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A unified model for reverberation and submerged target scattering in a stratified medium is
developed from wave theory. The advantage of the unified approach is that it enables quantitative
predictions to be made of the target-echo-to-reverberation ratio in an ocean waveguide. Analytic
expressions are derived for both deterministic and stochastic scattering from the seafloor and
subseafloor. Asymptotic techniques are used to derive expressions for the scattering of broadband
waveforms from distant objects or surfaces. Expressions are then obtained for the scattered field
after beamforming with a horizontal line array. The model is applied to problems of active detection
in shallow water. Sample calculations for narrow-band signals indicate that the detection of
submerged target echoes above diffuse seafloor reverberation is highly dependent upon water
column and sediment stratification as well as array aperture, source, receiver, and target locations,
in addition to the scattering properties of the target and seafloor. The model is also applied to
determine the conditions necessary for echo returns from discrete geomorphologic features of the
seafloor and subseafloor to stand prominently above diffuse seafloor reverberation. This has great
relevance to the geologic clutter problem encountered by active sonar systems operating in shallow
water, as well as to the remote sensing of underwater geomorpholog200® Acoustical Society

of America. [DOI: 10.1121/1.1339826

PACS numbers: 43.30.Gv, 43.30.Hw, 43.30.\(}LB ]

I. INTRODUCTION both stochastic and deterministic objects from a source with
A common problem in the active detection and Iocaliza_arbitrary time function, as well as the associated spatial and

tion of a radar or sonar target arises when scattered returi§MPOral covariances. This enables realistic modeling of the
from the target become indistinguishable from returns fron{noments of the raw reverberant field received over extended
randomly rough boundaries, volume inhomogeneities, or deSPatial and temporal apertures as well as the output after
terministic features of the environment. The goal of theSuPscquent processing with standard beamforming and
present article is to investigate the extent to which environProadband signal processing techniques. In the present ar-
mental reverberation limits the ability to detect and localize diCle; applications of the theory are restricted to systems
target submerged in an ocean waveguide, where method¥éhich employ the beamforming and temporally incoherent
developed for the radar half-space problem are inapplicablrocessing widely used in narrow-band signal reception.
due to the added complications of multi-modal propagationb‘nawtic expressions for the statistical moments of the scat-
and dispersion. tered field are obtained directly, but can also be obtained by
To this end, a unified model for 3-D reverberation andSample averaging over realizations by Monte Carlo simula-
submerged target scattering in a stratified medium is develions, as for example is done for rough surface scattering in
oped from wave theory. The model is fulbystaticand stems ~Ref. 8. The relative merit of either approach depends on the
directly from Green's theorem, since it generalizes Ingenito’gelative difficulty in evaluating the analytically obtained mo-
approach? for harmonic scattering in a stratified medium by ments or performing the Monte Carlo simulations for the
incorporating stochastic scatterers and time-dependes@iven problem. The analytic approach has proven to be more
sources. While it is consistent with certain narrow-band re-advantageous and insightful for the illustrative examples of
sults of previous “heuristic® derivations~" for shallow wa-  the present article.
ter reverberation measured with an omni-directional receiver The primary motivation for developing the unified
that are based on the work of Bucker and Mofrisoffers  model is to compare the absolute level of target echo returns
more insight and generality since it is developed from firstwith those from the seafloor and to investigate how these
principles with explicitly stated assumptions. For example, itvary in both absolute and relative level as a function of water
clearly obeys reciprocity for source—receiver locationscolumn and sediment stratification, receiving array aperture,
within a layered media, which is important in properly mod- and source, receiver, and target locations in a shallow water
eling the absolute level of returns from targets or surfacesvaveguide. Another major focus of the present article is to
within the seafloor, and it allows absolute comparison beinvestigate the manner in which scattering from both ex-
tween reverberation and deterministic target returns. Suctended geomorphologic features and randomly rough patches
comparison led to inconsistencies in previous formulation®f the seafloor and subseafloor contribute to measured rever-
as noted in Ref. 3. It also provides analytic expressions foberation. The latter typically makes up the diffuse reverber-
the three-dimensional3-D) field scattered bistatically by ant background, which has an expected intensity that decays
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in time after the arrival of the direct signal waveform. The =k cosq,, wherek?= §§+ %21 and the wave number mag-
former typically leads to geological clutter, which is defined nitudek equals the angular frequenaydivided by the sound
as any set of acoustic returns from the seabed that stangbeedc in the target layer.
significantly above the diffuse and temporally decaying re-  The spectral component of the scattered field for a time-
verberation background. Geological clutter is a primaryharmonic source of frequendyatr, and a receiver at then
problem in active sonar operations in shallow water. This isyecomes
because the clutter can be confused with or camouflage re-
turns intended from a submerged target. © o

A goal of this work is then to determine plausible physi- D(r|ry)=~ 2 E q>gmv“>(r|r0), (13
cal mechanisms for geological clutter by use of the unified m=1n=1
model. To do so, both first-order perturbation theory and
empirical Lambert—Mackenzienodels are used to describe Where
stochastic scattering from a randomly rough seafloor. These
models, together with deterministic models for scattering Aqr
from seafloor features, are used to determine scenarios whefs ™" (r[ro) = T [An(DAr)S(7— @, b an, dot m)
geologic clutter is significant. The present focus is on sea-
floor features with mean surfaces that are finite and inclined —Bm(NANro)S(am, é;an, dpo+ m)
with the reflection properties of the layer to which they be- )
long, since such features are ubiquitous in continental shelf ~Am(N)Bu(ro)S(m = am, $im =, ot )
waters. While a large literature exists for scattering from 2-D +Bm(r)Bn(ro)S(am,, ¢, m— an,¢ot+ )],
features in a waveguide, the focus of the present work is on (1b)
scattering from 3-D features in a waveguide. Apparently, the
only previous work on deterministic scattering from 3-D sea-
floor features in a waveguide has been for acoustically comz—ind
pact (ka<1) proturbances on perfectly reflecting bottotfis, )
but compact targets are too weak to comprise geologic _ -1/2 = ai(émp+ ymD — 7/4)
clutter in a long-range active sonar system and are not reaém(r)_ d(0) (8 &mp) " Um(Z)Nme 5 (23
evant to the present analysis. A review of the general litera-
ture on 3-D scattering in an ocean waveguide is given in Ref. i .
11. All illustrative examples in the present article emplome(r)=m(87T§mp)_mum(z)N:qe'(gmp_’mD_”m). (2b)
time-windowed cw source waveforms and monostatic geom-
etries to investigate the central detection issues with as .
simple an approach as possible. Ay(ro) = @(87T§npo)71/2un(ZO)NrTei(§npo+ D7)

(20)

Il. THE UNIFIED MODEL

A. The single-scatter approximation for 3-D scattering o 1 + i(énpo— oD — i)
from an object of arbitrary shape in a layered Bn(ro)= d(zo) (87&npo) " Un(Zo) Ny €707 '
medium (2d)

A number of simplifying conditions that apply to a
wide variety of active sonar problems in the ocean enable thare the down- and up-going plane wave amplitudes in the
field scattered from an object submerged in a stratified melayer of the objectD is the depth of the object center from
dium to be approximated, from Green’s exact theorem, as He sea surfacel(z) is the density at depth andun(z) are
linear function of the object’s plane wave scatter funcfibn. the mode functions. The product ef '>"" and the right-
The plane wave scatter functi®(é, ¢; 6, , ¢;) at frequencyf  hand side of Eq(1a yields the time-harmonic scattered
is defined in Appendix A, where its relationship to Green'sfield. The mode functions are normaliZ8dccording to
theorem and the traditional target strength and scattering
strength measures of ocean acoustics is explained. = uh(z)un(z)

To formulate the unified model, it is convenient to ini- nm— LDWdZ’
tially follow Refs. 1, 2, and 11 by placing the object centroid
at the center of all coordinate systems. The source coordi- . .
nates are then defined byq(Yo,Z,), receiver coordinates by a"d mMust be decomposable into up- and down-going plane
(x,y,2), and coordinates on the surface of the object b))/vaves via
(X¢,Yt,21) where the positivez axis points downward and _ _
normal to the interfaces between horizontal strata. Spatial ~ Un(2)=N,e'7?"P)—N e~ 1m(z*D) (4)
cylindrical (p,#,z) and spherical systems,@,¢) are de-
fined by x=r sinfcos¢, y=r sindsing, z=r cosf, and in the layer of the object, whend, andN, are the ampli-
p?=x2+y?2. The horizontal and vertical wave number com- tudes of down- and up-going plane waves in this layer. In a
ponents for thenth mode are respectively,=k sine,, and  Pekeris waveguide, for example,

()
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N, = N,f=\2/—§[%( H- 5|r122—7nH horizontally stratified and range independe@); the object
: Yn is contained within an iso-velocity layet3) multiple reflec-
1 s yH ~12 tions between thebjectand waveguide boundaries make a
n (5) negligible contribution at the receiver; at® the range from
the object to source or receiver is large enough that the scat-

+ N ——
do V&7 —(wlcp)
where d, and ¢, are the density and sound speed of thetered field can be expressed as a linear function of the ob-

: o ject’s plane wave scatter function. All of these conditions
bottom. If the mode functions are specified at any twolSC - : ;
depths,z; andz, within the target layer, the down- and up- then must be satisfied for Egd)—(6) to be valid, with one

going plane wave amplitudes can be readily obtained as additional constraint. The ranges involved must be large
enough that the Green’s functions, from source-to-target and

target-to-receiver, are accurately approximated as sums of
. (6) discrete modes. The latter is an expected consequence of the
) . ~ Riemann-Lebesgue lemmi&The present formulation and
Equations(1)—(6) for the scattered field from an arbitrarily jt5 spectral equivalent have been implemented for target scat-
shaped object in a waveguide differ from Ingenito’s taring in a waveguide over the full 360-degree span of bi-
formulat!ori‘ in a number of ways. The most substantial dif- static angles in Refs. 1, 2 and 11. It is noteworthy that this
ference is that, by inclusion of Eqet) and (6), they explic-  formuylation includes the scattering of evanescent waves by
itly show how the scattered field for an arbitrarily shapedanajytic continuation of the scatter function, as has been pre-
object can be computed in a stratified medium. Ingenito alSQ/ioust discussed and implemented in Refs. 2 and 11, as well

defines the plane wave scatter function differently than moss i Ref. 8 which uses a formulation similar to Ingenito’s.
standard texts by describing the incident plane wave in terms

of the direction it comes frommather thanthe direction it

goes to The latter, standard approach, is adopted here.  B. The field scattered from general stochastic targets
Finally, the more standard mode function normalization

of Ref. 13 is adopted here, so that Edj) obeys reciprocity

) ber formulation is valid whei(1) the propagation medium is

N eiyn(21+D) e*iyn(zlJrD) -1
n

—N:

Un(z1)
Un(Zp)

e Mn(22+D)  g=iv(z2+D)

By allowing the scatter function for the object to be a
as defined in Appendix A2 of Ref. 13, so that random yariable., the single-scatter formulation of the pre\{i-
d(z) P (r|rg)=d(2)D(ro|r). Satisfaction of reciprocity ous section app.I|es to the more gene_ral problem _of scattering
becomes important for an approach if it is to yield accuratefrom a s_tochastlc target submer.ged n alwavegwdet. This ap-
estimates of the scattered field when the source, receiver, ar%oaCh is particularly valuable in modeling scattering from

target are in layers that have significantly different densities'f"]‘rgetS (_)f unknown shape or _orlentatlon, randomly_ _rough
rface interfaces, or stochastic volume heterogeneities, all

and is a natural consequence of the use of Green’s theore . i S .
in the present formulation, but has been left unaddressed o) which can contribute significantly to the reverberant field
an issue in previous heuristic reverberation formulatitrs. measured in shallow water.
The issue becomes of practical concern in modeling the level
of returns from targets or surfaces buried in the seafloor frorj?/
sonar systems operating in the water column above.

