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An active sonar system is used to image wide areas of the continental shelf environment by
long-range echo sounding at low frequency. The bistatic system, deployed in the STRATAFORM
area south of Long Island in April-May of 2001, imaged a large number of prominent clutter events
over ranges spanning tens of kilometers in near real time. Roughly 3000 waveforms were
transmitted into the water column. Wide-area acoustic images of the ocean environment were
generated in near real time for each transmission. Between roughly 10 to more than 100 discrete and
localized scatterers were registered for each image. This amounts to a total of at least 30 000
scattering events that could be confused with those from submerged vehicles over the period of the
experiment. Bathymetric relief in the STRATAFORM area is extremely benign, with slopes
typically less than 0.5° according to high resoluti@ m samplegbathymetric data. Most of the
clutter occurs in regions where the bathymetry is locally level and does not coregister with seafloor
features. No statistically significant difference is found in the frequency of occurrence per unit area
of repeatable clutter inside versus outside of areas occupied by subsurface river chanrZd5 ©
Acoustical Society of America[DOI: 10.1121/1.1799252

PACS numbers: 43.30.Vh, 43.30.p4/LS] Pages: 1977-1998

I. INTRODUCTION determine the spatial and temporal variability of clutter in
long range active sonar in continental shelf environments

A long-range bistatic sonar system was used to rapidlywith generally low bathymetric relief2) identify the domi-
image wide areas of the New Jersey continental shelf envinant sources of cluttef3) understand the physical mecha-
ronment south of Long Island in a field experiment from 27nisms that lead to these prominent returns, é)danalyze
April to 5 May 2001* The system consisted of a horizontally the bistatic scattering characteristics of these dominant
towed receiving array and two low-frequency vertical sourcesources. In this context, clutter refers to scattering from ob-
arrays. Source signals were transmitted over long ranges fects in the environment that stand prominently above the
image scatterers up to tens of kilometers away. Waveguidgiffuse and temporally decaying reverberation background
scattering~® and propagatiohdetermine the performance of that can camouflage or be confused with the returns from an
this remote sensing technology. intended target.

The field experiment, known as the 2001 Acoustic Clut-  Another purpose of ACRE was to test the possibility of
ter Reconnaissance Experime®CRE),! is a part of the using low-frequency active sonar systems to rapidly image
U.S. Office of Naval Research Shallow Water Acoustic Clut-subseafloor geomorphology over wide areas in shallow wa-
ter Program. The main objectives of the Program aréljo ter. In deep water, several remote sensing experiments have

consistently and repeatedly observed strong and determinis-
INow at Northeastern University, Boston. tic clutter return from lineated ridges and scarps on
bElectronic mail: purnima@ece.neu.edu seamount&=* It was found that the level of the clutter is
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vironment. Returns that coincide with the location of the
calibrated targets are evident in the images indicating our
ability to accurately chart the returns in both space and time.

AN ; Most of the charted clutter were found to occur in regions
s & where the bathymetry is locally level and do not coregister
( with any known geologic features of the seafloor. Some of
= the charted clutter appears to occasionally correspond with
\_# ‘ J buried river channels identified from geophysical surveys.
A\ ) / However, statistical analysis of the clutter in regions where
40°N 3 00
g / the subbottom geomorphology has been mapped shows that
; 5 there is no significant difference between the frequency of
2 occurrence per unit area of repeatable clutter events that
chart within areas occupied by buried river channels and
those that chart outside of areas occupied by channels.
Strataform In Sec. Il, we provide a description of the New Jersey
il STRATAFORM area geology and a detailed description of
the ACRE. In Sec. lll, we explain how long-range acoustic
/L4 , : data are processed to generate wide-area images. Images
W T W 2w W showing the charted clutter and returns from the calibrated
FIG. 1. Location of the East Coast STRATAFORM area off the New Jerseytargets are presented in Sec. IV. Possible mechanisms for the
coast. Contours in meters. H H H
clutter returns are discussed in Sec. V. Oceanographic data

collected during the experiment, such as sound speed struc-
re, are presented in the appendix.

39°N

proportional to the projected area of the scarp along the pat“l
from target to bistatic source and receifel’ Attempting to
_draw an analogy with the _deep water results, a number of HEsiGN AND IMPLEMENTATION OF THE ACRE
investigators, for example in Ref. 12, proposed subseafloor
geomorphology, which exists throughout the continental Prior to the ACRE, a number of geophysical
shelf, to be potential source for anomalous sonar returns isurveys*~*®at the New Jersey STRATAFORM site charac-
areas of level bathymetry in shallow water. terized the seafloor and subbottom features over wide areas.
The New Jersey STRATAFORM site, shown in Fig. 1, Figure 2 shows the water depth at the STRATAFORM site
was well-suited for ACRE because a number of substantialvhere bathymetric data are available at 30 m horizontal
geophysical survey$ ¢ have previously characterized sea- resolution> Seabed and subbottom features identified from
floor and subbottom features over wide areas. Furthermorghe geophysical surveys are overlain on the bathymetry. The
several other acoustic experiments have been conducted @andidate features for prominent scattering include incised or
this area to investigate acoustic propagation conditicassd  buried river channels, relict iceberg scours and surface ero-
to invert for seabottom propertié$!® Data from the geo- sional features on the seafloor, and surface or near surface
physical surveys are used here to identify natural features ajutcroppings of seismically reflective subsurface strata
the seafloor and subseafloor that might possibly be imagedithin the seabed. Figure 3 shows an interpretation of a seis-
by our remote acoustic sensing system. mic profile from Ref. 14 of several river channels buried at
During the ACRE, two research vessels were used tdlifferent depths from the seafloor intersecting with various
acquire both monostatic and bistatic scattering data. Roughlyub-bottom strata. Apart from these geologic features, aggre-
3000 waveforms were transmitted into the water columngates of compact scatterers such as gravel deposits on the
from vertical source arrays in the 390- to 440-Hz band andseafloor, gas pockets in the seabed, and large and densely
received by a horizontal towed array. A wide-area acoustipopulated schools of fish are also possible sources of clutter.
intensity map(image of the environment was generated for Figure 4 shows the directional derivativgdD) of
each transmission. On average from 10 to 100 discrete anghthymetry at the STRATAFORM area. The DD is defined in
localized scattering events were registered per transmissioRef. 21 as the dot product of the gradient of bathymetry with
From a clutter perspective, this gives a total of at least 30 00the horizontal unit vector pointing in the direction of an ob-
scattering events that could be confused with that from a&ervation point. In Fig. 4, the DD is plotted for an observa-
large submerged vehicle over the period of the experimention point to the north of the STRATAFORM area. Seafloor
Two acoustic targets?° essentially cylindrical air-filled elas- surfaces facing the observation point have positive DD, sur-
tic tubes approximately 30 m long, with known scatteringfaces facing away have negative DD, and level surfaces have
properties and locations were vertically deployed and used teero DD. Inspection of Fig. 4 shows that the experiment site
calibrate returns and confirm theories about waveguide scalras mostly benign slopes of less than 0.5° with few discrete
tering from extended objects and long-range imaging in confeatures on the seafloor. Even the seafloor features that are
tinental shelf environments. noticeable, such as the iceberg scours and erosion pits, have
In this paper, wide-area acoustic images from the ACREsmall slopes typically<3°. Their vertical relief is typically
are presented to illustrate the prominent and discrete scattesmaller than the acoustic wavelength of royghlm in this
ing events measured in the New Jersey continental shelf emxperiment.
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In both Figs. 2 and 4, the subbottom features shown ard40 Hz! For the bistatic transmissions by RShdeavor the
based on interpretations of geophysical data acquréat LFM signals were shaded with a Tukey window while the
to the ACRE 2001. The areas where the subsurface featur€3W signals were shaded with a Hann window. For the quasi-
are shown are the only areas where the subbottom data hasbnostatic transmissions by RMliance a rectangular win-
been acquired and analyzed prior to the ACRE 2001. Therdow was used in all transmissions for both the LFM and CW
may be other subsurface features elsewhere in the figure, bsignals. The length of each NRMlliance track line is
the geophysical data had either not been collected in thos@ughly 10 km and the waveforms were transmitted at every
areas or had not been analyzed prior to the experiment. THe0- or 100-s interval. With a speed of 2 m/s for the receiver
most current geophysical interpretations of the subsurfacehip, data from a total of roughly 50 or 100 transmissions
features is provided and used in our analysis of the measuredlere measured along each track.
clutter in Sec. IV.

