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High-frequency bistatic scattering by sub-bottom gas bubbles
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A previous study of high-frequency acoustic backscattering data collected at Eckernfoerde Bay,
Germany revealed that scattering is mainly due to methane gas bubbles buried about a meter beneath
the seafloor@Tanget al., J. Acoust. Soc. Am.96, 2930–2936~1994!#. A backscattering model was
developed@Tang, Geo-Marine Lett.16, 161–169~1996!# where the gas bubbles were approximated
by oblate spheroids. In this paper, a bistatic scattering model is proposed as an extension of the
previously developed backscattering model. In this model, gas bubbles are again assumed to be
oblate spheroids with varying aspect ratios and a single-scattering approximation is used. The model
is compared to bistatic data acquired in Eckernfoerde Bay, Germany. In particular, the azimuthal
dependence of the bistatic scattering strength predicted by the model is tested against experimental
data and it is found that both the model and the bistatic scattering strength data exhibit a mild
azimuthal dependence. Best agreement between model and data requires a 35% reduction in areal
bubble density relative to that used in the backscattering model/data comparison. Possible reasons
for this are discussed including multiple scattering effects. ©1997 Acoustical Society of America.
@S0001-4966~97!04307-5#

PACS numbers: 43.30.Ft, 43.30.Gv, 43.30.Ma@JHM#
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INTRODUCTION

Sub-bottom contributions to acoustic scattering have
ceived increased attention in recent years. It has been sh
in a number of studies that sub-bottom inhomogeneities
dominate acoustic backscattering at frequencies as high a
kHz.1,2 However, the previous investigations have been
stricted to monostatic scattering~backscattering! in which
the dependence of the scattering directivity pattern on rec
ing grazing and azimuthal angles cannot be examined.
though such a scattering directivity pattern can lead to
ther insight into the scattering physics, very few bista
experiments of the type required to examine the scatte
directivity pattern have been reported due to the enginee
and operational difficulties involved in data acquisition.

Likewise, development of bistatic models is a more d
manding task. Recently, Jackson3 developed a bistatic mode
including surface scattering from the rough water–sedim
interface and volume scattering from the sub-bottom. T
comparison of his model with experimental data show
reasonable agreement.4 However, this model treats volum
inhomogeneities via perturbation theory and, as such, d
not address in a fundamental way environments in wh
scattering is due to high contrast scatterers such as bub
Just such an environment was encountered in Eckernfo
Bay, Germany during the Coastal Benthic Boundary La
Special Research Program~CBBL-SRP!. Within the Eckern-
foerde mud sediment, a layer consisting of many nonsph
cal methane gas bubbles was found at about 1 m below the
smooth seafloor.5 These bubbles scatter sound far more e
ciently than the water/seafloor interface and the mud ab
the bubble layer.1,2 In this paper, a two-layer bistatic scatte
ing model is proposed to describe scattering by suc
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bubble layer and compared with data taken at the Eckern
rde site. Section I outlines the theoretical development; S
tion II presents some results of numerical simulations, co
pares theory with experimental data, and ends with so
discussion of possible multiple scattering effects. Conc
sions are drawn in Sec. III.

I. BISTATIC SCATTERING MODEL

Bistatic scattering experiments employ configurations
which the transmitter and the receiver are at different po
tions. The commonly used monostatic scattering or ba
scattering geometry is a special case of the more gen
bistatic scattering geometry. Similar to backscatter
strength, bistatic scattering strength can be defined as
decibel equivalent of the scattering cross section per
area per unit solid angle3 and is, in general, a function o
incident angles (u i ,f i) and scattering angles (us ,fs),
where u and f correspond to grazing and azimuth angle
respectively. Whenfs5p1f i , andus5u i , bistatic scatter-
ing reduces to backscattering. Obviously, bistatic scatte
measurements provide more information than backscatte
measurements.

Previous backscattering studies at the Eckernfoerde
site showed that backscattering at 40 kHz is due to a laye
methane gas bubbles located about 1 m below the seafloor
and the scattering by these bubbles has been success
modeled by a backscattering model where the gas bub
were approximated by nonresonant oblate spheroids.2 In ad-
dition to these backscattering data, bistatic scattering d
were also collected with the same source and a mobile
ceiver at the same time and location.4 The purpose of this
806/102(2)/806/9/$10.00 © 1997 Acoustical Society of America
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paper is to extend the backscattering model to the bist
scenario.

Before introducing the model, we restate several
sumptions made in the backscattering model that will
used also in the bistatic model. First of all, in Refs. 1 and
the surface scattering at 40 kHz from the seafloor itself w
found insignificant and could be ignored due to the we
acoustic impedance change across the seafloor/water i
face.

