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Ambient Noise Modeling

* Noise in Stratified Ocean
— Wavenumber Integration
— Normal Modes
— Numerical Examples

 Noise in 3D Ocean
— Adiabatic Modes

— Parabolic Equation
— Numerical Examples

« Synthetic Signals and Sensor Stimulation
— Stochastic Signal and Noise Model
— Snapshot Synthesis of Signals and Noise
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Surface Noise in a Stratified Ocean

Helmholtz Equation - Horizontal Source Distribution

(Vg + k‘g) bu(r,2) = =S, (r") 6(z — 7',

Solution

o(r,z) = /S(r’) g(r,r’; 2, 2) d°r,

Green’s function

(V24 &%) g(r,v';2,2) = —6*(r — 1) §(z — &),
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Surface Noise in a Stratified Ocean

Cross-Spectral Density

Cu(r1,re, 21,20) = <o(ry,21) @ (ra, 22) >
l = // <S(r') S*(x") >
““T-; """"" HHJ'HF:}_{'n -------- X g(ry, v, 21,2") g* (re, 1", 29, 2') &r' d*r”,
Gz) .1y | Surface Noise Source Correlation Function

.I’l

¢*N(s) =<S(r') S*(r") >
s=1 —1"

Green’s function

1
g(ry, v’ 2,2 = %/g(k, 21,2 )exp ik - (r; — )] d°k,

1
g (ro, v 2,2") = Q—/Q*(k’,zg,z’) exp [—ik’ - (ry — )] d°K’.
m
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Surface Noise in a Stratified Ocean

Noise Correlation

CM(R,zI’ZQ) = q f/N S k y 214 2 ) *(k,zg,z')
x exp[ik - (R — s)] d’s d°k
= 2mg® /N(s)dgs /DOO g(kr, 21,2") g (ky, 20, 2)

l x Jo(k.|R —8|) k. dk, ,
_______________ ++H+H|+++++l________ Surface Source Correlation
” e
i & |
c(2) . N(s) = 5 | P(k)exp(ik - s) d’k .
T
°ry Integration over s

Co(R, 21, 2) = 27¢° /P gk, 21,2') g* (k, 20, 2) exp(ik - R) d*k .

Isotropic Noise
N(s) = N([s|)

Cu(R, 21, 2) = 47°" [ [P(ke) g(kr, 21, 2) " (K, 22, 2)] Jo (kv R) e s

Noise Correlation Function

Cr(R,z,23) = /_OO Cu(R, 21, 23) exp(—iwT) dw .
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Surface Noise in a Stratified Ocean

Spatial Distribution of Noise Sources

1. Monopole: mass addition, heat addition, volume change—e.g.,
--------------- e bubbles, rain droplet impact, etc.

Z’ S
T s 2. Dipole: force, translation, acceleration (sloshing)—e.g., vibra-
Wi tion of unbaffled rigid bodies.

® 5 3. Quadrupole: moment, shear, distortion, rotation, turbulence.

Multipole Source Order p
cos? 6

Q[i(zkg ;);i) uncorrelated noise sources

N(s) =

2”;)1{2[:%3;:] cos? § radiation pattern.

13.853 COMPUTATIONAL OCEAN ACOUSTICS Lecture 22



\Y/ | 1SS
G
v

--------------- +++++++|+++++--------
Zl «— >
] 5
c(z)
[ ] r‘2
[ ] I'l
Uncorrelated Surface Sources
Cu(R, =z z)—wfoc (ky, 21, 2") g% (ky, 22, 2") Jo (k. R)
w y <1y <2 — kg(z’) 0 giky, 21, q Ty <2y O\ vy

Noise Intensity

2.2 5
CW(O: Z; Z) - o 1 /D |g(k‘f'az:2/)|2 kf'dkf'

13.853
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COMPUTATIONAL OCEAN ACOUSTICS

Surface Noise in a Stratified Ocean
Wavenumber Integral Representation

Correlated Noise Sources

0 a<b
et (@B e Tl a0,

(k ) B 2p! 0 k. >k
r k,Qp]"(p) (kg . k,?,)p_l ke <k

Noise Correlation

8w2plg® [k, o o\ p—1
k?pl"(,p)/o (k _k'r)

X g(kr: 21, z;) Q* (k'ra 22, 2}) JD(krR) k’r dkr
87°pg* rk 2 2\p-1

= k2p 0 (k - kf')
X g(ky, z1,2") g* (ky, 22, 2') Jo(k-R) k. dk, .