A more general expression than Edq$)—(6), for the © 0z
scattered field from an arbitrarily shaped object in a stratified ~ (@4(r|ro))= > >, (@™ (r|rg)), (7
medium, is given in Refs. 2 and 11 in terms of wave number m=1n=1
integrals. As noted in Ref. 11, the more general wave numwhere

The moments of the scattered field can be derived ana-
tically to determine its expected behavior. The mean field,
or example, becomes

4
<(I)(sm’n)(r|r0)>: %[Am(r)An(rOXS(W_ama¢;an yPoTt 7T)>_ Bm(r)An(r0)<S(amr¢;a’n ,¢0+7T)>

_Am(r)Bn(rO)<S(77_ A,y T—ay, do+ 77)) + Bm(r)Bn(r0)<S( U, G, T— an,do+ 7T)>] (8)
while the mutual intensity of the field scattered for receivers ahdr’ becomes

(D@5 [roy=~ > > > > (O™ (r[rg)®™ " (r[ro)), 9

m=1n=1y—1n'=1

where

’ Ik 4 2
(@M (rlrg) e (r|ro)>:(%) (A1) A0 Al (1) AR (16} (S(7— . ity o T)S* (T iy &t b 7))

_Am(r)An(rO)B:nf(r/)A:f(r0)<s(77_ am,dran, dot m)S* (am @' an o+ 7T)>

_Am(r)An(rO)A:nr(r/)B:f(roxs(ﬂ'_ am,an, dot TS (T— ¢ Ty ot 77)>
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+An(NANro)By, (r')BR (ro)(S(Tm— et s an ho+ m)S* (ay @' = s, o+ 7))
—Bu(DANr)AL (FAL (ro)(S(am, ¢ an, do+ m)S* (T a1 ¢ @  dot m))
+Bm(1)An(ro) By, (1AL (o) (S(am, & etn, dot+ m)S* (@ ' @ o+ 7))
+Bu(NANr)AL (r')BL(ro)(S(am, d; an, o+ m)S* (T am ¢ = ans o+ )
—Bu(NA(ro)By, (r')B. (ro)(S(am, é; an, o+ m)S* (@ ¢ m— s po+ 7))

= An(1)Bn(ro) AL (TAL (ro)(S(T— am, é; ™= an, o+ m) S* (T = am ¢ s o+ 7))
+An(1)Bn(ro) By, (r)AL (ro)(S(m— am, é; = an, do+ m)S* (@ " s o+ 7))
+An(1)Bn(ro) AL (r')BL (ro)(S(m— am, ¢; = an, o+ m)S* (T — @y, &', m— s, o+ 7))
—An(r)Bn(ro)By, (r")B (ro)(S(7m— am, ;7= an, o+ mM)S* (@ ' ;7= o+ )
+By(N)Bn(ro)An, (1AL (ro)(S(am, é; m— an, ¢o+ m)S* (7= ety ' s, bo+ 7))
—Bu(1)Bn(ro)By, (1AL (ro)(S(am, & m— an, dot+ m)S* (am ¢ ;@ do+ m))
—Bn(r)Bn(ro) Ay, (1B (ro)(Sam, ;7= an, o+ m) S* (71— ag ' ;7= apr o+ )

+Bm(r)Bn(rO)B;ﬁ(r’)B:(roxs(amx(ﬁ;ﬂ'_anv¢0+77)8*(am’ QT an 1¢0+7T)>]- (10)

The spatial covariance, or cross spectral density, of the scatarget'®=?! When the target is a randomly rough surface,

tered field, these assumptions are equivalent to restricting the correlation
, length of the surface roughness to be much smaller than the
D(rlrg)@*(r'|rg))—(D(r|r) DX (r'|r i X .
(o(r]ro) @5 (r'|ro)) = {P(r|ro) X5 (r|ro)) dimensionL of the targeted surface. In this case the scattered
S S () () field is usually termediiffuseor incoherent*because of its
~2 2 2 2 A(RMV(rrg@™ " (1 rg)) wide angular spread and lack of phase relationship with the
m=1n=1 m=1n"=1 H H 118
incident wave.
—(d)ém'”)(r|ro))<<I>(Sm"”’)*(r’|r0)>, (11) For any realization of such a random surface or target,

. ) say for example thekth realization, its scatter function
follows directly from Egs.(7)~(10), and has been imple- g (.0 will be highly oscillatory in magnitude and phase
mented for fluctuating targets submerged in an oceanqr poth incident), = (6, ,#) and scattered)=(6,¢) di-

waveguide'? rections and will have a complicated lobe pattern. This lobe
pattern will vary significantly over random realizations of the

C. When scattering statistically decorrelates the surface or target due to changes in constructive and destruc-

waveguide modes tive interference, making the scatter function representing all

Many useful scattering properties of a random target aréealizationsS(Q;Qi) a random variable \.Nith zero expected
described by the covariance of its scatter function, whichvalue'<S(Q’Qi)>=0' Dug to the comphc.ated structure of
couples incident modes with and n’ subscripts together the target, the angular width of any lobe in the scatter func-

with scattered modes witthn andm’ subscripts in the cross tion W'" be on the ,Ofd?f of the minimum V‘_"dth set by dif-
spectral density of Eq11). Under many situations of prac- fraction of N/L, which is sma]l by assumption. Tr:e second
tical interest in the scattering from fluctuating targets or ranmoment of the scatte,:r functio(S(€2; Q) $*(Q";Q7)) for
domly rough surfaces, theandn’ incident modes decouple Incident angles);, (; and scattered angles, ()’ can be
as do the scatterem andm’ modes. thought of as an ensemble averageSgf();Q;)S; (Q';Q/)
Assume that the random target's characteristic dimen9Ver realizations of the random surface. This product will
sionL is large compared to the wavelengtiand that for any ~ Oscillate about zero across realizatioksfor [(;—€/|
realization it has complicated structure with significant varia->ML and|Q—Q’|>\/L so that the ensemble average will
tions on the wavelength scale. These assumptions are ust&nd to zero due to term by term cancellation. Hav
extensively in radar to describe fluctuating tardéts,such ~ behaves as an angular correlation width of the scatter func-
as aircraft of unknown shape and orientation, and in radaitjon over variations in both incident and scattered angle. The
statistical optics, and acoustics to describe scattering frorproduct will tend to become positive definite fi; —Q/|
randomly rough surface§-?°They typically lead to circular <\/L, |Q—Q'|<\/L, however, so that the ensemble aver-
complex Gaussian randof@CGR fluctuations in the scat- age will approack|S(Q;Q;)|?).
tered field over different statistical realizations of the Applying this reasoning to stochastic targets or surface
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patches in a waveguide, the covariance of the scatter function can be written as
(Slam.¢;an, o+ m)S* (any ¢ an ot m)) = (S(am, d;an, o+ m)NS* (am @' ans , ot 7))
= Snn S Crnn(1,1 |1 0), (123
where
Connl1,1'[r0) =(S(am, ¢; @n, o+ m)S* (@, ¢"; @, o+ 7)) —(S(am, d;an, o+ m))(S* (am, d";an, o+ 7)), (12h

when the angular separatibm,— /| between modesand  D. The field scattered from a randomly rough or
n’ is greater than the angular correlation wickth_ set by  inhomogeneous seabed

diffraction. In practical scenarios, this criterion will apply

most stringently to the dominant modes, where full decorre
lation will occur for|a,,1— @, on the order or greater than

NL. For trapped mode$en 1~ ay| is less than the critical ohresents a down-going incident wave coupling to an up-
angle of the bottom. going scattered wave. Accordingly, the field scattered into

~ Insertion of Eq(124 into Eq.(11) then leads to a great ¢ \yaveguide from a randomly rough seafloor patch of area
simplification in the spatial covariance of the scattered fieldy o a5 defined in Appendix A, must have mutual intensity

given by Eq.(9) with
(@ (r[ro) @™ (1 [ro)

When the scattering is due to a randomly rough seafloor
patch, a great simplification occurs in the form of the mutual
intensity. Of the 16 parenthetical terms of Ed0), only 1

(Py(r[ro) @5 (r'[rg)) —(Po(rro) (@5 (r'[ro))

~ D™ (r[r ) dM™V (r|r 4\ 2
mz:l =4 ( s ( | O) s ( | 0)) _ Tﬂ-) [Bm(r)An(l‘o)B;,(f’)Azy(ro)
_(Pmn) (m,n)* /.y
<(I)s (I’|I’0)><CDS (r |r0)>’ (13 X<S(a’mv¢;a’n=¢0+77)8*(a’m’v¢,;an’a¢o+77)>]v
where the quadrupole modal sum reduces to a double modal (14
sum. and cross spectral density given by Efj1) with

(D r) D™ (17 [ro)) = (DM (rr) D™ M (1))

A7\ 2
- (Tw) BN An(To)Bry, (1 )AL (o) {(S(am, bian, dot m)S* (amy ¢t o+ m))

_<S(amv¢;an1¢0+ 7T)><S*(am’ 1¢’;an’ 7¢0+ 7T)>} (15)

The cross spectral density is more useful in describing the,m.n) (m’.n")* (o
_ ; _ oM™ (rlro) L™ ™ (' [ro))

stochastic scattering properties of a randomly rough seafloor
patch than the mutual intensity because deterministic effects, —(®™™(r|ro) (D™ ") (r'[rg))
such as specular reflection, coherent beaming, and forward , .
scattering, are removed with the expected field. In diffuse = Smar Snn + Crnn(11'[10) Bra( 1) An(ro) By, (') Av (To)
surface scattering problems, where the surface scattering A7\ 2
patch must be much larger than the wavelength, the expected T) '
value of the scattered field is typically negligible away from which leads to a great simplification in the scattered field
the specular direction due to random interference. The Cros$ variance:
spectral density and mutual intensity then become effectively
indistinguishable. (D(r[ro)@E(r'[ro)) —(P(r[ro) (P (r'[ro))

With the assumption of diffuse scattering described 2E
in the previous section, which is supported by a large :(T) 2 2 Bm(f)BE(f')|An(fo)|2Cmn(f.f'|fo)-
amount of experimental evidend&?? application of Eq. m=1n=1
(129 yields (17)

(16)
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If the seafloor is taken as an aggregate of range-dependent d,,(f)
scattering patches and if these are each small enough to have —df =0, (26)
little effect on the mean forward field, EqL7) provides a

good approximation to the cross spectral density after forand choosing the complex roots that lead to a finite solution
ward propagating through this mildly range-dependent waveof Eq. (24) as p and p, increase, wherg is the index for
guide and then scattering in a specified direction from thenyltiple roots givenn and m. Such solutions do not exist

f=fimn

given patch.

before the wave packet has arrived or after it has passed the

It is noteworthy that a formulation in terms of wave receiver. Equation24) can also be written more conve-
number integrals is not convenient in describing the statistinjently as

cal equipartition of energy associated with diffuse scattering
since the modes are the entities that describe the system’s
degrees of freedom rather than the wave number compo-

nents.

E. General saddle point approximation for the
scattered field in time from a distant object

For a source with general time dependence

q(t)=J:Q(f)e"2’T”df, (18)

and spectrum

Q- | ametat 19

21
\Ps(r|r0|t)~|21 mZ:l nzl Q(fimn) %

% q)(sn,m)(rlro)lf:flmne—i2vtf|mn+(iiﬂ'/4)|mn,

(27)
where the frequencief,,, for eachn to m mode conversion
must be evaluated at each time and source and receiver
range. Equatior{27) is also obtained if, analogously,, is
made large antl p, held fixed in Eqs(22)—(24). Typically,
both p and py will be sufficiently large for the saddle point
method approximation to hold whenever the modal formula-
tion of Sec. Il A, which also requires largeandp,, is valid.

The covariance of the scattered field at tim&om a
distant stochastic target then becomes

(Wo(rlrol)WE (r'|rolt)) —(W(r|rolt))(WE(r'|rolt))

the scattered field as a function of time from an object with

center at the origin becomes

il = [ ahgrlrge 2t (20)
where Eq.(1) can be rewritten as
Dy(r|rg)= D X Apg(r|ro,f)ePofntivém, (22)
m=1n=1
so that

\Ifs(l’|l’0|'t)=mz:l nzl fﬁxQ(f)Amn(”ro,f)eipwmn(f) df,

(22)
where
Amn(r[ro, F)=@M™(r|rg)e Pofn™irém, (23
and
Vel 1) = %fnwm—zﬂrf%. (24)

By application of the saddle point method, for largeas-
sumingpq/p andt/p are fixed,

wirlrol)~ 2 > 2

m=1 n=1

pd’"(flmn)

X Q(flmn)Anm(r“O!flmn)
X eipd‘mn(flmn)+(ii’"’/4)lmn, (25)

where the relevant saddle poirits,, are determined by solv-

ing the equation
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~E > 22 2 2 Qfmn)Q* (frrmn)

=1m=1n=1p-1m=1n=1

2
X

\/pp'w”<f.mn>w”?f|rmrnr>

@12t (im0 )+ () = (1 7/4) gy
! 1A%
><{<‘D(sm'n)(r|ro)|f:f,mnq’(sm " (r'lro)le=t )

_(‘D(sm'n)(f|ro)|f:f|mn><q)(sm/'n,)*(l" ro)l=r, .}
(28

by substitution of Eq(1a) as appropriate for the given scat-
tering scenario.