Second, it is observed that the bubbles are concentr
in a layer distributed over a vertical distance of about 10 c
The differences between the grazing angles incident up
scattered from the top and bottom of the layer are small~less
than 2° for the geometry of the experiment!. Since we con-
sider single scattering only, it is reasonable to assume tha
bubbles are on a surface with an equivalent bubble sur
density obtained from integrating the volume density o
depth. As a result, volume scattering is treated as qu
surface scattering and the propagation loss due to vol
scattering is ignored. In contrast, the horizontal distribut
of the bubbles is assumed to be homogeneous, i.e., a uni
probability density function~PDF!.

Third, x-ray tomographic analysis of the core da6

shows that the shapes of the bubbles are nonspherical
their sizes vary from about 0.5 mm to less than 15 mm
volume-equivalent spherical radius. Smaller bubbles w
not measured because of the limited resolution of the x-
system. The bubbles are oriented as coins standing on
edges. Their broadside normals are, in general, parallel to
plane on which the bubbles are standing. For brevity, we
such a configurationhorizontally oriented. To simplify our
analysis and to objectively model bistatic scattering as in
backscattering model, we assume that resonant scatteri
unimportant and can be neglected. In the present model
assume that the bubbles can be properly modeled as hor
tally oriented pressure-release oblate spheroids with var
aspect ratios.

Finally, in the backscattering model, the effect of t
multiple scattering among bubbles was not considered. L
wise, in the present bistatic scattering model multiple sc
tering will be ignored. This approximation will be revisite
after model/data comparisons are presented.

A. Geometry of the two-layer model

A major issue of the two-layer model for a bistatic g
ometry is the determination of the ensonified region of
scattering layer. For a homogeneous medium, if the sou
signal is a short pulse, at any time greater than the minim
time required for the wave to travel from the source to
scattering layer and then to the receiver, the interception
on the scattering plane will be an elliptical ring whose wid
is proportional to the pulse length4 and can be determine
analytically.

However, for the two-layer model, since there are t
media ~water column and sediment! with different sound
speeds, the acoustic wave changes its propagation dire
when it passes through the interface that divides the
media. The interception area at a given time instant is
longer an elliptical ring and its shape cannot be determi
807 J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997
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analytically. To solve the problem numerically, we divid
the transmit beam into a number of narrow, nonoverlapp
sub-beams propagating in different directions, i.e., differ
azimuth anglef t , and compute the scattering contributio
due to each individual sub-beam. Since multiple scatterin
not considered in the current model, the total scattered fi
can be obtained by simply summing up the contributio
from all these sub-beams weighted by the transmitter
receiver beampatterns.

To compute the scattering due to each individual tra
mit sub-beam, a global coordinate system is chosen in su
way that the the acoustic source or transmitter is locate
x50, thez axis is pointing up, and the bubble layer is atz
50 as shown in Fig. 1, where Fig. 1~a! is the top view and
Fig. 1~b! the side view. In Fig. 1~a! there are two coordinate
systems: the original and rotated coordinate systems. T
z axes coincide with each other pointing outward from t
paper. The original coordinate system is chosen such tha
x0 axis coincides with the transmit beam axis, correspond
to zero azimuth angle. For a transmit sub-beam in an
muthal directionf t ~the angle between transmit beam ax
and the sub-beam direction!, the original coordinate system
is rotated about thez axis by an angle off t to make the
transmit azimuth angle zero in the rotated coordinate sys
(x,y,z). The bistatic scattering geometry shown in Fig. 1~b!
is the side view of thei th transmit sub-beam. The transmitt
is located at (0,0,Ht1h) and the chosen sub-beam is in th

FIG. 1. Geometry of a bistatic scattering model.~a! Top view, where
(x0 ,y0) are original coordinates and (x,y,z) are rotated coordinates.S and
R stand for source and receiver, respectively.~b! Side view of thei th sub-
beam.
807Chu et al.: Sub-bottom gas bubbles
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x-z plane, while the receiver position can be out of thex-z
plane and located at (xs ,ys ,h1Hr), whereHt and Hr are
distances from the seafloor to the transmitter and rece
correspondingly, andh is the thickness of the sediment ove
lying the scatterers. From Fig. 1 the following geomet
relations can be easily obtained:

r s5Ar 0
22~Hr2Ht!

2,

xs5r s cosf, ys5r s sin f,

x15Ht cot a11h cot a2 , ~1!

r 25Hr cot g11h cot g2 ,

fs5sin21~ys /r 2!, x25r 2 cosfs ,

wherer 0 is the distance between the transmitter and the
ceiver,r s the projection distance ofr 0 to thex-y plane,a1

and g1 are grazing angles at the seafloor, whilea2 and g2

are grazing angles at the bubble layer. Note thata1 anda2

correspond to the transmitted wave whileg1 and g2 corre-
spond to the scattered wave. Using the above geomet
relations, we have

xs5x11x2

5Ht cot a11h cot a21~Hr cot g11h cot g2!

3cos@sin21
„ys /~Hr cot g11h cot g2!…#. ~2!

A constraint on the arrival time gives

ts5
1

c1
S Ht

sin a1
1

Hr

sin g1
D1

h

c2
S 1

sin a2
1

1

sin g2
D , ~3!

wherec1 andc2 are sound speeds of the water column a
the sediment, respectively.

