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High-frequency volume and boundary acoustic backscatter
fluctuations in shallow water

Timothy C. Gallaudet and Christian P. de Moustier®
Marine Physical Laboratory, Scripps Institution of Oceanography, Mail Code 0205,
La Jolla, California 92037-0205

(Received 27 November 2001; revised 24 March 2003; accepted 21 Apri) 2003

Volume and boundary acoustic backscatter envelope fluctuations are characterized from data
collected by the Toroidal Volume Search SoGBYSS), a 68 kHz cylindrical array capable of 360°
multibeam imaging in the vertical plane perpendicular to its axis. The data are processed to form
acoustic backscatter images of the seafloor, sea surface, and horizontal and vertical planes in the
volume, which are used to attribute nhonhomogeneous spatial distributions of zooplankton, fish,
bubbles and bubble clouds, and multiple boundary interactions to the observed backscatter
amplitude statistics. Three component Rayleigh mixture probability distribution fundtRIDE9

provided the best fit to the empirical distribution functions of seafloor acoustic backscatter. Sea
surface and near-surface volume acoustic backscatter PDFs are better described by Rayleigh mixture
or log-normal distributions, with the high density portion of the distributions arising from boundary
reverberation, and the tails arising from nonhomogeneously distributed scatterers such as bubbles,
fish, and zooplankton. PDF fits to the volume and near-surface acoustic backscatter data are poor
compared to PDF fits to the boundary backscatter, suggesting that these data may be better described
by mixture distributions with component densities from different parametric families. For active
sonar target detection, the results demonstrate that threshold detectors which assume Rayleigh
distributed envelope fluctuations will experience significantly higher false alarm rates in shallow
water environments which are influenced by near-surface microbubbles, aggregations of
zooplankton and fish, and boundary reverberation.2@3 Acoustical Society of America.

[DOI: 10.1121/1.1588656

PACS numbers: 43.30.Gv, 43.30.Vh, 43.30[R&B]

I. INTRODUCTION A recent study of seafloor reverberation process was per-
formed by Lyons and Abrahafmwho found the three-
Validating statistical reverberation models is difficult be- component Rayleigh mixture distribution to be the most ro-
cause reverberation fluctuations are so strongly influenced biyust in describing observed fluctuations in seafloor acoustic
the sonar’s beam pattern and spatial distribution ofbackscatter amplitude data from a wide variety of seafloor
scatterers=® The former is usually known through system types identified with optical anih situ sampling techniques.
calibration, but the latter is more difficult to characterize.Here, we perform a similar study, but add to their results by
Acoustic and optical imaging methods have been used fof1) also including the log-normal probability distribution in
this purpose, mostly for studies of the seafl6dralthough  the model-data comparison®) analyzing data collected on
some studies of the volurtfeand sea surfack have been a moving platform, thereby incorporating the influence of
performed. To the best of our knowledge, no such study haspatial variability on the backscatter amplitude fluctuations,
been conducted as a function of angle with a high resolutiori3) analyzing data from both boundaries and the volume, and
multibeam sonar measuring simultaneously seafloor, sea su#@) using coincident multibeam acoustic backscatter imagery
face, and volume acoustic backscatter and reverberatiomo link the spatial distributions of various scatterers to the
Such a study is warranted because rarely can reverberati@bserved fluctuation statistics.
be considered a single component process. Here, “single The data used in this study were collected by the Toroi-
component scattering process” refers to a process dominatethl Volume Search SonéfVSS), a 68 kHz cylindrical array
by acoustic backscatter from one type of scatterer, such aghich was deployed on a towfish at a depth of 78 m in
the sea floor, whereas “two-component scattering processivaters 200 m deep, 735 m astern of a towship during engi-
refers to a process dominated by acoustic backscatter fromeering tests conducted by the U.S. Navy’'s Coastal System
two types of scatterers, such as both boundaries, or a singftation(CSS, Panama City, FloridéFig. 1). The multibeam
boundary and biologic scatterers in the volume. Similarly, aacoustic data collected by the TVSS were processed to con-
three-component process refers to a process dominated lyruct boundar?*® and volumé* acoustic backscattering
three types of scatterers, such as both boundaries and nestrength images in horizontal and vertical planes around the
surface bubbles, etc. towfish (Fig. 2). Here, we examine the statistics of, and fit
probability distributions to the backscatter amplitudes corre-
dpresent address: Center for Coastal and Ocean Mapping, University o“;ponding to these data. The multibeam acoustic backscatter
New Hampshire, 24 Colovos Road, Durham, NH 03824. imagery provides the means for discriminating between vari-

J. Acoust. Soc. Am. 114 (2), August 2003 0001-4966/2003/114(2)/707/19/$19.00 © 2003 Acoustical Society of America 707



o 7
‘ 9\)/ ,,/
JHBOW WAVE /
&
BUBBLE &
CLOUDS ,Q
/

// FIG. 1. Depiction of the TVSS de-
ployment of 9 November 1994. Al-
though each of the three parallel runs

| SEA SURFACE consisted of over 800 pings, the data
MIXED LAYER presented in this paper are processed

from only 100 pings in each of the
40 three runs. The environmental condi-

£

2

| @ tions are summarized in the text, and
0 80 more complete descriptions and analy-

E
£ £ g h
3 TEs S = ses are presented in Refs. 12-14.
T o
w
THERMO 2
140,
y
Y Y
X— SEAFLOOR —4 +—¥ 200
1510 1535
z SOUND SPEED (m/s)

ous reverberation components and directly attributing nonhoeoefficient distribution &;) is such that no small number of
mogeneous spatial distributions of scatterers, such afhem contributes significantly to the reverberation energy,
bubbles, zooplankton, and multiple boundary interactions t@pplication of the central limit theorem results in a Gaussian
non-Rayleigh backscatter amplitude distributions. distribution forV, o(t), with a Rayleigh distributed envelope
A useful model for understanding the statistical proper-and uniformly distributed phase.
ties of acoustic reverberation is the point scattering In typical shallow water environments, the distributions
model!*~?which assumes that the total backscattered signadf scatterers can rarely be assumed to be homogeneous, and
is the sum ofn replicas of the transmitted signg(t) back-  different types of scatterers distributed on different spatial
scattered from a homogeneous distribution of point reflectorscales tend to produce more extreme reverberation values,
depending upon the density of scatterers relative to the so-
1) nar’s resolution cell size. For envelope fluctuation distribu-
tions, these may appear as multiple modes and/or large tails,

. . . . , deviating significantly from the traditional Rayleigh
wheret; is the time of arrival from théth scattererg; is the DF7,8,2%—24 g Y yiel

stochastic amplitude which corresponds to that scatterer’s
acoustic cross sectioB(t;) describes the sonar’'s acoustic Rayleigh,K, Weibull, log-normal, and Rayleigh-mixture dis-

geqmetry and gain, aryﬁ'is a set of stochastic .parameter.s tributions. We chose these becaud¢ they are commonly
defining the Charactenstlcs_of the _scattered signals, Wh'cﬁsed in underwater acousti¢g) they have been observed in
may depend upon the relative motion between the aCOUStIﬁrevious studies of volume and boundary backscatter and

array and the scatterers, their physical properties, and therl[everberauion, an(3) some have been analytically related to

spatial distriblljtion. il q . . the physical scattering mechanisms which produce them. Al-
In general F(t) will fluctuate around some time-varying though a number of probability distribution models have

mean value, and the quadrlature components of the fIUCtuatB'ezen developed for specific boundary or volume reverbera-
ing part may be expressed'as tion conditions-®1%2526 our objective is to determine

Vi o(h=F(t)/g(1), 2 Wh_ether there is a common model flexible enou_gh to de-

scribe both boundary and volume backscatter arising from

whereg(t) is the transient function whose reciprocal trans-nonhomogeneous, or patchy scatterer distributions that are
forms the nonstationary reverberation sum in Eqg.to the typical in shallow water.
stationary formV, o(t). This fluctuating signal, and its cor- We begin in Sec. Il with a description of the PDF mod-
responding envelope are important because their probability|s ysed in this study. Section Il describes the TVSS signal
density functions(PDF9 are used as the noise models processing methods and the data preparation steps. The re-
against which target detection algorithms must opefate.  syits are described in Sec. IV, and we assess in Sec. V the

The model in(1) and (2) assumes that the numberis  physical mechanisms influencing these results and their im-
governed by a Poisson distribution, where the scatterers projications for target detection.

ducing the resulting reverberation are discrete, statistically

independent in position, and homogeneously distributed!- PROBABILITY DISTRIBUTION MODELS

within the sonar’s resolution cell. If the number of scatterers  Each of the distribution functions discussed here may be
in a single resolution cell is very large, and their scatteringrepresented as a function of one or several parameters that

