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Due to the multiple bottom reflections encountered in shallow water environments, the spatial
structure of the ambient noise field depends strongly on the geoacoustic properties of the seabed,
which are invariant over time scales associated with most measurements. The vertical directionality
and coherence are relatively stable features of the noise that are determined primarily by the seabed,
rather than temporal variations in the surface source distribution. In this paper, estimates of the
compressional and shear wave speeds are determined from ambient noise measurements over shear
supporting seabeds. Using a model of wind-generated noise over an elastic seabed, it is shown that
the noise is sensitive to the compressional and shear wave speeds in the upper few meters of seabed.
An inversion procedure is developed based on a matched field of the complex, broadband coherence
from a single hydrophone pair. Using ambient noise data from two shear supporting sites,
compressional and shear wave estimates are obtained that are in good agreement with independent
surveys. For one site where the bedrock is exposed, a half-space model of the seabed yields
reasonable estimates of the seabed parameters. For the other site, the presence of a thin sedimentary
layer results in a low estimate from the half-space model. However, when the layer is included in
the model, the estimates of the underlying bedrock are in good agreement with a seismic survey.
© 1998 Acoustical Society of America.@S0001-4966~98!05101-7#

PACS numbers: 43.30.Ma, 43.30.Pc@DLB#
a
r

bi
rc
th
ul
bi
te
te
ra
s
h
en
e
t

e

s
o
te
n
-
nt
a

yp
tiv
u

sing

er-
cy

se
ha-
uses
led
ly,
t in
iable
se
sti-

ion
bu-

the
res-

a. A
r a
. II,

ical
o-

ally
ure,
of

oge-
ed to
y the
eed
INTRODUCTION

In shallow water, sound interacts strongly with the se
bed. Sound emanating from a source undergoes multiple
flections between the sea surface and sea floor. The am
noise field is a stochastic process of many such noise sou
and the respective interactions of their wave fields with
environmental boundaries. As a consequence of the m
path interaction, the time-averaged ambient noise exhi
spatial structure that is largely determined by the charac
istics of the seabed. In particular, the geoacoustic parame
of the seabed determine the relative reflection versus ref
tion of sound from the water column into the seabed a
function of grazing angle. In turn, this relationship affects t
vertical directionality and vertical coherence of the ambi
noise. These functions of the noise can therefore be m
sured in the ocean environment, and used to estimate
seabed parameters.

The dependence of the vertical directionality and coh
ence was examined by Chapman1 who modeled typical
variations in the noise structure for seabeds ranging from
to chalk, and demonstrated good agreement of the real c
ponent of the coherence with data from two shallow wa
sites. Based on the seabed’s effect on the vertical cohere
Buckingham and Jones2 used a low-loss, fluid model to es
timate the compressional wave speed from experime
measurements of the noise. In the present study, this ide
developed further to address shear-supporting seabed t
The dependencies of the ambient noise on the reflec
properties of the seabed are presented and subsequently
801 J. Acoust. Soc. Am. 103 (2), February 1998 0001-4966/98/10
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to invert for the compressional and shear wave speeds u
the vertical coherence of the noise.

The inversion is based on the broadband vertical coh
ence from a single hydrophone pair. It utilizes the frequen
band of 100 Hz to a few kilo-Hertz, where ambient noi
often contains contributions from both natural source mec
nisms and anthropogenic sources. The present study foc
solely on wind/wave-generated noise, which can be mode
as a uniform distribution of surface sources. Undoubted
other noise sources, particularly ships, can be importan
many shallow water areas. These sources often have var
spatial distributions, and thus very different vertical noi
structure compared to wind noise. The present study con
tutes an initial investigation into the somewhat ideal situat
where wind noise, which has a predictable spatial distri
tion, is the dominant source mechanism.

In this paper, the dominant environmental effects on
noise field are examined and used to estimate the comp
sional and shear wave speeds from ambient noise dat
normal mode model of wind-generated ambient noise ove
shear-supporting basement is developed in Sec. I. In Sec
the noise is examined in terms of the narrowband vert
directionality and, alternatively, the broadband vertical c
herence. The directionality is used because it is physic
intuitive, whereas the coherence, which is easier to meas
forms the basis of the inversion. The fundamental effects
the seabed on the noise field are examined using a hom
neous half-space seabed. Then, a layered seabed is us
investigate the seabed penetration depth characterized b
broadband coherence. Finally, the effect of a sound sp
8013(2)/801/13/$10.00 © 1998 Acoustical Society of America
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profile on the coherence is addressed. In Sec. III, amb
noise data are presented in order to demonstrate the sta
arity of the noise field coherence with regard to tempora
varying aspects of the ocean environment. In Sec. IV,
inversion procedure is introduced and subsequently app
to ambient noise data from two shear-supporting sites
Sec. V.

I. AMBIENT NOISE MODEL FOR A SHALLOW WATER
DUCT OVER A SHEAR-SUPPORTING BASEMENT

Several models of ambient noise are currently in ex
tence. A review of these models can be found in a pape
Hamson.3 One such model for the spatial correlation in t
vertical was developed by Buckingham.4 This model ac-
counts for uncorrelated omnidirectional noise sources ov
low-loss, fluid basement in an isovelocity shallow wa
channel. The low-loss approximation made by Buckingh
allowed for the continuous spectrum, which is often attr
uted to a branch line integral and can be difficult to compu
to be omitted from the calculation. However, as this ene
represents the contribution from nearby sources, it can b
important component of the wind-generated ambient noi5

A more general formulation, which allows for the continuo
spectrum component, was expressed in the form of a w
number integral by Kuperman and Ingenito.6 This general
expression is evaluated using the fast field program~FFP!
OASES.7,8 Recently, Harrison9 has shown that equivalent re
sults may also be obtained using a simple ray approach

In this section, recent developments in the area of eig
value finding routines10 are incorporated with these previou
approaches in order to express the entire wind-generated
bient noise field as a sum of normal modes. The expres
accounts for lossy, elastic seabeds, and it incorporates
discrete and continuous spectra by including the trapped
leaky modes. It can be computed quickly and accurately
the isovelocity case and used to examine the seabed ef
on the noise field.

The physical model is shown in Fig. 1. The wind noi
generators are modeled as a plane of omnidirectional p
sources which are Poisson distributed in space and time
are located just below a pressure release surface. The w
column contains a sound speedcp1 and densityr1 . The sea-
bed consists of an optional fluid layer of variable thickne
overlying an elastic half-space. The parameters for the la
are the compressional wave speed and attenuation,cp2 and
ap2 , and the densityr2 . The parameters for the half-spac
are the compressional wave speed and attenuation,cp3 and
ap3 ; shear wave speed and attenuation,cs3 andas3 ; and the
densityr3 . A sensor array, shown as a single receiver pair
located in the water column away from the interfaces.

