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Abstract. Seafloor ripple reverberation is associated witheak in the scattering frequency
spectrum at a frequency arouot(2/, cosg) , wherec is the sound speed in watef, is the
ripple wavelength, andg is the incident grazing angle. In the vicinitytbfs peak, perturbation
theory predicts the reverberation level to be kigbugh to be a concern for detection of targets
buried under ripple. In order to validate suchdmtons, an experiment was conducted in the
Naval Surface Warfare Center Panama City (NSWCHPAE]lity 383, which is a 13.7-m deep,
110-m long, 80-m wide test pool that has 1.5 m aridscovering the bottom. Backscatter
reverberation levels from two bottom configuratiomere measured using a parametric source
that was operated in the 1 to 10 kHz frequencye@an@ne bottom configuration corresponded
to a non-rippled, near-flat bottom. The second wappled bottom with a Gaussian spectrum
centered on a wavelength of 20 cm. The rippletbboivas artificially formed with the aid of a
sand scraper. Results showed the reverberatietslesere significantly higher in the 3 to 5 kHz
frequency range for the rippled bottom than for then-rippled bottom. The maximum
reverberation level for the rippled bottom occurratd 4 kHz, which is consistent with
perturbation theory predictions.

INTRODUCTION

There is an interest in using sonar systems that operate Midherequency (MF)
regime, taken here to be 1 to 10 kHz, for seafloor reconnaissalfitteral areas. In
this frequency range, longer detection ranges are possible whgraed to sonar
systems that operate at higher frequencies. In additidheiMF regime, penetration
into a sandy bottom is possible and may permit the detection ofdkiarigets. A
critical component impacting sonar performance against bottogetsais bottom
reverberation. In this frequency range, bottom reverberatidrcovikist of scattering
from the interface, within the sediment volume, and any lay@&hinnthe sediment
volume. The dominant mechanism is dependent upon sonar frequeaEgggngle,
and the water-sediment interface roughness. If ripples asergrescattering from the
interface may be a significant source of reverberation. ffHggiency of the dominant
scattering peak associated with rippled interface roughnediyréalows from first-
order perturbation theory to be

f=cl/(2/, cosg). 1)



Here c is the sound speed in watet, is the ripple wavelength, ang is the
incident grazing angle. Thus, for a°2f¥azing angle and ripple wavelengths of 20 cm
and 100 cm, the scattering peak will be near 4 kHz and 0.8 kHecteely. This
may impact MF sonar’'s capability against bottom targetstiveinghese targets are
proud, partially buried, or completely buried.

This point is clearly illustrated in Fig. 1, which shows model @texhs of
backscatter from a buried target insonified at a subcriticdigg angle.[1] In this
model the roughness on the interface over the buried targgtresseated as ripple
with a shifted Gaussian spectral distribution in a given directombined with an
isotropic small-scale roughness with a power law spectralildison. The model
uses perturbation theory to calculate penetration and reverberatienfigure shows
predictions associated with a ripple orientation dfdtoustic propagation direction
perpendicular to the ripple crest) and with mean ripple waveleogt®s, 50, and 75
cm. In each case the projected beam is incident on bottomessdama 1D grazing
angle, the reverberating area is assumed to be 40 cm long &y #de, and the
target has a target strength of about -11 dB. The ripple hasrar@ot-mean-square
(RMS) height, and the top of the target is buried under 6.4 crmdf sehe solid lines
designate the backscatter from the target, while the dakesl correspond to
reverberation levels. The salient point to note is that, ih gdathe MF region, the
model predicts a negative signal-to-noise ratio due to higtrlresadion levels from
these ripples. In addition, the frequency in which these higérlvexation levels
appear are dependent upon ripple spacing as described above. Jone, @perating
at a higher frequency than an MF system may detect burigdtsawhile an MF
system might not detect the same target.