F<t>=§l aB(t)s(t—t;,&),

The distribution models considered in this study are the
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FIG. 2. TVSS-derived acoustic backscattering strength images displayed in coordinates relative to thedpv(istand their corresponding along-track
averagese)—(h). (a) Bottom acoustic backscattering streng8z): The normal incidence return extends along-track near the center in the seafloor image and
results from the natural angular dependence function of the silt and sand sediments in théRegidd. (b) Sea surface acoustic backscattering strength
(Sg): The feature near the track center extending along-track in the sea surface backscattering strength image is influenced by vertical attergyimation thr
bubbles in the towship’s wakig-ig. 1) (Ref. 13. The moderately high backscattering strength features 50—100 m to the right and left of the track centerline
are due to resonant scattering from bubble clouds generated by breaking ship waves. The two across-track YireE20aarand 235 m in this image and

the vertical lines in(c) at the same along-track locations are corrupted data and were excluded from the a@ly@&sVolume acoustic backscattering
strength 8,): The vertical volume backscattering strength imégdormed by using the upward looking beams shows that the bubble layer associated with
the towship’s wake varies in scattering strength and depth along-track. The vertical volume(in&mgened in the vertical plane 47 m to the right of the
TVSS shows the presence of volume scattering layers in the mixed layer and upper thertiredinke).

must be estimated from the observed amplitude data, and its cumulative distribution functiofCDF)

={A;A, --Ay}, whose samples are assumed to be indepen- EN
. . S . - Pr(A)=1—¢e R, (4)

dent and identically distributed. For parameter estimation,

we use maximum likelihood estimation and the method ofwherex g=(A?), with ( ) representing the expected value. It

moments as described and implemented by Abraffam. describes reverberation whose in-phase and quadrature com-
We start with the Rayleigh PDF for acoustic reverbera-ponents are normally distributed with zero mean, and results
tion of amplitudeA=0: from enough scatterers in the sonar’s resolution cell for the
central limit theorem to hold® The Rayleigh distribution has

—Azl)\R, (3) been observed for high frequency backscatter and reverbera-

2A
A)=—e
Pr(A) AR tion from the seafloof,sea surfacé® and volume'®?°and is
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a limiting case of the Ricean distribution in which scattering InA—p
is primarily incoherent? Stantori® has related the Rayleigh PLN(A):CD( = ) (10
PDF of seafloor acoustic backscatter amplitude to the rms
roughness and correlation area of the bottom. where
The K distribution may be represented as the product of 1 "
a rapidly fluctuating, Rayleigh-distributed random variable, d(u)= _f e W2 qw (12)
and a slowly varying, chi-distributed variabie:3 Its PDF V2m )=
is”! is the CDF of a standard normal random variallénother

property of the log-normal distribution is that X is log-

- i (5) normally distributed, so iA?; i.e., if the echo amplitude
Ja Ja PDF has the form of Eq(9), so will the PDF of the echo
. . intensity?°
and its CDF is In typical shallow water environments, acoustic back-
scatter and reverberation result from several independent
A 2_A , (6) scattering mechanisms, such as bubbles, bioacoustic scatter-

Ja Ja ers, and boundary roughness, and each of these may be char-

acterized by different spatial scales. For high resolution, nar-

with A=0.K,_, is thev—1 order modified Bessel function oy beam sonars used in bioacoustic studies, multibeam
and I'() is the gamma function. When the scale/&/is  pathymetric surveys, studies of near surface physical pro-
applied toA, the Rayleigh distribution with powet is ob-  cesses, and mine-countermeasures, the echo from a given
tained, in the limit asv tends to infinity, from theK  resolution cell typically, though not necessarily, contains
distribution?” The K distribution has been used to describe only one type of scatterer. Therefore, it is reasonable to con-
radar sea surface clutter because it has a direct physical iBjder that reverberation in such a scenario might be repre-
terpretation: the Rayleigh component, with relatively shortsented by a mixture ofn Rayleigh random variables, each

correlation widths, results from the many scattering contriyith a component probability; and powemng ;. The result-
butions within the resolution cell that arise from small scalejng Rayleigh mixture PDF £ ’

facets on the sea surface, whereas the chi-distributed compo-
nent, with relatively long correlation widths, arises from the
larger scale, mean sea surface (#tg., swell. The K distri-
bution also has been used to describe signal envelope fluc- | . .
tuations in wireless channéfsand seafloor acoustic back- and its CDF is
scatter in sidescan sonar imagés. m ,

The Weibull distribution also is related to the Rayleigh ~ Prm(A)=1—, sie A ri, (13
distribution and has been used to describe seafloor backscat- =1
ter amplitude distribution§The two-parameter Weibull PDF  where

i827

v

A 2A

KV*l

4
pK(A) - \/;1_,( V)

v

A
Pk(A)=1-

14

1
T(v)2" !

m2A
PRM(A):Z gi—e

7A2/)‘R,i 12
2, Biy , (12

m
i=1 14
Pw(A)=apAf le A" ) 2, (49
for A=0, with its CDF given by is required to ensure a valid CDF.
Although the component densities in a mixture distribu-
pW(A)zl_e—aAﬁ, (8)  tion need not be Rayleigh, or even members of the same

parametric family)® Rayleigh-mixture distributions have
where it can be seen that the Rayleigh distribution resultpeen fit successfully to seafloor acoustic backscatfetr’
wheng=2 anda=1/\g. Because mixture distributions have yet to be evaluated for
Whereas th& and Weibull distributions may be related reverberation from both boundaries and the volume, we shall
to physical scattering mechanisms through their relationshipgst them below with data collected by the TVSS. We begin
with the Rayleigh distribution, the log-normal distribution by describing the TVSS, the data, and aspects of the acoustic
has yet to reveal such analytical connections. Neverthelesgeometry that help in understanding the results.
the log-normal distribution has been observed in studies of
underwater acoustic backscatter and propag&fionz®radar 1. TvSS DATA
clutter from the sea surfacé,and signal envelope fluctua-
tions in wireless channefé:*® The two-parameter log-
normal PDF ig® The TVSS includes separate cylindrical projector and
hydrophone arrays, with the same 0.53 m diameter, mounted
1 coaxially on a cylindrical tow body. The projector array has
27aA 32 elements equally spaced 11.25° apart around the cylinder
and designed to produce a “toroidal” beam pattern that is
for A>0. It has the property that IA} is normally distrib- meant to be omni-directional in the plane perpendicular to
uted with meang and variancer®. The log-normal CDF is  the cylinder’s axigusually across-tragkand 3.7° wide at-3

A. TVSS data collection

B 25 2
PLn(A) = e~ (NA=A)"2a 9
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TIME (t) 120 TVSS receive beams in a single ping around the TVSS
in coordinates of depth vs horizontal range. In this represen-

00\9 BEUNGARY tation, echoes from the sea surface and seafloor appear as the
REFLECTIONS: high backscatter, horizontal features above and below the

towfish. Scattering from resonant microbubbles in the tow-
SBS ship’s wake and from bubble clouds formed by breaking ship
ow — BS waves are responsible for the high backscattering strength
' s features near the sea surface. The circular features result
t<<270°- i L 000>t from boundary reflections received in the sidelobes of beams

directed away from the boundary.

The angular sample spacing in this figure is the spacing
between maximum response axes of adjacent bedps:
=3°. The quadrature sampling time increment of
=160us results in a 12 cm slant range sample spacing as-

TOWFISH suming a sound speed in seawater 1500 m/s. With the
TVSS pulse length7,=200us, the bandwidth isW
EE 0 ,‘ 1 \ =0.88/r,=4.4 kHz, which yields a range resolutichR
-70 -60 -50 -40 30 -20 10 0 10 — C/ZW: 17 cm.

Volume Scattering Strength S, (dB . L L .
g i 25 1R The volumetric resolution in each ping is determined by

the spatial dimensions of the volume ensonified by the TVSS
FIG. 3. Center locations of the analysis regions used in this study for atra‘nsmIt p,u_lse within each receive beam. \N_e approxmated
single TVSS ping. The data sets for each region consisted of 100 pings arn® ensonified volumes/) in Table I as the ellipsoidal shell

spanned the horizontal and vertical dimensions listed in Table I. formed from the intersection of the transmitted pulse bound

by the transmit beam pattern, and the receive beam. Thus,

dB in any plane containing the cylinder’s axisisually the dimensions 01\./. increase with slant range from the
along-track. The hydrophone array consists of 120 elements! VSS, and ensonified volumes at equal ranges from the
equally spaced every 3° around the cylinder. In the workl VSS in adjacent beams overlap b)_/ 39.4%. The towfish’s
presented here, split aperture beamforming of the hydroSP€ed,Vryss=4.1m/s, and the relatively narrow fore—aft
phone array yielded 120 receive beams, each 4.95° wide ansmit b_eamW|dth resulted in overlap between (_anson_lﬂed
—3 dB and spaced 3° apart to cover the full 360° around th&0lumes in the same beam angle for consecutive pings,
array in the plane perpendicular to the array’s axis. Details ofvhich increased with range beyond 62 m.
the data processing are available in Refs. 12—14 and 41, 42. On the boundaries, resolution is defined by the ar9a