The goal is to describe the second-order statistics a
function of the seabed parameters. To do this, the cr
spectral density between receivers will be expressed in te
of the Green’s function, which in turn depends on the sea
parameters. The cross-spectral density will then be use
compute the vertical directionality and the vertical coh
ence, which will help to interpret the seabed’s effect on
noise field.
802 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998 Carbone
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Considering an incremental surface areadA as shown in
Fig. 2, the expected value of the cross-spectral density fo
Poisson process is given by Carson’s theorem,11 which can
be expressed as

dSi j ~v!52nQ2G~r ,v,zri !G* ~r ,v,zr j ! dA, ~1!

where the overbar stands for ensemble average,n is the
source density per unit time,Q is the source strength,G are
the Green’s function at receiver depthszri andzr j , v is the
angular frequency, and the asterisk denotes complex con

FIG. 1. Canonical shallow water ambient noise model showing an option
fluid layer of variable thickness and the viscoelastic parameters of the s
bed half-space. The cross-spectral density between the two hydrophone
calculated from a random distribution of point sources just below the pre
sure release surface.

FIG. 2. Source model for the ambient noise field. The cross-spectral den
of the ambient noise is derived using the Green’s function within the incr
mental areadA and then integrating over azimuth and range.
802et al. : Estimating the compressional and shear wave speeds
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gate. To obtain cross-spectral densities for the total surf
the incremental areadA5rdrdf is integrated over range
and angle. Assuming azimuthal symmetry, the integral o
f provides a factor of 2p and the resulting integral for th
expected value of the total cross-spectral density is given

Si j ~v!54pnQ2E
0

`

rG~r ,v,zri !G* ~r ,v,zr j ! dr. ~2!

Thus, the expected value for the average cross-spe
density of the random process is expressed in terms of
deterministic Green’s functions for a given environme
Considering the shallow water duct environment of Fig.
the Green’s function solution to the wave equation is w
known and can be expressed as a sum of normal mode

G~r ,v,zr !5 ip(
n

wn~zr !wn~zs!H0
1~knr !, ~3!

wheren is the mode number,wn are the mode eigenvector
evaluated at the source and receiver, andH0

1 is a Hankel
function which depends on ranger and the mode eigenvalue
kn .

Substituting the Green’s function from Eq.~3! into the
cross-spectral density in Eq.~2! and performing the range
integration results in the following double sum of norm
modes:

Si j ~v!516pnQ(
n51

`

wn~zs!wn~zri ! (
m51

`

wm* ~zs!wm* ~zr j !

3
ln~kn /km* !2 ip

km*
2
2kn

2
. ~4!

The upper limit of infinity in the mode sum is due t
choosing the Pekeris branch cut, which results in a finite s
of trapped modes plus an infinite sum of leaky modes plu
branch line integral, which can be neglected. Because
noise sources are distributed across the entire surface
noise field includes overhead source contributions, and
continuous spectrum is an important contributor to the to
noise field. The infinite sum provides an accurate descrip
of the noise without the necessity for computing the bran
line integral. In practice the sum may be truncated at m
cutoff for a rigid bottom. This corresponds to a maximu
mode number ofNmodes52 f h/cp1 , wheref is the frequency
andh is the duct depth.

Some concern was raised by Stickler12 as to whether the
mode sum derived from the Pekeris cut provides a su
ciently complete solution for the field in the water colum
However, Stickler’s concern over the importance of t
branch line integral is based on a specific example whe
single trapped mode exists and is very near cutoff. For
geometries and frequencies used in this study, many mo
exist in the water column. Consequently, the branch line
tegral can be neglected and the Pekeris mode sum prov
an accurate representation of the field in the water colum

The seabed parameters couple into the noise field s
tion through the reflection coefficient which determines
mode eigenvalueskn . For the case of an isovelocity profil
in the water, the eigenfunctions are sines and the eigenv
803 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998 Carbone
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solutions are obtained for the lossy, elastic seabed using
complex effective depth method of Zhang and Tindle.10 By
allowing for an angle-dependent complex effective depth a
iterating the eigenvalue solutions,13 the procedure provides
the exact eigenvalues of both the trapped and leaky m
poles.

Once the eigenvalues have been obtained and the c
spectral density computed, the vertical directionality may
obtained by beamsteering a multi-element array across
vertical span of the water column. To steer the array at
angleus from the horizontal, the proper phase delay for
receiver at positionzi is given by

wi~us!5ai exp S 2 i
vzi sin ~us!

cp1
D , ~5!

whereai is real-valued window weighting that may be us
to provide array shading. The directional power for the an
us is then the sum over all hydrophones according to
equation

F~us ,v!5 (
i , j 51

Nhyd

wi* ~us!Si j ~v!wj~us!, ~6!

where again the asterisk denotes complex conjugate.
The vertical coherence is simply a normalized version

the cross-spectral density. It may be expressed for a vari
receiver separation at a single frequency, or it may be
pressed as a broadband calculation from a single rece
pair. For the purpose of this study, we desire the simplic
obtained in using a measurement from a single hydroph
pair. Consequently, the coherence is expressed as the fo
ing broadband function:

G i j ~v!5
Si j ~v!

ASii ~v!Sj j ~v!

, ~7!

where i 51 and j 52. We note here that the coherence is
complex function, as is the cross-spectral density betw
the two receivers.

Having established a theoretical framework for t
wind-generated ambient noise field, we can now interpret
seabed’s effect on the ambient noise directionality and
herence.

