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Acoustic bottom backscattering measurements and the corresponding geo-
acoustic properties of the ocean bottom are presented for an experiment

- . conducted in the shallow water of the North Atlantic. The bottom scattering
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strength data, which were obtained with a high resolution (narrow beamwidth)
parametric sonar were measured as a function of frequency (5 to 20 kHz),
grazing angle f(46 to 110), azimuthal angle (±550), and pulse length (0.4 to
10 ms). The supporting environmental measurements included box cores for
determining the acoustic properties of the sediment and stereo photography for
calculating the two-dimensional roughness spectrum of the sea floor. Analyses
indicate that the measured reverberation was significantly influenced by the

macrobenthos of the area. In particular, nonhomogeneous concentrations of
highly reflective sand dollars resulted in bottom scattering strengths that
exhibited both range and pulse width dependencies. No strong frequency or
grazing angle dependence was observed. In addition, refractive conditions in
the water column were found to markedly alter the time dispersive character-
istics of bottom reverberation.
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HIGH RESOLUTION BOTTOM BACKSCATTER MEASUREMENTS

INTRODUCTION

A high frequency acoustic boundary reverberation experiment has been
conducted in the shallow waters of the North Atlantic. The experiment was
jointly performed among several naval centers and academic institutions in-
cluding NORDA, FWG (Kiel, Germany), the University of Rhode Island, the City
College of New York (CCNY), and NUSC.

In a shallow water environment, propagation under refractive or nonre-
fractive conditions generally involves reflection and scattering from the
ocean boundaries. In most instances, the interaction with the boundaries
occurs at low grazing angles and it is precisely at these angles where there
is a scarcity of acoustic data for understanding the properties of acoustic
reverberation. Low grazing angle scattering of high frequency acoustic sig-
nals is also a problem area theoretically because of shadowing, multiple
scattering, and roughness dimensions on the order of an acoustic wavelength
or greater.

Thus, the objectives of the experiment were to measure the low grazing
angle backscatter at several frequencies that ranged from 5 to 80 kHz. In
support of the acoustic measurements, it was also important to measure the .-

oceanographic conditions of the ocean medium and the statistics of the
boundaries to give theoreticians the environmental information to model the
acoustic data. In this document, we will describe the bottom backscattering
measurements; a companion paper [1] describes the sea surface reverberation
measurements.

7..
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Figure 1. Location of Experiment
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The experimental site (figure 1) was located approximately 25 km east of

Montauk point, New York, at the southeastern terminus of a drowned barrier

spit. The water depth was 35 m and analysis of the sediment types showed

both fine and coarse sands were present. The inhomogeneous bottom at the

site was further complicated by an abundance of macrobenthic life forms.

3
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Figure 2. Procedures and Measurements for Bottom Backscattering Experiment
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EXPERIMENTAL PROCEDURES AND MEASUREMENTS

A high resolution parametric array (figure 2) was used as an acoustic
projector because its broad bandwidth capabilities, narrow beamwidth, and
very low sidelobe levels are important in eliminating multipath propagation
effects and obtaining low grazing angle data.

The parametric array had a nominal beamwidth of 3° and was mounted on
top of a 7 m high platform. The projector could be rotated in both angles of
azimuth and elevation. The signal generation and receiving system were hard-
wired to the research ship by a multiconductor coaxial single armored cable.
The research ship was positioned in a four-point mooring and hydrophones
were suspended from the ship to receive the refracted and bottom-reflected
signals. For in-situ ray arrival determination and subsequent propagation
loss predictions, conductivity, temperature, and depth (CTD) measurements
were performed periodically during the acoustic experimentation. Velocimeter
casts' supplemented the CTD data. Three vector current meters measured the
flow near the ocean bottom, at the source depth, and near the ocean surface.
The sediment and faunal samples were obtained from box cores, and the sedi-
ment geoacoustic properties were obtained from scuba diver collected sedi-
ment cores. Subsequent analysis of these samples was performed by Michael
Richardson of NORDA and John Tietjen of CCNY [2]. Divers also collected
overlapping stereo pairs to determine the topography of the bottom inter-
face. During a typical measurement sequence, the parametric array would be
projected at the ocean bottom and the bottom backscatter would be obtained
from an insonified area determined by either the transmitted pulse length or
the beamwidth of the projector.
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Figure 3. Bottom Reverberation vs. Range for Two Azimuth Angles
(Frequency: 20 kHz, Pulse Width: 0.4 ins, Ensemble: 100 Pulses)
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AZIMUTHAL DEPENDENCE OF BOTTOM REVERBERATION

