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Scattering of low-frequency sound
from internal waves

Alexander G. Voronovich
NOAA/Environmental Technology Laboratory
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é@ ;| Acoustic mode scattering matrix

o (k' ox+ A) Cﬁ

p = u, (2)exp(ié,x +iky) + Y. u, (2)] dk'S,, (k')

exp[if'm (x -Ax) + ik'y]
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W Source imaging: utilizing a
" concept of scattering matrix
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@ Source image as a function of X

100 m
Parameters -
Depth =100 m
F=100 Hz

N = 6 modes

Zzs =

Xs = -500 m

500m<x<540m 0

No hill

=100 m

100 m -100 m
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Scattering from Internal Waves
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NS Correlation functions

Cross-correlation coefficient
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s@ Solution at large x

Lk - 1 k4l*x ‘{ k“z*x]

:gzm:jkP(b - b, k) N \/(b ~b, Y +k° )Tdk

Ok
Angular spectrum: k— = k 0 ~/ [. X

0

Correlation function:

C (x,Ay) = bLJdkeikAyTn(k) = b—exp[ kil.x Ay) ]

n
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é’@ : | Modal scattering matrix (cont.)

a,(k,x+ hx) = @, (k,x)e“ + Y [dk'S,, (kK )a, (k',x)

W(x,y,z)= Z”n (2) j dkifnxﬂ'ky

Some notations:

dzun W 0 5 (o) =
3 +[cz(z) bn)un =0, u,(0)=u (—)=0
£, =& (k)=b2 K Juu,dz= 0,
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NY4 Statistical description

a (k,x) :+ Aa (k,x)

<Aan (k _,7/2’ X)ACZ >x<m (k +,7/29 X)> B(ka X,/7

S 0 koky) = 255, (KO =Ky ) + S, (5, K,

<AS”1m1 (k _,7/ 2’ kO _”/Z)AS *n7m2 (k +,7/29 kO +I7/2)> -
= Ax 1y 1oty (k,@(]] _,70)

- 7
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f@ Markov approximation

X x + Ax
(kDS BS*,, | =a, ()05, DS*,,
<Aan mam 3;d> :<Aan mam><5}d>

etc.
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N\ /) Energy conservation

Constant energy flux in the absence of losses:
S [ k&, |a, (k,x+ Ax) + B, (k,x + Ax;0)|=

=2 | dke,

a,(k,x)| +B,, (k. x;O)]
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f@ Optical theorem

LS, )+, S, (k)+

mn,

+Zfdk5 B (K K0) DY &S,
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@, Governing equations for
average field

a,(k,x+0%) =a,(k,x)¢** +0x) S, (k)a, (k. x)

|

Characteristic
of scatterers
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o Governing equations
~ for correlations

B .(k,x +Ax;/7) = B .(k,x;/])ei[‘("(k_”/z)"fn'(“”/z)]ﬂx n
+ sz eifn(k—ﬂ/2)Ax§;m'(k +1/ Z)Bnm.(k, x;7) +

+ Y e NS (k= (2)B,, (k,xin) +
+Ax Y [ dk Byl K50)B,,,, (k' x:7) +
+Axy [ dk'E,,. . (k.k'sn)a, (k= 12, x)a, (k'+7 /2, x) +

+Ax2‘§nm (k _O/Zﬁ:'m'(k +,7/2)Bmm'(k"x’,7)
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¥ | Calculation of scattering

Index of refraction
fluctuations

u
WF,2)=W,(7. 22 ()G 52 e (7, ) 2N
Coo

|

Forward scattering
approximation

d

: fk) expli€, (k)x +iky]

Go(F2.2) = == P u, (2, ()

Uncertainty DRI Review June 17-19, 2003 Providence, RI



&“’W% = - m
W | Statistics of fluctuations

<An2(ﬁ921)An2(?'2922)> :N(’;; _’72;21922)

NG ~732.2,) = [ ddP,g,.4, )3 ®,(0.2)®, (¢.2,)

\

IW spectrum IW modes
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@ Scattering cross-sections