II. INTERPRETING THE AMBIENT NOISE FIELD

A. Fundamental effects of a viscoelastic seabed on
the ambient noise field

The ambient noise inversion will be based on the bro
band coherence from a single hydrophone pair. However
this function is not physically intuitive, the effect of the se
bed on the ambient noise field will be described by fi
discussing the reflection coefficient, progressing to the ve
cal directionality, and finally arriving at the vertical cohe
ence. The reflection coefficient describes the angular dep
dence of the reflection strength of a single plane wave
determined by the seabed parameters. The vertical direc
ality is a measurable quantity of the noise in which the pro
erties of the reflection coefficient are manifest in the no
power per unit angle. Although the directionality has t
803et al. : Estimating the compressional and shear wave speeds
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benefit of being easy to interpret, it has the drawback
requiring a multiple element array where the useful f
quency band is limited by the minimum receiver separati
The coherence, on the other hand, requires only two
ments, and its frequency band is limited only by the sa
pling frequency and receiver response. Consequently, the
herence has the benefits of being a simpler measuremen
allowing a wider frequency band to be examined. Additio
ally, the use of a broadband measurement offers greater
munity to dominant shipping lines which tend to occur
lower frequencies. To relate the coherence to the vert
directionality, we will make use of the spatial Fourier tran
form relationship derived by Cox.14 This relationship relates
the complex coherence to the vertical directionality, where
the real component of the coherence represents the d
tional symmetry in the noise, and the imaginary compon
represents asymmetry in the noise. Although the relations
breaks down for nonhomogeneous noise fields, it will
useful in relating the coherence to the directionality a
thus, to the seabed reflection coefficient. Homogeneous n
is not, however, a necessary condition for performing am
ent noise inversions based on the coherence or the direc
ality. Provided that an adequate representation of the fi
exists, inversions can be performed by matching the the
to the measurements in the water column.

To examine the fundamental seabed effects on the n
field, we consider the case of a viscoelastic half-space w
out the presence of the sedimentary layer. We will consi
the compressional wave speed,cp3 ; the shear wave speed
cs3 ; and the compressional wave attenuation,ap3 . Com-
puter simulations have shown that typical variations in
remaining parameters,r3 andas3 , are of lesser importanc
in determining the spatial structure of ambient noise. Con
quently, they will not be considered in this analysis.

Figure 3 shows the reflection coefficient, vertical dire
tionality, and vertical coherence for half-space parame
combinations of@cp3 ,cs3 ,ap3# as follows: I, @1700, 0.01,
0.01#; II, @2400, 0.01, 0.01#; III, @2400, 750, 0.1#; and IV,
@2400, 1000, 0.1#, where the wave speeds are given in un
of m/s and attenuation is in dB/l. The line types are given
by: case I~-•!, case II~—!, case III~- -!, and case IV~••!.

Reflection coefficients for four seabed combinations
shown in Fig. 3~a!. The effect of the compressional wav
speed can be seen by comparing the solid line to the da
dot line. The critical angle of total internal reflection deriv
from Snell’s law which relates the refraction angle to t
ratio of sound speeds at the interface. Increasing the valu
cp2 results in an increased critical angle, and thus a lar
range of angles where total internal reflection occurs. Thi
the most basic and dominant effect of the seabed on
acoustic wave energy. Because of the simplicity of the re
tionship, the critical angle is an easy identifier of the co
pressional wave speed.

Comparing the dashed and dotted lines to the solid
shows the result of increasing the shear wave speed in
seabed. Higher levels of shear result in decreased reflec
of energy propagating at angles between grazing and
critical angle. Thus, with regard to energy in the water c
umn, the conversion of compressional to shear waves
804 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998 Carbone
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loss mechanism that preferentially attenuates intermed
subcritical angle energy.

In the absence of compressional wave attenuation,
reflection coefficient curves obtain a value of unity at t
critical angle, even when shear is present. However, the p
ence of compressional wave attenuation decreases the re
tion of critical and subcritical angle energy. Because of
compressional wave attenuation, the dashed and do
curves in Fig. 3~a! obtain a value slightly less than unity a
the critical angle.

Figure 3~b! shows the effect of the seabed parameters
the vertical directionality. The curves have been compu
from an 11-hydrophone array using a Hanning window,
interelement spacing of 1.47 m, a frequency of 480 Hz
100-m channel, and a source strength of unity. Stand
practice is to normalize these curves to absolute hydroph
level and to plot them on a polar plot. Rather than follow th

FIG. 3. The ~a! reflection coefficient,~b! vertical directionality, and~c!
vertical coherence are shown for varying seabed conditions. The param
@cp3 ,cs3 ,ap3# vary as follows:@1700, 0.01, 0.01#, ~-•!; @2400, 0.01, 0.01#,
~—!; @2400, 750, 0.1#, ~--!; and@2400, 1000, 0.1#, ~••!. The wave speeds are
given in units of m/s and attenuation is in dB/l.
804et al. : Estimating the compressional and shear wave speeds
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procedure, the unnormalized levels of the curves are plo
on a log-linear plot to show better the absolute effects of
loss mechanism.

It should be clear from the similarity in Fig. 3~a! and~b!
that the character of the reflection coefficient manifests it
in the vertical power of the noise field. Comparing in F
3~b! the solid line to the dash–dot line isolates the effect
varying the compressional wave speed. The angle s
where total internal reflection occurs can be seen in the r
tive vertical power, where the faster compressional wa
speed case has a broader peak around the horizontal. Fu
more, because a greater amount of energy has totally
flected along the multipath, the higher compressional w
speed case also has a higher absolute power level fo
equal source strength.

In the dashed and dotted curves we see that the inclu
of shear results in intermediate mode stripping, creatin
‘‘rabbit ear’’ appearance to the directionality. The amount
mode stripping is dependent on the shear speed and the
responding amount of compressional to shear wave con
sion at the seabed. Because shear represents an energ
mechanism, the directionality exhibits an asymmetry wh
more energy is present at upward-looking angles than
downward-looking angles. The compressional wave atten
tion has a relatively minor effect on these curves, which is
clip the level of the peaks at the critical angle.

Figure 3~c! shows the complex coherence functions o
tained from a 1-m receiver separation over the freque
band of 100–2000 Hz. The real part approaches unity at z
frequency; the imaginary part approaches zero. The solid
dash–dot curves demonstrate the effect of the compress
wave speed in the lossless environment. For these curves
imaginary part is very close to zero because, for the loss
seabed, the noise field directionality is nearly symme
about the horizontal.~A small amount of asymmetry alway
occurs due to penetration of high angle energy.! The effect of
the compressional wave speed on the coherence is tha
creases incp3 shift the zero crossings in the real compone
of the coherence to a lower frequency. In the limit, ascp3

becomes large, the noise field becomes isotropic~or entirely
symmetric! and the zero crossing approaches a frequenc
f 5cp1/2s, wheres is the receiver separation.

The effect of shear can be seen in the dashed and do
curves. Compared to the solid curves, the real coherence
crossing frequency has decreased due to the loss of sym
try in the noise directionality. In addition, the magnitude
the imaginary component has increased due to the asym
try associated with the intermediate mode stripping. Comp
ing the dashed and dotted curves indicates that these v
tions in the real and imaginary coherence increase w
increasing shear wave speed.