The acoustic data were collected by the TVB& 2 nnf ensonified by th_e transm!tted pulse Wlth[n each receive
area 65 nm southeast of Panama City, Florida, in the nortf€@m. The area is approximated by an ellipse near normal
eastern Gulf of Mexico. The TVSS was towed approximatelyincidence, and by an annulus sector away from normal inci-
735 m aft of the towship M. OFFSHOREat a nearly constant de_nce. Thus, the m_aX|mum_enson|f|ed areas on the bound-
depth of 78 m(Fig. 1). Three runs of 100 consecutive pings a/€s are at the towfish's zenith and nadiable ), where the
of acoustic backscatter data, from 208 CW pulses of 68 horizontal resoll_Jtl_on is poorest. Expressmr_]s for these and
kHz transmitted once a second, were obtained while the towether characteristics of the TVSS acoustic geometry are
ship speed was nearly constant at 4.1 m/s. Towfish attitude/Ven in Refs. 12—14.
and motion data were sampled at 1 Hmce per pingand
included roll, roll rate, pitch, heading, speed, and depth. The o o
environmental data collected during the experiment included- Data partitioning and description
a single CTD cast, which revealed the presence of an isother-  Applying sidescan imaging techniques to the TVSS data
mal mixed layer with a temperature of 24.8 °C extending to acollected over multiple pings, we constructed seafloor, sea
depth of 49 m, a thermocline between 49 m-150 m depthsurface, and horizontal and vertical volume backscattering
and a nearly isothermal layer above the bottom with a temstrength images, which are analyzed in Refs. 12—14. Four of
perature of 15.6 °C. The surface salinity was 35.1 ppt, anghese images are shown in Fig. 2 with their along-track av-
the surface sound speed was 1534 m/s. The wind speed rerages. Whereas the seafloor image appears fairly homoge-
corded at 0658AM onboard R OFFSHOREwWas 6 knots(3 neous away from the track centerlifBig. 2(a)], the sea
m/s), and the sea state was 1.5. surface and volume images exhibit significant spatial vari-
ability due to bubbles and bubble cloudsgs. 4b) and(c)]
and aggregations of volume scattergfgy. 2(d)].

The acoustic backscatter amplitude data corresponding

The statistical results are best interpreted with an underto these and other images were then partitioned into data sets
standing of the TVSS acoustic geometry, which may be obwhich encompassed the analysis regions defined in Table I.
tained from Figs. 1-3. Figure 3 depicts a vertical slice ofThe locations of the centers of these regions are indicated in
volume scattering strengtts() perpendicular to the towfish Fig. 3. For 14 of the 15 analysis regions in Table I, three
axis, formed by displaying the acoustic data in each of theseparate runs of 100 pings were used, and for one region

B. TVSS acoustic geometry
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TABLE |. Analysis regions for the TVSS data set. Negative across-track distances are left of the towfish’s track. Grazing angles in regions VL1rand VL2 a
defined with respect to the vertical along-track plane 47 m to the left of the towfish’s track. Grazing angles in regions NS1-NS5 are defined with respect t
the horizontal plane at 3 m depth. Ensonified arf@asindary regions SF, $8nd ensonified volumesolume regions NS, V) are listed in the last column.

Across-track Areas or
Analysis Primary acoustic scattering and distancés) DeptHs) Grazing volumes
region reverberation features (m) (m) angles (m?,m°)
SF1 seafloor backscatter —35—+35 192-202 72°-90° 4.5-73
SF2 seafloor backscattesurface reverberation after first surface echo —50—100 192-202 48°-66° 2.6-4.0
SF3 seafloor backscattesurface and bottom reverberation after —150—200 192-202 29°-37° 2.6-3.1
surface-bottom multiple
SS1 sea surface backscattattenuation from bubbles in towship’s wake =~ —30—+30 0 68°-90° 2-40
SS2 sea surface backscattbrackscatter from bubble clouds generated  40-80 0 44°-66° 2
by ship and ambient waves
SS3 sea surface acoustic backscatteckscatter from bubble clouds  100-150 0 27°-38° 2
generated by ship and ambient wavé®ttom reverberation from
first bottom echo
NS1 near-surface volume and sea surface backs¢dtsakscatter from 180—220 and 3 18°-23° 37-52
bubbles in towship’s wake generated during previous +igwsface —-180—220
and bottom reverberation after bottom-surface multiple
NS2 near-surface volume backscatter from bubbles within the towship’s —30—+30 3 68°-90° 5-6
waketsurface reverberation after first surface echo
NS3 near-surface volume and surface backscatter from bubble clouds40—80 3 42°-62° 6-12
generated by ship wavesurface reverberation after first surface
echo
NS4 near-surface volume backscatter from bubble clouds generated byl00—150 3 26°-37° 15-27
ship and ambient wavessurface and bottom reverberation after first
surface and bottom echoes
NS5 surface and bottom reverberation after bottom-surface multiple 200-250 and 3 16°-20° 44-66
—200—250
VL1 volume backscatter from densely distributed zooplankton in mixed —47 40-70 50°-81° 2-4
layer and upper thermocline
VL2 volume backscatter from sparsely distributed zooplankton in middle —47 90-120 47°-76° 2-4
and lower thermocline
VL3 volume backscatter from sparsely distributed zooplankton in lower 0 125-140 89°-90° 2-4
thermocline
VL4 volume backscatter below thermocline from sparsely distributed fish 0 165-180 89°-90° 7-10
+surface reverberation after first surface echo
(NS1), two runs of 100 pings were used. Thus, the partition-ously surveyed in the regidre.qg., Fig. 2a)].*?

ing formed a total of 44 data sets.
Ideally, we would analyze the data collected in eachslightly by sea surface roughness produced by the ambient 3
grazing angle/depth/across-track distance location separately/s winds. Because of the vertical extent of the transmitted
However, this would have resulted in less than 100 sampleacoustic pulse intersecting the sea surface, the sea surface
per analysis region, and the PDF models and parameter estlata were more strongly influenced by clouds of resonant
mation methods used here require much larger sample sizesircobubbles which were characterized by different spatial
to perform well?” Therefore, we grouped data into the re- dimensions and scattering characteristics that depended upon
gions defined in Table I. To ensure that the data did not vargheir generating mechanisms. These inclu@Bdvery dense
significantly over the range of grazing angles within eachbubble clouds generated primarily by propeller cavitation
region, they were tested for homogeneity across both grazingithin the towship’s wak&SS1), (2) large-scald O(1%%) to

angles and pings, as discussed below.

The sea surface analysis regions were influenced only

O(10%) m?] bubble clouds generated by breaking ship waves

The partitioned data corresponding to the seafloor analytSS2, and (3) sparsely distributed, small scal®(1) to
sis regions span three different grazing angle regimes: no©(10) m?] bubble clouds generated by the ambient (@83
mal and near normal inciden¢8F1), moderate to high graz- [e.g., Fig. 2b)]. The SS3 region also was influenced strongly

ing angles(SF2, and moderate to low grazing angl&F3.

by bottom reverberation received in the sidelobes after the

Bathymetry constructed from the TVSS backscatter data refirst bottom echo arrival. Although we did not hairesitu
vealed a relatively flat bottom, wita 3 m/km south west bubble size and density data, we used the resonant bubble
slope, and an average depth of 198 m. Seafloor acoustapproximation to estimate the densities of bubbles in the
backscattering strength imagery indicated a homogeneowmalysis regions from the surface and near-surface acoustic
spatial distribution of sediments, and the angular dependendsackscattering strength data in Ref. 13.
function estimated from the acoustic backscattering strength  The near-surface volume regions were influenced by the
is consistent with the silt—sand mixture of sediments previsame processes that influenced the sea surface backscatter.
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Clouds of resonant microbubbles in the towship’s wake contest® for randomness and the Mann—Whitnéy test for
tributed to the backscatter in both the NS1 and NS2 regiongjomogeneity* (1) to the normalized samples in each graz-
but these clouds were denser in NS1 than in NS2 because tireg angle across pings, ari@) to the normalized samples in
wake in NS2 was about 20 minutes old, whereas the wake irach ping across grazing angles. Most of the data in the
NS1 was only 3 minutes olfFig. 2(c)]. In the same across- seafloor(SP and volumeVL) regions passed the tests at the
track location as the SS2 region, the NS3 region at 3 m deptB5% confidence level, but 20%—-50% of the sea surf&3

was also affected by large scale bubble clouds generated and near-surfacéNS) data failed the tests. In studies of data
breaking towship waves. Similarly, the NS4 region was incollected on fixed platforms, the approach is to simply re-
the same across-track location as the SS3 region, and wasove data which do not pass the tests at the specified confi-
also influenced by bottom reverberation and smaller scaldence levef! Doing so in our study was not possible be-
bubble clouds generated by the ambient sea. The NS5 regiaause the TVSS data were collected from a moving platform.
was influenced by both near-surface bubbles and multipl@herefore, for each analysis region, we selected only those
boundary reflections occurring after the first bottom-surfacesamples within the largest contiguous regidasross pings
multiple arrival. The NS1, NS3, NS4, and NS5 regions wereand grazing anglesvhich passed both tests at the 95% con-
influenced somewhat by surface roughness, due to the vertiidence level. We verified that the retained samples included
cal extent of the ensonified volume. contributions from the various backscattering and reverbera-