The experiment was conducted using the Research Vesi \WIDE-AREA IMAGES OF THE OCEAN
sel (RV) Endeavorand the NATO Research Vess@lRV) ENVIRONMENT
Alliance (Fig. 5. RV Endeavorwas used mainly as a source o . .
ship for bistatic measurements. It deployed a source systefiy Generating images in near-real-time
used by the Multistatic ASW Capability Enhancement Pro-  During the ACRE, a wide-area image of received sound
gram (MACE) consisting of a seven-element array of uni- pressure level as a function of horizontal position over tens
formly spaced XF-4 transducers, beamed to transmit abf kilometers was generated for every transmissjging) in
broadside during the whole experiment. Bdeavorwas  near-real-time. For a given transmission, two-way travel time
fastened to moorings at three sites where a fixed transmissiafias used to determine the range of returns and beamforming
location was maintained for the bistatic measurements. NRYo determine the azimuth. The process has been previously
Alliance was the only ship that deployed a horizontal receiv-described in Refs. 8, 21, and 11. It follows the same prin-
ing array. It also deployed a two-element MODA40 transducetiples used in high-frequency side-scan sonar, medical ultra-
source system that was towed for quasi-monostatic measureeund, and radar image processing except that the present
ments. A nominal tow speed of 2 m/s was maintainedmaging process involves the complexities of multipath
throughout the measurements by NRWance The horizon-  propagation, waveguide scattering, and dispersion.
tal receiving array was a 256-element line array with three In this paper, echo returns from mono- and bistatic LFM
nested apertures, each consisting of 128 sensor elementansmissions of varying duration measured with NRNi-
evenly spaced at 0.5, 1, or 2 m, respectively. Only data fronances horizontal line array with 128 elements at 1-m spac-
128 elements at 1-m spacing are analyzed in this paper. Foriag are analyzed. The raw time series data for each hydro-
sound speed of 1500 m/s, this subaperture corresponds to phone were filtered, demodulated, and decimated. This
array cut for 750 Hz. Each of the two calibrated targets, decimated array data were then converted to beam-time data
deployed at a selected site, were moored to the bottom iby time-domain beamforming. The sharpest cross-range
waters approximately 80 m deep, 18 m off the seafloor. Theyesolution is at broadside, where the signals arrive almost
stood vertically in the water column spanning roughly 32- toperpendicular to the array axis. The broadest cross-range

62-m depth from their own buoyancy. resolution is near endfire, where the signals arrive almost
The tracks traversed by NR¥lliance mooring loca- parallel to the array axis.
tions of RV Endeavor and locations of the two calibrated A Hanning spatial window function was applied in the

targets and subbottom features are also plotted in Fig. 4eamforming to reduce sidelobe levels where the first side-
Acoustic transmissions were centered about three distindobe level is down 30 dB from the main lobe. This was
sites of the STRATAFORM area identified as sites 1, 2, andmportant for reducing sidelobe leakage from radiated noise
3. The water depth at the three sites ranged from approxipresent in beams containing the source ship which was
mately 70 to 130 m. At site 1, the tracks of NRAllianceand =~ moored near the features to be imaged. Following Efjs.
the source location for REndeavorwere designed to image and (2) of Ref. 21, the 3-dB beamwidt|$ of the array is
the buried river channels and shallow subsurface reflectorgpproximated using

truncated at the seafloth1°At site 2, the erosion pits on the

seafloor and the subsurface reflectors, as well as the cali- B(¢)~1.3
brated targets, were the focus of the measurement. The tracks

at site 3 were designed to image the iceberg scours and mofer steering angles from broadsige=0 to a transition angle
subsurface reflectors and to obtain scattered returns from thg near endfirep==/2, where\ is the wavelength ant is
Hudson Canyon walls. The large number of tracks at eacthe array length. Asp approachesp,, ambiguous beam-
site was neccessary to study the range and azimuth depewidths each reach a value approximately equal to that at
dence of the scattering and to distinguish returns from thendfire, and begin to merge until they completely overlap at
various candidate clutter targets at a variety of ranges andndfire where the beamwidth is

azimuths. The numerous tracks also served to help break the

()

L cose’

ambiguity inherent in line array measurements. Blo=ml2)~2.8JNL. 2
The sources transmitted both linear frequency modufor the array aperture of 127 m, the optimal 3-dB resolution
lated (LFM) and sinusoids or “continous waveg'CW) sig- is about 2.1° at broadside and 27° at endfire. This corre-

nals of varying duration in the frequency range from 390 tosponds to a cross-range resolutidp=pB of 364 m at
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FIG. 2. Bathymetry of the
STRATAFORM area with shaded re-
gion sampled at 30-m interval. Candi-
date features identified from previous
geophysical survey$® that might
give prominent and coherent scattered
returns include incised or buried river
channels(green), relict iceberg scours
and erosion pits on the seaflo@ed),
and surface or near-surface expression
of seismically reflective subsurface
strata within the seabe@ellow). Co-
ordinates ofx andy axis origin in the
north-west corner: 39° 31.08, 73°
17.28W.

FIG. 3. |Interpreted seismic line,
adapted from Ref. 14, showing the
shallow stratigraphy within site 1. The
figure shows numerous buried river
channels intersected by highly reflec-
tive subbottom strata. One of these
subbottom strata is called an
R-reflector.

FIG. 4. Directional derivative of the
30-m sampled bathymetry at the
STRATAFORM site with respect to a
source far in the north. The seafloor is
mostly level locally with slopes of
<1/2°. There are very few discrete
features such as iceberg scours and
erosion pits on the seafloor with slopes
of at most 3°. Acoustic transmissions
were centered about three distinct sites
in the STRATAFORM area. Overlain
are the tracks traversed by NRMIi-
ance (white lineg, mooring locations
of RV Endeavor(red starg, location of
the two calibrated targetsvhite stars,
and subbottom featuréblue and pink
lines). Coordinates ok andy axis ori-
gin in the north-west corner: 39°
31.00N, 73° 17.28W.
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NRV Alliance RV Endeavor ments. At site 2, the GPS positioning of the calibrated targets

relative to the source and receiver was used to provide a
more accurate mean orientation of the receiver array for each

track. The corrections needed for each track, however, were
small, approximately 0° to 4°. Since no calibrated targets
Horizontal Receiving Amay 35,4 o ile were present at sites 1 and 3, no corrections were applied to
Verteal Somse ATy Tull e 264 m those images.
Monostatic) 7 element The standard deviation of a pixel value or an average of
Natable VertealSource Amay stationary pixel values in an acoustic image is now
Seafloor B . estimated. We assume that the transmitted waveform’s inter-
e T T action with the seafloor scattering area completely random-
-------- o ™. /“ Buried River Channel izes the return such that the real and imaginary temporal
Sub bottom Strata A

components of the instantaneous scattered field are identi-
FIG. 5. A sketch of NRVAlliance towing a two-element vertical source cally distributed and uncorrelated zero-mean Gaussian ran-
array at 1.875-m spacing and a 256-element horizontal receiving array withjom variables. The instantaneous intensity of the return is

spacing between elements of 0.5, 1, and 2 m. Only data from 128 elemenﬁ] . i . } . _
of the receiving array at 1-m spacing are analyzed in this paper. The meal en exponentlally distributed and the time averaged inten

depth of the NRVAlliance two-element source was varied between 23 and Sity IS gamma distributéd with degrees of freedon cor-
65 m. The mean depth of the receiver array was varied from 22 to 68 m. R¥esponding to the time-bandwidth produtB of the scat-