In addition to shear, the compressional wave attenua
is a loss mechanism that can affect the asymmetry in
noise directionality. Although its properties differ from tho
of shear, attenuation can have similar effects on the vert
coherence. This raises uncertainty as to which paramet
causing the noise field asymmetry. One option would be
invert for the ‘‘effective attenuation’’15 which is a combina-
tion of all attenuation mechanisms including shear, atten
805 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998 Carbone
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tion, and scattering. However, it is known from numerousin
situ studies by Hamilton16–18 and others that fast seabed
have high shear wave speeds and low attenuation val
Consequently, the effects of attenuation from a fast, sh
supporting seabed are expected to be small. The relative
fects of shear and attenuation can be seen in Fig. 4 where
coherence is plotted for parameter variations typical of a m
raine seabed.19 In Fig. 4~a! the attenuation has been varie
from 0.1 to 0.5 dB/l; in Fig. 4~b! the shear speed has bee
varied from 500 to 700 m/s. Comparing Fig. 4~a! and ~b!
shows that, for a moraine seabed, shear has a greater e
on the coherence than does the compressional wave at
ation. This will be increasingly true for progressively fast
seabed types where attenuation values decrease and
speeds increase. Consequently, typical variations in sea
attenuation should not provide significant error in the e
mates ofcp3 andcs3 , provided that the inversion is applie
to sufficiently hard materials where shear speeds are h
and attenuation is low. The presence of attenuation in unc
solidated sediments will, however, prohibit inverting for th
low shear speeds associated with these materials. There
we concentrate our inversions on fast, consolidated mate
where shear is the dominant loss mechanism. To furt
minimize the error incurred in the inversion, empirically d
termined relationships will be used to correlate the atten

FIG. 4. The comparative effects of shear and compressional wave ab
tion for a moraine seabed showing~a! attenuation effects:cp52000, cs

5600, varyingap50.1 ~—!, 0.3 ~––!, 0.5 ~••!; and ~b! shear effects:cp

52000,ap50.3, varyingcs5500 ~—!, 600 ~––!, 700 ~••!. Sound speeds
given in m/s, absorption given in dB/l.
805et al. : Estimating the compressional and shear wave speeds
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tion with the compressional wave speed. This correlation
discussed in the Appendix.

B. The penetration depth

Using ambient noise to determine seabed parame
will provide an average estimate for some finite penetrat
depth into the seabed. This penetration depth will depend
the acoustic wavelength of the ambient noise used in
calculation. Narrowband simulations of the vertical dire
tionality indicate that the noise is sensitive to approximat
the upper one wavelength of seabed. Consequently, for
quencies varying from 100 to 2000 Hz, a vertical footprint
15 to 0.75 m, respectively, may be obtainable provided
array of sufficient aperture is used. However, utilizing t
broadband coherence does not allow for estimates at th
dividual frequency components. Rather, the coherence
vides a single estimate which represents an intermed
value over the penetration depths delimited by the freque
band employed in the inversion.

To illustrate the vertical footprint obtained using th
noise coherence, a fluid layer of variable thickness is n
included in the model. The coherence curves for a sand la
over a chalk substrate seabed are shown in Fig. 5. The
drophone pair is separated by 1 m and located at midwate
depth in a 100-m channel. The thickness of the layer va
as 1 m~-••!, 2 m ~-•!, and 5 m~--!. The limiting cases are the
chalk half-space with no layer~••! and the sand half-spac
with no layer ~—!. The figure shows that the coherence
very sensitive to as little as 1 m ofsediment over the chalk
substrate. The curves for the three layered basements lie
tween the two half-space limits, representing a sort of av
age between the two materials. Furthermore, as the s
layer thickens, the coherence progressively approaches
sand half-space result. The coherence for the 5-m laye
barely distinguishable from the sand half-space. For the
quencies and receiver separations specified, these curve
dicate that the coherence is only sensitive to the upper 5 m of
seabed, and that this sensitivity is dominated by the surfi
material. Consequently, the inversion technique will not
useful in determining deep sediment structure, but may p

FIG. 5. The effect of a layer on the broadband coherence from a rece
pair separated by 1 m. The seabed model varies as follows: chalk half-s
without a layer~••!, 1-m layer of sand over chalk~-••!, 2-m layer of sand
over chalk ~-•!, 5-m layer of sand over chalk~--!, and sand half-space
without a layer~—!. The curves indicate that the coherence is only sensi
to the upper 5 m of seabed material.
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is

rs
n
n
e

-
y
e-
f
n

in-
o-
te
y

w
er
y-

s

be-
r-
nd
the
is

e-
in-

al
e
o-

vide an inexpensive means of monitoring seasonal variat
in sediment overburden in shallow water areas.

C. The effect of a sound speed profile

The effect of a water column sound speed profile on
noise directionality and coherence has been considered
viously by Hamson,5 Kuperman and Ingenito,6 and others.
The presence of a sound speed profile will affect the amb
noise inversions in two ways: the noise field homogene
and the perceived critical angle. In the isovelocity enviro
ment the noise field is approximately homogeneous aw
from the surface and bottom interfaces.4 As a consequence
the precise location of the receiver pair is not an import
consideration, provided that the two receivers are not too
apart and that neither is near an interface. In the presenc
a sound speed profile this simplifying factor breaks dow
The sound speed profile results in bent rays, or vertica
constrained mode shapes, depending on one’s preferred
of view. Consequently, receiver placement within the pro
dictates what collection of rays or what modal amplitud
contribute to the measured field. For this reason, placem
of the receivers, even within the center of the water colum
becomes a consideration that can affect the inversion ca
lations.

The second important factor related to the sound sp
profile is that the energy is preferentially bent away from t
horizontal. Upon first consideration it might appear that
energy is bent more vertically and is thus more likely
exceed the critical angle of the bottom. However, the eff
is actually more prevalent on the horizontally propagat
energy than on the energy near the critical angle. This ca
understood very simply in terms of Snell’s law. Conside
ray launched from the surface in a duct containing a so
speed profile. For a launch angleusurf from the horizontal,
the angle of arrival at a given hydrophone will be

u rec5cos21
„~crec/csurf!cosusurf…,

wherecrec andcsurf are the sound speeds at the receiver a
surface, respectively. For a downward-refracting profile t
varies 10 m/s from the surface to the receiver, a horizont
launched ray will have an arrival angle ofu rec56.6° whereas
a ray launched at 30° will have an arrival angle ofu rec

530.7°, which is a much smaller deviation. Thus, the eff
of the profile is not so much to bend energy beyond
critical angle of the bottom as it is to strip energy from t
horizontal.

