in order of hydrpiphdreed
corresponding speed/angle plot (using 18 hydrophones) is shown in (b). The white curve indicates speed/angle combinations consistentavitir8adilack

plus sign marks the highest output from the speed/angle processor and corresponds to a propagatioddangtel dhe sediment sound speed 1760 m/s. Time

series and a speed/angle plot for an example with the incident grazing(@8gle ) less than the critical angle are shown in (c) and (d), respectively. The plus

sign in (d) corresponds to a propagation anglé bf and a sediment sound speed of 1800 m/s.

probably indicate that scattering is significantly affecting the aloperation involving a mobile sound source carried on aremotely
sorption estimates. A challenge in the data interpretation will lnperated vehicle (ROV) in combination with tilted, rigidly sup-
to assess the relative importance (as a function of frequency)aited, buried acoustic line arrays, illustrated in Fig. 11.
absorption and scattering in attenuating an acoustic wave in sedfilted buried line arrays, on rigid supports, were used instead

iment. of the vertical buried line arrays of past experiments. With ver-
tical arrays, it has been argued that scattering artifacts at the
IV. ARL:UT EXPERIMENTS DURING SAX99 water—sand interface could have been generated at the inser

The participation of the Applied Research Laboratories #Pn point. Such an artifact could have the appearance of a slow
the University of Texas at Austin (ARL:UT) was directed tolefracted wave. With the tilted geometry, the sediment directly
Ward determining the under'ying physica' processes in the pa‘b.ove the acoustic Sensing elementsis Undisturbed, eliminating
etration of sound into sandy ocean sediments, particularlytBg possibility of scattering artifacts from within a cone of an-
shallow grazing angles, and the scattering of sound from the sgtfs about the vertical. The sensing elements were acoustically
iment. Recent work at ARL:UT has examined the possible roigolated from the support structure by sound absorbing mate-
of the poro-elastic solid (Biot) model of sediments in explaininfjals. Scattering artifacts at the point of entry would be greatly
acoustic penetration at subcritical grazing angles [2], but prattenuated due to the obliqueness of the path and may be rejected
cesses that combine poro-elastic and scattering effects are §me gating. The improved positioning accuracy due to rigid
being considered. In particular, these considerations have s&gPports allows coherent processing up to 200 kHz, which is
gested that, while the Biot slow wave penetration mechanisti essential requirement for distinguishing between a refracted
is applicable to a uniform sediment with a flat surface, it mayyave, which tends to be coherent, and scattered sound energy
be enhanced by surface roughness and volume heterogen¥ieh is incoherent. Two arrays were deployed, one fa6iify
through energy conversion between the slow and fast wavesfelative to magnetic north and the othe2a0°.

The ARL:UT experiments were designed to distinguish be- Broad-band signals, made possible by new transducer mate-
tween the penetration hypotheses based on: 1) the poro-elastils, were used in order to detect frequency-dependent trends
mechanism and 2) scattering from surface and/or volume higthboth penetration and scattering to provide important clues to
erogeneity of a sediment represented as a fluid. To test thédse underlying physical mechanisms. Of particular interest are
hypotheses, a number of new measurement methods were dafelattenuation, transmission and scattering coefficients as func-
oped. These methods were designed to eliminate the shortcaions of frequency. Existing empirical models [32] assumed that
ings in previous studies and provide the necessary discrimirdtenuation is linearly proportional to frequency, but older [33]
tion between the candidate hypotheses. They were realized iraad more recent [34] laboratory experiments show significant
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Using an ROV as the platform for the sound source and
backscatter receiver provided several advantages. The mobility
provided by an ROV allows the buried array to be ensonified
over a continuous range of grazing and azimuth angles. It is
possible to observe the dependence of bottom backscattering
strength on height above bottom, which is an indicator of single
or multiple scattering. Such a dependence was first observed
in a recent experiment [35]. It is also possible to obtain an
ensemble of backscattering measurements from a large area,
as a function of grazing angle and bearing, providing enough
independent data points to construct a detailed frequency
distribution curve. The frequency dependence of the Q-factor
of the scattered signal is another independent indicator of
single or multiple scattering; multiple scattering processes are
known to cause an increase in Q-factor with frequency [36].
A complication associated with using a moving sound source
is determining the position of the sound source at each ping.
This was done by triangulation and time of flight measure-
ments using three hydrophones on the support structure at the
sediment surface.