Endeavorwas moored at each site where measurements were collected art@red field25 whereT is the measurement time. This product

it deployed the MACE source system consisting of a 7-element array spaced . t fth b find dent and
at 1.625 m. The mean depth of the MACE source was varied between 3lp an approximaté measure or the number of iInaependent an

and 84 m and it was beamed to transmit at broadside throughout the expefiAStantaneous intensity fluctuations averaged dvelf the
ment. The water depth at the three measurement sites ranged from approxeverberation level in dBe 1 uPa for a given pixel in the

mately 70 to 130 m. acoustic image isR=10log (mean square pressiyrethe
standard deviatiow of the reverberation level in dB§$°
broadside and of 4.7 km at endfire at a range®sfL0 km, o(w)=10(log eV (2,1), (3

which is a typical range for detecting the clutter events dur-

ing the experiment. where
The beam-time data are linearly converted to beam- < 1
range data by multiplying the total two-way travel time with {(v,u)= E —_—, for v>1, w+#0,-1,—-2,-3,...,
half the mean sound speedvhich was taken to be 1475 m/s k=0 (u+k)
based on measured sound speed in the water colises (4)

Appendix A). To improve on the range resolution and signal-is the Riemann’s zeta function. For an instantaneous intensity
to-additive-noise ratio, the LFM data from 390 to 440 Hz measuremenj=1 ando(1)~5.6 dB. To reduce the standard
were match filtered with a replica of the source signal to givedeviation to 3 dB which is relatively negligible compared to
an effective range resolution af/2B~15m, where the the dynamic range of the levels spanned in the images pro-
bandwidthB is 50 Hz. The data were then averaged to 30 mduced in this experiment, an averaging timeTef0.04s is
resolution and then mapped to a Cartesian grid with the samgsed. This corresponds @=2.0 for the B=50Hz band-
30x30 nt grid increment as the high resolution bathymetrywidth LFM transmissions analyzed in this paper. Stationary
data used. The mapping procedure accounts for beam oveaveraging of adjacent pixels would lead to a smaller standard
lap by an incoherent averaging of adjacent be&ms. deviation according to Eq$3) and (4), but will also reduce
Multi-modal propagation in a shallow water waveguide the spatial resolution(We ignore averaging of overlapping
leads to time spread and delay in the mean arrival time obeams because the measurements are not indepgritieat.
signals. This dispersion effect is a result of the differingprominent returns typically stand above the background re-
modes of the waveguide propagating the acoustic energyerberation by tens of decibelsnany standard deviations
with varying group velocities, and is highly dependent uponand are therefore considered to be deterministic.
the waveguide properties. It also varies as a function of range
and depth due to modal interference which causes a chan%e o )
in the spatial and temporal structure of the signal. SimulaB- INterpreting images generated with low frequency
tions in various shallow water waveguides in Ref. 23 showancI long range towed array sonar
that the error in charting returns from objects in the water  Figure 6 shows a wide-area image of the ocean environ-
column is about 200 m for the ranges relevant to this studynent at site 2 obtained from a single bistatic transmission
after match filtering with the source signal. Charting errorwith the receiver ship NRAlliance oriented along track 17.
varies with the sound speed used to convert travel time td@he origin of the range axis along tixeandy directions in
range. The charting error of 200 m is for a sound speed thahe figure is at 39° 31.00!, 73° 17.28W. This origin is at
corresponds to the minimum sound speed in the water cokhe north-west corner of the images in Figs. 2 and 4. This
umn. This sound speed was found to provide the smalledixed location for the range origin will be used for all acous-
errors in localizing a source or target in the water column. tic intensity images presented in this paper. The array head-
During the experiment, fluctuations on the ordertd3°  ing is measured with respect to true north increasing in a
were observed in the towed array heading sensor measurelockwise direction. The image shows both the diffuse back-
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FIG. 6. A single-ping bistatic wide-
area image along track 17 at site 2.
Travel time to range conversions are
done by multiplying the two-way
travel time with half the mean sound
speed of 1475 m/s. All returns are mir-
rored about the array axi&1° with
respect to true norjidue to left—right
ambiguity. Two prominent and dis-
crete scattering events20 dB above
the background co-register well with
the location of the calibrated targets
approximately 8.5 km to the south.
Numerous other prominent scattering
events (clutter featurep that can be
confused with returns from the cali-
brated targets are present in the image.
Comparison with Fig. 8 breaks the re-
ceiver line array’s left—right ambiguity
and places the true location of these
clutter features to the south within the
dotted white trapezoidDate: 1 May,
ping time: 13:04:30Z, transmission:

> Clutter 1-s duration LFM from 390 to 440 Hz,

= 7 mean source depth: 55 m, mean re-
= Features / ceiver depth: 42 m, array heading:
71°)

-—
.

FIG. 7. Hotspot consistency chart
from 49 bistatic LFM transmissions
along track 17. The figure displays the
number of images that register a
strong scattering event10 dB above
the local average within 1:81.8 kn?
area of a given pixel location. Scatter-
ing events within the trapezoid as well
as those from the calibrated targets are
consistently prominent in most of the
wide-area single ping images along
track 17. Events within the trapezoid
can either be confused with or camou-
flage those from the calibrated targets.
(Date: 1 May, time: 12:37:00Z to
14:01:00Z, mean source depth: 55 m,
mean receiver depth: 42 m, array
heading: 719.

km 5 10 15 20 25 30
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ground reverberation level in decibels from the ocean envivalue of 0, since we are only interested in detecting targets
ronment as well as strong scattered returns from the caliand features in the environment. This binary matrix from
brated targets and other submerged objects or features. Feach reverberation image is then summed for all the images
each transmission, the signal first measured by the receivinglong a track to form the hotspot consistency chart for each
array is that arriving directly from the source. This directtrack. The hotspot repeatability chart for track 17 is shown in
arrival is strong and gives rise to the blast-out region whichFig. 7. A total of 49 bistatic acoustic images are combined to
appears as a red ellipse surrounding the source and the rarm this composite. In Fig. 7, a given pixel shows the num-
ceiver in Fig. 6. The diffuse background reverberation scatber of images that register a strong scattering evel® dB
tered from random rough patches of the ocean environmenabove the local average within &8.8 knf area of the
as well as the returns from the calibrated targets and othgrixel. The maximum of the legend in each hotspot repeat-
submerged objects or features arrive after the direct signalbility chart is the maximum clutter repeatability in the given
has passed. This environmental reverberation has a mean iimage.
tensity that decays with range due to spreading and absorp- The standard deviatién for the time-averaged diffuse
tion loss in the waveguide. The rate of decay depends on theverberation is 3 dB as shown in Sec. Il A. The local peak
properties of the waveguide, such as the sound speed strugdetector alogrithm thus picks out pixels with levels that are
ture, attenuation in the water column and bottom, and surfacabout three standard devations above the local mean within
and bottom inhomogeneities, as well as the measurement geach subimage. Both scattered returns from fixed targets and
ometry. The decay in the reverberation provides vital infor-diffuse background reverberation decay with range due to
mation about the environment needed to model propagatiogpreading and absorption loss. A globally fixed threshold de-
and diffuse scattering. In Fig. 6, we do not average out theector is only useful if the decaying trend of the reverberation
trend in the data since it would eliminate this vital informa- can be accurately removed before the detector is applied. It is
tion. usually difficult to detrend measured data accurately given
A horizontal line array has left—right ambiguity about the lack ofa priori environmental information needed to
the array axis that is expressed differently in monostatic anghodel the trend. Our local peak detector takes the range
bistatic charts. Prominent returns are ambiguously chartedecay into account empirically. It is also independent of the
nearly symmetrically about the receiving array axis in mono-strength of the source, making it versatile and easy to imple-
static geometries. For bistatic geometry, ambiguity occurs oment.
an ellipse with a major axis that passes through the source We combine information contained in wide-area images
and receiver. A diagram illustrating the two-way travel time acquired along a single track to form the hotspot consistency
ellipse for bistatic measurements is provided in Ref. 9, wherehart for the given track. This chart is found to be extremely
it is shown that distortion in the image may occur as theuseful in picking out strong and persistent echos as well as in
ambiguous returns are charted to either a smaller or broadeesolving ambiguity in measurements along a single track as
spatial extent. The methods used in this paper to resolve theill be discussed in Secs. Il D and IV. A hotspot consistency
left—right ambiguity in the measurements are discussed furehart combining information from multiple track lines should
ther in Sec. llID. In Fig. 6, the left—right ambiguity is be used with caution. Our attempts at combining data from
mapped onto ellipses at close ranges to the bistatic sour@dl the tracks at a given site by forming an overall hotspot
and receiving array. At ranges larger than the source-hart for the site were found to lead to confusion in identi-
receiver separation, the ambiguity about the array axis apying actual returns. This is because the many tracks at a
proaches circular symmetry. given site have varying array headings and the same scatter-
During the ACRE, few monostatic measurements wereers often do not appear on different tracks, making it impos-
made in comparison to the bistatic measurements becauséle to resolve ambiguity by such a combination. Even
the monostatic source was weaker. As a result, we were nathen the same scatterers do appear on differing tracks the
able to image very far out in range with the monostaticcombination does not significantly reduce ambiguity but
source. The rough maximum range before the acoustic imagather leads to multiple ambiguities that often mask true fea-
ing system became noise limited was on the order of 10 kntures as noted in Ref. 22.
for the monostatic source. For the bistatic source, this range
was more than 50 km away from the source. Most of theD. Ambiguity resolution
images illustrated in this paper are from bistatic measure-