The profile effect can also be viewed as preferential
teration in the excitation strength of the lower-order mod
A downward-refracting profile will constrain a particula
mode shape to the lower portion of the water column, m
ing the mode less excitable by near surface sources. C
versely, an upward refracting profile will constrain the mo
to the upper portion of the water column, increasing its e
citation strength.

This effect creates a ‘‘noise notch’’ around the horizo
tal in the downward refracting case, and a filling in of th
notch in the upward refracting case. This is illustrated in F
6 for a moraine seabed. The velocity profiles are shown
Fig. 6~a!, where there are two downward-refracting, one
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ovelocity, and one upward-refracting profile. The line typ
are consistent throughout the figure, with solid represen
isovelocity, dashed and dotted representing downward
fracting, and the dash–dot representing upward refract
The noise curves were calculated usingOASES.7,8 Figure 6~b!
shows the directionality at 480 Hz for the an 11-elem
array with 1.47-m interelement spacing and a source dept
0.1 m. The broad dip below the critical angle is due to int
mediate mode stripping associated with the shear-suppo
moraine seabed. In addition, a narrow notch around the h
zontal is present for isovelocity and downward-refracti
profiles. In the isovelocity case, the notch is due to the sou
dipole radiation pattern used in theOASES program. How-
ever, the depth of the notch increases depending on the
verity of the profile and the corresponding decrease in

FIG. 6. The effect of a sound speed profile on the vertical directionality
the vertical coherence.~a! Sound speed profiles,~b! directionality for a
moraine seabed, and~c! coherence for a moraine seabed. The line types
consistent with those given in~a!.
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excitation of the lower-order modes. In the case of the
ward refracting profile, the excitation of horizontal modes
enhanced, creating a hump around the horizontal.

The effect on the coherence of variations in the horizo
tal component of the noise field can be predicted by con
ering a purely horizontal noise component. In the case
horizontal plane wave noise there is no phase difference
tween two vertically separated sensors. In other words,
signals on the two sensors are perfectly coherent. Co
quently, we expect enhancements in the horizontal com
nent to increase the real coherence and drive the imagi
coherence toward zero. Conversely, notches in the horizo
component should place greater emphasis on higher-o
modes, which are subject to attenuation and provide as
metry to the directionality. This should decrease the real
herence and increase the imaginary part. This is show
Fig. 6~c!, where the vertical coherence is shown for a 1
separated receiver pair centered at midwater depth abov
moraine seabed. The noise notch associated with
downward-refracting case results in a reduced zero cros
frequency of the real coherence and a small increase in
magnitude of the imaginary coherence. In the upwa
refracting case, the opposite effect is true.

Figure 6 indicates that the sound speed profile provide
measurable change in the coherence, and that includin
measurement of the profile in the inversion could impro
the accuracy of the inversion. In the upward-refracting ca
it is clear that neglecting the profile from the inversion wou
result in substantial estimation error. For the downwa
refracting case, however, the profile has a much smaller
fect on the coherence, which remains dominated by the
bed. Consequently, only a small error will be incurred in
inversion if an isovelocity model is used when the actualin
situ profile is downward refracting.

III. THE STATIONARITY OF THE NOISE COHERENCE

Because the ambient noise is a random process, it
naturally undergo random fluctuations over time. The use
noise in performing seabed inversions is based on the un
lying tenet that the time-averaged noise coherence is a ro
and repeatable measurement of the random process. T
the inversion assumes some level of stationarity wher
fluctuations in the coherence are of minor importance w
respect to parameter estimation. Not all statistical meas
of ambient noise are stationary. For instance, stationa
does not hold for the power spectral density which var
substantially with sea state. However, as the coherenc
normalized with respect to the power spectral density, it
in fact, a sufficiently stationary measurement of the rand
process to permit its use in the ambient noise inversion. T
statement is justified below.

The broadband coherence is computed from a finite t
measurement of the ambient noise field at two vertica
separated receivers. Denote the time series on each rec
by xi(t) where i 51,2, andXi( f ,DT) is the corresponding
finite Fourier transform over the time segmentDT. The
cross-spectral density estimate is obtained by averaginN
segments, each of lengthDT, according to the following
equation:
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Ŝi j ~ f !5
1

N (
n51

N

Xi~ f ,DTn!Xj* ~ f ,DTn!, ~8!

where the overbar stands for ensemble average and th
indicates estimation. The coherence is then a normalized
sion of the cross-spectral density according to the equat

Ĝm~ f !5
Ŝ12~ f !

AŜ11~ f !Ŝ22~ f !

, ~9!

whereĜm denotes measured coherence estimate.
In order to demonstrate the stationarity of the measu

coherence, estimates obtained from two shallow water s
are shown in Fig. 7. For each site, coherence estimates
plotted from five distinct time intervals. The calculation
were made using 512-point FFTs with 50% overlap an
Kaiser–Bessel20 window with b5pa57.85.

Figure 7~a! shows the coherence taken from the Cor
Bank in sea state 3. The data were digitized at a samp
frequency of 7 kHz. The five curves were obtained us
relatively short 20-s averages spaced approximately equ
over a 1-h measurement period.~The real coherence curve
approach11 at low frequency, but fall off toward zero a
DC. The low-frequency falloff is attributed to flow nois
which resulted from an imperfect decoupling of the arr

FIG. 7. The stationarity of the broadband vertical coherence is demonst
using five individual estimates of the coherence spaced over a perio
time. The coherence curves shown in~a! were obtained from the Corte
Bank using 20-s averages spaced over a 1-h period. The coherence c
shown in~b! were estimated from 40-s averages taken on five consecu
days at a site along the Florida Shelf.
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from the surface movement.! The consistency in the five
curves demonstrates the relative stationarity of the noise fi
coherence over the 1-h period. We have found similar c
sistency over these timescales in data from several o
shallow water sites. The Cortes Bank is particularly notew
thy because the corresponding spectral levels vary by
much as 15 dB over this measurement period, but the co
ence remains stable.