It can now be seen that the basic equation of Ref. 3, Eq.
(9), which appears without stated restrictions, is not gener-
ally valid, except under certain narrow-band conditions.
Also, the present analysis indicates that the group velocity
cannot generally be treated as a frequency-independent quan-
tity as it is in the development of Ref. 3, where a number of
narrow-band assumptions have apparently been made im-
plicitly, as may be seen by also consulting Refs. 7 and 23, for
example.

F. An absolute reference frame

To compute reverberation from wide and heterogeneous
areas of seafloor or a number of distributed scatterers, it is
convenient to recast Eql) in terms of an absolute, rather
than target-centered, spatial coordinate system. Let this sys-
tem be defined by coordinatés=(X,Y,Z) whose axes are
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parallel to those of thea,y,z target-centered system, where reverberation to be diffuse, the scattering region that contrib-
the positiveZ axis is again downward pointing, but whose utes to the intensity measured at a given instant must be large
origin lies at the ocean surface, for example, whete—-D compared to the mean wavelength. This region, referred to as
in the target-oriented frame. In this more general frame, th¢he system resolution footprint, will be considerably smaller
source position is defined o= (Xy,Yo,Zp), the receiver for data beamformed with a high-resolution array than for
positions byR, = (X, ,Y,,Z,) andR;=(X;,Y,;,Z/), and the data received by an omni-directional receiver. The second
center of a given scattering patch By=(X,Y,Z), where, for ~ component, known as clutter, is here defined as any discrete
example, X=Rsindcose, Y=Rsindsing, Z=Rcos?®, temporal event, caused by an anomalous scatterer, that
andR?=X?+ Y2+ Z2. The origin of all these coordinate sys- stands significantly above the diffuse reverberation back-
tems are colocated and the axes are parallel. Spatial coordiround. Here “significantly above” means much more than
nates are translated from the target-oriented to the absolute standard deviation in sound pressure level. For certain
frame by substituting =R,—R, r'=R;—R, andry=R, systems that employ high-resolution temporal processing and

—R in Egs.(1) and(2). This leads, for example, to operate in weakly dispersive waveguides, there may be no
_ B diffuse component to the reverberation. In this case coherent
A(R —R)= iUn(Z—Z)Np, temporal oscillations may be found in reverberant intensity
e d(Z2)(87é (X, —X)2+ (Y, —Y)?)? measurement$ that are due to modal interference as noted
by Ellis2 Lepage has recently investigated similar coherent
X @l (EmV (X =X) 24 (Y, =)+ yZ = mld) (299  effects under a narrow-band approximation for an omni-
. . directional receivef.
B (R.—R)= Um(Z;—Z)Np, When the single-scatter approximation is valid, the total
me d(Z)(8m& (X, —X) 2+ (Y, — Y)?) 22 reverberant field measured at any titrfer a time-harmonic
source is simply the sum of the scattered fields from all en-
¢ @l EmV X =X)2 4+ (Y, =)=y Z — 7ld) (29b) vironmental scatterers
by making the substitutions ®1(R, ,Rp)e 27t

Xo=(Xo=X), Yo=(Yo—Y),

:e*iZW“J'J'f¢s(Rr_R|RO_R)dXdeZ (32
x=(X;—=X), y=(Y,=Y),
v

— _ 2 _ 2
Po=N(Xo=X)"+ (Yo~ Y)?, (303 For a source with general time dependeigt), the total
p=X =X 2+ (Y, - Y)?, reverberant field becomes

20=20=2, =22, %(R,.Rolt>=f QHP(R, Rye 27 df, (33

in Egs.(1) and(2), where

COSho=Xo/po, SINPo=Yo/po, or equivalently
_ o (30b
cos¢=xlp, sing=ylp. Vo(R, ,Ro|t)=j f f\IfS(Rr—R|RO—R|t) dx dy dz
It must be stressed that the plane wave amplitudes and
vertical wave numbers are evaluated in the layer of the scat- v (34)
tering patch. The covariance of the scattering function for a
given patch in the absolute, rather than object-oriented framehere ¥ (R, —R|Ry—R|t) can be obtained directly from

then becomes Eq. (25) for distant scatterers. The simplicity of this equation
, , is deceptive. While it can be evaluated in a relatively
Crnn(R = R,R; —=R|Rg=R)=Cpyy(r,1[Fo). (31) straightforward manner for deterministic targets, its interpre-
tation and implementation become far more difficult for sto-

I1l. SHALLOW WATER REVERBERATION Chastic targets' The Covariance

A. Reverberation in time

Reverberation, as measured with an active sonar system, (W3(Rr Rolt) W7 (R7,Ro[t")
is taken to be any and all echoes returning from the environ- —(W1(R, ,Ro|) (WX (R! Ro|t")),
ment rather than the intended target. The characteristics of
reverberation then depend not only on the environment bufor example, provides a second moment characterization of
also the geometry of the source and receiver as well as thibe reverberant field that is sufficient for most remote sensing
signal waveform. In field measurements, reverberation i@pplications, where a statistical correlation between scatter-
measured as a function of time. It can often be decomposeers over the volumé&’ is implicitly required to evaluate the
into two components. The most prevalent is a diffuse comeovariance. This quantity is most useful for investigating the
ponent. This has instantaneous intensity that typically undemperformance of systems that employ pulse compression in an
goes random fluctuations that obey the central limit theorenattempt to attain high temporal resolution. If all scatterers are
about an expected value that decays uniformly with time. Foindependent, the covariance of the total reverberant field in
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time can be obtained directly by summing the covariances athe full pulse compression possible for broadband wave-
the individual scatterers using E@98). forms. However, it is often unclear in practice whether or not
A difficulty arises, however, in angnalyticrepresenta- pulse compression can be meaningfully exploited with sig-
tion for (V+(R,,Ro[t)¥3(R/,Rolt’)) when expectation nals received after dispersive waveguide propagation. For
values are brought within the modal sums and spatial anthe type of incoherent time average specified in 8§), the
Fourier integrals. Even for a single random scattering patchproblems mentioned in Sec. Il A are alleviated since only
one finds that the second moment of the scatter-function,S(8, ¢;6;,¢:)|:S*(6',¢'; 6, ,¢{)|;) need be evaluated for
(S(6,¢;6; ,¢1)|:S*(0',¢"; 6] ,¢{)|:/), is required forjoint  a given random scatterer, so that E(. and (10) can be
correlation across both wave number and frequency. We ardirectly applied, since frequency cross terms vanish as a re-
only aware of analytic derivations existing for this secondsult of Parseval’'s theorem. A center frequency approxima-
moment whemd=6', ¢=¢', 6;=6; , pi=¢{ , andf=1’, as tion to Eq.(35) can often be made for narrow-band signals as
noted in the definition of the expected bistatic scatteringdiscussed in Appendix B.
cross section of a random target or rough surface patch in If the time spread of the signal due to dispersion in the
Appendix A. This difficulty is circumvented when waveguideA 74 is small compared to the time duratidg of
(P1(R,,Ro[t) X (R; ,Rp|t")) is estimated by Monte Carlo the source signal, the expected horizontal range resolution
simulation sinceW (R, ,Ro|t) W3 (R, ,Ro|t’) is averaged Ap of the system will take roughly the same form as in free
across independent realizations of the rough surface. BroagpaceAp=cT¢/2, for narrow-band signals, wheeis the
band scattering statistics can then be obtained by either thieean horizontal propagation speed of the signal between
saddle point method of Sec. Il E or the Fourier synthesis ofource and receiver in the waveguide. In this case, the inte-
Eq. (20) since only the deterministic scatter function need begration timeT of the system can be set to its minimum value
known to compute the scattered field for a given realizatiorof T5. Both A 7, andc can be quantitatively defined in terms
of the rough surface. In this way, by Monte Carlo simula-of the received field as in Ref. 25. They depend on the acous-
tions,(V(R; ,Ro[t) P%(R/ ,R,|t")) can be readily obtained tic properties of the waveguide, the signal time dependence,
using the theory developed in Sec. Il to investigate the perand source—receiver geometry. For the narrow-band ex-
formance of systems that employ high-resolution temporaimples of Sec. 1V, simulations show thet 1500 m/s,tc

processing such as pulse compression. ~p+pg, andA75/Tgis small, where andp are defined in
Eq. (30a.
A typical bistatic sonar system will resolve a patch of
B. Charting diffuse reverberation when system seafloorA(R,R, ,R,), the dimensions of which depend on
integration time spans dominant signal energy the receiving array aperture, frequency, and the bistatic ge-

A simpler analytic approach than the saddle point apometry of the source, receiver, and seafloor patch as dis-
proximation or Fourier synthesis can be employed to invescussed in Appendix C of Ref. 26 and Refs. 27 and 28. For a
tigate system performance when the integration time of thénonostatic measuremeAt=pApAp, whereAp=A/L, is
measurement systefi is sufficiently long to include the the Rayleigh resolution of the horizontal aperture of length
dominant signal energy returned from the target or scatteringa -
patch. In this case, Parseval's theorem can be applied to the FOr convenience, assume that tiwizontalorigin in an
Fourier integral of Eq(20), converted to absolute coordi- absolute reference frame is chosen to be at the center of the
nates, to obtain the time-averaged mutual intensity expecte@ceiving arrayZ,=(0,0Z,). Let the beamformed output of

atR, from a target or scattering patchRtdue to a source at @ receiving array located along tivg-axis, obtained by spa-
Ro, tial Fourier transform of the time-harmonic scattered field

across the array aperture, be denoted by

1 (t+T/2 5
I(R7Rr1R01t):?J‘ti_l_lz<|\IIS(RI’_R|RO_R|tO)| >dt0

1 (= ¢B(¢S,Zr,R,Ro)=f T(Y)Q(f)@4(R —R[Ro—R)
1| 4R —RIRRII dt, -
—eo < e|k sinegY, dYr , (36)

1 3
1|l e R ~RIR-RIPar,

wheregg is the azimuth the array is steered towargss the
(39 azimuth of the scattering patch, amdyY,) is the array taper

wheret—T/2 is less than or equal to the arrival time of the function. Suppose a uniform rectangular taper function is
scattered signal. used withT(Y,)=1/L for —LA/2<Y,<L /2 and zero else-

This type of incoherent integration is typically used in where, and the seafloor scattering patch is in the far field of
the reception of narrow-band source waveforms, and is alsthe array, such thdR|>L,§/)\, and the scattering patch be-
often used in the analysis of broadband returns from explohaves as a point target to the array so that the angle it sub-
sive sources such as S#Svhere the exact time function of tends at the array is less tharilL,. Under these assump-
the source is unknown. While it is equally valid for wave- tions, the spectral density or field variance received from this
forms of arbitrary bandwidth, it does not take advantage opatch can be well approximated by
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Gy dyy Oy, Sediment Half-Space

FIG. 1. The geometry of the waveguide which has a water column com-
prised of upper layer sound speeg, for 0<Z<25, lower layer sound " Sediment Layer
speedc,,, for 35<Z<100, and transition layer sound speeg;—(Cy1 T T e
—Cy2)(Z—25)/10 for 25<Z<35. The water column density isl, (b) Sediment Half-Space
=1000 kg/ni and the attenuation is,,=6.0x 10" % dB/\. The bottom can

have up to two sediment layers. The upper and middle sediment layers have _
respective thicknesses, sound speeds, densities, and attenuatigngf, SOUILCAICCEIVEL @ taget

dp1, apy andhy, Cyp, dpy, ayp, Overlying a sediment half-space of sound | - T
speedcy;, densityd,s;, and atteunatiom,;. The monopole source is colo- | T A
cated with receiving array center, with array axis normal to the range-depth
plane of the sketch. Source and receiver may be placed anywhere in the
water column. The submerged target may be placed in the upper or lower S Ve
layers of the water column where sound speed is constant as indicated in Sediment Layer
Fig. 2. Seafloor and buried riverbank features may also be included at the T R
water—sediment and sediment-layer to sediment half-space interfaces as in- |(C) Sediment Half-Space

dicated in Fig. 6. Squiggly lines indicate statistically rough interfaces.

Atmosphere

Water
Column

FIG. 2. Three scenarios for the active detection of a submerged pressure
release sphere of radies=10 m. The water column is modeled as either
2 2 having constant sound speed or as downward refracting. The bottom is
<|(DB(§01Zr ,R,R0)| >_ |<CI>B((p,Zr 1R1R0)>| composed of either a pure sediment half-space or a single sediment layer
over a sediment half-spac&) Monopole source and horizontal receiving
A7\ 2 2 array center are colocated at 50-m depth with target at 50-m depth(lalso.
-1 1Q(H? E E |IBm(Z,—R)|? Source and receiving array center are colocated at 10-m depth with target at
k m=1n=1 50-m depth.(c) Source and receiving array center are colocated at 10-m
depth with target at 15-m depth.