The buried arrays were made of 1-3 composite receiving el-

Fig. 11. Experiment layout showing ARL:UT buried acoustic receiving arra@ments slotted into a stainless steel tubular structure. The tip of
and sound projector on an ROV.

the buried section was designed to be 0.77 m below the surface
of the sediment, as shown in Fig. 12. The receivers were num-

deviations. On a practical level, broad-band signals allow spatsered 4 through 15, of which 4, 5 and 6 were on the surface of
arrays to be used in the estimation of direction and speed of tlee sediment. Examples of the raw signals from the buried sec-
herent waves, and phase coherence across a broad band is atjmof the array are shown in Fig. 13. In this case, the sound
indicator of a refracted wave, as opposed to a scattered waverojector was at a range of approximately 6 m, and at a grazing
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10 V. BAE SYSTEMS RRTICIPATION IN SAX99
i -
11 H BAE SYSTEMS (formerly Tracor) scientists deployed a
’ ‘ !‘ ‘ number of acoustical sensors during SAX99. The principal
12 il goal of this effort was to monitor the flux of benthic organisms
PR HI into and out of the bottom to examine the hypothesis that
13 e bioturbation would affect the acoustic properties of the bottom
as these animals dug burrows in the sediments as refuges during
14 the day. The systems deployed for this purpose are described in
15 y the companion paper [1].
A set of acoustic sensors was deployed for the purpose
, , | , , , I [ of measuring bottom scattering properties at high and low
32 34 36 38 40 42 44 46 frequencies. These sensors, mounted on a tower placed on
TIME - ms the bottom about 40 m south of the APL-UW BAMS system,
_ o _ _ consisted of a high-frequency echosounder (TAPS-8) and a
Fig. 13. Example of raw acoustic signal from the buried receivers. video camera, both on a remotely controlled pan/tilt mech-

anism, and a low-frequency acoustic system consisting of a
angle of approximatel0°, with reference to receiver numberline-in-cone source transducer and a line array receiver. [TAPS
4. The signal was a chirp from 10 to 100 kHz. It is clear that tHéenotes Tracor Acoustic Profiling System.] All systems were
high-frequency components were unable to reach the deemadiled to the R/V Seward Johnson and operated from a van on
receivers. After pulse compression with a replica of the tranie forecastle. The TAPS-8 was controlled by a computer that
mitted pulse, all of the signals were transformed into a band-liraould execute a pre-recorded script at selected times, collecting
ited impulse, indicative of a coherent wave front, as shown ffata at a set of programmed pan and tilt angles and storing the
Fig. 14. data. Data were transmitted via a spread spectrum RF link to a

The task ahead is to analyze all the signals, particularly thagfeore lab for near-real-time processing.
at shallow grazing angles. New analysis algorithms will be ap- The TAPS-8, located 3.5 m above the bottom, was used to
plied to explore the nature of the sound field in the sediment anteasure bottom backscattering at eight discrete frequencies:
to determine if it is refracted or scattered. Backscattered signa4 kHz, 165 kHz, 265 kHz, 420 kHz, 700 kHz, 1.1 MHz, 1.85
will also be analyzed to determine the order of the scatteriddHz, and 3 MHz. The transducers were all circular-piston el-
process, according to the objectives and approaches outlieedents chosen to provide beam widths of approximaitety
above. The acoustic results will be used in conjunction with thzata were normally collected &€ increments of pan and at
environmental characterization of the sediment provided [1] &§ increments of depression angle frab-30°. TAPS-8 was
develop a better understanding of the relationships between gagapted from a device designed to measure volume scattering
physical properties of the sediment and its acoustic behaviorstrengths of zooplankton and only recorded echo intensities.
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Thus, the data consisted of averaged echo intensities over a ¢
lected number of pings (usually 24) in fixed range bins at 12.£
cm intervals. Pulse lengths were fixed386 us.