In Fig. 7~b! the coherence is plotted using data from fi
consecutive days at a muddy sand site along the Flo
Shelf. During the five-day measurement period, the sea s
varied between 1 and 3 and the spectral levels varied by
to 15 dB. The data were digitized at 6.34 kHz and the coh
ence curves were obtained from 40-s averages. On thre
the five days intermittent dropout occurred in the data. T
data were interpolated through the faulty points, whi
caused the coherence variations below about 300 Hz. A
from the artifact at low frequency, the coherence show
tremendous amount of consistency over the five-day per
despite the variation in sea state and spectral levels.

These and other observations strongly suggest that
wind-generated ambient noise coherence is a stable mea
ment which is dominated by time-invariant properties, rath
than random fluctuations in the source distribution or oce
environment. As the average coherence structure is prima
controlled by seabed reflectivity, it should provide a suita
means of inverting for seabed parameters.

IV. INVERSION PROCEDURE

The inversion is based on a simple curve fit between
theoretical and measured coherence functions. The und
ing philosophy is that, since the coherence is a function
the seabed parameters, the best fit will occur when the
bed parameter values used in the model are equal to
seabed parameters occurring at the experimental site. As
coherence is a broadband, complex function, the goal i
minimize the residual between real and imaginary pa
across the frequency band of interest. The norm is there
defined as the broadband, root-mean-square~rms! difference
between the theoretical and experimental coherence cur
Because the real and imaginary parts provide separate in
mation, the difference function is a linear combination of t
two rms differences~real and imaginary!. This allows for the
option of unequal weighting of the real and imaginary par
as discussed below. The norm may be written as

D~cp3 ,cs3 ,zs!5
100

AN
H 1

2
A(

i 51

N FR„Ĝm~ f i !2G t~ f i !…

2 G2

1
1

2
A(

i 51

N FI~ Ĝm~ f i !2G t~ f i !!

2 G2J ,

~10!

whereN is the number of frequency points,Ĝm and G t are
the measured and theoretical coherence values, respect
andR andI indicate real and imaginary parts. The norma
ization condition has been chosen such that the differe
function varies between a minimum of 0 and a maximum
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100. Implicit in this normalization is the fact that the ran
of possible values for the real and imaginary coherenc
from 11 to 21, meaning that the argument under ea
square root in Eq.~10! has a minimum value of 0 and
maximum value ofN.

The sum over frequency implies equal weighting to
frequency components. This is a reasonable approach
vided that the measured coherence contains sufficient s
ture at all frequencies. There is, however, some physical
tification for other weighting functions. For instance, t
lower-frequency components could be weighted prefer
tially over the higher-frequency components because sur
scattering, which is unaccounted for in the model, would
more likely to alter the higher-frequency measurements.
the imaginary component, which is typically a factor of 2
3 smaller than the real component, could be preferenti
weighted to account for the difference. Or, coherence va
near zero magnitude could be deemphasized because the
more likely to be contaminated by electronic noise. The
and other weighting functions may prove useful in futu
applications of the inversion, but will not be necessary in
current study.

The frequency band chosen for the inversion repres
a compromise of the following factors. A low-frequenc
component is desirable in order to maximize the penetra
depth into the sediment. However, focusing on only low f
quencies increases the risk of error from shippin
contaminated noise, which is not being modeled he
Higher-frequency components are desirable in order to
sure the use of wind-generated noise and in order to ob
sufficient structure~i.e., zero crossings! in the coherence
function. However, very-high-frequency noise is undesira
because it only samples the surficial sediment, and the
herence structure is more likely to be affected by surf
scattering. Consequently, the frequency band of 100 Hz
few kilo-Hertz is chosen to most reliably estimate the up
few meters of seabed using predominantly wind-genera
noise. In the inversions results that follow, slight variatio
on these limits are applied because of hardware limitati
imposed during the collection of data.

The inversion procedure is to minimize the norm b
tween the theoretical and measured broadband, complex
herence functions for the three-dimensional parameter s
cp3 , cs3 , andzs . The source depth is considered as a f
parameter here as it is unknown and can affect the hig
frequency components of the coherence.21 The theoretical
coherence functions are computed for a matrix of the th
parameters and saved in a look-up table for comparison
the data. The compressional wave speed is varied from 1
to 2800 m/s, the shear wave speed is varied from 0 to 1
m/s, and the source depth is varied from 0 to 1 m. T
remaining seabed parameters are correlated using the
tionships outlined in the Appendix. In the results that follo
the values of the norm are plotted on a two-dimensional~cp3

and cs3! ambiguity surface for the source depth where
best fit occurs. The final estimate is the three-parameter c
bination that provides the minimum value of Eq.~10!.
809 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998 Carbone
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V. INVERSION RESULTS

At this point, we present inversions from two shallo
water sites: the Cortes Bank and the North Celtic Sea.

A. The Cortes Bank

The Cortes Bank is a raised bank of volcanic orig
located in the California Continental Borderland, 90 nauti
miles from Pt. Loma, CA. The shallow area of the bank h
a spatial extent of approximately 20 by 30 km. The top of t
bank is characterized by large wave cut terraces of expo
bedrock, isolated areas of sediment pooling, and exten
areas of sediment deposits along the slopes. The areas o
or absent sediment coverage were chosen for the experim
in order to maximize the chances of detecting the sands
substrate, and measuring the shear speed. The exposed
rock is composed of consolidated sedimentary and volca
rock of probable Tertiary age.22 A generalized geoacousti
model from the neighboring Tanner Bank indicates a va
able sediment overburden of 0 to 6 m with bedrock compres
sional and shear wave speeds of 2500 and 900 m
respectively.23 Because of the proximity and similar geolog
origin of the two banks, these parameters should be appr
mately representative of the Cortes Bank as well.