Grazing anglesa1 , a2 , g1 , andg2 in above equations
are related by Snell’s law:

cosa25
c2

c1
cosa1 , ~4!

cosg25
c2

c1
cosg1 . ~5!

For a given time, there are only two independent u
knowns in Eqs.~2! and ~3!: g1 anda1 . These two simulta-
neous transcendental equations can be solved numeric
One way to solve the equations is to step through time in
vals; N discrete time steps, for example. It requires solv
the transcendental equationsN times, which is not an effi-
cient way.

An alternative way used in our modeling is to find a
possible combinations ofa1 andg1 that satisfy Eq.~2! first,
then computets using Eq.~3! and the obtaineda1 and g1

from Eq. ~2!, and finally sort the result according to an a
cending time sequencets . This way we only need to solve
the transcendental equations once.

It can be proved that when the receiver is in the sa
plane as the transmit sub-beamf50, and when the scatter
ing grazing angleg1 is equal to the transmit grazing ang
a1 , the travel time reaches its minimum,tmin , and this scat-
tering grazing angleg1 can be considered as the grazi
808 J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997
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angle in the specular direction,gsp. At any other timets

.tmin , there are always two rays intercepting the gas-bub
layer, i.e., thez50 plane: One corresponds to a grazi
angle g1 larger thangsp, and the other corresponds to
grazing angle smaller thangsp. This bears some analogy t
the case where only one homogeneous layer overlays
scattering layer and the ensonified area on the scatte
layer is an elliptical ring. For any vertical plane containin
the transmitting sub-beam and intercepting this scatte
layer, there are always two intercepting points on the ellip
cal ring, corresponding to the two rays. ForfÞ0, there still
exists a minimum travel time,tmin , which corresponds to a
single ray with the transmit and scattering grazing ang
a1 andg1 . Herea1 andg1 are not equal in general. At an
time ts.tmin , there are still two rays with one ray having
scattering angleg1 greater than that corresponding tots

5tmin , and the other smaller thang. The total scattering
contribution at timets is the sum of these two rays.

B. Scattering model

As described in Refs. 1, 2, 5, and 6, the strong scatte
layer consists of an aggregation of nonspherical gas bub
which are modeled as~horizontally oriented! oblate sphe-
roids with their major axis pointing randomly in direction
orthogonal to the vertical. The model for bistatic scatteri
from these spheroids is an extension of the model develo
by DiPerna and Stanton7 in which a conformal mapping
method is applied. Since the bubbles have different orien
tions and aspect ratios, it is reasonable to assume the o
spheroidal scatterer has an omnidirectional orientation dis
bution in thex-y plane, i.e., bubbles are oriented uniform
over 0 to 2p. Obviously, for an oblate spheroid under su
an assumption, the incident and azimuth angles with res
to the horizontal plane in the global coordinates or obser
tion coordinates@rotated coordinates (x,y,z) in Fig. 1~b!# are
different from those with respect to the spheroid defined
the local coordinates~shown in Fig. A1!. To perform a sta-
tistical average over orientation, coordinate transformati
are needed to relate the local coordinates to global coo
nates. The details of the transformations are given in
Appendix A. The average cross section over orientation
well as aspect ratio expressed in the global coordinates
be obtained by

S s~g2 ,fs ;a2!5
2

p E
0

p/2E
2`

`

se~Qs ,Fsi ;Q i !

3r~e!df rot de, ~6!

wherese is the scattering cross section of an oblate spher
with an aspect ratioe, Qs , Fsi , andQ i are given by Eqs.
~A11!–~A15! in Appendix A, andr~e! is the probability den-
sity function ~PDF! of the aspect ratioe given in the next
section.

Using S s(g2 ,fs ;a2) together witha1 andg1 obtained
numerically using the method described in the previous s
section, the received acoustic intensity corresponding to
transmit azimuthal anglef t at time t for ray i can be ex-
pressed as
808Chu et al.: Sub-bottom gas bubbles
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I si~g2 ,fs ;a2 ,f t!5
I 0e2bwr we2bsr sed

r t
2r scat

2 S s~g2 ,fs ;a2!

3ArbBt~u t ,f t!Br~u r ,f r !

3~T12T21!, ~7!

wherei 51,2 corresponding to the two raysg1,gsp andg1

.gsp, respectively,

r t
25S Ht

tan a1
1

h

tan a2
D S Ht tan a2

sin2 a1
1

h tan a1

sin2 a2
D ,

~8!

r scat
2 5S Hr

tan g1
1

h

tan g2
D S Hr tan g2

sin2 g1
1

h tan g1

sin2 g2
D

are distances from the transmitter and the receiver to
scatterer, and

r w5
Ht

sin a1
1

Hr

sin g1
,

~9!