Three of the volume regions were influenced by aggretion features in Table | by analyzing backscattering strength
gations of zooplankton whose density generally decreaseidhages formed from these dafe.g., Fig. 2.
with depth from the base of the mixed lay@&fL1), through
the uleper(VLZ) and _Iower thermoclingVL3) [e.g., Fig. V. RESULTS
2(d)].-* The VL4 region near the bottom was influenced
slightly by a sparse distribution of small fish, but more A. Backscattering strength, amplitude and intensity
strongly by surface reverberation received in the sidelobe§tatistics
after the first surface echo arrival. As with the near-surface  The data in each of the analysis regions depicted in Fig.
data, we lacked thin-situ data to characterize absolute den- 3 were first characterized by averaging statistical estimates of
sities and sizes of Ol’ganisms in the VOlUme, so we have |rl'he Corresponding backscattering Strengﬂ&i&)' amp”_
ferred the relative densities from the corresponding volumeyde (A), and intensity A%) over the three TVSS rur§able
acoustic baCkscattering Strength data in Ref. 14. Although]l) Expressions for the meaw(\)’ variance 6—%\), skewness
several dense fish schools were observed near the bottom, ttlgsA), and kurtosis §4,) are given in the Appendix. The
backscatter data in these regions could not pass statistica¢intillation index, which is the variance of the intensity fluc-
independence tests, so they were not included in the analysigjation scaled by the square of the mean intensity, was com-

puted as
. . . 2 <(A2_)\R)2>
After grouping the TVSS acoustic backscatter amplitude  0,2= —Z
data according to the analysis regions in Table |, data con- R
taminated by noise spikes were removed. Because statistic@le include this quantity because it generally indicates the
analyses require independent and identically distributed dataxtent to which the data depart from a Rayleigh distribution,
the amplitudes were decimated by taking only those sampleas Rayleigh-distributed amplitudes result in a scintillation
separated by at least a correlation width across grazingndex of one.
angles and pings. The correlation widths were estimated as Table 1l shows that the scintillation indices for the sea-
the horizontal or vertical lags corresponding to the first nullfloor regions are the closest to one, suggesting that they de-
of the normalized spatial autocovariance. In cases where thegart the least from Rayleigh distributions. In addition, the
autocovariance dropped sharply to a low valg€).1), and  amplitude variance, skewness, and kurtosis values are lower
then fell gradually to zero, we used the distance for which itfor the seafloor regions. Mean backscattering strengths de-
decreased to 0.1. crease away from the nadir regig8F1) [e.g., Fig. 2a)],

As we are interested in reverberation fluctuations, wewhich is consistent with composite roughness model predic-
removed nonstationarities resulting from backscatter angulaions for the silt-sand sediment type in the region and ex-
dependence and angular variations in the TVSS transmit angected for rough-surface models of relatively smooth
receive beam patterns by grouping the amplitude data in eacfeafloors? The region at nadir also exhibits the highest vari-
analysis region into bins 1° wide according to grazing angleance, skewness, and kurtosis of the three seafloor regions.
and angle with respect to the TVSS, and then normalizing by  Statistics for the sea surface regions differ significantly
the mean in each group. The normalized data were then rérom those for the seafloor regions. The region at zenith
grouped into each analysis regi6fable I), and inspected to (SS) has the highest mean backscattering strengths of all
ensure that all nonstationarities due to beam pattern variaegions, but these are attenuated approximately 22 dB below
tions and grazing angle dependence were adequately reiodel predictions by resonant microbubbles in the towship’s
moved. wake[e.qg., Figs. #) and (f)].*® Backscattering strength de-

To ensure that the samples in each analysis region werereases with grazing angle, but scintillation indices, skew-
statistically independent and identically distributed acrossiess, and kurtosis increase with decreasing grazing angle.
pings and grazing angles, we performed the one sample ruis trend is opposite that of the bubble densities inferred

D. Data preparation
(15
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TABLE Il. Average TVSS backscatter amplitude statistics. We calculated backscattering strengths using expressions in Refs. 12—14. Tiba suletlat

is computed from Eq(15) in the text. The range is the maximum minus the minimum amplitude, and all other terms are computed from expressions in the
Appendix. Because they were computed from the normalized amplitudes, all quantities except the backscattering strength are dimensiortisiss The sta
have been averaged over runs 1-3, except those for the NS1 region, which were averaged over runs 2-3.

Mean Mean Mean
number of backscattering normalized Scintillation
Analysis samples strength amplitude Variance Skewness Kurtosis index
region N Sg.sv (dB) Ha Range ok Y3A Yan 0,2;2
SF1 1505 -19.4 1.0292 3.2242 0.3115 0.9022 1.4171 1.2262
SF2 3840 —22.6 1.0037 3.1795 0.2794 0.6447 0.1927 1.0156
SF3 4406 —28.7 0.9962 3.4766 0.2793 0.7185 0.4448 1.0646
SS1 1330 -12.9 1.0108 4.4545 0.4469 1.1528 1.6478 1.8328
SS2 2725 —41.5 0.9943 7.6032 0.4834 2.0793 10.329 3.6730
SS3 3951 -51.3 0.9981 13.3277 0.3479 6.2665 119.56 14.358
NS1 2500 —51.7 1.0604 3.5567 0.2902 0.9185 0.9124 1.0575
NS2 1823 —28.4 1.0139 5.1983 0.3963 1.6726 4.7479 2.2058
NS3 2350 -50.7 1.0159 8.0735 0.5233 2.4721 14.042 4.6218
NS4 4985 —60.7 0.9977 9.0243 0.2773 3.6466 38.646 4.8148
NS5 7296 —-59.4 1.0010 9.2410 0.1785 4.2419 61.760 3.1274
VL1 2835 —65.5 1.0001 3.8499 0.2687 1.0841 1.4969 1.0282
VL2 2522 —73.4 1.0094 5.1744 0.5285 1.6516 3.0865 2.5656
VL3 2732 —76.3 1.0015 5.3451 0.4954 2.3111 6.9617 3.2434
VL4 2591 —72.2 1.0167 3.6934 0.2919 1.3342 2.3139 1.3993
from backscattering strength imagefiig. 2(b)],*® as the depth, resulting from the decrease in zooplankton density

highest densities occurr near the towfish zef881), lower  with depth[e.g., Fig. 2d)]. Statistics for the VL4 region
densities occurr in the regions influenced by large scalelepart from this trend, and this may be related to the influ-
bubble clouds produced by breaking ship way®S2, and  ence of surface reverberation after the first surface echo.
the lowest bubble densities are observed farther across track Before fitting the various PDF models to the TVSS data,
(SS3 where the near-surface bubble population consists priwe evaluated their potential suitability for describing back-
marily of bubbles generated by small scale breaking of thescatter fluctuations by comparing plots of the skewness and
ambient sea waves. kurtosis descriptorsf&;,8,) of the normalized backscatter
Statistics for three of the near-surface regighdS2—  amplitude data with the possible values for each PDF family
NS4) exhibit a grazing angle dependence similar to that of(Fig. 4), where 8,= yiA, and B,=y4a+3. The Appendix
the sea surface regioSS1-SSB with mean backscattering describes the basis for this figure, which is taken from
strength decreasing, and skewness, kurtosis, and scintillatiokbraham?’ and Johnsoret al*® Although matching skew-
index increasing away from the towfish’s zenith. For the NS1ness and kurtosis does not imply that distributions are iden-
and NS5 regions, backscattering strength increases with déeal or even a good approximation to one another, estimates
creasing grazing angle as a result of the bottom-surface mubf 8, and 8, from data can provide an indication of which
tiple echo. For the NS1 region, backscattering from mi-PDF families are appropriate to consider. Except for the log-
crobubbles in the decaying towship’s wdlkegs. 1 and %)]  normal distribution, all PDF models appear suitable for de-
also increases the mean volume backscattering strenggtribing the seafloor backscatter data, which is closer to be-
above that for the higher grazing angle regidS4). Al- ing Rayleigh distributed than the amplitude data in the other
though the NS1 and NS5 regions are at similar across-tractegions. Skewness and kurtosis descriptors estimated from
locations and have the largest ensonified volumes of all théhe sea surface, near-surface, and volume backscatter ampli-
analysis regiongTable |, their statistics are dramatically tude data are spread among all the PDF models, but only the
different. The skewness, kurtosis, and the scintillation indexRayleigh mixture model is flexible enough to encompass all
values for the NS5 region are among the highest values of athe measurements.
the analysis regions, and result from sparsely distributed
bubbles generated by small scale breaking of ambient s S .
waves. The corresponding values for the NS1 region are sigg' Probability distribution functions
nificantly lower, and are the result of scattering from the Rayleigh,K, Weibull, log-normal, and Rayleigh mixture
denser distribution of bubbles in the towship’s wake from thedistributions were fit to the empirical distribution functions
previous run. corresponding to the backscatter amplitude data in each run
The statistics for the volume regions are similar to thoseand TVSS analysis region. Figures 5—8 show results of rep-
for the near-surface and sea surface regions in that they aresentative runs for the seafloor, sea surface, near-surface,
mostly influenced by the density of scatterers. For the VL1-and volume displayed as probabilities of false alarm (PFA
VL3 regions, mean backscattering strength decreases, ardl-CDF). PFA is the probability that the amplitude will be
skewness, kurtosis, and scintillation index increase withhigher than or equal to a given value, and we use it to display
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Appendix.
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the results because it illustrates best the non-Rayleigh nature 1 N 12
of the data, which is mostly seen in the tails of the distribu- Dims= NE (P(A)—Fn(A))? (19
tions. Although backscatter amplitude is displayed in deci- =1
bels on the abscissa of each plot, the distribution fits werg,q averaged values over the three TVSS runs for each re-
obtained from the data in linear units. gion (Table IV). In addition, rms differences were computed