The experiment was conducted on 28 March 1995 us
a 50-ft chartered vessel called theOsprey. The Ospreywas
equipped with a downward-looking sonar which was used
help select an experimental area where exposed bed
was present. The experiment was performed
32°27.9978N3119°10.4548W, in sea state 3, over an ap
proximately 6 by 10-km area of exposed bedrock and i
water depth of 70 m. The receiver separation was 1 m and
the hardware contained a low-pass filter at 2500 Hz. T
coherence for five time segments is shown in Fig. 7~a!. The
corresponding spectra~not shown! display a spectral slope o
about negative 3–4 dB/oct at the low frequencies, increas
to negative 5–6 dB/oct above 1 kHz.24 These slopes are typi
cal of wind-generated ambient noise, and suggest that t
is little or no contamination from shipping. The five curve
shown in Fig. 7~a! were averaged together to provide th
final coherence estimate used in the inversion. Because
data were unreliable below 250 Hz, the inversion was p
formed on the coherence over the frequency band of 2
2500 Hz. The look-up tables were calculated using an iso
locity profile and a homogeneous half-space basement.
theoretical coherence values were computed every 50
providing N546 frequency points in the coherence curve
The measured coherence was computed using 512-p
FFT’s and interpolated to the 46 frequency points. The
version results are shown in Fig. 8 for a source depth of
m where the best fit occurred. The ambiguity surface in
cates a best fit at a value ofcp52350 m/s and cs

51150 m/s. The result is well resolved in thecp and cs

dimensions and is in reasonable agreement with the mod
Bucca and Fulford.23 The estimates demonstrate that bo
compressional and shear wave speeds of the exposed
rock can be measured from the ambient noise coherenc

The compressional wave speed estimate is lower t
the 2500 m/s value given by Bucca and Fulford. One exp
nation for this comes from the depth-averaging property
809et al. : Estimating the compressional and shear wave speeds



FIG. 8. Inversion result for the Cortes Bank data site. The best fit occurs atcp52350 m/s andcs51150 m/s for a value ofD57.3.
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the ambient noise technique. Since the site consists of
posed bedrock as well as areas of thin surficial sediment
the bedrock, the inversion estimate represents a reason
average of these material properties. Another factor wh
might explain the lowcp estimate is the presence of a sou
speed profile. A CTD~conductivity, temperature, and dept!
cast was taken during the experiment to measure this pro
but the data were not recoverable. It is unlikely that a s
nificant sound speed profile was present because of the
bulent mixing above the bank. However, since the exp
ment was conducted in the springtime when solar warm
of the surface is prevalent, the existence of a we
downward-refracting sound speed profile is a reasonable
sibility. To address this possibility, the look-up tables we
recomputed assuming a modest downward-refracting pro
A linear profile was used that varied from 1518 to 1500 m
over the 70-m channel depth. The inversion result show
little change from the isovelocity case. The best fit occur
at cp52350 m/s andcs51200 m/s. The reason that littl
change occurred is because the trapped modes were str
out by the high shear speed basement, such that the n
incurred little additional mode stripping from the soun
speed profile. The value of the norm increased fromD
57.3 in the isovelocity case toD57.4 in the downward-
refracting case, indicating that the isovelocity profile pr
vides a marginally better fit.

The best fit of the model to the data is also shown in F
8. The real component shows a good fit over the entire
quency band. However, the imaginary component fit
somewhat less precise. The imaginary component of the
shows greater oscillations than the model, particularly at
quencies above 1 kHz. This may account for the high sh
estimate, which is strongly dependent on the imaginary co
ponent. A possible explanation for the large imaginary co
ponent comes from surface scattering which preferenti
influences the shorter wavelengths compared to the lon
wavelengths. Scattering from the surface or bottom tend
displace low angle energy into high angle energy, which
more rapidly attenuated, and can thus be thought of as
810 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998 Carbone
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additional loss to the specularly reflected component. T
increase in the imaginary component can easily be dem
strated using an exponential scattering model. During
experiment, the sea surface above the Cortes Bank exhib
considerable roughness and irregularity. Consequently,
very likely that surface scattering contributed to the coh
ence of the measured field. A better theoretical fit to
measured coherence and a more accurate estimate mig
obtained if a proper measurement of the rms surface rou
ness is included in the model. The omission of surface s
tering from the model thus limits the accuracy of the seab
estimates for this site. However, as scattering represen
relatively minor modification which is mostly present
higher frequencies, the Cortes Bank inversions presen
here demonstrate the feasibility of using the ambient no
coherence to estimate the shear wave speed over exp
consolidated materials.

B. The North Celtic Sea

The second inversion is presented for a site located
the North Celtic Sea at 51°058N308°128W. This site is char-
acterized by a thin layer of sand over a chalk substrate
Buckingham2 the compressional wave speed at this site w
inverted for using a low-loss fluid model. The inversion r
sulted in an erroneously low compressional wave speed
timate, which was attributed to the omission of shear fro
his model. This was one motivation for investigating the
fects of shear in the present study.

An independent survey of the site was performed
measuring the propagation loss from explosive charges
bottom-mounted array. These measurements were then fi
to the theoretical predictions of a shallow water Peke
model with an elastic basement. The results are discusse
Ellis and Chapman25,26 and Staal.27 In these studies, it was
found that the inclusion of shear in the model was necess
to explain the very high losses below 300 Hz. The auth
demonstrate good fits to these low-frequency data using t
cal chalk parameters ofcp52400 m/s andcs51000 m/s, but
810et al. : Estimating the compressional and shear wave speeds



curs at 2225
FIG. 9. Inversion results for the North Celtic site using an uncovered half-space bottom and a 1-m layer over a half-space substrate.~a! and~b! are respectively
the ambiguity surface and best fit result obtained using the half-space model with no layer. The best fit occurs at 1775 m/s and 525 m/s withD53.1. ~c! and
~d! are the ambiguity surface and best fit result obtained using a 1-m layer of sand over a half-space substrate. The best fit for the layered model oc
m/s and 875 m/s withD52.9.
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state that better fits were achieved using slightly lower sh
speeds. Furthermore, it was determined that the effects
thin sediment layer, which they modeled as 1 m of sand,
were important in the propagation loss measurements ab
500 Hz. These estimates will serve as ground truth for
ambient noise analysis.

The North Celtic experiment was performed on 17 J
1983 in a water depth of 104 m. Data were collected
approximately 1 h using sonobuoy arrays described in Ref.
which have minimum receiver separation of 1 m and a low-
pass filter cutoff of 1 kHz. The conditions during th
experiment were sea state 1 with winds below 5 m/s. T
spectra and coherence were computed from 2-min segm
of data using 512-point FFTs with 50% overlap and
811 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998 Carbone
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Kaiser–Bessel20 window b5pa57.85. The spectra~not
shown! exhibit a slope of25 dB/oct over the 100–1000-H
band, but do not display the characteristic wind noise roll
below 500 Hz.24 This lack of rolloff and a spectral line a
240 Hz suggest that shipping, or at least fishing vessels,
be a factor in the data.

The theoretical coherence curves were computed
50-Hz increments, providingN519 frequency points. The
inversion results are shown in Fig. 9 for a source depth
0.65 m where the best fits occurred. The ambiguity surf
and best fit for a receiver pair separated by 1 m are shown in
Fig. 9~a! and ~b!, respectively. The ambient noise estimat
using the half-space model arecp51775 m/s and cs

5525 m/s. The results are low compared to the measu
811et al. : Estimating the compressional and shear wave speeds
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values for the chalk substrate. This low estimate can be
plained by the thin surficial sand layer that separates
chalk from the water column. The sand inhibits the compr
sional to shear wave conversion, and the inversion repres
an average over the two materials.