r sed5hS 1

sin a2
1

1

sin g2
D

are travel distances of a ray in the water and in the sedim
respectively. Here,bw andbs are attenuation coefficients i
water and sediment, respectively~neper/m!; T12 andT21 are
energy transmission coefficients from medium 1 to 2 an
to 1; rb is the bubble surface density (no./m2); Bt andBr are
transmitter and receiver beampatterns with the argum
u t5a12u td , u r5g12u rd , and f r5f2f rd , whereu td is
the transmitter depression angle~mounting angle!, and u rd

and f rd are receiving depression and orientation angles
cordingly. Here,A is the ensonification area and can be d
termined numerically~Appendix B!. Note thatg2 , fs , a2 ,
andf t are functions of time. The total received intensity
time t, I s(t) can then be obtain by integratingI si given by
Eq. ~7! over f t ,

I s~ t !5E
2p/2

p/2

(
i 51

2

I si~g2 ,fs ;a2 ,f t!df t , ~10!

where we have summed up the contributions from the
rays corresponding to the transmit directionf t . We ignored
contributions forf t betweenp/2 and 3p/2 due to the strong
attenuation of the transmitter beampattern~greater than 40
dB!. In Eq. ~10!, at a given time, the anglesg2 , fs , and
a2 can be uniquely determined if a transmit azimuthal an
f t is specified. Therefore, a summation overf t in Eq. ~10!
also results in a summation overg2 , fs , anda2 .

In general, contributing rays with a variety of incide
and scattered angles intercept the bubble layer at any g
time; therefore one cannot obtain the conventional scatte
strength defined by a pair of incident and scattered ang
However, by taking advantage of the narrow beamwidths
both transmitter and receiver, it is possible to determ
whether the scattered field is dominated by the contribu
from a single direction. The average scattering strength~SS!
per unit area per unit solid angle can be expressed as

SS~g2 ,fs ;a2!510 log10„rbS s
~d!~g2 ,fs ;a2!…, ~11!

where the superscript (d) denotes dominant scattering.
809 J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997
e

nt,

2

ts

c-
-

t

o

e

en
g
s.
f
e
n

II. RESULTS AND DISCUSSIONS

A. Numerical simulations

At low frequencies,ka!1, wherek is the wave number
anda is the characteristic geometric dimension of the object
scattering by a pressure-release sphere is almost omnidire
tional. However it is directional for an oblate spheroid and
approaches a dipolelike bistatic scattering pattern as aspe
ratio increases. Figure 2~a! shows the normalized differential
scattering cross section for a single oblate spheroid versu
scattering angleQs for a broadside incidenceQ i50, where
Q i andQs are defined in a local coordinate system describe
in Appendix A. Q i represents the angle between the broad
side normal and the incident direction, andQs represents the
angle between the broadside normal and scattering directio
Since the scattering is independent of azimuth angle,Fs ,
only the scattering in an arbitrary azimuthal plane is illus-
trated. In the figure,Qs50 corresponds to forward scattering
while Qs5180 corresponds to backscattering. The three
curves in Fig. 2~a! correspond to oblate spheroids with as-
pect ratio 1~dashed-dotted!, 5 ~dashed!, and 10~solid!, re-
spectively. For the curve with aspect ratio of unity, i.e., a

FIG. 2. Normalized bistatic scattering cross section of an oblate spheroid. I
all computations, the frequency is 40 kHz, sound speed is 1425 m/s, and th
semi-minor axis of the oblate spheroid is 1 mm, resulting inka50.18. ~a!
Scattering directivity pattern of an oblate spheroid with an aspect ratio of 1
~dash-dotted!, 5 ~dashed!, and 10~solid!; ~b! normalized average scattering
cross section over aspect ratio using an exponential PDF. In both~a! and~b!
the incidence is along the broadside normal of the oblate spheroid, i.e.,Q i

50 and the scattered angleQs is the angle between the broadside normal
and the scattered direction.
809Chu et al.: Sub-bottom gas bubbles



o

i

e

n

r

at

-
ssel
he

5°,
was
nge
ted
its

oth
ane
l
er,
4.
tion
ring
ere
ng
be

t

ed at

ble
fs. 1

ous
n is
he

na-

f
ta
ata

the
are
rom
ct
used
ata
by
al
ori-
nts
ory,
sphere, the variation in scattering cross section is less th
20%, or 1 dB, while for the curve with aspect ratio of 10, the
variation is greater than 80%, or 7 dB, and the cross secti
has a minimum atQs590°, showing a dipolelike scattering
pattern. For the curve with aspect ratio 5, the variation
within the two extremes.

For an aggregation of oblate spheroidal bubbles wit
various aspect ratios, an average scattering cross section
be obtained using an appropriate PDF. To perform the ave
age, we assume that the semi-minor axis of the oblate sph
oid is kept unchanged, while the semi-major axis chang
according to the PDF. From the core data,8 it was observed
that gas bubbles with smaller aspect ratios are more abund
than those with larger aspect ratios. A simple truncated e
ponential used in Ref. 2 is also used in our computation:

r~e!5H b

e2bemin2e2bemax
e2be, emin<e<emax

0, otherwise
, ~12!

with b50.25, emin51, andemax510. Figure 2~b! illustrates
the average scattering cross section normalized to unity a
using such a truncated exponential PDF. It can be seen th
after averaging, the angular dependence has not been was
out entirely but is smoothed to some extent.