~ We assessed the goodness of fit between the model digyg averaged only for the samples in the distributions for
tributions and the empirical distributions derived from the,yhich the PFA was less than 19 (Table V) in order to

TVSS data with the nonparametric Kolmogorov—Smirnoff ¢ gyate how well the model CDFs fit the TVSS data in the
test statistic, defined as the maximum absolute differencg,jis of the distributions. This “tail rms difference” was cal-
between the theoré%tmal CDIP(A)] and that formed from ¢ jated because relatively high kurtosis values in the near-
the N data samples: surface and surface data suggested that large tails would be
Dis=maxP(A)—Fy(A)], —w<A<ox, (16)  Present in the distributions of these défable II).

. Among all analysis regions and PDF model types, the
When the empirical datgF\(A)] are drawn from a popula- - seafloor amplitude data has the lowest rms differences and
tion in which the random variabla has a continuous distri- - pest statistical fit$KS p values. All ranges of grazing angles
bution functionP(A), the limiting distribution ofD,g de- (SF1-SF3are non-Rayleigh, but the moderate grazing angle

rived by Kolmogorov i8° region (SF2 is relatively close to RayleigiFig. 5). How-
h ever,K, Weibull, and Rayleigh mixture distributions provide

lim P| Dye<—|=0Q(h), (17)  good fits to the distributionéTables Il and IV} and the tails
N—o VN (Table V). The Rayleigh mixture distributions show the best

overall performance. In addition, rms differences and [KS
values indicate that no significant advantage is gained by
~ o, using more than three-components in the Rayleigh mixture.
Q(h)=_2 (—1)'e 2", (18 These results are generally consistent with those in Lyons
e and Abraharhfor backscatter amplitude data from mud bot-
The KS valuep=(1—Q(h)) represents the probability from tom types in the 40°-60° and 60°-80° grazing angle re-
0 to 1 of observing a more extreme value®f; under the gimes. The K values in Table IIl are slightly lower than
null hypothesis that the data are distributed according tdheirs, probably because of spatial variations in the bottom.
P(A). The closerp is to one, the more likely that the ob- Such variations were not present in their data because they
served data follow the model CDF. Although this test iswere collected from fixed platforms.
widely used to fit theoretical CDFs to empirical datd,Eq. Backscatter amplitude fluctuations from the sea surface
(18) is not strictly valid when parameters for the theoretical(Fig. 6) are more non-Rayleigh than those from the seafloor,
distribution are estimated from the empirical détahere- and depend mostly upon grazing angle and the density of
fore, we assessed also the relative goodness of fit for thieubbles relative to the vertical extents of the ensonified vol-
different PDF models by computing the root mean squaraimes adjacent to the sea surface. For the zenith régis,
difference between the model and the empirical distributiorwhere very high densities of bubbles in the towship’s wake
functions attenuated the acoustic backscatter, only the Rayleigh mix-

where, forh>0,
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FIG. 5. Acoustic backscattered amplitude distributions displayed as prob- ) )
ability of false alarm(PFA) for the three different seafloor regions in run 1. FIG. 6. PFA plots corresponding to the backscattered amplitude data from
the sea surface regions in run 3.

ture models provide statistically good fits to the observedlifferences are higher, with Rayleigh mixture models again
data. Outside the wake, where bubble densities resultinghowing superior overall performance.

from breaking waves generated by the towship were signifi-  Backscatter amplitude distributions in the lowest grazing
cantly lower than at zenith, K§ values are lower and rms angle region[SS3, Fig. €c)] appear to be multimodalcf.
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Ref. 40, Fig. 4.1.% Analysis of Fig. 3 and the sea surface (Fig. 7; Table \J. Results for the NS1 and NS3 regions are
backscattering strength imagery corresponding to these dasplit, with the Rayleigh mixture and log-normal models both
[e.g., Fig. 2b)] indicates that the centers of the distributions providing the best fits for different data ruri$able IlI).
for the SS3 regions are dominated by bottom reverberatiorQverall, the model-data fits are statistically poor, and char-
and the tails are dominated by randomly distributed bubbleacterized by the highest rms differences and lowestKS
within a meter of the sea surface. The log-normal modelalues of all the analysis regiori$ables Ill and 1\j. Side-
provides the best overall fits to the data in the SS3 regionkbe returns from the bottom-surface multiple occur in the
(Tables Il and 1V} in terms of the KSp value and rms NS1 and NS5 regions, and sidelobe returns from the bottom
difference which emphasize samples near the center of thecho are evident in the NS4 region. The outer edges of the
distribution. As indicated by Fig. (6) and the rms differ- NS1 region also are influenced by sidelobe returns from the
ences for PFA values less than f0(Table V), the Rayleigh first surface echo at the towfish’s zenith, and the NS3 region
mixture models provide the best fits to the tails in the SS3s influenced by sidelobe returns from the first surface echo.
regions. The best fits for the log-normal distribution are in the regions
Similar to the SS3 region, most of the near-surface datavhere the boundary reverberation is the strongest NS2,
are best described by the log-normal mo@Edble Ill), but  after the first surface echo; and NS4, after the first bottom
the Rayleigh mixture models provide the best fits to the tailsschg.
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Analysis of backscattering strength image€rindicated VL4 region[Fig. 8d)] that contain sidelobe returns after the
that the dominant mechanisms contributing to the tails of thdirst surface echgFig. 3). When boundary reverberation is
near-surface distributions are scattering from resonant miabsent, the shapes and tails of the distributions are affected
crobubbles and bubble clouds, with bubble density controlby the density of the scattergi@mooplankton. For the highest
ling the tail shape. When the bubbles are sparsely distributedcatterer densitie/L1, Fig. 8(@)], the distributions appear
such as those generated by the breaking ambient sea wavés,be unimodal with lower tails. As the density of scatterers
the tail is well-separated from the distribution center, result-decreases, the distributions become multimodal, with heavier
ing in what appears to be a multi-modal distributigwS4, tails[VL2, Fig. 8(b); VL3, Fig. 8(c)]. These observations are
Fig. 7(d); NS5, Fig. 7c)]. When the bubbles are more somewhat consistent with those for the surface and near-
densely packed, such as in the towship’s wék&1,2 and  surface regions, in that a sparse, nonhomogeneous spatial
in the region affected by large scale bubble clouds generatedistribution of scatterergbubblesg results in distributions
by ship-waves(NS3), the distributions appear unimodal, with more complexmultimoda) shapegcf. SS3, Fig. &c);
with the largest tails occurring in the regions with the highestNS4, Fig. 7d)].
bubble densitiegNS2, Fig. 1b)]. As with the sea surface
results, little or no improvement in fitting the tails of the v piscussion
distributions occurred when we increased the number of _ ) _
components in the Rayleigh mixture above 3, and 2 compoA' Nonstationarity of shallow water reverberation

- . fluctuations
nents were sufficient in most cases.

Results for the volume backscatter amplitude d&ig. Before offering physical arguments for the observed re-
8) are generally similar to those for the near-surface datasults, we address the fact that none of the regions could be
they are best fit by the log-normal model over the center otonsidered stationary across all pings and grazing angles.
the distribution and the Rayleigh mixture distributions in theThe primary factors contributing to the observed nonstation-
tails. In addition, the fits are not statistically good, with rela- arities are the towfish’s motion through the generally nonho-
tively low KS p values and high rms differencé3ables mogeneous spatial distribution of scatterers in each region,
[1-V). The best fits to the log-normal model are obtainedand boundary reverberation received in the sidelobes. This is
when boundary reverberation is present, i.e., in data for thevident in Table VI, which lists the samples sizes and percent
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TABLE lIl. KS statistic p-values computed from the model-data PDF fits to the TVSS acoustic backscatter amplitude data in each of the analysis regions. The
highest value for each run is in bold and corresponds to the best fit.