Two methods are employed in the present analysis to
ments.

resolve the left—right ambiguity in the returns from the hori-
zontal line array. The first method involves comparing events
from images obtained on tracks that have approximately
In order to measure the frequency of occurrence of aimilar location but where the array orientation différe

strong scattering event from a target or feature along a givethese tracks, the true returns will be consistently charted to
track, we generate a hotspot consistency chart for each tracthe same location, while the ambiguous ones will be charted
First, a moving local peak detector is applied to a singleto different locations.

wide-area image to detect pixels where the reverberation The second method resolves the ambiguity for measure-
level stands more than 10 dB above the average for a 1.8ients made along a single track with the use of the hotspot
% 1.8 kn? subimage. These pixels are assigned a value of tonsistency chart for the track. This method is applicable in
and all others 0. Pixels in the blast-out region are assigned laistatic scenarios when the range to the feature is not much

C. Hotspot repeatability chart
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larger than the source—receiver separation. It exploits the ethan the received level standard deviation of 3(dBown in
liptical shape of the travel time locus to break the ambiguitySec. 11l A). The receiving line array has left—right ambiguity

in the line array measurement. about the array axis. We therefore see the ambiguous returns
These two methods for ambiguity resolution will be from the calibrated targets charted to the west in Fig. 6.
pointed out in the images in Sec. IV. We observe numerous other prominent and discrete scat-
tering events in the image shown in Fig. 6. Many of these
IV. LONG RANGE ACOUSTIC IMAGING RESULTS features are just as prominent as the calibrated targets, stand-

In this section we present the major experimental find"9 out by more than 20 dB above the reverberation in sur-
ings of the ACRE 2001. Roughly 3000 waveforms wererounding areas. These features' can be colnfused Wlth or cam-
transmitted into the water column and wide-area image opuflage the calibrated targets if the precise location of the
the reverberation from the ocean environment was generatd@rgets are unknown.
in near-real-time for each transmission. From 10 to more 10 identify where the clutter originates, we break the
than 100 discrete and localized clutter eve(i8 dB above receiving array’s ambiguity by comparing Fig. 6 with Fig. 8,
the backgroun}j\/\/ere registered for each image_ This gives ad bistatic transmission along track 14 which is at a similar
total of at least 30000 scattering events that could be corfange but slightly different orientation than track 17. In both
fused with that from a large submerged vehicle over the peFigs. 6 and 8, we observe consistently strong and prominent
riod of the experiment. The vast majority of prominent andevents within the trapezoid to the south of the source and
discrete scattering events appear in areas where the bathymeceiving array. This shows that the region with the trapezoid
etry is locally flat or with slopes less than 0.5°. This impliesis the true location of the clutter. The ambiguous events are
that these returns most probably do not originate from theharted to the west in both figures and are not in the same
seafloor and that they could be due to objects in the watdocation. The differing array orientation in tracks 14 and 17
column or possibly features in the subbottom. causes the false returns of the features to be charted to dif-

In the following three subsections, individual ping and ferent regions.
hotspot consistency images from various tracks at the three To examine the repeatability of the prominent scattering
sites are shown. The clutter in these images is representatie&ents within the trapezoid as well as those from the cali-
of the scattering events measured at each site. We begin obfated targets, a hotspot consistency chart, as described in
discussion with site 2 where the calibrated targets were desec. |11 C, is derived for track 17 and shown in Fig. 7. From
ployed. Fig. 7, we observe that scattering events from the calibrated
A. Site 2 with calibrated targets targets are repeatedly prominent as the receiver ship moves

along the track. They appear as a local maxima in most of

In this section, we present wide-area images showing,e 49 images along the track. The scattering events within
strong and discrete returns from the calibrated targets dey,q trapezoid in Fig. 7 are also prominent and repeatable.

ployed in the waveguide at site 2. These images, which Wel®hey appear in most of the charts with leveia0 dB above
acquired during the middle of the experiment, also show any, . |4 average

organized pattern of prominent scattering events in a region
of effectively flat bathymetry(slopes less than 0.5°with gn the color directional derivative of bathymetry. Only

water depths from 80 to 100 m, where the subbottom had n :

) ) ..events with levels that are 10 dB above the local average and
been well profiled. Subsequent geophysical surveys, specifi- . . o
cally designed to explore the subbottom in the vicinity Ofare co_nsustent m_at least te_n transmissions aI(_)ng the track are
these prominent scattering events at site 2, discovered a ne verlain. F“’”? Fig. 9, we |_nf(_ar that the prqmment and_ con-
work of buried river channe®2” Most of the prominent sistent scattering events within the trapezoid do not originate
scattering events, however, did not coregister with the newlf;rolm thle _?Eafloor syrface because tlgehseaﬂ(;or in this redglgn
discovered river channels. The measurements at site 2 wet® '€V€l- The prominent events could have been caused by

repeated about 4 days later at the end of the experimeﬁ’(ther objects submerged_in the water column or features in
along tracks with nearly similar range and bistatic locationtN€ subbottom. Features in the subbottom may not be detect-

for the track center, but with varying orientation. These mea@PI€ using a conventional bathymetric depth-sounder, but can
surements found the clutter events at site 2 to be highlye found by subbottom profiling.

variable across the tracks, all of which had differing head- ~ During the ACRE 2001, R\Endeavorexplored the bot-
ings. Since there was a 2-h time period for the data collectiot®M With a hull-mounted chirp subbottom profiler in the vi-
on each track, the clutter could also have evolved with timeCinity of the prominent scattering events within the trapezoid
A statistical analysis of the spatial distribution of repeatabldn Figs. 6 and 7. More detailed geophysical surveys were

clutter is given in Sec. IVA2 to determine if the repeatablecarried out in this region using both deep-tow and hull-
clutter favors any particular spatial location. mounted subbottom profiling systems in August 2661

In Fig. 6, which shows a wide-area image from track 17and May 2002 under the Acoustic Clutter Program. All three
at site 2, we observe two prominent scattering events apsurveys found a network of buried river channels with flanks
proximately 8.5 km away to the south of the source anchat shoal close to the seafloor in the vicinity of the scattering
receiving array that register well with the calibrated targetsevents. An interpretaticf of the morphology of these buried
These events stand out by more than 20 dB above the revetiver channels from the geologic data are shown in Fig. 10.
beration in surrounding areas. This difference is much largeFigure 11 shows a deep-tow chirp profile of several buried

In Fig. 9, we overlay the prominent events from Fig. 7
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FIG. 8. Single-ping bistatic wide area
image from track 14. Left—right ambi-
guity of the prominent scattering
events from the features of interest can
be resolved by comparing this figure
with Fig. 6. (Date: 1 May, ping time:
11:35:00Z, transmission: 2-s duration
LFM from 390 to 440 Hz, mean
source depth: 55 m, mean receiver
depth: 22 m, array heading: 22p°.

FIG. 9. Prominent events from the
LFM transmissions on track 17, as
shown in Fig. 7, are overlain in white
on the directional derivative of the
bathymetry calculated with respect to
the site 2 bistatic source location and
the receiver location in the middle of
track 17. Only prominent>10 dB
above local averageand repeatable
events that occur in at least 10 charts
out of 49 are overlain. Scattering
events of interest within the trapezoid
do not orginate from the seafloor be-
cause the seafloor in this region is
level. The returns are probably due to
other scatterers in the water column or
in the subbottom.
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Depth of Channels below Seafloor (m) 1. Temporal and spatial variability of clutter

53 I The trapezoidal region in Figs. 6—8 that registered
Depth (m) strong scattering events on tracks 17 and 14 also registered
541 i 5 many clutter events with significant temporal and spatial
- 1 variability over the course of the experiment. In general,
these clutter events were found to be consistently observable
56+ 2 over hours, but not longer than a day.