Cw (R, Z1, 22) =

Noise Source Normalization

¢*() = Q*/16m ()" .
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Surface Noise in a Stratified Ocean
Normal Mode Representation

Normal Mode Representation

Normal Mode Ezpansion of Green’s Function
--------------- RN I

i Pk
| s
| | 1 U, (2" W, (2)
c(z) ! M m
oL k’r: ) — ’
. g( ® z) 27T,O M k kg

i

.I’l

Modal Attenuation

kﬂ'"m = Km + 1y,

Noise Correlation

dr?q? oo N N
Bessel Function Symmetry CoRy 21, 2) = =5 /_ch(k,,.,zl,z)g (kr, 22, ') o™ (kr R) Ky d:
Modal Frpansion
o = THY 4 HO1/
~H{"(~2) = B () Tl A B[ o

. ?:ﬂ-qg H (kf’mR) Hég)(k:(nR)
B kaQ krg'm o (k$ ) k,2 - (k$ )

rn rm r
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Surface Noise in a Stratified Ocean
Normal Mode Representation

Noise Correlation

1T
Cw (R; 215 22) — q Z \Ijm( ) 1 (Zl) q!n(z’) an (ZQ) .fm’n,
l [H (ke R) + H” (k7 R)]
e +++++++|+_ﬁ+| --------
T ‘ En Modal Coherence
c(z) .1 1
| .ﬁrrm — k?.m ( k;’f”) .

ﬁ"”ﬁ'! >> a’ﬁ'!.? H’ﬂ >> a’ﬂ,

L f #
, — form #n
\ PR QreRe
T, 1
o form=n.
1 Km

Incoherent Modal Summation

"2
C. (R 1, 22) ?Tq Z [lIlm(Z H lIj’m(21) lIIm(ZQ) J[)(KlmR) ‘

2 QkZ T aﬂ’!f{"ﬂ’!
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Surface Noise in a Stratified Ocean

Noise in a Homogeneous Halfspace

2pq2 k

—1 :
C,(R,z1,29) = 2 Jo (k2 — k?_)}r expliZ(k* — kf)l/g]
sin?[2 (k* — k2)Y/?
X [ kg ~ 2 ) } J[;.(k‘rR) k‘r dk‘r,
L = 21 — <9

Normalized Noise Correlation

— . RB[CM(R: <1, 22)}
W b b — ]~ .
Co(R, 21, 29) 750 {Re[C,(0, 21, 21)| Re[C,,(0, 29, 29)] }/2
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Cron and Sherman Results

k -
(R, Z) = [ (K = k)" cos|Z(k* — k2)"/*) Jo (kv R) k. dk,

LRO) = [ (8~ K)"" Jy(kR)k, dk,

= 2R ?(p— 1)1 J,(kR)

Jp(kR)

C (R ,21,21) - 210 (k.R)p )

k -
1,0,2) = [ (K — k)" cos|Z(k* — k)| k. dk,

Transformation of Variable - ¢ = (k?* — k2)!/?

1,(0,2) = / ¢ cos(Z¢)dC .
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Surface Noise in a Stratified Ocean

[See Figs. 9.2, 9.3 in Jensen, Kuperman, Porter and Schmidt.
Computational Ocean Acoustics. New York: Springer-Verlag,
2000.]
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Surface Noise in a Stratified Ocean
Horizontal Correlation

[See Jensen Fig. 9.4]
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Surface Noise in a Stratified Ocean
Vertical Correlation

[See Jensen Fig. 9.5]
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Seismo-Acoustic Noise in a Stratified Ocean

[See Jensen Figs. 9.6, 9.7, 9.8, 9.9]
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