The scientific community lacks specific information on MF bottsoattering
strength that is necessary for careful evaluation of sgséeras. The objective of this
work is to measure the reverberation levels from a rippledrootinder controlled
conditions in the MF frequency range and compare these levelsdmtmns of the
model. This paper documents the progress to date of this etfopparticular, the
backscatter levels obtained from a rippled bottom are cadper those collected
from a non-rippled bottom as well as to predictions of a modelu$ed first-order
perturbation theory.
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FIGURE 1. Backscatter predictions for various ripple wawgiths.



MEASUREMENT SETUP

The measurement was conducted in the Naval Surface Warfarer Cdpdanama
City (NSWC-PC) Facility 383 test pool, which is shown in Fig. Phis is a fresh-
water pool that is 13.7 m deep, 110 m long and 80 m wide with apprekniab m
of sand covering the bottom. A filtration system provided approxignagem (~ 40
ft) water visibility and mixed the water column. The sound dpeethe water was
measured to be 1495 m/s with no velocity gradients.

The scattering geometry is depicted in Fig. 3, which cpards to a view from
directly overhead. The scattering region consisted of a batemthat had rippled
and non-rippled regions, and the experimental equipment includedsggt@im with a
sonar tower, a parametric sonar, a transducer located néet patametric sonar, and
a free-field transducer. In addition, a sand-scraping apparasisised to create the
ripple profile on the bottom sediment. Each of these comporsetéscribed below.

FIGURE 2. Aerial view of Facility 383.
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FIGURE 3. Scattering geometry.

The bottom area, from which the backscattered signals wewmrdesl; was
approximately 7.32 m in width by 3.66 m in length. This aredestaabout 8.84 m
from the rail system (see Fig. 3) and consisted of two adjdmdtim regions. One
region corresponded to a non-rippled bottom while the second was a fygplenh.
Both of these regions were about 3.66 m in length by 3.66 m in widlie non-



rippled bottom was somewhat flat and was created by divers dgpggiveighted bar
over its surface. The contour of the rippled bottom was aafifidormed with the aid
of a @nd scraper, which consisted of a frame and a “rake” thatghilbeg the frame.
The rake was pulled across the sand using two winches, one locatedtoside of
the test pool. The ripple profile was determined by an indaded on the rake.
Previous measurements using the sand scraper have shown gardesgrbetween
the intended ripples (wavelength and RMS height) and those formedii2{B]s
measurement, the one ripple profile formed had a 0.57-cm RMihthand was
consistent with a Gaussian spectrum having a 20 cm center engilel and
0.000987crt wavenumber variance.

A rail system that sat on the bottom sediment was alsoingkd measurement. A
photo of the rail system is shown in Fig 4. The system incladgéd-m (20-ft) long
rail, a platform on wheels that was translated along theisaig a translation motor,
and a sonar tower. A 2.1-m long extender attached the sonarttotherplatform and
permitted the sonar tower to stand 3.89 m above the bottom sediifieis geometry
provided insonification at the center of the two bottom regioas24t grazing angle.

The sonar tower supported a parametric sonar, a receivercamurgy (horizontal
pan and vertical tilt) motors such that both transducers had an @®&@s(180)
rotational (tilt) capability. The parametric sonar wagedi@ped for NSWC-PC by the
Naval Underwater Warfare Center — Newport (NUWC/NPT) ansl @vaployed as the
projector. This sonar produced a conical beam with a 3-dB bedth wfi about %
with side lobes that are down by approximately 50 dB across tite @perational
frequency band of 1 to 20 kHz. This sonar was oriented such thdir¢icéon of its
main response axis (MRA) was perpendicular to the rail. Annatemnal Transducer
Corporation (ITC) 1001 transducer was located next to the pararsetrar as shown
in Fig. 5. This transducer has an omni-directional response angsedgo record the
backscattered signals from the bottom. The parametric soddif@ 1001 transducer
could be translated linearly to any position along the railblemathe acoustic beam
to be projected to, and received from, either the rippled orippfed bottom region.
An encoder that employed a wire cable attached to the platfasrused to verify the
position of the platform as it translated along the rail, andralyglum tilt sensor was
used to monitor the inclination angle of the parametriassiMRA.