A typical image obtained at 420 kHz during a high-reso-
lution (1° azimuthal steps) bottom scan is shown in Fig. 15.
Bottom backscattered intensities have been converted to Lan
bert's parameter as described in Section 1lI-B. The echo to th
left of center at approximately 14 m range is from a 61-cm
metal sphere target sitting on the bottom. Elsewhere, conside
able structure is evident, although it is exaggerated in angle be
cause of tha 0° beamwidths. The cause of this structure is not B
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entirely certain; it is possible that interference from fish could ]

be producing some of the fluctuations. Averaging over spaci

and time should help reduce the contributions of the (relatively i #m_".__mﬂ -

rare) fish to tolerable levels in the computation of the bottom T J | _
backscattering strengths. It is anticipated that this data set wi g - - F e -y . S i
provide a useful extension in frequency to the body of measure Lambars Parameter in

bottom backscattering strengths for sandy bottoms. ) ) ) i
The Iow-frequency system was included primarily to providg'e?' 15. Image of bottom ba_ckscattered intensity convertgd to Lambert’s
rameter taken by the TAPS-8 at 420 kHz and a depression angle® of
a set of scattering data from buried and proud targets for furthefrizontal range resolution is approximately 12.5 cm. Azimuthal steps were
analysis by R. Lim of CSS in his studies of sound Scatteriﬂgi‘although beamwidths were approximately’. The strong scattering to the
at subcritical angles of incidence [37], [38]. Measurements & of center at a range of 14 m is due to a target sphere laying on the seabed.
bottom scattering strengths at frequencies below those of the
other participants were also desired. The video camera was not able to produce high quality im-
This system was attached to the tower at 2.2 m above thges of the bottom, due in part to its distance off the bottom (3.5
bottom, aimed in a fixed direction, and the tower was installed) and the generally turbid conditions. The camera did prove
so that this system pointed directly at a buried 61 cm diameteseful in observations of the fishes attracted to the tower, how-
metal sphere at a range of 9.6 m; the grazing anglE3dfwas ever. At times, the bottom was completely obscured by schools
well below the critical angle of abo80°. The source transducerof bait fish (hard-tailed jack) and predatorsobia and other
was a line-in-cone design with an aperture of 38 cm, driven lspecies) surrounding the top of the tower. No reactions from the
a 1-kw power amplifier. Useful outputs were obtained from fish to acoustic transmissions were observed for either the high-
to 24 kHz. Transmitted signals consisted of short (1.5 and 3 nws)low-frequency system.
CW pulses and wideband signals (composed of 13-bit BarkerFor most of the experimental period, the sphere target re-
codes impressed d0° phase shifts on CW carriers), bothmained buried just below the surface. On the last day of the ex-
signal types being generated at 2 kHz intervals. periment, divers extracted the sphere from the bottom and laid
Echoes were received either though the source transducer,jivian the seabed at a range of about 14 m so that we could col-
a diode T/R switch at the power amplifier, or through a 1.5 hect a set of data in that configuration. Fig. 16 shows a typical
horizontal line array specially fabricated for this experimentesult from the low-frequency system at 6 kHz. The echo from
The line array was composed of five separately wired sectiotie proud sphere target is evident at a range of about 15 m. We
that could be electrically combined to adjust the directivity toomputed a measure of echo variability (the intensity variance
be sensibly constant (approximatdl§° in the horizontal and divided by the mean-squared intensity) as a way to discrimi-
essentially omnidirectional in the vertical) over frequency. Aate deterministic from fluctuating echoes. As the lower panel
pre-amplifier and relay unit mounted near the array selected theFig. 16 shows, there are regions in range where the echoes
array segments and drove signals up the cable to the ship. are dominated by the (short-term) fluctuating component; pre-
The low-frequency system was also controlled by the shipumably these are echoes from the abundant fish schools in the
board computer but the data collection program had to be mamea. It remains to be seen if further averaging can reduce the
ually selected. This was done for safety reasons due to the hefingtuating component to sufficiently low levels to allow us to
diving schedule and also to allow us to ensure that there wereaxiract bottom scattering strengths from these data.
marine mammals in the vicinity prior to active operations. Data
were collected according to pre-recorded scripts specifying the VI. CSS RRTICIPATION IN SAX99
signal type (CW or coded), duration, center frequency, and other .
parameters controlling the received signal path. Echoes wére Synthetic Aperture Sonar
digitized at 160 kHz with a 16-bit resolution analog to digital A synthetic aperture sonar (SAS) system operated by Coastal
converter; signals were stored as raw samples, no averaginggstems Station (CSS) was used during SAX99. Synthetic aper-
processing was done at that time. Groups of 20 pings at each frge sonar is a type of side-scan sonar that uses coherent pro-
quency were recorded in each set. Pings were generated at abessing of multiple ping data to effectively create a much larger
1-s intervals, thus measures of echo properties are short-temray length, allowing high resolution images to be generated
measures. [39], [40].
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Mean coherent echo intensity at 6 kHz
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Fig. 16. Typical echo sequence from the low frequency system. Top: intensity of the mean (coherent average of 20 complex waveforms) echo e@igels slant r
The sphere target is evident at a range of 15 m. Bottom: the ratio of the echo intensity variance to the mean-squared echo intensity for the 2@gquegezho s
This measure, adapted from use in volume-scattering work, serves to discriminate regions of deterministic signals (such as the sphere echoatichere th
approaches zero) from regions dominated by fluctuating echoes. For example, echoes arising from volume scattering involving a large nuerees efadaltt