- 3 Apart from tracks 14 and 17, scattering events in the
E i region within the trapezoid were also registered on track 23x
581 where the data were collected on the same day as tracks 14

5o > and 17. Figure 13 shows the hotspot consistency image com-

6 posed of bistatic LFM transmissions along track 23x. We

60 : 7 observe scattering events within the trapezoid, as well as

8 returns from the calibrated targets. Fewer bistatic signals

&1 I were transmitted along track 23x than in tracks 17 or 14, as

621 . = noted in the figure.

12 1 18 2 o 10 _No high-level clutter is observed within the trapezoid
(km) during track 18, a day before track 17, as shown by the

hotspot consistency chart for track 18 in Fig. 14. Track 18
FIG. 10. Most recent interpretati67nof'the de_pth of the bu_rie_d river cha_n- _has the same source depth of 55 m and same mean receiver
nels at site 2 below the water—sediment interface. This interpretation is . . . .
based on geophysical survey of August 25t site 2. array depth of 42 m, but a different location and orientation

from track 17. The scattering events originating from the

calibrated targets are prominent in Fig. 14. Only sidelobe
river channels found in this area from the geophysical surveyeakage from the calibrated targets in the endfire direction
in August 2001. appears within the trapezoid.

The trace of the buried river channels from Fig. 10 is Figures 1%a)—(d) show data from four tracks with simi-
overlain on the hotspot consistency chart for track 17 in Figlar centers, but different orientation from tracks 17 and 14.
12. From Fig. 12, we observe that some of the prominentNote that Fig. 15 is displayed after Fig. 1&hese data were
scattering events appear to coincide with the location of theollected within a half-day period 4 days after tracks 17 and
newly discovered buried river channels. But the rest, espel4 were run. Several prominent clutter events occur in the
cially the clutter in the south of the trapezoid, do not coreg-trapezoidal region in Figs. 18 and (c). However, little or
ister. Possible source of scattering for these unidentified cluto clutter is observed in that region in Figs.(B6and (d).
ter events are discussed in Sec. V. This figure shows that clutter events in and out of the trap-
ezoid are highly variable functions of array orientation, time,
or both. Since none of the individual tracks were repeated,
the purely temporal variability cannot be isolated in this ex-
periment. No returns can be seen from the calibrated targets
in the later measurements because they deflated within days
and were no longer functional.

2. Statistical analysis of clutter repeatability inside
and outside of areas occupied by buried river
channels at site 2

Clutter data from all site 2 tracks over the region where
the subbottom has been profiled are analyzed statistically.
The goal of this analysis is to compare the frequency of
occurrence of repeatable clutter inside and outside of regions
occupied by buried river channels. For each track, a hotspot
consistency subimage covering a box of dimensiorka.®.5
km? containing the buried river channels is used in the analy-
sis. This region is the area within the yellow box in Fig. 12.
The area occupied by the buried river channels within this
box is approximately 5.8% of the total area of the box. An
FIG. 11. Deep-tow subbottom chirp profile from the geophysical survey of&l€a surrounding the tr_:lrgets of width XZ'Z_ kn_qz IS €ex-
August 2002%?7 at site 2 showing three buried river channels discovered included from the analysis. For each track with indexthe
the vicinity of the prominent and discrete scattering events observed at thigumber of pixelsT,(10%) with hotspots that are repeatable
site as shqwn in Flg. 7. Some of these channels at site 2 shoal close to trﬂfl at least 10% of the total number of imagss along the
water—sediment interface and are less deeply buried than those at site 1. . .
These river channels are located between 39° 1/36843° 2.9619W and  track is computed fOI? the bO?(. The number Of_these pixels
39° 2.2878N, 73° 2.9624W. C,(10%) that chart within buried river channels is next com-
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FIG. 12. Hotspot consistency chart for track 17 with white overlay showing!G. 14. Hotspot consistency chart for 47 bistatic transmissions along track
the tracé’ of buried river channels discovered at site 2. This interpretation18. Data for track 18 were collected a day before that on track 17. Prominent

of the river channel is based on data from the August 2001 geophysicatvents>20 dB above the background are registered from the two calibrated
survey®?’ within the yellow dashed box, acquired using chirp subbottom targets approximately 8.5 km to the south of the source. No high level
profiling systems. Some of the prominent scattering events appear to corrécattering event can be detected within the trape@aitow-dashed lingin
spond with the newly discovered river channels. Some of the events to thhis figure. The 80-m bathymetric contour is shown in pifikate: 30 April,
south, however, do not correlate with any known geologic feature in thistime: 15:30:00Z to 16:45:00Z, mean source depth: 55 m, mean receiver
region. This indicates that some of the prominent acoustic returns measuré¢pth: 42 m, array heading: 34p°.

at site 2 are probably caused by other objects in the water column. Large and

densely populated schools of fish were meastir€@round the 80-m water

depth contour(shown in pink ling of the STRATAFORM area and are a

possible cause of some of the prominent clutter returns at this site.

'
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FIG. 16. Hotspot consistency image for 46 bistatic transmissions along track

FIG. 13. Hotspot consistency chart for 15 bistatic transmissions along track4. Prominent scattering events with levels 10 dB above the background
23x. Data for track 23x were collected on the same day as track 17. Promio-register with the location of the calibrated targets in most of the images.
nent events>20 dB above the background are registered from the twoScattering events originating from clutter features within the trapezoid are
calibrated targets approximately 8.5 km to the south of the source. Scattenot registered as consistently along track 14. It should be noted that track 14
ing events located within the trapezdigellow-dashed lingcan be observed had a shallower receiver depth than track 17 in Fig. 7. This hotspot image
for track 23x, similar to that on tracks 17 in Fig. 7. The 80-m bathymetric shows that measurement of clutter varies with time and may also depend on
contour is shown in pinkDate: 1 May, time: 21:45:00Z to 23:10:00Z, mean receiver depth(Date: 1 May, time: 10:30:00Z to 11:52:00Z, mean source
source depth: 55 m, mean receiver depth: 43 m, array heading;) 209°. depth: 55 m, mean receiver depth: 22 m, array heading: R26°.

J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005 Ratilal et al.: Acoustic clutter reconnaissance experiment 2001 1987



FIG. 15. Hotspot consistency charts fay 60 bistatic transmissions along track 91 with array heading 26522 bistatic transmissions along track 91x

with array heading 270%c) 94 bistatic transmissions along track 92 with array heading 49°,(dn@4 bistatic transmissions along track 93 with array
heading 208.5°. Data for these tracks were collected on the same day. We observe that the scattering events within théyapezdédhed lineshow

temporal and spatial variability. The calibrated targets at site 2 had deflated during this measurement and are hence not detectable. The &fien bathyme
contour is shown in pink.(a)—(d) Date: 5 May, mean source depth: 35 m, mean receiver depth: B6 m.

puted. The ratio of these quantities defined byplies that to within the errors of the statistical analysis, there

[C(10%)/T,,(10%)] X 100%  gives the percentage is no evidence that the repeatable clutter favors buried river
P,(10%) of repeatable clutter at 10% repeatability or morechannel locations over the nonchannel locations.

within the buried river channels. The percent&g€20%) is

also calculated for clutter that is repeatable in at least 20% of ) L ) ) :

the total number of images along the track. The results arg- Fossible variation of clutter with receiver  depth

shown in Table I. The frequency of occurrence of repeatable  Figure 16 shows the hotspot consistency chart for the 46
clutter within buried river channels has a mean from 2.3% tdoistatic transmissions along track 14. Prominent and discrete
4.9% and standard deviation from 1.8% to 4.3%. This fre-events register at the locations of the calibrated targets in 41,
qguency of occurrence of clutter within the buried river chan-or 89%, of the images. Scattering events from features within
nels differs by less than a standard deviation from the arethe trapezoid, however, are prominent with levels of more

occupied by the channels in the subimage of 5.8%. This imthan 10 dB above the background in at most 7, or 15%, of
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TABLE I. Frequency of occurrence of repeatable clutter within the yellow box at site 2 shown in Fig. 12.
Buried river channels occupy 5.8% of the area of this box. Mhe11 tracks listed below are the only ones that
transmitted bistatic LFM signals at site 2. Column 2 indicates the total number of images along track

used to form the hotspot consistency chart over the box area. Columns 3 and 4 iRg{ddi%o) andP,(20%)

which are the percentages of repeatable clutter with at least 10% and 20% repeatability, respectively, that are
charted within the buried river channels for each track. The unweighted mean percentages of repeatable clutter
with at least 10% and 20% repeatability charted within buried river channels are calculated by taking the
average oP,(10%) andP,(20%) respectively over aM tracks. The unweighted mean and standard deviation

do not take into account the variation in the total number of images along each track. The weighted mean and
standard deviation account for variations in the total number of images along each track.