For a more general case, when the incidence is along
arbitrary direction~sayu i as shown in Fig. A1! computations
of the average bistatic cross section over orientations a
aspect ratios given by Eq.~6! involve coordinate transforma-
tions described in Appendix A. Figure 3 shows a 3-D ave
aged bistatic scattering cross section in the upper half-spa
for u i518°, where grazing and azimuth angles (us ,fs) vary
from 0290° and 02180°, respectively. Similar to the azi-
muth independent case shown in Fig. 2, the variation of th
scattering cross section is about 8 dB. Again, it can be foun
that the maximum is in the forward direction while the mini-
mum occurs at grazing angleus590° when the azimuth
angle fs is fixed or at azimuth anglefs590° when the
grazing angleus is fixed.

FIG. 3. Bistatic scattering cross section in the upper half-space foru i

510°.
810 J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997
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B. Comparison with bistatic experimental data

The 40-kHz bistatic scattering data were collected
Eckernfoerde Bay, Germany in April, 1993.4 The Benthic
Acoustic Measurement System~BAMS! served as the trans
mitter while the receiving array was suspended from a ve
that was moored at several locations in the vicinity of t
source. The transmitter was mounted on a tripod 5 m above
the seafloor, rotated 360° in 72 steps with a step size of
and transmitted one pulse at each step. The receiver
about 7.5 m above the seafloor and was within a 50-m ra
of the transmitter for the data shown here. The transmit
signal was a 2-ms linear frequency modulated signal, with
frequency swept from 39 to 41 kHz. Beampatterns of b
transmitter and receiver are narrower in the horizontal pl
~about 6.5° beamwidth for both! and broader in the vertica
plane~14° and 37° beamwidths for transmitter and receiv
respectively!. Details of the system can be found in Ref.
Since the bistatic data were collected at the same loca
and the same time as the previously reported backscatte
data,1,2 the parameters used in backscattering model w
initially kept unchanged in the current bistatic scatteri
model. However, in the final model/data comparison to
shown here the bubble concentration,rb is reduced by abou
35% ~about 2 dB in scattering strength! to obtain the best fit.
Possible reasons for this needed adjustment are discuss
the end of this section.

The parameters used in the modeling are listed in Ta
I, where all parameters are the same as those used in Re
and 2 except for bubble density discussed in the previ
paragraph. The attenuation coefficient in the water colum
set to zero since at 40 kHz for a range within 50 m, t
attenuationis negligible.

In this study, a total of eight data sets have been a
lyzed. Each data set corresponds to one revolution~360°! of
the transmitter~72 pings!. Figure 4 shows the comparison o
the reverberation level~RL! between the experimental da
and the theoretical predictions for four pings from one d
set, where the thinner lines are the experimental data and
thicker lines are the model predictions. These four pings
selected to represent the time series of the scattering f
four different azimuthal directions and exhibit some distin
patterns. Since the transmission and reception systems
two independent internal clocks, the alignment of the d
with the theoretical curves in time is adjusted primarily
aligning the first arrival of the data with the direct arriv
predicted by the model based on the actual position and
entation information. For some pings, such adjustme
could result in a misalignment between data and the the
i.e., the major scattering structures~peaks and troughs! in the

TABLE I. Parameters used the bistatic bottom scattering model.

cw51448 m/s sound speed in water
cs51425 m/s sound speed in sediment
rw51.0 g/cm3 water density
rs51.1 g/cm3 sediment density
aw50 dB/m water attenuation coefficient
as52.4 dB/m sediment attenuation coefficient
rb58.83103 (no./m2) equivalent bubble surface density
810Chu et al.: Sub-bottom gas bubbles
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RL time series can match much better if the RL curve
shifted a few ms. This could be attributed to the possib
inaccuracy in determination of positions and orientations
the transducers.

From Fig. 4 it can be seen that the agreement betw
data and the model is reasonable in both scattering levels
patterns. When the scattering geometry approaches b
scattering, i.e., the azimuthal angle between incident a
scattering approaches 180°, the reverberation level~RL!, af-
ter the initial direct arrival, gradually increases to its max
mum, and then decreases slowly generating a broad pea
shown in~a! and~b!. In contrast, when the scattering geom
etry changes from backward to forward, the peak becom
narrower and RL decreases faster than in the backward s
tering case as shown in~c! and ~d!. Such a scattering char
acteristic is believed due to the narrow horizontal beamwid
~about 6.5°! but much broader vertical beamwidth of th
transducers. For backscattering, the main lobes of the tra
mitter and receiver are overlapped throughout the entire d
acquisition time interval associated with each ping, while f
forward scattering the main lobes of the transmitter and
receiver intercept only over a much shorter time period,
may even not intercept at all~in which case the data are no
analyzed further!.