X |An(RO_ R)lzcmn(zr_ R,Zr— R|RO_ R)

sin{(LA/Z)simp[k—Re{gm}]}|2 When Parseval's theorem is invoked again under the

(La/2)sing[k—Re{£mt] | (37 assumption that the integration time of the measurement sys-
tem includes the dominant energy returned from the resolved

upon substitution of Eq17) into Eq.(36) with ¢s=¢ so the  patch of seafloor, after time-domain beamforming and finite

array is steered toward the patch. With the assumption thdtme averaging by the receiver over periddthe field vari-

the resolution footprinA is much larger tha\ A, the area of ~ance from seafloor within the system resolution footprint of

a given patch, and all patches are statistically independeng&€@A(R,R;,Ro) centered atX,Y) becomes

the total variance of the received field from seafloor within - 1

the system resolution footprint can be written as the sum of v, (X,Y)= = J

the variances of each patch via T

" Va(X,Y) df. (39

Equationg37)—(39) imply a reduction in reverberation level
Vg(X,Y)= f f (|Pg(¢,Z, ,R",Rp)|?) for off-broadside beams due solely to modal dispersion. Only
at broadside does the phase speed of the incident waves
match that expected under the nondispersive assumptions of
plane wave beamforming. Only broadside beamforming is
considered in the simulations of the present article to elimi-
nate this effect from the analysis. The effects of modal dis-
(38 . . . X .
persion on beamformed reverberation are investigated in
whereﬁ=(nx,ny,nz) is the surface normal &. Since the Ref. 25.
differential aread X' dY’ must be normalized by the horizon- Under the present assumptions, reverberation measured
tal projected area of each potentially inclined patcfRato  in time can be charted in space for any bistatic geometry
allow horizontal integration, Eq38) does not allow vertical using a look-up table comprised of the mean time delay from
patches. source to scattering patck(r,,r,) and scattering patch to

A(R,Z; ,Rg)

1
_ ' 2 ’ ’
{Ps(¢,Z;,R",Rp))| )—nZ'AAdX dy’,
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receiverr(r,r,).? Similarly, reverberation modeled with the The surface projection factors can be written in terms of the

spatial formulation of Eqs(38) and (39) can be made a incident and scattered wave number components, the mea-

function of time by reversing the procedure. surement geometry, and the orientation of the surface patch
via

C. Lambert—Mackenzie scattering and reverberation

A number of simplifications are possible when the scat-, & ”
tering surface hakambertiar?® behavior. The covariance of |ig-n|= ‘F[nx Cosp+nysing]+ 17N, (423
the scattering function for a Lambertian scattering patch of
areaAA with albedoe takes the form of Eq(12a with
E ~ A ~ 2 ~ g . Y
C|m(Rr—R,Rr’—R|R0—R)=k2;|is|~n|||im-n|AA, liim- n|=’?m[nx cog @+ ) +ny sin(gg+ 7)]— Tmnz .
(40) (420

wherei,,, andig are the directions in which the down-going
component of therth incident and up-going component of The scattered field covariance from a given seafloor patch in
the Ith scattered modes propagate ani the seafloor nor- a target-oriented frame is

mal, pointing away from the water column, in a scattering-

patch-centered coordinate system where the positiaris . .

points downward. The differential scattering cross section of Ls(r[ro) D5 (r'[re)) —(P(r(ro) (P (r'[ro))

the surface patch is then given by the product efk? and %

the right-hand side of Eq40). =1677'8AA< |21 B,(r)Bf(r’)

& .
E[nx cose+nysine]
Under Lambertian scattering, the cross spectral density

of the scattered field given in E¢L7) then becomes express-

ible in terms of single summations + %nz ) (mzl |AL(To)|2 g_km[nx cod g+ )
(P(NPZ(r"))—(Pe(r) (P (r))

o) . ’)/m

- +n,sin(gg+m)]——=——n ) (43
=16mAA(2 B,(r)B,*(r')||S|-n|) ySiN@o+ m)]= 1,
=1
x| > |Am(r0)|2|iAim' ﬁ|) _ (41) wheren,=n,=0 for.a bottom with zero mean inclination. In
m=1 an absolute frame it becomes

(@<(Rr=R[Ry~R)PF (R; ~R|Ry—R)) = (P(R; —~R[Ry— R) @5 (R{ ~R|Ro—R))

|

, (44)

& nx(xr_x)+ny(Yr_Y) Y

=16weAA
" KO0+ (Y=Y K

I; Bi(R,—R)B} (R/—R)

z

o)

> |An(Ry—R)|?

€m nx(XO_X)+ny(YO_Y) n Ym

) KXo X7 (Yo Y2 K7

where the components of the surface normalre now a function of thé, Y, Z position of the surface patch center. Under
far-field assumption, the field variance received from seafloor within the system resolution footprint centeted) adr(d
averaged over time periotl can be well approximated by

N X —X)2+(Y,—Y")2 Kk

Vi 16 ” - N(X, =X ) +ny (Y, =Y’
VB(X,Y):$J_OC|Q(1:)|2 f f (21 |B|(Zr_R/)|2 % ( ) y( ) Y

A(R.Z, \Rg)
Sin((LA/Z)Sin<P[k—R€{§|}])2)( - ool X=X+ (Yo=Y) | ¥m o
(L2 snelk—Re&)] | || & 1An(Ro= RO e | XAyt
(45
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FIG. 3. The scattered field from a submerged pressure-release sphere ofaradidsn, atf=300 Hz and center at 50-m depth, and Lambert—Mackenzie
reverberation from the seafloor within the broadside resolution footprint of the monostatic system as a function of range for a water columnawith const
sound speed of 1500 m/s, i.e,; = ¢,»,= 1500 m/s. Monopole source and receiving array center are colocated at 50-m depth. Range increasescaaisy the
and depth along the-axis, with the array axis along theaxis. Source strength is 0 d® 1 uPa @ 1 m. Rverb modeled witff=1/2 s duration cw source
signal at 300 Hz and receiving array resolutiofh. = 3.7 degrees(a) Pekeris waveguide examples for bottom half-spaces composed of either sand or silt, i.e.,
h;=h,=0. (b) Bottom has a silt layer of eithén;=2 m or h;=5 m overlying a sand half-space, ahd=0. (c) Bottom has a sand layer of eithbg
=2 m orh;=5 m overlying a silt half-space, arfit,=0. Error bars show the 5.6 dB standard deviation in reverb level.

when T is sufficiently large for the dominant energy of the Let thex andy components of the gradient of the surface
scattered field to be received. This result for the Lambertiarzy(x,y) be denoted by
seafloor offers significant advantages in implementation

through the separation of the incident and scattered modal 0z

summations. For narrow-band waveforms, terms within the P="x (463
modal summations of E@45) often vary so slowly that they

can be approximated as a constant function of frequency dzg

over the dominant portion of the spectral wind@gf). This a= W' (46D

greatly simplifies computations as shown in Appendix B.
The surface normal can be expressed as

D. Perturbation theory for diffuse rough surface (—-p,—q,1)
scattering and reverberation n= m (479

Perturbation theory can also be used to calculate the
field scattered by a rough surface. The advantage of pertuslong with two orthonormal surface tangents
bation theory, when it is applicable, is that it is derived from
first principles and so requires knowledge of only the geo- ~(1.0p)
acoustic properties of the media, such as sound speed and 1_\/14_—p2’
density, as well as a second moment characterization of the
statistical properties of the scattering surface. and

(47b
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FIG. 4. Same as Fig. 3 except water column is layered wjth= 1520 m/s ana,,,= 1500 m/s and monostatic source—receiver as well as target sphere are
at variable depth. Only the cases of pure sand or pure silt bottom half-spaces are &)o8ource—receiver and sphere center are at 50-m dépth.
Source—receiver are at 10-m depth while sphere center is at 50-m @@pBuource—receiver are at 10-m depth while sphere center is at 15-m depth.

(—pg,1+p?q) 479 IK[2=(k-ty)?+ (k- )2 (51b)

2= 2 2. A2\ L . .
V(1+p?)(1+p°+0°) A plane wave incident from medium 1 half-space that is
reflected from strata below has total reflection coefficfent

where ist; obtained by taking an infinitesimal step along the

surface on the axis, andt, is the crossproduct af andt; . oK)+ T (K )ei27<2>h1
1 i i

The projections of the incident and scattered wave num-  T'(K,)= o (52a
ber vectors on the surface then become 1+T (KL (Kj)e'?r M
Ki=(ki-t)ty + (k- to)ty, (483  where
K=(k-t)t; +(k-t)t,, (48b) p2 I VK= Ki—=p1/Vki—K;
. I'1(Kj)= s — (52b)
where, for incident mode and scattered modm, p2 I \Nkg—KZ+py ki =K
ki=(&,c08 ¢+ 7), &, SIN( P+ ), vn), (499 s the reflection coefficient from the medium 1 to medium 2
) interface,I'’ (K;) is the total reflection coefficient from all
k=(£mCOSP,EmsSing, ym), (49D strata below medium 2 for a plane wave incident from me-
so that dium 2, h, is the thickness of the layer containing medium
2,and y® is the vertical wave number component of me-
Ki-K=(ki-ty)(k-tg) + (ki - t2) (K- tp), (500 dium 2.

The differential scattering cross section of a surface
patch of areaA A, from first-order perturbation theory, can
[Ki|2= (ki t) >+ (ki - tp)?, (519  be expressed &5

and, for example,
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FIG. 5. Pekeris waveguide with varying source—receiver and target dep®ame as Fig. (@) except source—receiver is at 10-m depth and target is at 50-m
depth.(b) Same as Fig. () except source—receiver is at 10-m depth and target is at 15-m depth.

k4
Cperl .5 ,ﬁi>=4wAA(f>|[F<K)+1J[F<Ki>+1]|2

2
W(K—-Kj),

K2 (1 )(K.Ki Pé(k,ki,n)) 53

1- | =
dpe |\ dpt ki dpt

where forming, it is found that the covariance of the field scattered-
from a rough surface patch that obeys first-order perturbation
theory involves a double summation over the waveguide
modes. Evaluating this is significantly more computationally
intensive than the product of single modal summations found

in the Lambert—Mackenzie formulation.

P3(K.K))=d

o |ki-n| |ken| [1-T(K;)
btk k \1+T(K))

1—I‘(K))
1+T(K) )"
(54)

and . L
E. Coherent reverberation from deterministic and

stochastic geological features

dp=dy/dy, (55

There are two general kinds of seafloor scatterers that do
not decorrelate the incident or scattered modes. A seafloor
scatterer of the first kind can be modeled as a deterministic
feature, with known or computable far-field scatter function,

. . that can have arbitrary size compared to the wavelength so
whered; andd, are the respective densities above and belon it falls within th lution footorint of th i
the scattering interface andk and «,, the respective wave ong as It fafls within Ine resoiution footprint of the active

number magnitudes above and below the scattering interfac§oNar system. The feature must be distinct from the other-
Following Moe and Jackso¥, the roughness of the Wise range-independent boundaries of the stratified medium

given surface patch is assumed to follow the isotropic powel order to induce scattering.

law A compelling canonical example of a seafloor scatterer
of the first kind is a smooth flat inclined segment of the
seafloor, such as a seafloor or subseafloor river channel, ice-
berg scour, or submerged hillside, that can be modeled as a
flat plate with scattering characteristics determined by its
With the assumption that the scattering patch is much greatesize, inclination, and the local geo-acoustic properties of the
than the wavelength so that the incident and scattered modésterface. The 3-D scatter function for a rectangular surface
are decorrelated by the scattering process, the covariance pétch with total reflection coefficierf (K;), for example,

the scatter function is given by E¢123 with can be readily determined by applying Green’s theorem, Eq.
(A1), for a plane wave, with wave number magnitudg
incident in the direction ¢;,3;) and a far-field receiver in

the direction(a, B) with respect to the patch centroid. If the
patch is assumed to be at inclinatign from horizontal,
where the angley comprises a counter-clockwise rotation
about they axis, the scatter function takes the form

(56)

k=Kl Ky,

W(K) =w,|K| . (57)

2

Cmn(rir,|r0):Eo'perl(am"b;anvd’o"'w)- (58

Upon substituting Eq58) into Eqgs.(17), or (38) after beam-

921  J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001  N. C. Makris and P. Ratilal: Unified model for reverberation and scattering 921



(@) Atmosphere (b) Atmosphere
source-receiver Water source-receiver Water
¢ Seafloor Column ¢ Seafloor Column
Riverbank Riverbank
Seafloor Seafloor
Sediment Layer
Sediment Half-Space
Sediment Half-Space
(©) Atmosphere @ Atmosphere
source-receiver Water sou:ce-receiver Water
- Column
° Sub-Seafloor Column Sﬁ]j)vgft?fn(l)(or
Riverbank
Seafloor N\ - Seafloor P N N
Sediment Layer . .S_e(_hmen.t_ o J{n,
22/ i1m
S NN
Sediment Half-Space //V
Sediment Half-Space

FIG. 6. Scenarios for the active detection of seafloor and subseafloor riverbank features. The water column is modeled as having constant seund speed, i
Cw1=Cwp= 1500 m/s, and monopole source and harizontal receiving array center are colocated at 50-m depth in &) Suteem is sediment half-space

with seafloor feature, i.eh;=h,=0. (b) Bottom is composed of a single sediment layer with double-interface seafloor featurk,;+@., (c) Bottom is
composed of a single sediment layer with subseafloor featurehje0. (d) Bottom is composed of two sediment layers with double-interface subseafloor
feature.