Track index,n Track name N, Pn(10%) (%) P,(20%) (%)

1 13 46 3.2 12.0
2 14 46 2.0 0.0
3 17 49 4.4 3.2
4 18 47 4.9 10.8
5 19 9 9.3 8.2
6 20 9 4.9 3.4
7 23x 15 8.5 10.1
8 91 60 4.2 2.6
9 91x 42 32 3.3
10 92 94 4.5 0.0
11 93 74 1.2 0.5
Unweighted mean L 4.6 4.9

S 1 2 o

M n=1 ;
Unweighted standard deviation 3.7 3.7

o= iZ (Pa—P)?

M n=1 "

Weighted mean o 1 M 2.3 4.3
= N,P
zn,annZ e
Weighted standard deviation M 1.8 4.3
o= \/ ! > Ny(P,—P)?
sMON, A "

the images along track 14. These images were acquired wheaceiver The two calibrated targets are tall cylindrical tubes
NRV Alliance was located towards the south-western end othat span close to half the water column from 32- to 62-m
the track. Clutter events measured while the NRMance  depth which allows them to be detected much more readily
was in the north-eastern part of track 14 were less prominenegardless of the sound speed profile or receiver depth.
within the trapezoid. Tracks 1&hown in Fig. 7 and 14 are Site 3
located at roughly the same range from the calibrated targe%
and the objects located within the trapezoid, but they differ At this site, patches of returns stretching over 35 km in
in their orientation by approximately 10°. Data for these tworange are imaged near the 100-m water depth contour on
tracks were collected on the same day, approximately 2 kracks 61 and 62 as seen in Figs(di7and (b) respectively.
apart. The receiver array was at a shallower depth in th€omparing Figs. 1(& and (b) enables ambiguity about the
water column of about 22 m on track 14, while it was deepeline array to be resolved. The true location of the returns is to
at 42 m depth on track 17. The bistatic source depth of 55 nthe south-west in both charts. It is noteworthy that the shelf
and location did not change. These images show that varidreak front in this region where the warmer slope water in-
tion of receiver depth may have caused substantial differtersects the seafloor also occurs along bathymetric contour
ences in our ability to image the clutter events within thewith similar water deptlisee the appendixThe significance
trapezoid. Imaging of the calibrated targets is more stablef the shelf break front to acoustic scattering is discussed
with respect to changes in receiver depth. It is also highlyfurther in Sec. V.
likely that the scatterers causing clutter may have evolved Two seafloor features are also imaged at site 3. Figures
over this time leading to the observed differences in our abil18(a) and (b) show the hotspot consistency images formed
ity to image them. from data acquired along tracks 61 and 62, respectively. For
Note that the sound speed in the water column close tthese particular images, levels 10 dB above the local average
the location of the clutter features and calibrated targets has@ver an area 22.7 knf are selected as peaks. The iceberg
maximum around 40- to 50-m depth due to a protrudingscour on the seafloor about 5 km away from the source is
filament of warm Gulf stream water as discussed in the apimaged on both tracks repeatedly. This particular iceberg
pendix. This profile is downward refracting for a sourcescour is the only one imaged in the experiment. Scattering
depth of 55 m. Better detection can be obtained of scattereffsom the wall of the Hudson Canyon more than 30 km away
located near the bottom for a deep receiver than a shallofrom the source and receiving array is also registered as seen
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FIG. 17. Single-ping bistatic wide-area images from tracks 61 and 62 at site 3. Patches of scattered returns stretching over 30-km range apdnittat line u

the 100-m water depth contour were imaged in this region. Compéaingnd (b) allows the receiver line array’s left-right ambiguity to be resolee):

Track 61, date: 2 May, ping time: 12:11:40Z, transmission: 2-s duration LFM from 390 to 440 Hz, mean source depth: 84 m, mean receiver depth: 60 m, array
heading: 358°(b) Track 62, date: 2 May, ping time: 16:08:20, transmission: 2-s duration LFM from 390 to 440 Hz, mean source depth: 84 m, mean receiver

depth: 34 m, array heading: 13B°.

in Figs. 17 and 18. Some of the patches of returns along thmapped and characterized prior to the ACR&°Additional
bathymetric contour are also visible in the hotspot consisgeophysical surveys were conducted after the ACRE to pro-

tency image in Fig. 18. vide better characterization of the channel morphof§ds.
During the first few days of the ACRE, a large number

C. Site 1 with statistical analysis of clutter of tracks were traversed by RXlliance at various ranges

repeatability in and out of buried river channels and azimuths from the buried river channels at site 1 shown

Site 1 was the focus of previous geophysical surveysn Fig. 19, to explore possible scattering and hence imaging
where extensive networks of buried river channels wereof these channels. Prominent clutter events were observed

km 30 40 50 60 70 80 90 100

FIG. 18. Hotspot consistency charts fréen 15 bistatic LFM transmissions along track 61, dah@l21 bistatic transmissions along track 62 and at site 3. The
figure displays the number of images that register a strong scatteringe¥6riB above the local average within 2.7 knt area of a given pixel location.
Comparing(a) and(b) breaks the receiver line array’s right—left ambiguity. It registers prominent scattering from the walls of the Hudson Canyon located to
the west in both figures, as well as scattering from the iceberg scour close to the location of the bistati¢(splireek 61, date: 2 May, mean source depth:

84 m, mean receiver depth: 60 m, array heading: 388°Track 62, date: 2 May, mean source depth: 83.8 m, mean receiver depth: 34 m, array axjs: 358°.
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Depth of Channels below Seafloor (m) charted to the north-west and another set of more elongated
T T[peenm events to the south-east. Only one of these is the true set of
2 N N scattered returns while the other is ambiguous. From Fig.

\' 22(b), which shows the hotspot consistency chart for the

track, the events from the south-east are consistently charted
to the same area, leading to a strong reinforcement of these
events in the hotspot chart. The events to the north-west are
distributed over a wide area in the hotspot chart with little

repeatability, showing that these events are the ambiguous
ones. The true scattered returns therefore originate from the

26

28 r 5

(km)

30

r-\/'

( south-east in the region with water depth of between 80 to

34 L 100 m. Geophysical surveys at the location of these extended
clutter returns did not find any subbottom featuf®s.

36 . . . : . . . . 15 The measured clutter on all the tracks at site 1 is also

% 2 W 82 M % 8 4 = statistically analyzed to compare the frequency of occurrence

of repeatable clutter inside and outside of buried river chan-
FIG. 19. Most recent interpretatighof the depth of the buried river chan- nels. The analysis is similar to that done at site 2 and dis-
nels at site 1 below the water—sediment interface. This interpretation i : : e
based on geophysical surveys at site 1. %us_sed in Sec. _IV A_2. The area used in the ana_IyS|s_ is the full
region shown in Fig. 19 of 17:213.3 knf, which is the
same as that in Figs. 2d—(f). The area occupied by the

uried river channels within this box is approximately 9% of

throughout the region. Some of the clutter events interse% total t the box. Th it h in Table Il
with the buried river channels. However, the registration of. € total area ot the box. 1he resufts are snown in fabie .