E (k k',/]) ﬂ[ 0)]4 exp[i(fn(k —17/2)=¢,(k +/7/2))AX] ]
Coo

spectrum

el ele/gxl ) > (A& k=K )N, (@)N,(q)

a

A& =16, (k=n12)-&, (k1 /2)+ &, (k +712) =&, (k+n /2]

k=& (k-ni2)=¢,(k-n/2)-&.(k+n/2)+é, (k+n/2)

=[1, D, P, (q. )z e
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Simplification 1
.4\%“’? TMENT OF °°‘>§

B .(k,x +Ax;n) = ez‘[fn(k—n/z>—5n-<k+n/2>]Ax{ B .(k,x;n)+

+ [jﬁ Z 6’,;131 (k i ng:mBnm (k, X;”) +

n' m'

Zﬁ“’( j B, (k,x;) +

b b Zelglf)mm (kpn)j dk'enn',mm' (k —k')Bmm' (k',x;n) +

n'“n m,m'

S [ (0 21 2.0

n nmm
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@ Scattering cross-section-
- simplified version

IW spectrum

ll
€ k)= (C j D BERN, @V, (@)

A& = ;(b +b.-b —b )

= J(@&) +«°

Ng, = [u,(2)u, (2)®,(q.2)dz
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QD Energy conservation-
simplified version

Z bnjdk \_Bnn (k,x;0)+ ‘an (k,x)fJ: const

Optical theorem — simplified version

Snm +S;n +Z bLjell,nm (k)dk = O
! l
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s@ Spatial averaging

67 elfnx , E | ei(fn_fn')x

nn

_,g (k)Ax— (k x+Ax) a (k x) + N\x I;m ~ (k X)

e—i[fn(k—n/2>—€n<k+f7/2>]AxB (k x+Ax;n)=B, (k,x;n)+

+Zﬂ(sn )B,m(k xl7)+

n

b2 jdk'a (k_k')Bnm(k’x)-l-

Nx _
+ b_zz,“dk'anm (k')‘am (k’x)‘z
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f@ Scattering cross section

o621 ) Tl 0

e

Spectrum of Acoustic-IW modes
fluctuations interaction matrix

Optical theorem:

2Res +Zbijdk o (k)=0
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Average field
“'\q%% TMENT OF °°$§

a (k,x)=a (k,0)e""

2Re s 1 1
= - “=—> —|dko, (k)>0
B, ; ) §mj bmj o (K)

n

pAX + )e'ﬁ 8
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X 0An o
i | =
: Limit AX —
< st
“'\q? ‘gg
A%?‘Msm of “0‘}

da, ., _ _ S _
“—ié a, = "a

0x b "

n

0l _i/7k] _2Res,
ox 2b, " b

I +%Zjdk'anm (k= k"I, (k") +

n

1
+
2

nm

1, =1 (k.xn)=B,kx0) T (K) = €,y (K
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*WE . = 1 i
N4 Diffusion approximation

0/
g+ T onT + T o Ll

+ Z o, la, (0,x) e'zﬂmx
[ =b1 (k,x;n)

nm nm
n-—m n-—m
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@ Solution at large x

~ T k’
RO ey ex‘{_ 471 x]
0"* 0"*

Angqular spectrum:
Ok
—— = ky~Jl.x
k 0

Correlation function:

C (x,Ay) = bLJdkeikAyTn(k) = b—exp[ kil.x Ay) ]

n
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f@ Numerical estimate

h:ZZJW%@J%WHP%(ﬂ@-%Y+WIP%

2

n,m,a

For GM spectrum:

[, =5.400" m

ok
g, =—
kO

a

=ky/l.x =4.6007° =0.26°

=~ 700 m

) 1
O = i la
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A Correlation functions

Cross-correlation coefficient
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@ Conclusions

Concept of Scattering Matrix can be useful for
source imaging applications

Exdperimental (NPAL) data indicate that correlation
radius of the acoustic field in cross-propagatlon
direction is of the order of 500 m - 1000 m.
Decorrelation is explained by scattering at internal
waves.

A theory was developed which is applicable to the
low-frequency sound propagation in the real ocean
up to frequencies of the order of a few hundred Herz.
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