Rayleigh Rayleigh Rayleigh Rayleigh
Region run/ Rayleigh K Weibull Log-normal 2-mixture 3-mixture 5-mixture 7-mixture

SF1/01 0.466 0.886 0.708 3R10°*4 0.936 0.932 0.936 0.940

102 0.015 0.765 0.263 2.6010 4 0.890 0.890 0.982 0.984

/03 0.689 0.928 9.25x10°* 0.689 0.518 0.503 0.500
SF2/01 0.442 0.878 0.907 184072  0.443 0.901 0.939 0.939

102 0.867 0.989 0.993 8.18<10°Y  0.869 0.907 0.890 0.878

/03 0.868 0.913 6.02<10°Y  0.861 0.859 0.855 0.854
SF3/01 0.055 0.329 0.241 1460 %  0.568 0.520 0.489 0.541

102 0.298 0.973 0.969 32610  0.987 0.978 0.967 0.960

/03 0.419 0.724 0.587 3.6510 %  0.432 0.769 0.424 0.788
SS1/01 2.1%10°° 0.739 0.392 0.002 0.819 0.942 0.973 0.969

/02 1.05<10°2° 0.358 0.322 3.5410°° 0.267 0.999 0.999 0.999

/03 6.67x 10 *° 0.666 0.764 0.013 0.901 0.998 0.998 0.998
SS2/01 2.1&10°%7 2.48x10°4 7.41x10°° 5.17x10 4 0.131 0.840 0.975 0.983

102 3.12<10° %6 0.395 0.011 2.6910°4 0.997 0.997 0.996 0.992

/03 5.81x10 1.97x10°7 7.27x10 0.370 0.034 0.311 0.234 0.235
$S3/01 45%10° 2  3.14x10%  3.64x10%°  0.342 7.53x10° " 75210 7.44x10" 15610

102 7.96<10°%°  2.36x10°%°  4.45¢<107°  0.260 7.28x10°%° 716107 1.3310°%  1.39x10 %

/03 3.10<10°* 3.58x10°*  0.045 521x10°°  521x10°7®  521x10°®  520x10° 7
NS1/02 0.031 0.043 0.038 1.%30°4 0.063 0.069 0.057 0.063

/03 3.03x107° 2.58x10°*4 0.009 2.93x10°° 6.57x10° % 3.69x10° % 3.13x10°%°
NS2/01 5.25% 10 1° 1.40x10°* 1.29x10°° 0.113 1.43x10°* 1.44x< 104 1.44x 104 1.73x10°4

/02 3.15¢10 % 2.21x10°6 3.02x10 0.649 0.016 6.1x10 4 6.26x10 4 6.26x10°*4

/03 7.97x 10 % 0.022 8.2x10* 0.433 0.083 0.081 0.082 0.079
NS3/01 5.65 10 2° 0.033 2.5510°° 1.95x10°* 0.266 0.943 0.924 0.958

102 5.29<10° % 0.029 1.1K10°° 0.004 0.485 0.632 0.627 0.631

/03 3.13x10° % 2.37x10° 6.76x10 % 0.277 0.031 0.100 0.093 0.088
NS4/01 2.6X%10°% 5.64x10 %8 0.122 1.44x10°%° 1.43<1074° 1.44x10°4° 1.43x10°4°

/02 1.01x 10" 4 1.53x10° % 1.07x10°%*  0.167 3.04x10° % 3.03x10°% 3.02x10°%® 2.92x10° %

/03 1.22x10°%° 55710  0.003 1.29x10°7° 1.29<10° 70 1.29x10°7° 1.29x10°7°
NS5/01 1.8%10° % 4.23x107%° 1.03x10™* 1.25x 10 108 1.24x 107108 1.25x 10108 1.25x 10 108

/02 3.29<10° 77 2.17x10°%° 1.94< 104 1.86x10 8 1.86x10° % 1.86x10° % 1.86x10° %

/03 3.26<10° 1 5.02<10°*  7.58x10°° 3.26x10° 15 3.26x10° % 3.26x10°'%  3.26x1071%
VL1/01 9.75< 1078 7.59x10°8 0.023 3.59x10°° 9.74x10°8 4.21x10°8 5.08<10°°

/02 1.56x10 10 6.55<10°8 1.15x 1077 0.303 1.21x1077 1.48x10°7 1.79x10°7 1.61x10°°

/03 1.11x10°7 9.67x10 4 5.88x<10 4 1.11x1077 1.61x10°8 1.07x10°8 9.76x10°°
VL2/01 5.22<10°%8 3.44x10°7 8.16<10°*  0.029 7.16x10°° 7.82x10°° 6.76x10°° 6.62<10°°

/02 7.32¢10° % 6.25x10° %  291x10°*°  2.20x10°¢ 1.84x107° 1.88<10°° 1.07x10°° 9.06x10°°

/03 2.20<10° 70 1.58x10 ™ 1.05x10° %%  2.29x10°4 1.28x1077 1.28x10°7 1.37x10°7 1.36x10°7
VL3/01 1.41x1071°%% 3091072  2.98x10°%°  4.96x10° 1.36x10° 18 1.39x 1018 1.52<10718 1.44x 1018

/02 3.21x10° % 1.14x10°%6  3.36x10°%°  2.04x10°° 2.68<10 % 2.68<10°% 2.69x10° % 2.71x10° %

/03 420<107%1 1.70x10°%®  2.65x10°“®  2.04x10°  3.87x10°1° 3.89x10° % 4.32x10°1° 2.46x10° %
VL4/01 8.27x 10 10 2.66x10°8 0.323 2.38x10 %8 2.40x10 18 2.44x10° 1 2.86x10 1

102 4.30<10°° 3.01x10°8 0.848 1.78x10 ™ 1.78<10" 4 1.80x 104 1.86x10

/03 1.13x 10715 1.39x 1077 9.09x10°*  0.092 2.92<10°8 2.98<10°8 3.62x10°8 3.00<10°8

of data in each analysis region that were validated acrossontiguous samples satisfying stationarity, and it is influ-
pings and grazing angles as stationary and homogeneousnced by large and small scale bubble clouds, sea surface
The lowest percentages occur in regions where multiple rebackscatter, and sea surface reverberation in the sidelobes.
verberation components with widely varying characteristicsOn the other hand, the VL1 region has the largest percentage
are present. For example, the NS1 region has the smallest contiguous samples satisfying stationarity, and it is influ-
percentage of contiguous samples satisfying stationarity anenced almost entirely by scattering from zooplankton.

is influenced by microbubbles within the decaying ship’s Although the TVSS data set is unique in that it contains
wake, bubbles associated with breaking waves in the ambieiat wide variety of backscatter and reverberation processes re-
sea, and multiple boundary reflections received in the sideceived in narrow beams simultaneously, it is consistent with
lobes. Similarly, the NS3 region has a small percentage oflata in other studies which have observed that shallow water
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TABLE IV. RMS differences D,,9 between model and TVSS-derived empirical CDFs averaged over runs
1-3. The lowest value for each region is displayed in bold and corresponds to the model with the best overall

fit to the empirical distribution function.

Analysis Rayleigh Rayleigh Rayleigh Rayleigh
region Rayleigh K Weibull  Log-normal 2-mixture 3-mixture 5-mixture 7-mixture
SF1 0.0132  0.0070 0.0072 0.0359  0.0060 0.0063 0.0062 0.0063
SF2 0.0045 0.0029 0.0032 0.0425 0.0045 0.0036 0.0034 0.0034
SF3 0.0067  0.0041 0.0047 0.0395 0.0041 0.0039 0.0039 0.0039
SS1 0.0694  0.0091 0.0102 0.0287 0.0074 0.0040 0.0039 0.0040
SS2 0.0836  0.0191  0.0300 0.0180 0.0086 0.0045 0.0041 0.0041

SS3 0.0685  0.0649 0.0611 0.0096 0.0490 0.0490 0.0490 0.0490

NS1 0.0195 0.0155 0.0200 0.0192 0.0213 0.0219 0.0219 0.0219
NS2 0.0586  0.0246 0.0341 0.0091 0.0154 0.0153 0.0153 0.0153

NS3 0.0863 0.0282 0.0387 0.0164 0.0105 0.0061 0.0061 0.0061
NS4 0.0592 0.0601 0.0503 0.0099 0.0542 0.0542 0.0542 0.0542
NS5 0.0713 0.0348  0.0125 0.0744 0.0744 0.0744 0.0744

VL1 0.0291  0.0265 0.0258  0.0130 0.0237 0.0243 0.0240 0.0240
VL2 0.1142  0.0376 0.0476  0.0179 0.0203 0.0203 0.0203 0.0203
VL3 0.1164 0.0670 0.0766  0.0317 0.0459 0.0459 0.0459 0.0459
VL4 0.0411  0.0258 0.0369  0.0082 0.0322 0.0322 0.0322 0.0322

acoustic reverberation fluctuations received by moving andhe observed backscatter amplitude distributions. Three, five,
fixed platforms are often nonstation&r§® Consequently, our and seven component Rayleigh mixtures sometimes pro-
results regarding probability distribution functions pertain tovided better fits probably because bottom roughness and the
locally stationary reverberation fluctuations embedded irspatial variability of the bottom across each run introduced

larger scale, nonstationary processes. additional components.
o _ _ S For the sea surface and near-surface backscatter data in
B. Suitability of Rayleigh mixture distributions the SS1, SS2, and NS3 regions, bubble clouds with varying