Sonar Tower

Extender\

FIGURE 4. Photo of rail system. FIGURE 5. Photo of parametric sonar
(bottom) and ITC 1001 transducer (top).



The free-field transducer indicated in Fig. 3 was an ITC 1@&istucer. This
transducer was placed on the bottom about 12.9 m from the rainsgatk was used
to record the waveforms and levels transmitted by tharmdra sonar.

Transmitted signals were generated using a National InstrarD&y@ Card-6062E
digital-to-analog board at a sample frequency of 500 kHz. Thgsals were
amplified and then sent to the parametric sonar. Transgmtlsi were sinusoidal
waveforms with a pulse length of 1 ms. The received signate amplified and
filtered, then digitized by a GageScope analog-to-digitadl.caAll receive signals
were sampled at a frequency of 1 MHz.

The procedure for preparing the scattering regions was as folléwst, divers
deployed the rail system to the desired location in the tiaciNext, the non-rippled,
bottom region was flattened by divers. Third, the sand screpesr carefully
positioned at the appropriate location from the rail system. tloupples were
formed with the sand scraper, which took several iterationsdore a well-formed
bottom contour. Next, divers carefully removed the sand scraperth@m they
visually re-inspected the formed bottoms by swimming eithel a@ve, or around
the perimeter of, the two bottom regions. After the diveasfirmed that the two
bottom contours were reasonably well formed, acoustic dataasgtered.

Data were obtained in the frequency range of 2 to 10 kHz at aagavgrazing
angle of 20 by translating the rail platform and taking data in about 2.Fdinch)
increments. The waveforms recorded at each rail locatioe the resultant of an 8-
ping average.

RESULTS AND DISCUSSION

Data Reduction

MATLAB code was written to read and analyze the collectdd.dahe data were
first processed and displayed in a backscattered intensigeimaéhis image is a plot
of the backscatter intensity (in dB) in range versus sonatidoc along the rail
system. The processed data were further analyzed to degeiima calibrated bottom
backscatter level from the rippled bottom region. An estiroatihe reverberation
level was determined by taking an average of the reverbeiatensities in a patch of
about 1.3 m wide in cross-range by 1 m long in range. Thiratsd backscatter
level, EL in dB, was calculated using,

EL = ELveasurep — SPLNTERFACE. (2)

Here Elveasurep IS the measured backscatter level in dB andngBirace is the
sound pressure level in dB incident on the rippled bottom. n&Rkace Was obtained
by using the level measured with the free-field transduceraaodunting for the
difference in propagation loss to the location where the beamident at the rippled
bottom with the parametric sonar code CONVOL.[4] Bothu&ksurep and



SPLnTterrace Were obtained after correcting for the particular receiveystem
response (transducer with pre-amplifier).

Backscattered Intensity Images

Figures 6, 7, 8, and 9 illustrate bottom backscatter intemsaiges corresponding
to frequencies of 3, 4, 5, and 6 kHz, respectively. | déigare there are two images.
The image on the left refers to the non-rippled bottom whilenttagyé on the right is
associated with the rippled bottom. To facilitate comparisothefmon-rippled and
rippled bottom backscatter intensities within the figuresstme dB-level gray scale
is used for all images. The images in the figures cledwbw increased reverberation
levels in the 3 to 5 kHz frequency range for the rippled bottormwbenpared to the
corresponding non-rippled bottom. In addition, the maximum reverberatiehfée
the rippled bottom occurred at 4 kHz, corresponding to that peeldisting Eq. (1).

FIGURE 6. Frequency of 3 kHz. FIGURE 7. Frequency of 4 kHz.

FIGURE 8. Frequency of 5 kHz. FIGURE 9. Frequency of 6 kHz.