have a variance ratio of unity.

The SAS system used in this experiment is housed ina 53 cn
diameter towbody. It has both high-frequency (180 kHz) and
low-frequency (20 kHz) arrays on the port and starboard sides
The high-frequency array has 11 elements and has demonstratt
a 2.5 cm resolution capability. The low-frequency array has 14
elements and has approximately 7.5 cm resolution. This arra)
has some capability of penetrating through the sand sediment t
detect buried objects. A nominal detection range for the systen
is 40 meters at a tow speed of 8 knots with the height of the
towbody at 4.0+ 0.5 m above the bottom.

An example of an SAS high-frequency image made at the
SAX99 site is shown in Fig. 17. A cylindrical target lying on the
surface and the rippled seabed are clearly evident. The sound
incident from the left and the acoustic shadow to the right of the
target can also be clearly seen. The total size of the image is9r
by 9 m, and the ripple wavelength is about 50 cm, as mentionec
previously. The cylindrical target is 1.5 m in length and about
27 cm in diameter.

SAS measurements were also made in the target field nea
Panama City (Fig. 1), and ripple was present on the seafloor sim-
ilar to the ripple at the SAX99 site. The target field containe'g_ 17 Highd 180-kH2) SAS |  eviindrical tarqet
two buried and two partially buried cylindrical targets. The two'd - 9 requency ( 2) Image of cylindrical target.
partially buried targets were easily seen by both the high-fre-
guency and low-frequency arrays. One of the buried targets waghe other buried target had been in place for about six
under about 15 cm of sand and had been only recently buri@dpnths and was covered by approximately 50 cm of sand.
it was detected with both the high-frequency and low-frequen@e low-frequency image of this target is shown in Fig. 2;
arrays. the target is near the center of the 9 m by 9 m image. (The
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TABLE Il
TARGETSUSED IN CSS MEASUREMENTS AT THESAX99 STE.

Ta.rget Cylinder [ Angle R-R MRA | Range (m)/ Grazing
Lm.e Target #| Target Type Aspect . Makfes Slant Range Angle
(Bearing) Angle With Horizontal. (m)
270° 1 Cylinder 0° — 16.3/16.6 10°
270° 2 Cylinder 0° — 7.7/8.3 20°
180° 3 Cylinder 20° — 18.3/18.5 9°
90° 4 20.3-cm R-R — 22° 4.5/5.3 35°
90° 5 20.3-cm R-R — 0° 7.9/8.4 20°
90° 6 30.5-cm R-R — 0° 16.7/17 10°
148° 7 20.3-em R-R — 45° 7.9/8.4 20°
148° 8 30.5-cm R-R — 45° 17.1/17.3 10°
210° 9 20.3-cm R-R _ 80° 7.9/8.4 20°
210° 10 20.3-cm R-R _ 80° 16.5/16.7 10°

Note: (a) R-R is an abbreviation for retro-reflector.
(b) The cylindrical target’s aspect angle is defined as the angle made by the normal to the
length of the cylinder with respect to the direction of the incident acoustic beam.