A high resolution 0.4 ms pulse was used to probe the bottom at different
grazing and azimuth angles. In figure 3, bottom reverberation at 20 kHz is
compared for two azimuth angles (relative to the parametric source), which
differed by 8. The discrete scattering "highlights," which were obtained
from an ensemble average of 100 pulses, have a range resolution of 0.3 m and k

a corresponding insonified bottom area of approximately 1 m2 . The maximum
response axis (MRA) of the source was in the vicinity of 110 to 120 m for
both azimuth angles. The 20 difference in bottom grazing angles was primar-
ily the result of changes in sound speed refractive conditions between the
time measurements were obtained.

The two amplitude scales are equivalent and, in conjunction with the 0

dB reference lines, enable a relative comparison of both the strength and

the distribution of individual scattering highlights for the two azimuth
angles as a function of range. In general, scattering along the 680 bearing
was considerably denser and stronger than at 600. Relative differences of 5
to 10 dB between the two azimuths are observed at similar -,inges from the
source. In fact, differences of 5 dB within small range inte, als along the
same bearing are not uncommon. This comparison typified the range-dependent
characteristic of the bottom reverberation measured at the site and provided
useful information into the nature of the scattering encountered during the
experiment.

7
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TIME DEPENDENCE OF BOTTOM REVERBERATION

Additional insight into the bottom scattering mechanisms was provided by
an aspect of the data analysis that was, at least initially, quite unexpect-
ed -- a time variability of the discrete scattering amplitudes (figure 4).
The top figure in this comparison represents bottom reverberation obtained
at 20 kHz from an ensemble average of the first 10 pulses of the measure-
ment. This ensemble corresponded to an elapsed time interval of 15 seconds.
In order to simplify the analysis, three individual scattering highlights
(denoted A, B, and C) have been selected as a function of range. The middle
figure represents a 100-pulse average corresponding to a 2.5 minute inter-
val. The three scattering amplitudes are in excellent agreement with those
of the top figure. The major difference between the top two figures is the
expected decrease in the noise background as a result of the greater ensem-
ble size. This observation contrasts sharply with the 10-pulse average pre-
sented in the bottom figure, which was obtained 5 minutes after the start of
the measurements. Relative to the equivalent 0 dB' reference lines, it is
noted that, although scattering amplitude A remained constant for all three
ensemble intervals, amplitude B increased 4 dB and amplitude C decreased 7
dB.

In general, the maximum duration of individual bottom-related measure-
ments was 6 minutes. A detailed analysis of the various data sets as a func-
tion of the grazing angle, azimuth, and pulse width has revealed that many '
(if not most) of the predominant scattering highlights had significant time
varying amplitudes as described here. Naturally, this effect immediately
suggests a biological influence -- a topic which will be explored later in
this paper.

9
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Figure 5. Bottom Scattering Strength (20 kHz) vs. Grazing Angle as a
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BOTTOM SCATTERING STRENGTH VERSUS GRAZING ANGLE P

In figure 5, bottom scattering strengths at 20 kHz, which were computed
as a function of two pulse widths and various azimuth angles, are plotted
versus bottom grazing angle. The vertical bars denote the range of maximum-
to-minimum scattering strength values for scattering highlights located
within ±0.50 of the indicated grazing angle. In effect, these bars repre- h
sent a measure of the range-dependent (or nonhomogeneous) bottom roughness
conditions as shown in the previous two figures. Relative to the mid-range
values denoted by the symbols, the scattering strength variations are the
order of t2 to t5 dB.

Two important scattering strength characteristics may be inferred from
the data: first, a pulse width dependence is apparent, and secondly, a lack
of strong grazing angle dependence is indicated. This is not typical for
reverberation from homogeneous boundaries as scattering strength relative to
a unit area of insonification is generally independent of pulse width. How-
ever, the bottom encountered in this experiment was nonhomogeneous and
patchy. Thus, increasing the pulse width caused the longer pulses to spa-
tially average the discrete scatterers and perhaps encompass bottom areas
larger than the patch size, thereby resulting in lower scattering strengths.
A weak angular dependence is generally indicative of large (or comparable)
roughness relative to the acoustic wavelength.