2
S(a,B;a;,Bi) =i Hl-r LyL [(1-T(K;)){cosa; cosy+sina; siny cosB;} + (1+I'(K;)){cosa cosy+sina sin y cosp}]

k,L
Xsinc g{(sin a; COSB; COSy —COSa; Sin x) — (Sina cosB cosy —cosa Sin x)} [sinc

ley . . . .
5 ?{sm a; sinB;—sina sin B} |, (59

where sinck) is defined as sir/x. The reflection coefficient A seafloor scatterer of the second kind is a randomly
can be determined from E2) with the understanding that, rough rather than deterministic feature but is appropriately
in the present geometry, the squared magnitude of the trangodeled with completely coherent modes when the ratio of
verse component of the incident wave number vector on thavelength to system range resolutiodAp, is near or

inclined surface patch is greater than the equivalent vertical propagation angle of the
highest order trapped mode, which in many shallow water
scenarios is roughly the bottom critical angle. This situation

Irregularities in the surface can make its scatter function de@Ccurs for active sonar systems with high range-resolution
viate from that given in Eq(59). For realistic seafloor and @nd can lead to the formation of range-dependent rings in
subseafloor riverbanks, however, it is reasonable to assunf@arted reverberant intensity caused by modal interfer&hce.

that, for a low-frequency active systéat long range in a (Lepagé has recently described scenarios in which such
shallow water waveguide where propagation is near horizondngs can form even in narrow-band reverberation at short
tal, the product of the amplitude of such irregularities and thganges. The level of returns can be estimated by appropri-

normal component of the wave number vector with respecately modeling the seafloor scatter function. If the system
to the surface will be small enough that the irregularities willresolution footprint extends over many wavelengths in any
have a negligible effect on the field from the riverbank. direction and the correlation length of surface roughness is

KZ=k2—k3(cosa; cosy+sina; siny cosB;)?.  (60)
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much smaller than the system resolution footprint, then the=300 Hz is used as a source waveform for all simulations of
scattering function for the seafloor over this area can beliffuse reverberation. Targets beyohnd/\ are in the far
treated as a fluctuating target. If the resolution footprint is orfield of the array, which begins at roughly 1.2 km. The
the order of the wavelength or the correlation length of surbeamformed field from an object that falls within the broad-
face roughness, a quasi-deterministic description of the scagide beam of the array, in the absence of other sources or

tering process can be used. scatterers, equals the field received from that object by a
single hydrophone at the array center when @) is used
IV. ILLUSTRATIVE EXAMPLES with uniform taperT(Y,)=1/L,. If the same object is

in all the illustrati | f thi i i placed at the same range but within an off-broadside beam, a
colur:naof 13(; rl:]sdr: '¥ﬁ ingggz ?CS) (s)imu:ZtZe; Loni,cgl V:gn?ir reduction in the beamformed output may occur due to modal
P yp dispersion, as is discussed in detail in Ref. 25. For simplicity,

nental shelf environment. The sound speed structure of the : : . )
. . . only objects and reverberation within the broadside beam are
water column varies from iso-velocity to downward refract-

) . : . considered in the present article. Only monostatic scenarios
ing layers with constant density of 1 g/é@nd attenuation of are considered, where the source is located at the center of
6.0x 10" °dB/\. The seabed is comprised of sand or silt '

e receiving array. This leads to a range-dependent resolu-

; . ; h
half-spaces, with up to two sediment layers, comprised of. . = _ _
sand or silt, over a sand or silt half-space. The density, soundP" footPrint A=pApAe, where dp=cT/2=375m and
¢=MNL,~3.7 degrees for the given array, frequency, and

speed and attenuation are taken to be 1.9 §/dm00 m/s,
and 0.8 dBX for sand, 1.4 g/crh 1520 m/s, and 0.3 dR/for cw pulse length. L .
silt, and 1.2 g/cry 1510 m/s, and 0.3 dB/for light-silt. A center frequency approximation, dt=300Hz, is
Scattering and reverberation calculations are made for a suﬂjff‘de for_all scatte_rmg_calcqlatlons. For reverberation (_:alcu-
merged target, roughness at the water—seabed interfaé@f“o,”s this approximation differs from the full spectral inte-
roughness at the interface between the upper seabed lay@@tion by less than 0.1 dB for the examples shown. As may
and lower half-space, as well as for anomalous features di€ expected in coherent scattering from targets where modal
the seafloor or subseafloor that return geological clutter. Thiterference is significant, some range-dependent nulls and
latter are taken to be seafloor river banks at the water—seab¥@!!€ys in the sound pressure level of the received field found
interface or subseafloor riverbanks at the interface betweel the single frequency calculation may be partially filled
the upper sediment layer and lower half-space. The geomet hen the full bandwidth is used for the narrow-band wave-
of the waveguide is sketched in Fig. 1. orms considered. Since this filling is window dependent, as
A horizontal line array withN=32 equally spaced ele- Shown in Appendix B, only center frequency calculations are
ments of lengthL,=(N—1)\/2 at f =300 Hz is used as a Presented in the main text. It is also shown in Appendix B

receiver and a cw pulse of=1-s duration centered &t  that in some valleys of some single frequency calculations
the target returns may fall below the expected reverberation

level but will be above this level when the full bandwidth of
" —"Sand, Seafloor Riverbank a given narrow-band window function is employed.
— Silt, Seafloor Riverbank 1 Only the empirical Lambert—Mackenzie model is used
=== Sand, Seafloor Reverberation in comparisons between seafloor reverberation and

Lo
() Ne)
(=) (=]

<
S-1100@mBl, 0 e Silt, Seafloor Reverberation . . . .
:_120 sgl:_)merge_d-object returns since insufficient data on the req-
B I uisite environmental parameters at low frequency are avail-
S-130! able to make a similar comparison with perturbation theory
%_140 ' meaningful. Perturbation theory calculations are only used
= self-consistently to make inferences about the relative level
2-150 of returns from different kinds of seafloor scatterers.
E‘W" A. Submerged target echo versus diffuse
§_17o- reverberation level for varying source—receiver
2 depth, target depth, water column, and

=L80r bottom stratification

0TS0 15 20 25 30 35 40 45 50 The geometry for active detection of a sphere sub-

Range (km)

merged in an ocean waveguide is sketched in Fig. 2 for the
FIG. 7. The field atf =300 Hz scattered from a coherently scattering rect- illustrative examples of this section. The geometry is mono-
angular patch of area 160,00 n? representing a seafloor riverbank for Static with co-located omni-directional point source and re-
scenario shown in Fig.(8), constant sound speed water column over pure cejving array centers at 50-m depth. The sphere center is also
silt or sand half-spaces. Range increases along éxés and depth along the atD=50-m depth at array broadside with variable horizontal

z axis. The square riverbank surface has two edges parallel foakis, and .
is inclined 10° from thex axis. Constant sound speed in the water column is fange. The field back scattered from a pressure release sphere
assumed for all examples witty,; =c,,,= 1500 m/s. Lambert—Mackenzie Of radiusa=10m atf=300Hz is shown as a function of
reverberation within the range-dependent resolution footprint of the monorange in Figs. @)—(c) in decibels, i.e., 201d@4, for vari-

static system is also shown separately for the water—sediment intéstsce -
floor). Source strength is 0 dBe 1 uPa @ 1 m. Diffuse reverb modeled ous bottom types under a water column with constant sound

with T=1/2's duration cw source signal at 300 Hz and receiving arraySP€€dc,,=1500 m/s, where,,; = c,,=1500m/s. The scat-
resolution\/L = 3.7 degrees. tered field is computed by Edq1), with scatter function
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FIG. 8. Same as Fig. 7 except single layer bottom scenarios of Rigisagd (c) for coherent seafloor and subseafloor riverbank scattering are investigated.
Lambert—Mackenzie reverb within the sonar resolution footprint is also shown for the sediment-layer to sediment half-space(subska#oor (a)
Seafloor riverbank with the upper sediment layer composed of silt lwith2 m and the lower sediment half-space composed of sand. Coherent riverbank
scattering is from the double interface of water to silt to s&ébdSubseafloor riverbank with the upper sediment layer composed of siltwtt2 m and the

lower sediment half-space composed of sand. Coherent riverbank scattering is from the single silt to sand iic}eBeaioor and subseafloor riverbanks

as in(a) and (b) but with the upper sediment layer now la=5 m thickness(d) Same agc) but with the upper sediment layer composed of sand with
h,;=2 m and the lower sediment half-space composed of(g)ltSame agd) excepth,;=5 m.

given by Egs.(8) and (9) of Ref. 11 withf(n) replaced by within the range-dependent resolution footprint of the sonar

(—1)"f(n) to convert from Ingenito’s definition to the stan- system under the Lambert—Mackenzie assumption of Eq.

dard one described in Sec. IIA. (45) is also shown in Fig. 3 in decibels, i.e., 10 dg.
The variance of the field scattered from the seafloomvodal interference is absent due to the modal decoupling
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assumed in diffuse scattering from large seafloor patches;, ,=1520m/s,c,,=1500m/s, and a linear transition re-
Ambiguous returns from both sides of the line array are ingion in between, that is similar to what is found in continen-
cluded. tal shelf waters in late spring and summer months. Mono-
The scattered field from both the target sphere and seatatic measurements of the field scattered from a 10-m-radius
floor is highly dependent on the geo-acoustic parameters gressure-release sphere are again made with the same array
the bottom, as is evident in Fig(8 where significant dif- and cw tone used in the previous examples. The target is at
ferences arise when the bottom type is changed from sand trray broadside and both target returns and reverb within the
silt. The differences arise primarily because the number obroadside beam are plotted as a function of range, where the
trapped modes is significantly larger for the sand half-spaceeverb is computed again forB=%s cw at 300 Hz center
due to the higher critical angle of 28.1° for water to sand agrequency. Three combinations of monostatic source—

compared with the 9.3° for water to silt. This leads to areceiver and target depths are considered, as illustrated in
correspondingly higher mean level, of roughly 20 dB, forFig. 2.

both target and seafloor backscatter and a shorter modal in-  First consider the case in Fig(a}, where the source,
terference length scale in the scattered field from the sphergeceiving array, and sphere center are at 50-m depth just as in
In the Pekeris waveguide examples of Fige)3the tar-  the Pekeris waveguide examples. For the sand bottom, the
get stands tens of decibels above the expected reverberati@vels are similar to those found in the corresponding ex-
within the broadside beam regardless of whether the bottorample of Fig. 8a), with the target standing out by tens of
is composed of sand or silt. This signal excess is well abov@ecibels. For the silt bottom, the target still stands tens of
the reverberation level standard deviation of 5.6 dB assumdecibels above the reverberation but the absolute levels of
ing the seafloor scattering obeys circular complex Gaussiathe scattered fields decay more rapidly with range in the
statistics, in accord with the central limit theorémlf a present scenario since the downward-refracting profile
single omni-directional hydrophone placed at the center otauses more acoustic energy to penetrate into the bottom.
the receiving array replaces the full array, the reverberation | oss of energy to the bottom is augmented when the
levels are augmented by roughly 10log{8¢)~20dB in  source and receiver array are placed in the mixed layer, at
Fig. 3. The target sphere then no longer consistently standg)-m depth, while the target remains with center at 50-m
above the expected reverberation even at short ranges, fgepth, as shown in Fig.(). The absolute levels of both the
example, within a few kilometers. A directional array is thenfield scattered from the target sphere and the seafloor are
necessary to spatially filter the target from omni-directionalreduced by tens of decibels beyond a few kilometers’ range
reverberation so that detection can be practically achieved ifor the silt bottom. For the sand bottom, the reverberation
the given scenarios. level is not significantly changed by moving the source and
The effect of bottom properties on both submerged tarreceiver into the mixed layer. Returns from the target sphere,
get scattering and reverberation is again evident when layhowever, no longer stand prominently enough above the ex-

ered bottoms are considered. For the silt-over-sand scenariggcted reverberation to insure detection, given a 5.6-dB stan-
of Fig. 3(b), the characteristics of the field scattered from thegard deviation in reverberation level.