Sonar Tower tection is most likely the result of acoustic penetration due to
scatter from ripple as discussed in Section IlI-C. Further anal-
ysis will be needed to fully understand the origin of this detec-
tion.
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B. Buried Target Sonar System

N
+ CSS investigators carried out a separate study during SAX99
to explore the ability of conventional sonars to detect buried tar-
.15 + #0L 34 £8 gets. While SAS techniques have a clear advantage over con-
o 83 ventional sonars at longer ranges, use of conventional sonars
20 4 o could still be a useful approach at short range where SAS sys-
f i ; : | : | tems may not be as practical. At sufficiently short range, the
-20 -1 -10 5 0 5 10 15 20  background scatter from the sediment surface will occur from a

b N HT

North-South Coordinate (m)
ps

East-West Coordinate (m) very small area for a conventional system, and thus the potential
for subcritical target detections should be present. The SAX99
Fig. 18. CSS target field at SAX99 site. measurements were based on an acoustic lens sonar system [41]

under development at CSS, and the main goal was to assess the

feature in the lower left is a marker left by the divers.) Theerformance of this system against buried targets.
20 kHz sound was incident from the left at a range of 50 1) Measurement SetupA target field consisting of ten
m from the cylindrical target, which has a length of 1.®ottom targets was deployed by divers (Fig. 18), and acoustic
m and a diameter of 47 cm. The range combined with tmeasurements were made from a 3-m-high sonar tower. Targets
height of the towbody leads to an incident grazing angle &t+3 were cylinders 1.5 m in length and about 27 cm in diam-
the bottom of4° to 5°, far below the critical angle 080°. eter. Targets 1 and 2 were buried by divers using water-jetting
The peak target return is about 22 dB above the backgrouméthods; target 3 was placed on the bottom. Positions of all
level, which is due to backscattering from the seafloor. Thargets relative to the tower are shown in Fig. 18 and listed in
target has a broadside aspect with respect to the directionTable IlI.
the SAS; this aspect is favorable and may contribute to theTargets 4-10 were calibrated conical retro-reflectors 20.3
somewhat unexpected detection at this depth. On the otleer or 30.5 cm in diameter and have relatively constant target
hand, the existence of two prominent features may indicatrength over a wide aspect angle. The in-water target strength
that the scattering is from the corners at the two ends of the 20.3-cm (30.5 cm) diameter retro-reflectors ranges from
the cylinder. —9 dB (-5 dB) at40 kHz to +7.9 dB (+11.8 dB) at 100