As noted earlier, direct measurements of bottom scattering strengths at
low grazing angles are scarce. However, Wong and Chesterman [3] reported
bottom scattering strengths that were inferred from an analysis of the time
decay of bottom reverberation measurements at 48 kHz for pulse widths from
0.4 to 2.8 ms. For sandy sediments, they derived scattering strengths for
grazing angles between 20 and 40 of approximately -30 dB with standard devi-
ations varying from t2 to ±8 dB. With respect to the limitations inher- L
ent in the analysis of reverberation decay rates, the general agreement with
scattering strength values presented here is considered excellent.

........................- . ..... ..--
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Figure 6. Bottom Reverberation vs. Range at Four Frequency
(Pulse Width: 10 ins, Ensemble: 200 pulses)
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FREQUENCY VARIATIONS

A frequency comparison of reverberation levels versus range (figure 6)
provides a qualitative appreciation of the complexities related to scatter-
ing effects from rough boundaries. These data are from narrow angular
regions (±30) about the source's MRA at 110 grazing. At all frequencies,
the noise levels are 10 to 15 dB below the reverberation levels shown here.

The levels for these 10 ms pulses contrast with the previous examples
for 0.4 ms pulses. The increased spatial averaging results in a smoother
representation of the discrete scattering highlights. With the exception of
5 kHz, a large scattering concentration occurs at a range of 42 m. The domi-
nant scattering level for 5 kHz appears at 49 m, and it is suspected that
this frequency may be influenced by sub-bottom scattering effects.

I.:
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Figure 7. Bottom Scattering Strength vs. Frequency
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Interestingly, the bottom scattering strengths at 110 grazing (figure
7), which correspond to the reverberation levels of the previous figure,
exhibit a lack of frequency dependence. As before, the vertical bars repre-
sent the range in values within ±0.50 of the grazing angle associated with
the MRA of the parametric source. The relatively small variation of ±2 dB
is attributed to two factors. The spatial separation between the angular
limits of 10.50 and 11.50 is minimal (-4 m). Also, the 10 ms pulse results
in a 50% overlap of the insonified area for this separation. The combination
of these two factors reduces the range dependent variability that is gener-
ally greater for lower grazing angles.

A weak frequency dependence is also an indication of large roughnessconditions.

I5

r2

.-

15

-"-p -
. . . . . . . . . . .. . . . . . . . . . . . . . . . . ' °.*".-' :

. . .. .. .. .. .. .. .. .. .. .. .. .. . .. .. .. ... . . . .

-. S- - ,~...L. * . - -- - . -p , p ~ Pi .s :-:':-::



TD 7181

SOUND SPEED (mis) RANGE (in)
1465 1475 1485 1495 0 100 200 300 400 500

10 -SOURCE ANGLES
40 UP O s 2.5* DN

x 20

30

40 C______________T__I__CU MEASURED REVERBERATION

~l3
100 200 3004050

RANGE (i)
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COHERENT AND INCOHERENT BOTTOM REVERBERATION

The property of time dispersion in boundary reverberation following a
particular law, such as decaying at a range of t - 3 , will be affected not
only by the vertical beam pattern of the transmitter/receiver combination,
but also by the refractive conditions within the ocean medium. This can have
important implications in determining the characteristics of the reverberat-
ed signal. For example, the ray plot shown in figure 8 was predicted from
the measured sound velocity profile shown on the left side. The tracings
were computed for rays leaving the projector between the angles of up 40 and
down 2.50. It can be seen that, under these downward refractive conditions,
the rays that leave the source at a slight upward angle are focused and a
caustic is formed on the bottom at a range of approximately 460 m. In the
bottom portion of the figure, the measured reverberation is shown as a func-
tion of range. First, the bottom backscatter in the range interval 170 to
270 m is the energy received from the bottom along the maximum response axis
of the source/receiver. However, the signal return at an approximate range
of 460 m shows negligible time dispersion and has the characteristics of a
coherent return from a point target. Thus, a highly refractive medium can
focus the incident energy into a boundary with high intensity over a narrow
range extent and produce a high level reverberation with small time disper-
sion. Similar results to those shown here were obtained at other azimuthal
angles.

17
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BOTTOM CONTOUR AND CORRESPONDING ROUGHNESS SPECTRUM

Scuba divers swam along a section of the ocean floor and took overlap-
ping stereo photographs of the bottom topography. The stereo pairs were
processed at an aerial cartographic laboratory to produce contours of the
bottom roughness. A sample of the contour mapping is shown in figure 9. The
standard deviation of the bottom roughness was computed along 1 m length
parallel tracks and a typical value of 0.2 cm was obtained. This low value
of bottom roughness may be explained by the presence of macrobenthic life
forms that are known to smooth the ocean bottom.