Another aspect of the comparison is the RL of the dire
arrivals ~the first large event in the time series!. The differ-
ences between the prediction and the actual measurem
are as large as 18 dB. The error in RL caused by the error
position data required in estimating the geometric spread
is insignificant, less than 0.4 dB. However, the RL of th
direct arrival is very sensitive to the orientation informatio
since in many cases; the signal falls on the sharp edge~large
gradient! of the main lobe or even within the sidelobe
Simulations reveal that a61° error in orientation of the

FIG. 4. Comparison of reverberation level between the bistatic scatte
model predictions and the experimental data. The four time series are
sen from the same data set representing the bistatic scattering with
different azimuth angles as indicated in the figure. The vertical lines de
the time windows within which the attenuation due to the beampatt
~product of transmitting and receiving beampatterns! is less than 15 dB, and
the data are considered ‘‘reliable.’’
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transducer or receiver can cause an error as large as 20 d
estimating RL of the direct arrival. Consequently, this part
the data is not used in our analysis.

The analysis and discussions given above are also a
cable to all other pings of the same data set and the o
data sets. Generally speaking, the model fits the backw
scattering data (fs.100°) better than the forward scatterin
data. This could be explained, in part, by the beampatt
effects. For the forward scattering, the main lobes of
transmit and receive beampatterns are partially overlapp
any is more sensitive to the accuracy of the orientation of
transducers than backward scattering.

Obviously, the total scattered field at any time resu
from the scattering from all directions. As noted earlier, it
not possible, in general, to obtain the relationship betw
the scattering cross section and the scattering angles as
ted in Fig. 3 since the scattering from a certain directi
characterized by a particular sub-beam cannot be sepa
from the total scattered field. However, by taking advanta
of the narrow horizontal beamwidths of the transduce
careful inspection makes it possible to determine whether
total scattered field is dominated by scattering from a cer
direction. In our simulations, at any given time, when t
ratio of the intensity in one dominant direction to the inte
sity in any other direction is greater than 15 dB, we keep
data and designate that dominant direction as the prim
scattering direction; otherwise we discard the data.

In addition, to avoid large errors due to the uncerta
knowledge of sidelobes, a beampattern attenuation thres
is set to assure that all selected data fall in the main lob
When the combined beampattern attenuation of transm
and receiver is greater than a preset threshold~15 dB used in
the modeling!, the data are considered ‘‘unreliable’’ and di
carded. The selected data are bounded by the vertical li
or the time windows shown in Fig. 4. The selected data
then averaged over this time window and converted to
average scattering strength of the bubble layer by the follo
ing equation:

SS~g2 ,fs ;a2!510 log10̂ I sd&2SL1awr w1asr sed

120 log10~r t!120 log10~r scat!

210 log10 A210 log10 Bt~u t,0!

210 log10 Br~u r ,f r !

210 log10~T12T21!, ~13!

where^I sd& is received scattering data averaged over the
lected time window, SL is the source level, andaw,s

5bw,s log10 e is the attenuation coefficient in dB/m, andA
is, as before, the ensonification area. All physical proper
of the water and sediments are given in Table I. All geo
etry parameters are those associated with the dominant
tering direction based on the actual position and orienta
information. The resultant bistatic data points are plotted
Fig. 5 ~plus signs! for the mean incident grazing angl
^a2&518° with a deviation of610° and scattering grazing
angleus varying from 10° to 20°, where the solid lines a
theoretical curves computed from our bistatic model. T
theoretical curves are averages over scattering grazing a
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us 10° – 20° and incident grazing angles,a2 of 12°610°
~uppermost!, 18°610° ~middle!, and 24°610° ~bottom!, re-
spectively. The superimposed bar graph at the upper cor
is the histogram of the difference between the experimen
data and the theoretical curve of^a2&518° with a meanm
50.0 dB and a standard deviations53.7 dB. Further analy-
sis reveals that about 65% of all data points deviate less t
3 dB from the theoretical prediction and about 90% less th
6 dB.

Figure 6 shows another comparison between the the
and data. The data are divided into 13 azimuth angle ba
and processed by applying a median filter to the cross sec

FIG. 5. Average bistatic scattering strength as a function of azimuth an
The solid lines are the theoretical predictions given by Eq.~6! for incident
grazing anglea2512°610° ~uppermost!, 18°610° ~middle!, and 24°
610° ~bottom!, respectively, where we have used an exponential PDF. T
experimental data~plus! are obtained for incident grazing anglea2518°
610° and averaged over selected time window~bounded by vertical lines in
Fig. 4!. For both theoretical predictions and the data, the scattering graz
anglefs varies from 10° to 20°. A superimposed plot at the upper rig
corner is the histogram of the difference of the scattering strength betw
theory (18°610°) and the data.

FIG. 6. Data presented in Fig. 5 are passed through a moving median fi
over an azimuth angle window of 12°.
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within each angle band. The model prediction and the
tered data have similar angular dependence and fluctua
about the theoretical curve are less than 4 dB.