Because of the high resolution of the SAS system, the badidz. These targets were hand-buried by divers just below the
ground scatter from the seafloor occurs from a very small areater—sediment interface with the aid of a jig that helped to
and is thus relatively low; this is a significant advantage oveadjust the burial depth and set the vertical component of the
conventional sonars for buried target detection. A subcritical deraximum response axis (MRA) of each retro-reflector. The
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horizontal component of the MRA for each retro-reflector wa®tating the sonars iA.5° increments at a constant tilt angle,
directed toward the sonar tower. Table lll lists the pertineotr by vertically tilting the sonars in.0° increments at a con-
information for all of targets used in the measurements. Nadtant bearing (pan) angle. In all instances, the data obtain at each
that, with the exception of target 4, all targets were below tlangle represent the results of a 10-ping coherent average.
critical angle of abouB0°. 2) Results: Data were acquired under calm conditions, with
Divers periodically inspected the target field. They noted thaea states less than 2. The data were analyzed using relative
the ridges on the bottom sediment ran at a compass headiagkscatter image scans in which the sonar tower has coordi-
of approximately35°. In addition, they estimated (by sight)nates (0,0). Figs. 19 and 20 illustrate image scans acquired with
that the rippled structure was about 70 cm crest-to-crest withe line array using a 40-kHz, 0.1-ms sinusoidal pulse, with the
a peak-to-trough height of almost 4 cm and a width of approtit angle of the line array’s MRA ag0°. The displayed data
imately 8 cm (estimated at half of the peak-to-trough heighjorrespond to ping times between 6.5 and 14.5 ms and the data
They also noted that there were little to no bottom currenshiown in these figures were acquired within 10 h of the dive in
during the measurement period. During the burial process of tafhich divers recorded that the retro-reflectors were buried by
gets 1 and 2, they reported that the air could not be completelyleast 6 mm of sediment. Backscattered returns from targets
bled out of the water-jet apparatus, and thus some air was intdofcoordinates (5.3, 0)] and 5 [coordinates (8.4, 0)] are easily
duced into the surrounding sediment. They also observed thaen in Fig. 19; the signal-to-noise ratio (SNR) is over 15 dB
the burial process introduced a faint scar in the bottom sefiyr target 4 and about 4 dB for target 5. Several returns are ob-
ment over target 1. After burying each retro-reflector, they raserved in Fig. 20. A return appears at coordingtes, —7), the
stored the original ridge structure over each of these targetsdxpected position of target 7. The other returns appearing in the
sculpting ridges to closely mimic the area prior to the buriakig. 20 are due to backscatter from the bottom sediment; such
In addition, they recorded that target 1 was completely burieeturns do not appear in Fig. 19 due to use of a different ampli-
at least 2 cm deep, target 2 was partially exposed (one end wade scale.
fully buried while the other was 1.3 cm above the sediment), Fig. 21 illustrates an image scan obtained with the lens.
target 3 was proud of (i.e., on top of) the bottom, and eadthe transmitted signal is a 1.0 ms, 60 to 30 kHz LFM pulse.
retro-reflector was completely buried by at least 6 mm of sedihis figure refers to the data collected by vertically rotating
ment. the sensor from a grazing angle of to 27°. The sensor is
The sonar tower was positioned on the bottom approximatelitected toward the targets located wezt0¢ bearing) of the
190 m south of the R/V Seward Johnson, and the sonagnar tower. This image scan is obtained by cross-correlating
were about 3 m above the bottom. The tower supported thige backscattered signals with the LFM pulse input to the
acoustic sensors and scanning (horizontal pan and vertigalver amplifier. A correlated backscattered return from target
tilt) motors such that the acoustic sensors had an alB6ist 2 appears at coordinaté¢s-7.9, —3); the SNR is about 5 dB.
(180°) rotational (tilt) capability. In addition, a pendulum tiltA second, low amplitude correlated return is also seen at
sensor was employed to monitor the inclination angle of thgordinateg—16.3, —3) which is the location of target 1. This
various acoustic sensor MRA's. second return may be due to scattering from either the buried
The three acoustic sensors on the tower were an acougdiget, the faint scar in the bottom sediment over target 1, or air
lens subsystem (which will be referred to as the lens), a lin¢the sediment that was introduced by the water-jet.
array, and a NUWC-USRD (Naval Undersea Warfare Centerpreliminary SAX99 results show that under some conditions
Underwater Sound Reference Detachment) type F33 transdus@ied targets can be detected at short range by conventional
(which will be referred to as the F33). The lens has an apertwénars at subcritical grazing angles. Future analysis will include
25 cm in diameter and is partially populated using acoustic el@vestigating the degree to which the backscatter signal is cor-
ments that operate between 30 and 60 kHz. The lens transmitglated with the incidence pulse and determining the coherence
conical beam that has a one-way 3 dB-down beamwidthi5f  of the signals transmitted into the sediment.
at 50 kHz. The line array has an aperture measuring 67 cm by
3.5 cm, an operational band from 40 to 60 kHz, and is oriented
such thatits narrow beam is in the horizontal plane. At 50 kHz, it
has one-way 3-dB down horizontal and vertical beam widths of
2.3° and46°, respectively. The F33 is operated at 20 kHz. The VII. CONCLUDING REMARKS
lens and the line array were used to obtain buried target detec-
tion data while the F33 was employed for bistatic acoustic dataClearly, much remains to be done in analyzing the acoustics
collection. Cables for the various sensors and for powering/catata gathered during SAX99. In fact, that process had barely
trolling the motors on the sonar tower ran along the bottom sdakgun at the time this paper was prepared. Completing the
iment from the sonar tower to instrumentation located abogpdocessing of the extensive acoustics data sets should add much
the R/V Seward Johnson. to our understanding of high-frequency sediment acoustics.
Transmitted signals for target detection included 0.1-ms si#towever, the most significant and enduring results to come
nusoidal pulses as well as 1.0 ms linear frequency modulateat this effort will undoubtedly await our utilization of the
(LFM) pulses; both pulse types had a cosine taper on the leadenyironmental characterizations summarized in Richar@son
and trailing edge to minimize ringing in the waveforms genesl. [1] in order to understand the acoustics results in terms of
ated by the source. Data were acquired by either horizontathe sediment physical and biological descriptions.
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