For the frequencies used in the inversion we expect
average to represent the upper few meters of seabed.
and Chapman found that a 1-m layer of sand was neces
to fit their propagation loss data above 500 Hz. Based
their findings, the look-up tables were recomputed for a v
able homogeneous half-space covered by a fixed 1-m l
of sand. The layered inversion results are shown in Fig. 9~c!
and ~d!. The estimate has moved out in parameter spac
cp52225 m/s andcs5875 m/s, which is in good agreeme
with the independent survey. Furthermore, the value of
norm has decreased from 3.1 to 2.9, indicating that the
ered model has provided a marginally better fit.

Figure 9~a! and ~c! is plotted on the same color scal
This is done to illustrate that the resolution in parame
space decreases when inverting for subsurface layers. Th
not surprising because the noise is dominated by the up
most sediment, whereas progressively deeper layers
less overall effect. Nonetheless, this result demonstrates
possibility of using ambient noise not only to estimate av
age seabed parameters, but also to measure a layered
ture in the upper few meters. In this case we had the ben
of knowing the surficial sediment composition in advance.
general, when prior information is not available, a more s
tematic approach would need to be employed.

The results in this section demonstrate the ability of
ambient noise method to extract the seabed parame
given the appropriate model. It is clear that the measu
noise field can be altered substantially by the presence
thin sedimentary layer. Given no prior knowledge of the s
bed structure, this can lead to estimates that represent a
age seabed characteristics, and possibly estimates that
characterize the seabed. At the present time, the techn
has not been refined to the point where the process of se
ing the appropriate model can be automated. However,
improvement in the fit with the appropriate model select
suggests that such a procedure could be developed bas
the minimum norm criterion.

VI. CONCLUDING REMARKS

Using a theoretical model of wind-generated ambi
noise, it has been shown that the vertical directionality a
vertical coherence of the noise are sensitive to both the c
pressional and shear wave speeds of the seabed. The
pressional wave speed affects the symmetrical part of
noise directionality, which is manifest in the real compone
of the coherence. The conversion of compressional wave
ergy in the water column to shear waves in the seabed
loss mechanism that strips intermediate trapped mode en
from the water column. As such, it decreases the symm
in the noise and increases asymmetry. This is manifest
decreased zero crossing in the real component and an
creased magnitude in the imaginary component of the co
ence.
812 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998 Carbone
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The time-averaged directionality and coherence are r
tively stable features of the noise and are relatively indep
dent of temporal variations in the ocean environment. T
has been demonstrated using distinct estimates of the co
ence taken over time from two ocean sites. At one site,
structure of the coherence remained stable over a 1-h pe
while the power spectral density varied by up to 15 dB.
the other site, similar consistency was seen in the meas
coherence taken from five separate days while the sea
varied between 1 and 3.

Based on the noise field dependence on the seabed
inversion procedure was developed to estimate the comp
sional and shear wave speeds using the broadband cohe
from a single hydrophone pair. Estimates obtained from
ambient noise will, by the very nature of ambient noise, re
resent an average over range and depth. Modeling of
coherence over a layered basement indicates the broad
coherence over the frequency band of 100 to 2000 Hz
determined by the upper few meters of seabed. In additio
preliminary investigation into a range-dependent no
model indicates that the coherence represents a range
print of 10–25 km.24 Although these types of estimates w
not be useful in detailed exploration of the ocean seab
they provide a simple, cost effective means of estimating
average upper seabed properties.

The ambient noise inversion has been applied to oc
data from two shallow water sites. At the Cortes Bank, wh
the bedrock was exposed, a half-space model of the se
provided reasonably accurate estimates of the compress
and shear wave speeds. For the North Celtic site, the h
space model proved to be insufficient due to thein situ pres-
ence of a thin sedimentary layer overlying the chalk su
strate. However, by including the sedimentary layer in
model, the parameter estimates of underlying chalk
proved significantly. This suggests that, by developing a s
tematic approach to focus on successive basement layers
technique may be improved to not only give more accur
estimates, but to also determine a rough sound speed pr
for the seabed.
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APPENDIX: CORRELATION EQUATIONS FOR
SEABED PARAMETERS

In the calculation of the coherence look-up tables, o
two seabed parameters were held as free variables,cp3 and
cs3 . The compressional wave speed is the primary param
affecting the coherence, and is always included in the inv
sion. The absorption and shear wave speed are param
that trade off in importance depending on whether the sea
812et al. : Estimating the compressional and shear wave speeds
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is fluidlike or shear supporting, respectively. For the cons
dated seabed materials considered in this study, the loss
to shear outweighs absorption loss. As such, the value ofap3

was not included in the inversion, but was correlated with
compressional wave speed according to the following eq
tion:

ap35$2.6421.0631023cp3% dB/l. ~A1!

The density and shear wave absorption are paramete
limited significance in the coherence calculation. Con
quently, they were correlated with other parameters acc
ing to the following equations:

r35H b1Ab214a~cp322270.9!

2a
kg/m3, 1.25<r3<2.1,

1.6212.6131024cp3 kg/m3 , 2.1,r3<2.4,
~A2!

where

a5474.6, b51194.4,

and

as35@1.9721.1831023cs3# m/s. ~A3!

In addition to these correlations, lower limits ofap3

50.05 dB/l and as350.1 dB/l were imposed as practica
limits.

The correlations above are estimates based on a sub
tial body of in situ research conducted by Hamilton and ot
ers. The equations forap3 andas3 are linear fits to correla-
tions found in Jensenet al.19 The quadratic equation
correlatingr3 with cp3 comes from Hamilton,16 and is valid
for the values ofr3 indicated. Abover352.1, a linear fit to
in situ data is again used.

As the coherence function does not have sufficient str
ture to resolve all five parameters, these correlations ar
attempt to minimize the error that results from not actua
knowing their values. Mismatch between the actualin situ
values and those derived from Eqs.~A2! and ~A3! are ex-
pected to have negligible effects on the coherence. Er
associated with Eq.~A1!, on the other hand, are expected
be most significant when the absorption is largest. T
means that shear speed measurements will be uncertai
low compressional wave speed seabeds where the effec
absorption become significant and where absorption le
are more variable in nature.
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