target are a combination of those found for the silt and sand  The situation for detection again changes when the tar-
half-spaces. As the silt layer increases from roughly one-hal§et sphere is placed in the mixed layer, with sphere center at
to a full wavelength, the rate of modal interference de-15-m depth, along with the source and receiver at 10-m
creases, as does the overall level of the scattered field fromepth as shown in Fig.(d). This is especially so for the silt
both the target and bottom. When the layer thickness reachésttom, where the scattered field from the target sphere be-
a full wavelength, the level of reverberation approaches thatomes so greatly reduced, when compared to the previous
obtained for a pure silt bottom as range increases. The lowxamples of this section, that its returns only stand above the
critical angle between the water—silt interface enables great@xpected reverberation level within roughly 16-km range. It
bottom penetration than is possible with a water—sand interis interesting that for the sand bottom, the placement of the
face. The high attenuation of the silt layer then leads to bottarget and source—receiver in the mixed layer leads to more
tom loss that increases with the thickness of the layer. favorable conditions for detection, which should be possible
For the sand-over-silt scenarios of FigcR the field  beyond 50-km range, than if only the source—receiver were
scattered from the target greatly resembles that obtained fglaced in the mixed layer and the target was in the middle of
the pure sand bottom of Fig(&8. The match becomes better the water column as in Fig.(d). This is because the higher-
as the sand layer increases in thickness from one-half to arder modes stimulated by the shallow source, receiver, and
full wavelength, in which case the reverberation increasesarget can be supported by the high-critical-angle sand bot-
from a few decibels below to roughly the level found for atom.
pure sand bottom. In the latter case, the silt half-space is The exercise of changing the depths of the source—
effectively insulated from the water column by evanescenteceiver and target is repeated in Fig. 5 for a constant sound
decay of the trapped modes in the sand layer. speed water column. For the sand bottom, the level of the
The absolute and relative levels of target and reverberdfield scattered from the sphere is not affected significantly by
tion echo returns are highly dependent upon the water colmoving the source—receiver and target depths. For the silt
umn sound speed structure as well as source, receiver, abottom, however, a significant decrease in the sphere’s echo-
target depth. To illustrate this, consider the typical shallowreturn level is found for shallow source—receiver and target
water downward refracting profile shown in Fig. 1, with placements. Apparently, these shallow placements stimulate
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FIG. 9. Same as Fig. 8 except two-layer bottom scenario of Rid). i6 investigated for coherent scattering from subseafloor riverb@nSediment is
comprised of light silt layer oh,;=1-m thickness over a silt layer &f,=1-m thickness over a sand half-space. Coherent riverbank scattering is from the
double interface of light silt to silt to san¢b) Sediment is comprised of light silt layer bf =1-m thickness over a sand layer lof=1-m thickness over

a silt half-space. Coherent riverbank scattering is from the double interface of light silt to sand to silt.

higher-order modes that are not supported by the silt bottondiffusely scattering Lambertian surface with the empirically
These results should be compared to those found in k&y. 3 derived Mackenzie albedo and riverbank tilt angle incorpo-
for source—receiver and target depths in the middle of theated as indicated in Eq41). The diffuse calculations are
waveguide at 50 m. also made using perturbation theory by substituting (B8)
into Eqg. (17). In both cases, the assumption is that the sea-
floor feature falls within the resolution footprint of the sonar
system.

lllustrative examples are given in Figs. 7-9, 13, 19, and

Geomorphic features of the seafloor can return echoed0- The geometry is again monostatic with colocated omni-
that stand well above the diffuse reverberation backgroundiréctional point source and receiving array centers at 50-m
described in the previous section. Since these echoes appéPth. The receiving array lies parallel to theaxis. The
as discrete events in time or range, they may be used tgduare riverbank surface has two edges parallel ty toes,
remotely image seafloor or subseafloor geomorphology ifs centered ay=0, and inclined 10 degrees about thaxis.
geophysical applications. They may, however, also be conAll plots give the scattered field from the riverbank as a
fused with returns from a submerged target in an active defunction of range from the monostatic sonar. For compari-
tection scenario. son, incoherent reverberation from the water—sediment inter-

Both coherent and incoherent scattering from the ca- . . .
. - éace within the resolution footprint of the sonar, based on the
nonical seafloor and subseafloor features, shown in Fig. 6,

are investigated. Both kinds of features are modeled as a fla@mbert-Mackenzie model for an un-inclined surface, is
100x100-nt surfaces at an inclination of 10 degrees. The@lSO plotted as a function of range in Figs. 7-9 and 13 and
dimensions and inclination are based on actual geophysic&8Sed on perturbation theory in Figs. 19 and 20. This is
data characterizing seafloor and subseafloor riverbdinks. referred to as diffuse seafloor reverberation. The range and
Seafloor and subseafloor river channels are commonly foungf0ss-range resolution of the sonar system resolution foot-
in continental shelf waters after a sea level rise. The lattePrint are the same as those stated in the introduction to Sec.
requires an additional influx of sedimentation. In all cases tdV- Similarly, incoherent reverberation from the sediment
be considered here, the waveguide is modeled as an isyer to sediment half-space interface, based upon the
velocity water column overlying one or two sediment layersLambert—Mackenzie model for an uninclined surface, is also
that cover a sediment half space. plotted as a function of range in Figs. 7—9 and 13, and based
For the coherent calculation, the riverbank is treated as @n perturbation theory in Figs. 19 and 20. This is referred to
smooth but finite square surface with reflection coefficientas diffuse subseafloor reverberation. The far field of the co-
appropriate to the given boundary conditions, including mul-herent riverbank begins at roughly 2 km while the far field of
tiple reflection from various layers. The coherent scatteredhe receiving array begins at roughly 1.2 km.
field from the riverbank in the layered waveguide follows For the Pekeris waveguide scenario of Figp)preturns
when the scatter function for the smooth riverbank, given infrom the seafloor riverbank features stand well above diffuse
Eqg. (59), is inserted into Eq(1). Coherent scattering from seafloor reverberation from the silt bottom within ranges of
the riverbank is then completely determined by the boundaryoughly 20 km and from the sand bottom beyond ranges of
conditions at the riverbank and the riverbank geometry. Fob0 km when the riverbank is treated as a coherent scatterer,
the incoherent calculation, the riverbank is modeled first as as shown in Fig. 7. The ordinate is in decibels, i.e., 2(&gg

B. Geological clutter versus diffuse seafloor
reverberation
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FIG. 10. Magnitudes of the coherent scattering functi@{s;, 3= m,«;, 8;=0,)|, i.e., 20 logS dB, for the 100 100-n? seafloor and subseafloor riverbank
features at inclinatiory=10 degrees of Fig. 6 over bistatic horizontal grazing ang2- «; for the incident andv— 7/2 for the scattered wave, as appropriate
for backscatter in a waveguide. The boxes include all modesere 0.5 rad/km>Im{&}. This includes all and only trapped modes for the Pekeris waveguide
scenario of Fig. @). (a) Reflection coefficient for water to sand is used for scenario of . @) Reflection coefficient of silt to sand is used for scenario
of Fig. 6(c). (c) Double reflection coefficient of water to 2-m silt layer over sand is used for scenario of(Bjg(® Double reflection coefficient of water

to 5-m silt layer over sand is used for scenario of Figp) 6(e) Double reflection coefficient of light silt to 1-m silt layer over sand is used for scenario of Fig.
6(d).

for riverbank returns and 10 I0g for diffuse reverberation. Vverberation from the silt-over-sand bottom when the river-
For the single-layered bottom scenarios of Figs) and ~ bank is treated as a coherent scatterer and the silt layer is 2 m

(c), returns from both the seafloor riverbank and subseafloopr § of a wavelength, as shown in Figs(ag and (b). The
riverbank features can stand well above diffuse seafloor resubseafloor riverbank and seafloor riverbank return echoes at

927  J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001  N. C. Makris and P. Ratilal: Unified model for reverberation and scattering 927



Scattered Grazing Angle (deg) Scattered Grazing Angle (deg)
20 = 4 45 15 20 25 30 35 40 45

—_ =

(3]
(=]
(3]

[3e)
n
[3e)

w
(=]
W

W
n

Incident Grazing Angle (deg)
W

Incident Grazing Angle (deg)

Scattered Grazing Angle (deg) Scattered Grazing Angle (deg)
15 20

I£c1d?gt Grlgzm%\)AngI_e‘ (deg)
O S
I£c1d%1t Grgzm%\)Ang’l_e‘ (deg)
O S L S L oS

IS
=)

IS
V)

-50 45 40 35 30 —25 -20 -15 -10

le (deg)

Scattering Function Magnitude, ISI (dB)

g e

N

Incident Grazin,
(9] w

FIG. 11. Same as Fig. 10 excdpj reflection coefficient for water to silt is used for scenario of Fig) 6b) Reflection coefficient of sand to silt is used for
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of water to 5-m sand layer over silt is used for scenario of Fig).&e) Double reflection coefficient of light silt to 1-m sand layer over silt is used for scenario
of Fig. 6(d).

similar levels within roughly 5 km, where both features typi- floor feature has returns that fall off more rapidly than those
cally stand above the diffuse seafloor reverberation byf the seafloor feature. This follows from the stripping of
roughly 10 dB, which exceeds the 5.6-dB standard deviationhigher-order modes that propagate with high attenuation in
The prominence of the subseafloor riverbank returns followshe silt layer. Coherent returns from the riverbank arise be-
from the greater impedance mismatch between the silt—sarmhuse of its finite extent. Since the riverbank is modeled as a
interface than the water—silt interface incorporated in the rismooth flat surface, scattering is greatest in the specular di-
verbank scatter function. Beyond roughly 5 km, the subsearection and falls off in other directions in a manner similar to
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FIG. 12. The horizontal wave number’s imaginary componenf|nis plotted as a function of horizontal grazing angle/2— «;|, for the various
waveguides considered. Proper modes occur in Pekeris below the critical angle for 0.5 raldifmé,}. (a) Pekeris with sand bottom and Pekeris with silt
bottom. (b) Constant water column sound speed of 1500 m/s dyer2-m andh,=5-m silt layer over sand half-spacg) Constant water column sound
speed of 1500 m/s ovér;=2-m andh,;=5-m sand layer over silt half-spadel) Constant water column sound speed of 1500 m/s over 1-m light silt layer
over 1-m silt layer over sand half-space and constant water column sound speed of 1500 m/s over 1-m light silt layer over 1-m sand layer oveacglt half-sp

the sidelobes of a phased array’s beampattern. In backscattégs much higher attenuation than the water column. The sea-
for the given geometry, the riverbank returns increase in infloor riverbank feature stands above diffuse seafloor rever-
tensity with the square of its length, or cross-range extenteration beyond 20 km but rarely in excess of the Gaussian
Longer riverbanks that fit within the sonar resolution foot-field standard deviation of 5.6 dB.
print then yield significantly larger returns as a consequence When the sediment layer is composed of sand and the
of the coherent scattering assumption, and may stand wellalf-space below is made of silt, the situation changes dras-
above diffuse seafloor reverberation beyond 10 km. Returnscally, as shown in Figs. @) and (e). Returns from the
from such extended riverbanks, however, rapidly becomesubseafloor riverbank no longer stand above diffuse seafloor
more of a challenge to model since the near field moves outeverberation beyond 2 km because in the sand layer, which
in range from the feature with the square of its length. As thés much faster than the water column and silt half-space, the
range extent of the riverbank increases, the coherent ardgeapped modes become evanescent. Seafloor riverbank re-
increases but the side lobe level decreases for the presemtns stand well above diffuse seafloor reverberation, occa-
geometry, rendering the effect on the backscattered field lessonally by 10 dB or more, even beyond 20 km for both the
apparent than in cross-range augmentation. 2- and 5-m-thick sand layers, as expected given the large
When the thickness of the silt layer is increased to 5 mjmpedance contrast between water and sand. Older sea-
or one wavelength, returns from the subseafloor riverbanKoor features, in fact, are more likely to be composed of
features are somewhat reduced, as shown in Fig), &hd  consolidated material such as sand or limestone since such
again only stand above diffuse seafloor reverberation withirmaterials are better able to withstand erosion. Steeper sea-
roughly 5 km. This follows from a related increase in thefloor features that are common in many continental shelves,
stripping of the higher-order modes that have propagatinguch as glacier and iceberg scours, can yield even higher
components in the sediment layer since the sediment layeeturns.
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FIG. 13. Same as Figs. 7 and 8 except the Lambert—Mackenzie model is used to model scattering from inclined riverbankajeddarfésor riverbank over
sand and silt half-spaceé) Seafloor and subseafloor riverbank scattering with the upper sediment layer composed of dilf=n@tlm and the lower
sediment half-space composed of saf@l.Same agb) excepth,=5 m. (d) Seafloor and subseafloor riverbank scattering with the upper sediment layer
composed of sand with;=2 m and the lower sediment half-space composed of(sjlitSame agd) excepth;=5 m.