The Rayleigh mixture distributions provide the best fitsSPatial scales are the most likely sources for the different
to the observed data in most of the boundary regi@#l-3, components of the Rayleigh mixture distributions that were
SS1-3, and some of the near-surface regi¢éN$1,3. Thus, fit to the observed data. Previous analy3é@wdicate that the
the Rayleigh mixture model adequately handles patchy, norPubble densities in the towship’s wak&S) and in the
homogeneouslynon-Poissondistributed scatterers. For ex- bubble clouds generated by breaking ship wai\&32,NS3
ample, the seafloor in the area of the TVSS experiment hasare relatively high, suggesting that the empirical distribution
bimodal sediment composition of sand and %ilmaking the  of backscatter in these regions could be modeled by a mix-
mixture of two Rayleigh random variables, hence a two-ture of Rayleigh variables, each accounting for the different
component Rayleigh mixture distribution a logical model for scales of the bubble clouds and scattering from the sea sur-

TABLE V. RMS differences D,y between model and TVSS-derived empirical CDFs for PFA values below
102, averaged over runs 1-3. The lowest value for each region is displayed in bold and corresponds to the
model with the best overall fit to the empirical distribution function.

Analysis Rayleigh Rayleigh Rayleigh Rayleigh
region Rayleigh K Weibull  Log-normal 2-mixture 3-mixture 5-mixture 7-mixture
SF1 0.0020 0.0012 0.0015 0.0220 0.0011 0.0010 0.0009 0.0009
SF2 0.0007  0.0006 0.0005 0.0320 0.0007 0.0006 0.0006 0.0006
SF3 0.0011 0.0004 0.0007 0.0272 0.0004 0.0006 0.0005 0.0005
SS1 0.0050 0.0018 0.0014 0.0200 0.0020 0.0014 0.0013 0.0013
SS2 0.0054 0.0009 0.0024 0.0087 0.0007 0.0007 0.0005 0.0005
SS3 0.0077  0.0043 0.0034 0.0015 0.0017 0.0017 0.00110.0008
NS1 0.0005  0.0005 0.0007 0.0100 0.0009 0.0008 0.0007 0.0008
NS2 0.0011  0.0006 0.0007 0.0031  0.0006 0.0007 0.0006 0.0007
NS3 0.0010  0.0007  0.0009 0.0026 0.0006 0.0002 0.0002 0.0002
NS4 0.0011  0.0012 0.0011 0.0010  0.0002 0.0002 0.0002 0.0002
NS5 0.0017 0.0011  0.0007 0.0009 0.0009 0.0009 0.0009
VL1 0.0027  0.0015 0.0030 0.0091 0.0013 0.0016 0.0011 0.0010
VL2 0.0055 0.0010 0.0020 0.0048 0.0014 0.0013 0.0012 0.0013
VL3 0.0057  0.0030 0.0041 0.0028 0.0020 0.0020 0.0020 0.0019

VL4 0.0046  0.0019 0.0041 0.00382  0.0007 0.0008 0.0008 0.0008
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TABLE VI. Sample sizes for the TVSS analysis regions. The total numbermixture model to other models based on physical processes,
of samples(column 2 corresponds to each rgglon defined in TabledlI- such as Crowther'sand McDaniel’d for seafloor backscat-
umn 1), averaged across the 3 runs. The validated saniptdsmn 3 cor-

respond to the data used to form the empirical distribution functions dis-ter'

played in Figs. 5-8, and are the largest contiguous subsets of the regions

validated as stationary and homogeneous across-pings and grazing angle€.. Scattering processes approximated by log-normal
distributions

Total Number of Percent of . ) )

Analysis number of validated validated The log-normal distribution provides the best fits to
region samples samples samples most of the near-surface and volume backscatter data, but the

SF1 2185 1505 69 fits are only good in. the_ center.s of the distributions where

SE2 5529 3840 69 boundary reverberation in the sideloh&&s1,2,4,5; VL4 or

SF3 9296 4406 47 scattering from patchy aggregations of zooplankton

se1 2616 1330 51 (VL1,2,3 domlna_ted the acoustic backsqatter. Here, we offe_r

s52 6537 2795 42 several explanations for these results in terms of approxi-

SS3 8374 3951 47 mately log-normal distributions. Approximate results are suf-
ficient because the model-data fits were never statistically

mg; lgggg fggg éi good since K values were always below 0.85.
NS3 6672 2350 35 First, we consider the near surface and volume data in
NS4 11383 4985 44 which boundary reverberation in the sidelobes dominated the
NS5 12510 7296 58 distribution center§NS1,2,4,5,VL4. Because the amplitude
VL1 3412 2835 83 data are validated as stationary, independent, and identically
VL2 3914 2522 64 distributed across-grazing angles and pings, we can use the
VL3 3974 2732 69 model in (1) and (2) to express the corresponding in-phase
VL4 4020 2591 64 and quadrature components-&s
1 n
Vio(N)= 5y 2 ABrs(r—ri &), (20

face. This is supported by backscattering strength images

constructed from the data in these regidegy., Fig. 2b)] where the generalized variabteis used in place ot to

which reveal a patchy distribution of bubble clouds with fepresent the ranges of grazing angle, depth, along-track, or

varying length scales along and across treck. across-track distance in Table I. For the TVSS dafa,)
Although the Rayleigh mixture models do not fit the represents the normalization procedure. Equa can be

observed near-surface and volume backscatter data well, thé§written as

are effective in fitting the distribution tails for every type of n

analysis region(Table V). This is most noticeable for the V|,Q(r)=2 v;(r), (22
regions in which bubbles contributed to the tails of the dis- =1

tributions[e.g., SS3, Fig. @); NS2, Fig. 1b); NS4], indi-  where v;(r) is the reverberation component in the sum of
cating that scattering from bubbles and bubble clouds coul@0) made stationary bg(r). If we assume that each(r)

be described as a mixture of Rayleigh distributed randontan be expressed in terms of a random proportion of the
variables. These figures also suggest that acoustic backscateceding termy; _(r), then

and reverberation from these regions is probably best de- _

scribed by a mixture of both Rayleigh and non-Rayleigh ran- vilh)=vi-a(N+ i), (22
dom variables, and that the Rayleigh mixture model is flexwhere the random s¢t;} is mutually independent and inde-
ible enough to describe that portion of the empiricalpendent of the seftvi(r)}. This assumption is reasonable if
distribution resulting from a mixture of Rayleigh random the scattered amplitudes and stochastic parametefsare
variables, even if the entire distribution does not fit such dandom, as assumed (1) and (20). Rearranging22), we

model. have
The flexibility of the Rayleigh mixture model comes (1) =i _4(1)
from its unification of a number of physically based models. —— =, (23
On one end, a Rayleigh mixture distribution dominated by a vi-a(r)
single component can approximate a single Rayleigh distriso that
bution, a Weibull distribution wittB=2, and &K distribution n B n
in the limit as v tends to infinity when the scale \I# is 2 M:E . (24)
applied to the datd’ A Rayleigh mixture distribution can =1 viealr) =1

also approximate th& distribution by quantizing the Ray- Now, supposing the difference between successive reverbera-
leigh speckle and chi-distributed components, and equatinon components’;(r) is small,

the latter with the mixture proportiorfsThis explains why N

the Rayleigh mixture model fits the data well when the Vi(f)—Vi—1(f),ij"n”)ﬂ_ln( ()= In(w1(r)

Weibull or K distributions do(e.g., SF2, Tables llland IV~ &4~ vi_4(r) iy v m Vil

In addition, Lyons and Abrahafrhave related the Rayleigh (25
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which, from (24), becomes It is interesting to note that the log-normal distribution
has been used to describe a wide variety of physical phe-
In(vn(r))=In(vy(r))+ 41+ + Ly (260 nomena which may be indirectly related to volume acoustic
backscatter fluctuations. In theoretical biology, for example,
species abundance has been successfully described by the
log-normal model, and organism growth was the first ap-

For large n, the central limit theorem implies that
In(v,(r)) is normally distributed, sas,(r) is log-normally

distributed by the properties of the log-normal distribution plication that used the development in E€R0)—(26), which
discussed in Sec. Il. If the minimum number for whi@®) is known as the law of proportional eﬁe??t.The, TVSS
converges to log-normal is much less than the total numbe\yolume backscatter fluctuations are influenced by the size
of scatterers(n), then V;,o(r) in Eq. (20) will be approxI-  and species abundance distribution of sound scattering zoo-
mately Iog—normal because the sum of Iog.-normal Varlable?)Iankton through their backscattering cross sections, which
is approximately Iog—norméﬁ By the same virtue, the TVSS are represented by the® terms in(20). Although backscat-

amplitude data that are related to the in-phase and quadratu.Lrgring strength imagery indicated that the spatial distribution

components by of zooplankton was nonhomogenedsg., Fig. 2d)], we

did not collect net tow or trawl samples to verify whether
the approximately log-normal distributions of the volume
gackscatter fluctuations were related to log-normal size or
species abundance distributions of volume scatterers. Never-
theless, such observations are not likely to be purely co-
incidental, and deserve further investigation, in view of other
studies in which high frequency volume acoustic backscatter
from biological sound scatterers was approximately log-
normal2°-36:51

VI(r)+V3(r) (27)

are approximately log-normal because a log-normal variabl
raised to a power is also log-normally distribuf&d.