0 0 o
the clutter with the channels could not be maintained fromThe means of between 13% to 15% and s_tandard dgv!atlons
one track to the next of between 7% to 14% show that there is no statistically

Towards the end of the ACRE. a more controlled datasigniﬁcant difference between the frequency of occurrence of

collection procedure was adopted where higher temporal anr&peatable clutter charted within areas occupied by b.u”ed
spatial sampling were employed to study clutter repeatabilityr'ver channelg a_nd _that_ ch_art_ed outside of areas occupied by
Bistatic sonar data were collected along six tracks numbereﬁhannels' This finding is similar to that at site 2.
tracks 81 to 86, located within 5-km range of the buried river
channels. These tracks had the same track center but wit
orientations that differed by 15° from one track to the next. At all the three sites investigated in the New Jersey
Rapid transmissions were made of the same LFM wavefornstrataform area, a large number of clutter events were im-
for all these tracks. This allowed a large number of acousti@ged throughout the experiment. Many often persisted along
images to be captured over small variations in receiver azia track. These events were imaged in near-real-time over
muths of approximately 19This angular variation is within wide areas extending roughly 40 km in range from the bi-
a scatter function lobe for objects smaller than 200 m. static sonar. Most of the clutter events were measured in
Figures 20a)—(f) show the hotspot consistency imagesareas where the bathymetry is locally level with slopes
from tracks 81—-86, respectively. Figures@%(f) provide a  <0.5°. At site 2, these scattering events are sometimes as
zoomed version of Figs. 28—(f) in the vicinity of the chan-  prominent and consistent as those from the calibrated targets
nels where the subbottom data have been collected and andeployed at a similar range from the bistatic sonar. Without
lyzed. In these figures, the traces of the most recenprior knowledge, it would be impossible to distinguish the
interpretatioR® of the river channel morphology at site 1, targets from these features.
shown in Fig. 19, are overlain as white lines. Some promi-  Some of the high-level clutter events intersected buried
nent hotspots occur within the buried river channels, as imiver channels at sites 1 and 2. In general, the registration of
Figs. 21e) and (f), while many other prominent hotspots clutter events with the buried river channels at a given loca-
occur outside of the channels, as in Fig(@Q1 tion could not be maintained over variations in track orien-
From Figs. 20a)—(f), we do observe many more ex- tation. Since none of the tracks were repeated, it is unknown
tended hotspots to the east and south-east in these imagesether or not the registration of the clutter for a given track
These hotspots are consistently observable in several trackgth the channels is repeatable over time.
and seem to occur along a bathymetric contour that is deeper We consider two plausible causes for the variability in
but parallel to the 100-m water depth contour. These imagemseasured clutter with changes in track orientation. If the
should be compared with Fig. 17 where the returns line-upneasured clutter is caused by scattering from geologic fea-
close to the 100-m water depth contour. tures of the subbottom such as buried river channels, its vari-
Several other prominent and discrete scattering eventability shows that the scattering process is highly dependent
close to the 100-m water depth region were also imaged ain the bistatic location and orientation of the source and
site 1 as shown in Figs. 28 and (b). These images also receiver array relative to the geologic features. An analogy
show how a hotspot consistency chart can be used to resohean be drawn with the “glints” observed on a spoon. Due to
ambiguity. In the single ping image of Fig. @2 from track  the curved surface of the spoon, the glints on a spoon mi-
73, a set of prominent and discrete scattering events argrate when the bistatic orientation of the observer or light

SUMMARY AND DISCUSSION
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FIG. 20. Hotspot consistency chart f@ 89 bistatic transmissions along track 81 with array heading 35078 bistatic transmissions along track 82 with

array heading 154c) 94 bistatic transmissions along track 83 with array heading 387 %3 bistatic transmissions along track 84 with array heading 122°,

(e) 87 bistatic transmissions along track 85 with array heading 293°(farit® bistatic transmissions along track 86 with array heading 97°. The 100-m
bathymetric contour is shown in pink. The most prominent and repeatable clutter, consistently observable in several of the tracks, occurahisatétteth

deeper than 100 m. The region where the buried river channels are shown is the only region where subbottom data have been collected and analyzed. There
may be subbottom features in other regions shown in this figure, but the subbottom geologic data have either not been collected or nfieanaly Dede:

4 May, mean source depth: 41 m, mean receiver depth: 35 m.
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FIG. 21. (a)—(f) are similar to Fig. 20 but are zoomed in around the channels at site 1. The clutter registration with the channels changes with the orientation
of the tracks which were done at different times of the day.

source changées. The projected area of the imaged featurealong the path from target to the bistatic source and
within the cross-range resolution of the measurement systemeceive?~1° Another possibility is that the clutter arises from
changes with the bistatic orientation of the system relative tmbjects moving around in the water column. This could ac-
the feature. Bistatic aspects that lead to large projected areasunt for the highly spatial and temporal variability observed
would produce the strongest returns. In deep water, this is thia the measured clutter. Regardless of the origin of the clut-
case with deterministic reverberation from scarps on theer, returns in a waveguide also fluctuate as a result of propa-
Mid-Atlantic Ridge. The scattering strength of the scarp wagyation effects due to interference between the modes. The
found to be proportional to the projected area of the scargtrength and consistency of the clutter measured at site 2 was
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FIG. 22. (a) Single-ping bistatic wide-area image from track 73 at sitébl Hotspot consistency chart for 12 bistatic transmissions along track 73 at site 1.

In (a), a set of prominent and discrete scattering events has been charted to the north-west and another set of more elongated events have been charted t
south-east. Only one of these is the true scattered return from the features while the other is ambiguous. C@naadfiy shows that the events to the
south-west are the true returns. These returns do not coincide with any known geologic features, but are contained within the 80- to 100-m batiyunetric

(pink lineg of the STRATAFORM area at site 1Date: 3 May,(a) ping time: 16:28:35Z, transmissip@ s duration LFM from 390 to 440 Hz(a) and (b)

Mean source depth: 41 m, mean receiver depth: 38 m, array heading] 220°.

also found to vary with receiver depth and could be due tdion background?33This has been observed experimentally
effects of the sound speed profile in the water column. where such fish schools were found to be distributed in fan-
It should be noted that statistical analysis of the meashaped patterrs.
sured clutter at sites 1 and 2 in regions where the buried river  Another possible origin for the unidentified clutter is
channels have been mapped show that there is no significant
difference between the rate of repeatable clutter per unit area
. . . . Geoclutter test area
charted within areas occupied by buried river channels anc e
that charted outside of areas occupied by channels. Geoclutter Sound Speed Measurements « XBTS/CTDs
Seafloor features, such as the one iceberg scour and th : '
large wall of the Hudson Canyon, are the only geologic fea-
tures consistently imaged in the acoustic experiment. The
one iceberg scour was detected at approximately 5-km rang
while the Canyon wall was imaged at about 30 km from the
bistatic sonar at site 3. The returns from the Canyon wall are
strong, but extended and not target-like in appearance.
Many of the prominent clutter events at all three sites
occurred in the region along bathymetric contour between
80- and 120-m water depth. This is roughly the region where
the warmer slope water mixes with the cooler shelf water in
the New Jersey Strataform area as discussed in Appendix A
One possibility for the source of unidentified clutter

40.0

Latitude

measured at sites 1-3 is scattering from 51 Fish are G“strmmamm
known to exist in tight schools about 5 m off the bottom in ‘ ; —
the STRATAFORM area with 80- to 120-m water depti® 73 28 723 18

This is where the the shelf break front exists which contains Longitude
nutrients and is a source of food that attracts the fish schools Terpeiure DagreestE

This pOSSIbIlIty of fish schools CaUS'”Q clutter in Iong ranger s 23. satellite image of the sea surface temperature off the New Jersey
sonar has been shown to be theoretically plaudibféand  coast on 30 April 2001. The oceanography in the region is governed by the
has also been observed experimentgly\/hen fish congre- interation between the cooler shelf water blue), the warmer slope water

her form lar n nsel I hool in yellow), and much warmer water from the gulf stregim brown). Also
gate together to fo arge a d dense Yy popu ated schoo g/fsible is a warm core edd{in green. Oceanographic data were collected

they can scatter e'th_er _C_Oherently or 'nCOhe_rentlyv leading Qsing XBTs, CTDs, and an instrumented tow catli€) that allows almost
returns that stand significantly above the diffuse reverberaeontinous measurement of temperature along a tow cable.

5 10 15 20
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TABLE Il. Same as Table | but calculated for the tracks and the box with the full area in Fig. 19 at site 1.
Buried river channels occupy 9.0% of the area of this box. There are a toMl|=021 tracks at site 1 that
transmitted bistatic LFM signals.