The dominant life form collected during the experiment was a species of
sand dollar known as Echinarachnius Parma [4]. Their presence, shown here by
the dashed circular lines, was recorded at 75% of the sampled stations with
estimated densities varying from 40 to 600 individuals per square meter. The
average diameter of all species at the site was 4.5 cm. General scientific
measurements suggest that sand dollar densities are inversely proportional
to their size. The composition of E. Parma is 92% calcium carbonate [5],
which has a specific density of 2.93 grams/cm3 . This would make the sand
dollar an excellent reflector of acoustic energy - relatively superior to
the good reflective properties of the surrounding sandy sediments that had
specific densities [4] from 2.05 to 2.37 grams/cm3 . All of the evidence to
date points to E. Parma as a prime candidate for describing the bottom scat-
tering measurements of the experiment.

19
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The bottom contour plots were digitized in 0.5 cm intervals and Fourier p
transformed to estimate the bottom micro-roughness spectra. Shown in figure
10 is an ensemble averaged roughness spectrum obtained from an average of 11

*- parallel tracks. The tracks were approximately 0.7 m in length. The peak
spectral energy occurs at a spatial wavenumber of 0.175 cycles/cm, which
corresponds to a period of 5.7 cm. This dimension is approximately the size
of the sand dollars. The multipeaks in the spectrum are believed to be
related to the percentage of sand dollars that do not have their diameters
aligned along the tracks. The spectra are still undergoing analysis, where
we are increasing the length of the tracks, computing multidimensional
roughness spectra, and spatial correlation functions.

21
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SAND DOLLAR DISTRIBUTION

Geological surveys [6] conducted by the National Oceanic and Atmospheric
Administration reveal that E. Parma is an amazingly prolific inhabitant of
the continental shelf of the western North Atlantic (figure 11). Its known
range extends from Cape Hatteras to Labrador and Greenland; and in some
locations, it has been found in water depths of 2500 m. It is also found in .
the North Pacific. In the more extensive surveys [7], bottom contour inter-
vals of sand dollar densities are measured in terms of hundreds of square -
miles. Other species of sand dollars inhabit the shelf areas of most of the
world's ocean.

The maximum height of the sand dollar is approximately one-fourth of its
diameter. However, it is a known practice of the sand dollar to bury the
lower third of its body leaving the remainder of its shell protruding at
sharp angles from the ocean bottom. This could be a contributing mechanism
that accounts for relatively high scattering levels at low grazing angles.

23-
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* SUMMARY
- BOTTOM SCATTERING PROCESSES SIGNIFICANTLY INFLUENCED BY

MACROBENTHOS OF SITE (CANDIDATE-SAND DOLLAR)

* REFRACTION IN THE MEDIUM CAN SIGNIFICANTLY ALTER THE
REVERBERATION CHARACTERISTICS

o LACK OF STRONG FREQUENCY (5 kHz !5f < 20 kHz) OR GRAZING
ANGLE (40 5 -& 5 110) DEPENDENCE

* RANGE AND PULSE WIDTH DEPENDENCE DUE TO NON-HOMOGENEOUS
CONCENTRATION OF SCATTERERS

* EXPERIMENT CONFIRMS THE IMPORTANCE OF MULTIPLE ACOUSTIC
MEASUREMENTS SUPPORTED BY EXTENSIVE ENVIRONMENTAL
MEASUREMENTS

Figure 12. Bottom Reverberation Summary Highlights
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SUMMARY AND CONCLUSIONS

The acoustic, oceanographic, and geoacoustic data sets collected during
this experiment are important to understanding the properties of acoustic
bottom backscatter in a shallow water environment under either refractive or
isovelocity conditions. The observations of weak dependence of scattering
strength on acoustic frequency and grazing angle coupled with the low topo-
graphic bottom roughness but high concentration of sand dollars leads us to
the following conclusion (see also figure 12):

The scattering is caused predominantly by a random distri- *.

,

bution of highly reflective scatterers, biologic in origin
and distributed on the surficial ocean bottom and into the
sand sediment to a depth of several centimeters. The recent
theoretical work of Victor Twersky [8], which treats the
coherent and incoherent scatter from random distributions
of protuberances, including hemi-ellipsoids with defined
packing density, should be applicable to predicting the
acoustic backscatter at these low grazing angles.

25
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