From this development one might wonder why E26)
converges to a normal distribution, but not E§0). The
central limit theorem may be invoked for E@0) whenn is
large, but the value of for which Eq.(20) converges to a
normal distribution will be smaller if the variableg(t) are . . .
from the same underlying distributions. This can be expected Afinal observation for appr.OX|m.ate.Iy Iog-no_rmal acous-
when the total scattered signal arises from numerous scatteC backs.cat'ter femd reverberation dlstrlbutlons Is that a log-
ers of the same type. The value offor which Eq. (20) norm_al distribution can k_)e gxpressed as a mixture of seyeral
converges to a normal distribution will be larger when eaclphys_lcally relevant distributions. AlthOUQh we d(.) not th|nI§
v(r) arises from a different underlying distribution, espe_thls is the reason for our observations, this might explain

cially those which are highly skewed or have large t&it¥. OthelZ%' (ﬁ-g., Refs. 35| a_nd %13 Ir:]or exéalmple_, Tlét_erlr_lbgtqn
This is likely to occur for volume backscatter received by aft &l " show an example in which two Gaussian distributions

moving platform and dominated by boundary sidelobe redre used to approximate a two-parameter log-normal

turns, because each sidelobe is directed towards a diﬁereﬂ{stnbutmn. hzhus., tv;/o dF\t’)lcean ﬂ|str|btuted ttscqttermg pro- t
grazing angle with respect to the boundésge Ref. 41 for cesses, each dominated by a conerent scattering component,

the receive beam patterns of the T\JSBhe total reverbera- might yie.Id. a distribution WhiCh. is. approximately log-
tion will be the sum of the components arriving in each normal: Similarly, the Iog-norma! d|f5tr|t?ut|on.may be closely
sidelobe, where each component follows a different paren pproximated by the gamma distributighwhich has been

distribution. Thus, a log-normal distribution may approxi- directly related to a variety of scattering processes by

mate the observed data better than a normal distributiOP{Iiddletqn?aTh_is Is a_ppropriate for_ shallow water reverbera-
when the underlying distributions for the proportiofjsare tion, which typically includes multiple components from the
less skewed, with smaller tails, than those fefr) boundaries and volume. These considerations are consistent

Perhaps the log-normal model best fits the volume backWith our previous conclusions that mixture distributions with

scatter data in and above the thermockWe1,2,3) because component densities from different parametric families may

several biological and physical factors affecting the distriby Retter describe fluctuations of acoustic backscatter and rever-

tion of zooplankton are log-normally distributed. In observa—ber‘r"t'on in shallow water.
tions made by Dugaet al.*® the distribution of horizontal

temperature fluctuations in the seasonal thermocline fol-

lowed a log-normal distribution on scales from 10 cm to 1
km, whereas Campelf8 analysis showed that a variety of
factors related to phytoplankton, such as chlorophyll concen-  This study has several implications for undersea target
tration and cell size, are log-normally distributed. The spatiadetection. The non-Rayleigh nature of envelope fluctuations
distribution of zooplankton in the northeastern Gulf of that arise from nonhomogeneous spatial distributions of scat-
Mexico can be related to both of these. Zooplankton haveerers is seen in large tails and/or multimodality in the distri-
been shown to be concentrated near the mixed layer depthutions. For a predetermined probability of false alarm
which is influenced by both weather and mixing processesPFA), this implies that threshold detectors which assume
and also near the depth of the primary productivity maxi-Rayleigh-distributed envelope fluctuations will experience
mum, which is related to phytoplankton, hence chlorophyll,significantly higher false alarm rates. However, even with the
distribution}* Because these factors influence the number appropriate PDF model for envelope fluctuations due to the
of scatterers in(20), they directly influence the empirical environment, target detection is difficult for data within the
distributions of the backscatter amplitude fluctuations. tails of the distributions. For these data, combining statistical

D. Implications for target detection
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techniques with analyses of multibeam imagery, as we havimteractions received in the sidelobes. The results demon-
done here, may be a more effective method for discriminatstrate that the dominant environmental sources of noise in

ing between targets and noise. shallow water target detection applications are likely to be
resonant microbubbles near the surface, aggregations of

VI. SUMMARY AND CONCLUSIONS zooplankton and fish in the mixed layer and upper ther-
mocline, and boundary reverberation throughout the entire

In this study, we have analyzed the fluctuations of sea ‘ |
floor, sea surface, and volume acoustic backscatter data Sirater coiumn.
multaneously collected by the Toroidal Volume Search Sonar
(TVSS while it was towed in a shallow water region in the ACKNOWLEDGMENTS

ter data were grouped according to 15 analysis regions iinder ONR=NRL Contract No. N00014-96-1-G913. The au-
which scattering contributions from the volume and/orihors would like to thank CAPT. Tim Schnoor, US(et)
boundaries were present. After normalizing for backscatte{oNR), Sam Tooma, and Maria KalcitNRL) for their sup-
variations due to grazing angle dependence and nonunifofsort; Candy Robertson and Lisa Tubri@@SS for informa-
mity in the TVSS’s beam patterns, the data were validated agon on the TVSS; and Pat JordéMPL) for administrative
independent and identically distributed. Various momentssypport. Special thanks are due to Doug Abraham for pro-
and statistics were estimated for the data in each region, aﬂﬁi‘ding Ref. 27, which was essential in completing this work.

Rayleigh, K, Weibull, log-normal, and Rayleigh mixture Thanks are due to Jo GriffithtMPL) for helping with the
probability distributions were fit to the empirical distribution figyres.

functions in each region. We used previously published vol-

ume and boundary acou;tlc backscattering strength IMageHpENDIX: SKEWNESS AND KURTOSIS

cqnstructed from the multibeam data collected by the TVS_SDESCRIPTORS

to interpret the observed backscatter and reverberation statis- _ _ _ _

tics in terms of the spatial distribution of scatterers. ~ Expressions for the skewness and kurtosis descriptors in
Rayleigh mixture models provided the best fits to theFig. 4 are given by

backscatter data collected from both boundaries, and in most _ .2 _

, =92, =y,a+3, Al
cases, three-component mixtures adequately described the_'Bl Y3A _'82 TaA (A1)
observed data. For the near-surface and volume region¥hich are obtained from the moments
none of thg mod_els congdgred yielded _statlsucally goqd fits. ua=E[A] (mean),

The Rayleigh mixture distributions provided the best fits to
the larger tails in the data for these regions, which were oa=E[(A—pua)?] (variance,

mostly due to sparse distributions of bubbles near the surface E[(A=110)%] (A2)
or zooplankton in the mixed layer and thermocline. The log- 7’3A:—3MA (skewnesg

normal distribution best fit the centers of the distributions for ’ oA

the near-surface and volume regions, particularly when E[(A— pp)*]

single and multiple boundary interactions were received in 74A:—4A (kurtosis.

the sidelobes. Together, these observations suggest that mix- A

ture distributions with component densities from differentSkewness and kurtosis are measures of departure from nor-
parametric families might better describe the multiple-mality. Skewness represents asymmetry in the PDF, and high
component reverberation that is typical of most shallow wakurtosis indicates a relatively large number of values near the
ter environments. mean of the distribution.

With mixture distributions, it is difficult to determine the For the TVSS data, the sample moments were calculated
number of components required to represent the data, Qfsing(A2) with
what PDF families are appropriate, particularly since several N
different mixtures can be used to approximate the same dis- E[u]= EZ u
tribution. This guess work can be reduced by identifying =
candidate mixture components based on the spatial distriby-
tion of scattering features observed in coincident acoustiiOr the expected value. . .
backscatter imagery. For the PDF models, expressions @ and 3, in terms

The results were displayed as probabilities of false alarn%)f the noncentral moments
(PFA9 in order to emphasize the larger tails of the non-
Rayleigh backscatter statistics. The tails corresponding to
data in the near-surface, sea-surface, and volume were much
larger than those for the seafloor. Large tails resulted mostiy*herep(A) is the probability density function oA, can be
from nonhomogeneous spatial distributions of bubbles neg®btained by using th& central moments
the sea surface, and zooplankton and small fish at the base of o
the mixed layer and in the thermocline. Multimodal distribu- E[(A_MA)k]:f (A=) *p(A)dA, (A5)
tions with extended tails were observed when the data were o
influenced by both discrete scatterers and multiple boundaryielding?’>*

(A3)

aizE[Ak]zf AKp(A)dA, (A4)
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