C. Forward scattering loss and multiple scattering
effects

The results presented here and in Ref. 2 demonstrate
capability of the model to quantitatively predict the me
sured acoustical scattering levels. One concern in the mo
data comparisons is that the bubble areal density neede
obtain best agreement in the present bistatic case is
lower than in the backscattering case.2 This is equivalent to a
2-dB reduction in the bistatic scattering calculated via
model. At present we have three hypotheses as to why
might be so.

One hypothesis is that the calibrations of the sonar s
tems used in the backscattering and bistatic experim
have a differential error of 2 dB. Error in any one calibratio
on the order of 1 dB cannot be ruled out.

Another possibility is that spatial variations of scatteri
in the region of the experiment are responsible for the d
ference in bubble density needed. Backscattering image
the vicinity of the tower show patchiness in the backscat
ing strength with variations on the order of 10 dB over sca
of 10 m and a general lower level of scattering Northeas
the tower as compared to Southwest of the tower.9 Although
the bistatic scattering and backscattering data are both
quired in the vicinity of the tower, a bias in levels cou
remain in the data due to the differing areas of the bott
sampled.

The third hypothesis is that the different bubble dens
needed in backscattering and bistatic scattering is due
multiple scattering and propagation loss. Enhanced ba
scattering is one possible ramification of multip
scattering10 ~an enhancement of 3 dB is possible!, while
propagation loss due to volume scattering~single or/and
multiple scattering! as the acoustic wave propagates throu
the bubbly sediment results in a deduction in incident int
sity. For brevity, we refer this type of propagation loss
forward scattering loss. A single scattering theory exclud
forward scattering loss would lead to the need for a hig
bubble density in the backscattering case as compared to
bistatic case.

There are at least two other indications of multiple sc
tering and forward scattering loss. The first is the downw
looking sonar images taken~at 12 kHz! by Lambertet al.11

in the region of the experiment. In those images the bub
layer masks the signals below the layer, resulting in a d
matic reduction in the sound level below the layer.

Another~and most dramatic! indication comes from us-
ing the bistatic model to calculate the total scattered ene
The total scattered power from a unit ensonification area
be obtained by integrating the bistatic scattering cross s
tion over all solid anglesV,

Ptot~a2!5I 0E
V

rbS s~g2 ,fs ;a2!dV, ~14!

whereI 0 is the incident intensity at the scattering layer.
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If a surface scattering mechanism is assumed, the t
incident power on a unit ensonified area~vertical energy
flux! is I 0 sin(a2). The ratios of the total scattered pow
Ptot to the total incident power at the scattering layer a
10.5, 4.7, 2.1, and 0.8, for incident grazing anglesa255°,
10°, 20°, and 40°, respectively. As incident anglea2 ap-
proaches zero, the ratio approaches infinity.

The fact that the ratios are greater than unity for incid
angles below 34° implies violation of the conservation
energy. Furthermore, even though the conservation of en
is not violated for the higher grazing angles, the high lev
are still in violation of a single scattering assumption th
relies on small scattering levels relative to the incident int
sity. Further comments are included in Sec. III.

III. CONCLUSIONS

We have developed a two-layer, single scatter, bist
model to simulate the scattering by nonspherical bubb
buried in an attenuating sediment. A bubble layer of a fin
thickness is approximated by a bubble surface at a cer
depth, i.e., all bubbles are on the surface. The bubbles
modeled as oblate spheroidal voids~pressure release!.

When tested against data acquired in Eckernfoerde B
Germany, there is reasonable agreement if bubble densi
reduced by 35% relative to that used in previous backsca
ing work for the same area. The average scattering stre
exhibits a mild azimuthal dependence: Maximum scatter
strength is reached in the forward direction and the minim
occurs when the transmitting and scattering directions
close to perpendicular with each other, while backscatte
has a medium scattering level. The total fluctuation is ab
6 dB.

However, even though the single scattering the
seems quantitatively successful for the Eckernfoerde dat
some aspects, further consideration of the amount of en
scattered indicates that it cannot be the whole story. Sec
II C implies that for the Eckernfoerde site multiple scatteri
and forward scattering loss must play a role at least for so
range of grazing angles in order to avoid a violation of t
conservation of energy. A more severe criterion is set by
data of Lambertet al.11 that indicates at least qualitativel
that the two scattering mechanisms are probably impor
even at normal incidence. This implies that multiple scatt
ing and forward scattering loss are in effect being trea
phenomenologically in the present single scattering the
via reduction in bubble density, whereas what is proba
happening is that the deeper bubbles in the bubble layer
seeing a reduced field. Consequently predictions for sca
ing back into the water column are consistent with tho
measured but predictions of the amount of energy in
sediment below the bubble layer violate both conservation
energy and the more qualitative results of Lambertet al.11

Therefore, further modeling of the Eckernfoerde site that
corporates multiple scattering and forward scattering los
desired.