Calibrated Backscattered Levels

Predicted (solid lines) and measured (filled circlesipcated backscatter intensity
levels from the rippled bottom are compared in Fig. 10. Mbeel assumes a unit
amplitude, monochromatic plane wave incident on the bottom. ltytgredictions
are calculated using a steady-state Rayleigh-Rice perwmb#ieory to account for
ensemble-averaged scattering from interface roughness.  Siecestétistical
roughness parameters were not measured, the small-scale reugipesmposed on



the scraped Gaussian ripple profile was assumed to be simildre small-scale
roughness observed in past measurements with sinusoidal ripple @d&jfiles
Therefore, four curves are plotted, corresponding to four diffeassumptions for the
statistical parameters of the superimposed roughnessgitmseexhibiting significant
differences in these curves, the measured reverberatiorideasglected to be spanned
by the reverberation range of these curves. An averaie cteady-state predictions
over a moving 2 kHz window weighted by the spectrum of the pulseogatpin the
experiments was performed in order to compare with the measutdis.reslso, the
overall level of the reverberation must be scaled to tha af the effective bottom
patch contributing to the detected reverberation. This arte igroduct of the range
and cross-range resolutions in the measurements. For a 1 ms golgeeincident on
the bottom at a ZQyrazing angle, the range resolution is about 0.79 m. Fbbaain
width, the cross-range resolution at the rippled bottom is appredym@93 m. The
measured calibrated level at each frequency represents Hre reneerberation level
from patches observed between 10.5 and 11.5 m in range by 1.3 assarange of
the ripple region depicted in Fig. 3. This patch size corresponalsnbst two sonar
resolution cells.

The error range for the measured data points is indicated bgaldstirs ands
based on the sum of (a) the statistical uncertainty in oumagst of the mean
reverberation intensity, (b) an estimate for the uncertamtiyansducer calibration,
and (c) the CONVOL predicted variation of the incident fieldhat interface where

the reverberation is calculated. The statistical uricgytss taken to bets/J/N , where

s is the standard deviation of reverberation intensity, Bndés the number of
independent resolution cells in the 1 m by 1.3 m region used to obh&imean
background noise level. The uncertainty in transducer calibratiorstiasated to be
about+0.7 dB.
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FIGURE 10. Measured (filled circles) and predicted backseatttensity levels (solid lines).

The measured backscatter levels in Fig. 10 appear in goodnagme with the
model predictions around the spectral peak, with the maximum deeelrring at 4
kHz as expected. However, even when taking into accoumatige in errors of the
data points, there is some discrepancy in the data-model ceompatifrequencies of
7 kHz and higher. The cause for this discrepancy is unknown, boald be due to
either inadequate assumptions used in the model and/or data snatydeviations



from the scraped ripple profile. The assumption that the statist these deviations
can be described by the same small-scale roughness ctatissierved superimposed
on roughness profiles created in previous measurements may amgdurate.

SUMMARY

A laboratory-type measurement was conducted to investigadeberation levels
from a rippled bottom in the MF range. Measured backscattelslebtained from a
rippled bottom with a 20 cm average ripple wavelength and a Rig8thef 0.57 cm
were compared to those collected from a non-rippled bottom. Thsunedalevels
from the rippled bottom were further compared to predictions of aelrmaked on
first-order perturbation theory.

The results showed increased reverberation levels in thé 8z frequency range
when compared to the corresponding non-rippled bottom.  The maximum
reverberation level for the rippled bottom occurred at 4 kHz, wéoctesponds to that
predicted using Eg. (1). In addition, the measured calibratetgriogtievels were in
good agreement with model predictions in the vicinity of the speptak. Data-
model agreement compared very well for frequencies less thequat to 6 kHz. The
comparison at 7 kHz and above is not as good, and remainsdsdeed.

Future work includes: (a) measuring and verifying the paramstnar projected
sound pressure levels as functions of range, (b) conducting additieaaurements
using ripple profiles centered on different ripple wavelengths tiolate the trend
associated with Eq. (1), and (c) analyzing the data to detetmenealibrated levels
for each ripple configuration and comparing the results to naréelictions.
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