For the two-layered bottom of Fig(d, the subseafloor Figs. 8a)—(e). When the layering is altered to 1-m light-silt
riverbank returns stand roughly 10 dB above diffuse seaflooover sand over a silt half-space, returns from the subseafloor
reverberation out to roughly 10 km for a 1-m light-silt layer riverbank feature only stand above diffuse seafloor rever-
over a 1-m silt layer over a sand half-space, as shown in Figoeration within roughly 5 km. This indicates that sediment
9(a). The double layer reflection coefficient from the light- stratification of the geomorphic feature can weigh in heavily
silt to silt to sand interfaces leads to the increased promiin fixing its scattering amplitude.
nence of the subseafloor riverbank returns, compared with  The effect of bottom layering on the coherent scattering
those obtained with the single-layer reflection coefficient offunction of the inclined seafloor and subseafloor riverbank
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: : — , . . . from both the 10&100-n? seafloor and subseafloor river-
== Lamben-Mackenze ; bank features at 10 degrees inclination never stand above
--- perturbation water—sand . . .
20l =eoe perturbation water—silt diffuse seafloor reverberation by more than a fraction of the
—— perturbation sand—silt expected 5.6-dB standard deviation, as shown in Fig. 13.
---_perturbation silt-sand Riverbank returns are again in decibels, i.e., 10 times the log
of the covariance given in Eq41). This is still the case for
the ranges shown in Fig. 13, except for the 2-m sand layer,
even if the riverbank feature is extended laterally to fill the
entire cross-range width of the system resolution footprint, as
can be readily checked by noting that diffuse reverberation
accrues in direct proportion to the area of the scattering
patch. For the 2-m sand layer, the seafloor riverbank can
have returns that exceed the diffuse reverberation back-
ground by more than 5.6 dB if it fills the entire resolution
: ' ' ’ : , : ' footprint in cross-range.
FowA 3(c)}raziﬁgAng51(e)(deg6)0 08090 Diffuse subbottom reverberation, shown in Fig. 13, al-
ways returns at a lower level than diffuse seafloor reverbera-
FIG. 14. Scattering strength S&¢ 7 —6;, ¢=0; 6;, $;=) in free-space  tjon jf the same empirical Lambert—Mackenzie incoherent
backscatter as a function of surface grazing angie— 6;| for a diffusely . . . . T .
scattering surface obeying Lambert—Mackenzie and first-order perturbatioﬁc"’mer_Ing law is U.SEd' This comparison highlights the differ-
theory scattering laws. The first-order perturbation theory curves are foENCeS in propagation to and from the seafloor and subbottom
cases where the plane wave is incident from an upper to a lower mediuninterfaces since the scattering function is held fixed. The
where the upper and lower media can be water, sand, or silt. comparison may be purely academic, however, because the
Lambert—Mackenzie law serves as an empirical catch-all that
features of Fig. 6 is illustrated in Figs. 10 and 11 as a funcdescribes the entire seabed scattering process and so already
tion of horizontal grazing angler/2— «; for the incident and ~ incorporates the effect of bottom layering and volume scat-
a— /2 for the scattered wave, at fixed incident and scattere¢fing in some average sense. There is, in other words, no
azimuths,3,=0, 8=, as is appropriate to backscatter in areason to believe that scattering from the different interfaces
Waveguide_ The trapped modes for the Pekeris Waveguid@an be modeled with exaCtIy the same albedo and Scattering
scenarios, Fig. 1@) for a sand bottom and Fig. (& fora  law.
silt bottom, have incident and scattered elevation angles that ~Perturbation theory offers a more fundamental approach
lie within the boxes shown, the dimensions of which corre-to modeling rough surface scattering that can also be used to
spond to the respective bottom critical angle. The boxes ininvestigate potential mechanisms for geological clutter.
clude all modesh where 0.5 rad/kmr Im{£.}. This includes While the impedance contrast at the scattering interface is
all and only trapped modes for the Pekeris waveguide scdully accounted for in the perturbation theory formulation,
nario of Fig. §a). The latter criterion is used to segment additional parameters describing the roughness spectrum
modes that dominate the incident propagation by similamust be known. The perturbation theory formulation de-
boxes for the more complicated layered bottom cases illusscribed in Sec. 1lID is used with the spectral strength and
trated in Figs. 10 and 11. The value {i§} is plotted as a power law parametera/,=0.04/(2r) and y=4.0, yielding
function of equivalent modal angle in Fig. 12 for the vari- frequency-independent scattering, following Es$eihese
ous waveguides considered. This makes it possible to se«lues are not based on physical measurements, since none
how the scattering functions of Figs. 10 and 11 are discretelpre presently available in the present frequency range, but
sampled in the waveguide scattering theory defined by Eqgather have been chosen so that the scattering strength that
(1) and to estimate the attenuation of a given modal compoperturbation theory yields is near that of the empirical
nent as a function of range. Inspection of Figs. 10 and 11ambert—Mackenzie model for the various single and mul-
reveals that seafloor and subseafloor riverbank features thtiple reflection interfaces considered here, as shown in Fig.
backscatter most prominently in Figs. 7—9 have scatter funcl4. In all curves where scattering arises from a wave incident
tions with relatively large amplitudes at the equivalent anglegrom a slower medium, a discontinuity in slope is found at
of the propagating modes. While modes propagating athe critical angle. Beyond this a significant reduction in scat-
steeper angles suffer greater attenuation, as indicated in Fitering occurs until roughly 45 degrees where shallow angle
12, these same modes are scattered much more efficiently lgsumptions of first-order perturbation theory are no longer
the slightly inclined riverbank features as indicated in Figs.valid for the given surface roughness parameters, and the
10-11, so that there is some balancing between the two eturves increase dramatically in an unphysical manner. Dif-
fects that is unique to waveguide scattering. Higher-ordeferences in the perturbation theory curves away from the
modes, with elevation angles less than 45 degrees whereditical angles arise principally from the impedance contrasts
degrees points downward, however, contribute negligibly tdetween the media considered. An exception occurs for fast
the field scattered from the riverbank features for the rangesand over slow silt where no critical angle exists and trans-

40

Scattering Strength, SS (dB)

and features investigated in the present article. mission into the silt is significant even at very shallow
When the riverbank is treated as an incoherent scatter@ngles, where low level scattering results.
with the Lambert—Mackenzie model of E§1), returns The effect of scattering and reflection from multiple lay-
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waveguide. The boxes include all modesvhere 0.5 rad/kn>Im{¢,}. This includes all and only trapped modes for the Pekeris waveguide scenario of Fig.
6(a). (a) Reflection coefficient for water to sand is used for scenario of R&. ) Reflection coefficient of silt to sand is used for scenario of Fig).&c)

Double reflection coefficient of water to 2-m silt layer over sand is used for scenario of(Bjg(d Double reflection coefficient of water to 5-m silt layer

over sand is used for scenario of Fighp (e) Double reflection coefficient of light slit to 1-m silt layer over sand is used for scenario of feg. 6

ers can be significant as shown in Figs. 15 and 16 for amvant to backscatter in a waveguide, as was done in Figs. 10
inclined riverbank surface and Figs. 17 and 18 for generahnd 11 for the coherent scatter function.

uninclined seafloor, where the perturbation theory scattering Empirical values for the spectral strength and power law

strength is presented for the bistatic scattering scenario reparameters of first-order perturbation theory have been ob-
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FIG. 16. Same as Fig. 15 excedpj reflection coefficient for water to silt is used for scenario of Fig) 6b) Reflection coefficient of sand to silt is used for
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of Fig. 6(d).

tained for various seafloor types by Jack¥asver the short Lambert—Mackenzie curve shown in Fig. 14. Unrealistically
spatial scales relevant to the analysis of high-frequency scahigh roughness values for the spectral strength, as obtained
tering in the ten kilohertz range and beyond, where this aufor rough, rocky surfaces in the high-frequency analysis of
thor has shown perturbation theory to match experimentaRef. 34, are necessary for first-order perturbation theory to
data well. When these same values are used at low frenatch the empirical seafloor scattering strength curve of
quency, specificallyf =300 Hz, the resulting scattering law Mackenzie in the low-frequency regime of interest here.
falls more than an order of magnitude below the empiricalSince the Mackenzie curve summarizes the entire seafloor
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FIG. 17. Scattering strength §8 8=, «;, B;=0,) based on first-order perturbation theory for level seaflpei) degrees, over bistatic horizontal grazing
anglew/2— «; for the incident wave and— /2 for the scattered wave, as appropriate to backscatter in a waveguide. The boxes include afi mioeles
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(b) Double reflection coefficient of water over 2-m silt over sand is ug®dDouble reflection coefficient of water over 5-m silt layer over sand is ushkd.
Triple reflection coefficient of water over 1-m light silt layer over 1-m silt layer over sand is used.

scattering process, and is not limited to interface scatteringcatterer using first-order perturbation theory, as in Figs. 19
or the more restrictive type of interface scattering describe@nd 20, only seafloor riverbank returns from a single sand
by first-order perturbation theory, it is reasonable to concludéayer can stand above diffuse seafloor reverberation by more
that either the assumptions of first-order perturbation theoryhan 5.6 dB, and this only occurs when the riverbank feature
are inadequate to properly model seafloor scattering at lows extended laterally to fill the entire cross-range extent of the
frequency, a significantly different set of spectral strengthsystem resolution footprint. Returns from the subseafloor ri-
and power law parameters must characterize seafloor inteverbank only stand above diffuse seafloor reverberation by
face scattering at low frequency, or a more sophisticatednore than 5.6 dB for the two-layered bottom in the light-silt
modeling of the seabed layering and sound speed gradientsaser sand over silt scenario, and this only occurs if the fea-
necessary. It is also possible that scattering from volumeure is extended to fill the resolution footprint.
heterogeneities may yield significant reverberation. This is  Comparison of Figs. 7 and 9 and Fig. 13 shows that
most likely to be the case where a propagating, rather thaooherent returns greatly outweigh incoherent returns from
evanescent, component of the modal spectrum exists in thie riverbank feature. This finding is advantageous since
layer where the volume heterogeneities are present. only deterministic physical and geometrical parameters of
When the riverbank feature is treated as an incohererthe seafloor are necessary in the coherent model, whereas

934  J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001  N. C. Makris and P. Ratilal: Unified model for reverberation and scattering 934



Scattered Grazing Angle (deg) Scattered Grazing Angle (deg)
10 15 20 25 30 45 15 20 25 30 35

10 10
B )
215 215
o0 &n
z 2
<20 <20
g g
525 825
E130 £30
3 ©
235 235

o
(=]
o
(=]

45

B~
%

Scattered Grazing Angle (deg) Scattered Grazing Angle (deg)
10 15 20 25 30 35 40 0 5 10 15 20 25 30

35 40 45

le (deg)
o=
oo

gine
(=]
2

[ye]
n
i
[N}
n

Incident Grazing Angle (deg)
W
=

Incident Grazin;
w W
-
. .
w
n

o
(=]
L
IS
(=]

IS
O

Scattering Strength, SS (dB)

FIG. 18. Same as Fig. 17 excepi reflection coefficient for water over silt is usgth) Double reflection coefficient of water over 2-m sand over silt is used.
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layer over silt is used.

either empirical data or a stochastic representation of théhe source and receiver are distant from the target. To treat
seafloor is necessary in the incoherent model. The enviromreverberation from randomly rough boundaries and stochas-
mental description necessary for the coherent model is thetic volume inheterogeneties, the waveguide scattering model
easier to obtain and rests on far fewer supporting assumjs generalized to include stochastic targets. Analytic expres-
tions than the incoherent one. sions for the spatial covariance of the field scattered from a
stochastic target are then obtained in terms of the waveguide
Green’s function and the covariance of the target's plane
wave scatter function. This makes the formulation amenable
One of the greatest challenges to active sonar operatiorie a wide variety of approaches for computing a stochastic
in shallow water arises when echo returns from the intendethrget’s scatter function. For diffuse seafloor reverberation,
target become indistinguishable from reverberation returnetivo approaches are adopted, an empirical one of Lambert
by the waveguide boundaries and volume. To determine corand Mackenzie and a fundamental one based on first-order
ditions in which a typical low-frequency active sonar systemperturbation theory. It is most convenient to describe the
may operate effectively in a shallow water waveguide, a unidiffuse component of distant seafloor reverberation with a
fied model for submerged object scattering and reverberatiomodal formulation since the modes comprise the statistical
is developed. The approach is to use a waveguide scatterireptities of the field that the scattering surface may decorre-
model that follows directly from Green’s theorem but thatlate.
takes advantage of simplifying single-scatter and far-field ap-  Since reverberation is measured in time but the wave-
proximations that apply to a wide variety of problems whereguide scattering formulation is for harmonic field compo-