This motivation for incorporation of multiple scatterin
and forward scattering loss is actually more general. Reg
less of bubble densities, shallow incidence angles may
to multiscattering effects. In a qualitative sense, this is
813 J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997
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cause as the incidence angle gets shallower the pathle
through the bubble layer gets longer and the possibility
scattering from multiple bubbles and the forward scatter
loss increases.
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APPENDIX A

To obtain an average bistatic scattering model of an
late spheroid over orientation and aspect ratio, it is neces
to express the required spherical angles~Q,F! in local coor-
dinates (X,Y,Z) ~modeling coordinates! in terms of~u,f! in
the global coordinates (x,y,z) ~observation coordinates!.
The local coordinate system is chosen in such a way that
Z axis coincides with thez axis, and theX axis coincides
with the broadside unit normal of the oblate spheroid.
shown in Fig. A1, the incident and scattered wave vector
be expressed in global coordinates as

k̂i5~cosu i ,0,2sin u i !, ~A1!

k̂s5~cosus cosfs ,cosus sin fs ,sin us!. ~A2!

The broadside unit normal of the oblate spheroid,n̂, lies
in the x-y plane and rotates about thez axis by an angle of
f rot , representing different orientation of the oblate sph
oid. To express the local coordinates (X,Y,Z) in terms of the
global coordinates (x,y,z), we utilize the following coordi-
nate transformations:

k̂x5 l 1K̂x1 l 2K̂y1 l 3K̂z , ~A3!

k̂y5m1K̂x1m2K̂y1m3K̂z , ~A4!

k̂z5n1K̂x1n2K̂y1n3K̂z , ~A5!

where, again, upper case letters denote vector componen
the local coordinate system. The direction cosines of
three rotated axes can be easily obtained

~ l 1 ,m1 ,n1!5~cosf rot ,sin f rot,0!, ~A6!

FIG. A1. Geometry of global to local coordinates transformation.
813Chu et al.: Sub-bottom gas bubbles
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~ l 2 ,m2 ,n2!5~2sin f rot ,cosf rot,0!, ~A7!

~ l 3 ,m3 ,n3!5~0,0,1!, ~A8!

wheref rot is the rotation angle. Using these equations,
can express the unit vectors of incident and scattered w
in the local coordinates in terms of the spherical angles
fined in global coordinates (x,y,z) as

K̂ i5~cosu i cosf rot ,2cosu i sin f rot ,2sin u i !, ~A9!

K̂s5~cosus cos~fs2f rot!,cosus

3sin~fs2f rot!,sin us!. ~A10!

Therefore, the two spherical angles~Q,F! of the incident and
scattered waves in local coordinates (X,Y,Z) are

cosQ i5K̂ ix5cosu i cosf rot , ~A11!

cosQs5K̂sx5cosus cos~fs2f rot!, ~A12!

tan F i5
K̂ iz

K̂ iy

5tan u i cscf rot , ~A13!

tan Fs5
K̂sz

K̂sy

5tan us csc~fs2f rot!. ~A14!

It is convenient to choose a coordinate system in which
incident azimuth angleF i is zero. To do so, we simply rotat
the Y-Z plane aboutX axis byF i because of the symmetr
of an oblate spheroid, the new scattering azimuth angl
found to be

Fsi5Fs2F i . ~A15!

APPENDIX B

The ensonified area is a function of the difference of
incident and scattering angles, pulse length, sound spee
water, and sediment. For a homogeneous medium, the
sonified area at any timet.tmin , where tmin is the earliest
scattering arrival from the scattering layer, can be descri
as an elliptical ring, the outer and inner ellipses corresp
two curves of equal arrival times att2t andt, respectively.4

However, for a two-layer scattering geometry, since refr
tions across the two-layer interface greatly complicate
geometry, the ensonified area, in general, cannot be d
mined analytically and can only be achieved numerically
plan view of the ensonified area for a bistatic scatter
geometry is depicted schematically in Fig. B1. In the figu
ki andks are incident and scattering wave vectors,a1a2 and
b1b2 are wavefronts of the transmitted and scattered wa
respectively.a1a25x1F tb , wherex1 is transmit horizontal
distances given by Eq.~1!, F tb is the sub-beam beamwidt
of the transmitter~see Sec. I A!. Interception pointO corre-
sponds to the earliest arrival. The difference of arrival tim
betweenO and any point in the plane~scattering or bubble
layer! is

D t5
1

c2
~PR/cosa21RQ/cosg2!, ~B1!
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where incident and scattering grazing anglesa2 andg2 can
be obtained numerically. Note thatPR is positive when point
R is on the right ofa1a2 and negative on the left. Positiv
value corresponds to a time delay while negative value c
responds to a time advance. Similarly,QR is positive when
R is belowb1b2 and negative when it is aboveb1b2.

Two arcsEF̂ andGĤ represent two equal arrival tim
lines for t2t and t, respectively. They can be obtained b
settingD t50 andD t5t in Eq. ~B1!, wheret is the pulse
length. The ensonified area at timet for the sub-beam con
sidered is bounded by the two equal time lines and the
segmentsEG andFH.
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