Track Index,n Track name N, Pn(10%) (%) P,(20%) (%)
1 1c 9 15.9 17.6
2 1x 14 22.9 31.7
3 2 11 114 9.5
4 3 16 9.4 7.4
5 4 15 3.3 3.3
6 5 15 26.5 41.6
7 7 15 13.4 9.0
8 8 14 155 15.3
9 11 12 8.9 7.2
10 12 13 12.4 155
11 71 11 8.8 5.1
12 72 15 5.3 3.1
13 73 12 6.0 4.8
14 74 12 7.4 6.5
15 75 18 12.9 9.9
16 81 89 8.5 3.1
17 82 78 7.2 0.0
18 83 94 7.5 7.0
19 84 73 7.7 0.0
20 85 87 23.6 45.5
21 86 79 30.3 43.1
Unweighted mean 1 M 12.6 13.6
i M n=1 Pn
Unweighted standard deviation 7.3 14.0
1 —
o=\/= >, (Py—P)?
M n=1
Weighted mean o 1 M 135 15.4
sMON, nzl NoP
Weighted standard deviation M 8.5 10.3
o' = \/;Z Ny(Po—P')2
SMONgAs "

scattering from gas entrapmenr(gocket$ within the sedi- track. The hotspot consistency chart displays the location and
ment that have significant acoustic impedance contrast witpersistence of strong echo returns for transmissions along a
the neighboring sedimentatih.There is, however, much track. In many instances, the hotspot charts provide signifi-
debate over whether these pockets of gases can exist in tieantly improved imaging of the clutter features. They are
East Coast STRATAFORM area. None of the geophysicahlso useful for resolving the left—right ambiguity inherent in
surveys found any evidence of gas pockets in this regionhorizontal line array data when the bistatic range to the target
Gas pockets are therefore less likely to be the source of this not much larger than the source—receiver separation. The
measured clutter in comparison to fish schools that have bedrotspot charts also reduce charting errors due to waveguide
proven to exist in abundance in this region. dispersion since they combine information from a large num-
The temporal and spatial variability of the clutter events,ber of transmissions.
along with resonance characteristic of the clutter, provide  The results of this experiment show that a low-
important clues regarding the identity of the scatterers andfrequency active sonar system can be used to remotely image
the physical mechanisms associated with the scattering préhe underwater environment over wide areas, at ranges span-
cess. Scattering from geologic features is expected to be reing tens of kilometers, in continental shelf waters in near-
peatable at a given location as a function of time. Cluttereal-time.
from fish schools, on the other hand, is expected to evolve
and change with bqth space apd time as 'the fish Congregaﬁ%KNOWLEDGMENTS
and disperse. Detailed theoretical analysis of the scattering
from fish schools, buried river channels, the R-reflector, and  The authors would like to thank Jefferey Simmen and
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In order to condense the information contained in datavould also like to thank NATO’s SACLANT Center for sup-
from large numbers of transmissions along a track-line of theort of the experiment. We thank the scientists and crew of
receiver ship, a “hotspot” consistency chart was derivedNRV Alliance and RV Endeavorfor their effort in making
from the images of individual transmissions along eachthe Acoustic Clutter Reconnaissance Experiment 2001 a suc-

J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005 Ratilal et al.: Acoustic clutter reconnaissance experiment 2001 1995



Site 1 Sound Speed Profiles Site 2 Sound Speed Profiles
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FIG. 24. Measured sound speed profiles of the water column at site 1. ) .
P P FIG. 25. Measured sound speed profiles of the water column at site 2.
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Shelf Water
APPENDIX: STRATAFORM OCEANOGRAPHY

The East Coast STRATAFORM area has been fairly
well characterized in general physical oceanographs’ 50
The dominant water masses consist of seasonally depende!
shelf water, the surface mixed layer, and continental slope
water(Fig. 23. The boundary between shelf and slope water ‘g
is known as the shelf break front, and consists of a strongs
salinity gradient with seasonally dependent temperature gra &
dients. Its shape and location are variable at different times
of the year. Its surface expression is usually near the 200- tc
1000-m bathymetric contour, while its intersection with the 149
bottom frequently manifests up onto the outer continental
slope, as shallow as the 70-m contour. Thus the shelf breal
front and slope waters influence the lowermost part of the
water column in the test area. The upper part during the
experiment was dominated by surface warming, the mixed
layer, and a thermocline down to the mid-water-column shelf
water*!

The oceanographic measurements during the experimer

Slope Water

150 1 | | [l | [l
consisted of XBTs from both the REndeavorand NRV 1470 1475 1480 SoulrﬁSSpeelcfg((r)n/s) 1495 1500 1505
Alliance, 27 Seabird CTD casts from the R¥hdeavoy and
five deployments of the Instrumented Tow Caffle, nearly FIG. 26. Measured sound speed profiles of the water column at site 3.
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continuous measurement device for temperature along a toaxis. This caused less bottom interaction at site 3. Finally, in
cable. In general, the measurements showed a sound speszl/eral profiles we observe the influence of fingers or fila-
profile with a moderately thin surface mixed lay@0 m or  ments of warmer waters in the mid-water column.
les9, a thermocline of moderate gradient, to a temperature The oceanographic measurements at the East Coast
and sound speed minimum near 30- to 50-m déddpend- STRATAFORM show the interaction between the various
ing on the locationcontaining the “cold pool” of shelf wa- water masses that influence the outer shelf water properties.
ter, below which was an increase in salinity and temperaturdhis highlights the need for making high resolution tempera-
associated with the shelf break front zone of mixing. Theture measurements, especially for understanding their effects
conditions have a tendency to channel the sound energyn acoustic propagation in this region.
away from both the surface and bottom of the water column
in the deeper portions of the area, and to allow better soundN. c. Makris, Editor “Geological Clutter Acoustics Experiment,” Office
interaction with the bottom in areas shallower than 80 m. of Naval Research Initial Report, Geoclutter Program, 27 April-5 May

- : ; 2001.

Beyond this general physmal oceanographlc frameworkzN' C. Makris and P. Ratilal, “A unified model for reverberation and sub-
were two processes having a more Yanable effect on the merged object scattering in a stratified ocean waveguide,” J. Acoust. Soc.
sound speed structure. One was the existence of an unusuallym. 109, 909-941(2001).
warm alr mass over the area CaUSIng near_surface Warmln% Rat”al, N. C. Makris, and Y. Lal, “Valldlty of the sonar equation and
continuously and gradually during the experiments, with a A;b'rfl’tzs1p7"9n7°lpllgfgzggte”ng in a stratified medium,” J. Acoust. Soc.
more pronounced effect in late afternoon. The second wasr, ingenito, “Scattering from an object in a stratified medium,” J. Acoust.
the presence of a maj¢s0 km diameterslope eddy with an ~_Soc. Am.82 2051-20591987). . o
anticyclonal motion sitting just east of the shelf break front g'e;é";'sgi'; t(’jSscg‘igﬁ]'gaf?grfzimfe%; Zglﬁ;tez‘f?;te/;'cngu'srt‘ ';‘ggreAdm
directly offshore .of the STRATAFORM test 'aréﬁlg. 23’) 104, 2105-21131998.
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on cross-frontal water mass movements and enhancements gherged object insonified by surface noise in an ocean waveguide,” J.
; i A3—45T : Acoust. Soc. Am96, 1703—-17241994).

F:hlorophyll in the _shelf 'reg|oﬁ. This feature had a fairly 7E.B. Jensen. W, A. Kuperman, M. B. Porter, and H. Schn@mputa-

important and variable influence on the waters over the shelf tjonal 0cean AcousticéAmerican Institute of Physics, New York, 1994

up to the 85-m bathymetric contour during the experiments.®N. C. Makris, L. Z. Avelino, and R. Menis, “Deterministic reveberation

Figures 24—26 show representative sound speed profilegifom ocean ridges,”J. Acoust. Soc. A7, 3547-35741995.

d at sites 1—3. respectively. At site 1. Fig. 24 ShOWSN' C. Makris and C. S. Chia, “The bi-azimuthal scattering distribution of
measure » Tesp Y- » P19 an abyssal hill,” J. Acoust. Soc. AnL06, 249125121999,
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; Am. 108 2053-20702000.
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