V. CONCLUSIONS

935  J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001  N. C. Makris and P. Ratilal: Unified model for reverberation and scattering 935



-95 T T T T -100 T T T r
N — Sand, Seafloor Riverbank \\ —— Seafloor Riverbank
-100 . - Silt, Seafloor Riverbank 1 =1050 "~ ~ Sub-seafloor Riverbank
’:?_1 ost Ssal ---- Sand, Seafloor Reverberation | ;&_1 10 --= Seafloor Reverberation |
5 Sl e Silt, Seafloor Reverberation 3 s Sub-seafloor Reverberation
o115
-
@ -120
T-125
&)
5 -130
2]
i5-135
B
5 -140
3-145
-150
15 15 ® . y - : : - .
- ?.2 2 3 4 5 6 7 9 10 - ?.2 2 3 5 6 7 8 9 10
Range (km) Range (km)
" y " -90 T y y " " -
— Seafloor Riverbank — Seafloor Riverbank
- Sub—seafloor Riverbank -100r -~ Sub—-geafloor Riverbank
--- Seafloor Reverberation E R - -~ Seafloor Reverberation
------ Sub-seafloor Reverberation =-110 Sub—seafloor Reverberation ]
] £-120
m
Z-130
° 1
B-140{
- ,
©5-150
13
B-160
2
§-170]
12
—-180]
- L I L Y L L L : -1
15?.2 2 3 4 5 6 7 8 9 10 9?.
Range (km)
—90r , ' I — Se:aﬂoor rRiverbank
. - Sub-seafloor Riverbank
=100 --- Seafloor Reverberation

2110

-120

e L

W

=2~
L

—1501", .

i
[=))
L
’
s
7
|/

Scattered Field Level (dB re

-170 1\\ ]

3
L
o0
g
’
;
’
s
l' /
i
’- ;
¥
/
.

19 ©, - ‘ T e .
1953 3 4 5 6 7 8 9 10
Range (km)

FIG. 19. Same as Figs. 7 and 8 except first-order perturbation theory is used to model scattering from the inclined riverbankaiegaatsor riverbank
over sand and silt half-spacdb) Seafloor and subseafloor riverbank scattering with the upper sediment layer composed of &ilt=vdtin and the lower
sediment half-space composed of saf@.Same agb) excepth,=5 m. (d) Seafloor and subseafloor riverbank scattering with the upper sediment layer
composed of sand with;=2 m and the lower sediment half-space composed of(sjlitSame agd) excepth;=5 m.

nents, the time dependence of the field scattered by a distatd include the dominant energy returned from the target or

object from a source of arbitrary time dependence is derivedcattering patch. This approach is used in the illustrative ex-
analytically using the saddle point method. The resulting examples. A viewer-oriented reference frame is then adopted,
pression is given in terms of modal group velocities, thetranslating from the traditional target-oriented frame of

frequencies of which vary as a function of time and sourcewaveguide scatter theory, to incorporate the continuous dis-
receiver, and target position. A simpler analytic approachribution of scatterers encountered in waveguide boundary
involving Parseval's theorem can be applied when the inteand volume reverberation. This enables analytic expressions
gration time of the measurement system is sufficiently longo be developed for the reverberant field returned bistatically

936  J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001  N. C. Makris and P. Ratilal: Unified model for reverberation and scattering 936



—— Sub-seafloor Riverbank o I I = Sub-seafloor Riverban'k
-105x -== Seafloor Reverberation _115 === Seafloor Reverberation
g 110 R Sub-seafloor Reverberation E ------ Sub-seafloor Reverberation
2 2120t
L-115 ®
=2} X
S-120f %—125
g g
8-125r 3-130r
= | 20 I
2-130 E-135t N e
B-135) 0 N s S
2 8-140f
§-140¢ s | ]
| ) Pouast T ]
=45 LT
(a) ()

23 4 5 6 7 8 9 10 T3 4 s 6 7 8 9 10
Range (km) Range (km)

FIG. 20. Same as Fig. 9 except first-order perturbation theory is used to model scattering from the inclined subseafloor riverbank for the twortayer bot
scenario of Fig. @). (a) Sediment is comprised of light silt layer bf = 1-m thickness over a silt layer &f, = 1-m thickness over a sand half-space. Diffuse
riverbank scattering is from the double interface of light silt to silt to s@imdSediment is comprised of light silt layer bf = 1-m thickness over a sand layer

of h,=1-m thickness over a silt half-space. Diffuse riverbank scattering is from the double interface of light silt to sand to silt.

from seafloor within the resolution footprint of a typical ac- in the output of active sonar systems operated in shallow
tive sonar system after narrow-band beamforming with avater.
horizontal array.

The unified model is used to investigate typical low-
frequency active detection scenarios in shallow waterACKNOWLEDGMENTS
Sample calculations for finite-duration cw source signals in-  The authors would like to thank the Office of Naval

dicate that the maximum range at which echo returns from &esearch for financial support and encouragement as well as

submerged target stand unambiguously above diffuse segyr colleagues in the Geological Clutter Program for many
floor reverberation is highly dependent upon the water colfryitful discussions.
umn and sediment stratification, as well as the receiving ar-
ray aperture, source, receiver, and target location, and the
scattering properties of the target and seafloor. APPENDIX A: THE PLANE WAVE SCATTER
The model is also applied to determine conditions inFUNCTION, TARGET STRENGTH, SURFACE
which discrete morphological features of the seafloor andPCATTERING STRENGTH, AND GREEN'S THEOREM

subseafloor return echoes that stand prominently above dif-  giandard parameters used to describe surface and target
fuse seafloor reverberation. Simulations for finite—durationscattering in ocean acoustics can be traced back to Green'’s
cw source signals indicate that typical seafloor and subsegregrem by using some simple approximations involving the
floor riverbank features, ubiquitously found throughout CoN-plane wave scatter function in free space. To do so, it must
tinental shelf waters, can return echoes that stand signifise recalled that the harmonic fielll(r) scattered by an
cantly above the diffuse component of seafloor reverberatiogbject can be expressed in terms of the medium Green func-

in the operational ranges of typical low-frequency active soygp, G(r|r) and incident fieldd;(r) by the Helmholtz—
nar systems. This finding is significant since returns from;ckoff integral equatio®?

these discrete features can be confused with returns from an
intended submerged target. The relative prominence of this
kind of geological clutter is highly dependent on the wave-

aG(r|r
wi=- [ [0 0

guide properties, measurement geometry, and scattering At

characteristics of the geological feature and surrounding sea- P

floor. The finding that subseafloor features can cause signifi- —G(r|ry) &—n[‘l’i(ft) +d(ry)]dA;, (A1)
t

cant clutter is particularly troubling for active sonar opera-

tions because it greatly increases the environmentad form of Green’s theorem, whe@(r|r;) and ®;(r) each
characterization necessary to make accurate predictions shtisfy the Helmholtz equation, driven by a source at angular
the expected clutter. The coherent component of the fielfrequencyw=2=f. The area integral encloses the scatterer
scattered from the riverbank features examined, arising frorand the surface normal points into the enclosed volume.
the features’ finite size, is found to far outweigh the diffuse  Consider, first, the problem of a plane wave

component arising from random roughness of the features. B (1) = krntti ) (A2)

The methods and findings of this article are presently being ot '
used to help design a number of field experiments to invesincident on an object in free space travelingthe direction
tigate the physical mechanisms that lead to geological cluttefd, , ¢;) where, for example,
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FIG. B1. A comparison of scattering using the single frequency approximation versus the full bandwidth of the given window function. Reverberation
calculated using the single frequency approximation is indistinguishable from that calculated with the full bantyiSime as Fig. @) for sphere in
waveguide with reverb except only the sand bottom case is shown. Single frequency approximation is compared to rectanguléovBadusvasa) except

the Hamming window is used instead of the rectangular windeyvSame aga) except only the silt bottom case is showd) Same adc) except the
Hamming window is used instead of the rectangular window.

7(6; , ;) =Cc0sb; cosb, +sin §; sin 6, cog ¢ — ¢by). in an object-centered coordinate system, which leads to the
(A3)  equality
The Green function is
1 ekrrl 1 gkr—ren(0.)] S0, i)
G(rlro= 7~ r=r] 4= r ' (Ad) :_LJ' f[eikrt,,(gi,¢,i)+q)s(rt)]ie—ikrtn(a,qs)
where the last approximation is for a receiver so far from the am i

object thatr>r,. By application of Green’s theorem, the
scattered field at this distant receiver then can be written as

A

. J .
_e_'krt”( 0'¢)0’)_nt[elkl'177(9i ’¢i)+q)s(rt)]dAt! (A?)

Dy (r)~

ikr¢n(6; ,¢i)+q)s(rt)] ainte—ikrtr](e,d))
Ay which relates Eq(A5) directly to Green’s theorem when
>
_efikrtﬂ(ﬂ,@i[eikrﬂl(ﬁi G4 D(r,)]dA. (AB) tEquation(AS) can be recast as a sonar equation by tak-

ing 10log of the squared magnitude of both sides. In terms

By the definiton of the plane wave scatter function of the plane wave scatter function, the resulting target

S(6,¢; 6;,¢;), however, it can also be written as strength of the scatterer is then

ikr

¢S(r)~8(0!¢;0i1¢i)W1 (AG)

S(8, 2
T=10log dB re 1 m. (A8)
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FIG. B2. A comparison of scattering using the single frequency approximation versus the full bandwidth of the given window function. Reverberation
calculated using the single frequency approximation is indistinguishable from that calculated with the full banthvi8tme as Fig. (8 for seafloor
riverbank with reverb except only the sand bottom case is shown. The single frequency approximation is compared to the rectangulén)v8adowas

(a) except the Hamming window is used instead of the rectangular win@@ame aga) except only the silt bottom case is showd) Same agc) except

the Hamming window is used instead of the rectangular window.

The differential scattering cross section of the target, defined( 0, ¢; 6, ,¢;), a standard empirical descriptor of surface

as scattering properties in modern radiometry, via
T 2 |(I)S(r)|2 g
cr—ler:in B (A9) 7= = (0,410, ¢1) coso cosfAA, (A11)
then becomes whereAA is the area of the surface patch. For diffuse scat-
) tering that is equal in all directions, the bidirectional scatter-
_ . |S(6,¢;6;,90) ing distribution function equals the constarftr, wheree is
o (6,¢:0;, i) _477‘ k ' (A10) the albedd® which is unity for a perfect Lambertian surface

o _ o _ and roughly #/10?7 for a Lambert—Mackenzien surfate.
which in the high-frequency limit can be interpreted as theThe conventional seafloor scattering strength of ocean
projected area of the target as seen with foreshortening fromcoustic& is then

the combined perspectives of the source and receiver.

If the target is a random patch of rough surface rather S(6,¢:6;,¢)|?
than a finite object, EqA5) and (A6) can still be used so SS0.¢:0;,¢i)=10log | —————| ) ~10logAA,
long as far-field conditions hold ar®( 6, ¢; 6, , ¢;) is inter- (A12)

preted as a stochastic parameter. The scattering coefficient of

the surface is the expected scattering cross-section per solichere the first term on the right-hand side can be interpreted
angle(o/4m). This can be written in terms of the bidirec- as an equivalent target strength for the random scattering
tional scattering (reflectancg distribution functioR® patch.
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Many surfaces scatter with both a deterministic as welldependent nulls and valleys in the sound pressure level of the
as a fluctuating component. It is conventional to assume thaeceived field found in the single frequency calculation may
the fluctuating component scatters a zero-mean field. Diffusbe partially filled when the full bandwidth is used for the
scattering surfaces, as described by Lambert’s law or firstharrow-band waveforms considered. This is exhibited in
order perturbation theory, scatter only zero-mean fluctuatingrigs. B1 and B2 where the filling is shown to be window
fields. dependent and more negligible for bottoms that support

The preceding analysis shows that the standard paranfiewer trapped modes. It is noteworthy that for narrow-band
eters used to describe surface and target scattering in fremansmissions at the given center frequency and duration, the
space can be traced back to Green’s theorem through ttephere target may have returns that fall below the expected
plane wave scatter function. reverberation level, but the quantity and location of these

expected deep “fades” of the target are highly dependent on
APPENDIX B: SINGLE FREQUENCY APPROXIMATION the window function used.
VERSUS FULL BANDWIDTH IN NARROW-BAND
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