Computational Ocean
Acoustics

* Ray Tracing

* Wavenumber Integration
 Normal Modes

* Parabolic Equation
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Wavenumber Integration

« Range-independent — Integral Transform solution

« Exact depth-dependent solution
— Global Matrix Approach
— Propagator Matrix Approach
— Invariant Embedding

 Numerical issues:
— Numerical stability of depth solution
— Evaluation of inverse transforms
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13.853

Elastic Halfspace

14 equations
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Homogeneous Fluid Layers

Numerical Solution of the Depth Equation

1 .! . .

c = \‘;j Direct Global Matrix Approach
kn(2) = kn=w/e
Depth Solutions

Layer Degree of Freedom Vector

ot (k,z) = et Downward Propagating ) .
o (k,2) = e™* Upward Propagating A_;;(kr)
k. = k2, —k?  Vertical wavenumber B- ( I )
Layers without Sources a)m(k;,r) = mATS \ m=1,2...N
P g A% (k)
é(r, 2) =[" [Ae™™" & ATe™ | Joy(kyr) iy dk, .
Interface Condition Parameters B;; (k’,») J

Vertical Particle Displacements

w(r,z) = g?
= J('x [—H.::,-'l_:!_’l'": + -Jifa.'::"l*'r:”"-‘:] Jo(ker) by dbey 3
Vertical Normal Ntress
ou:(r,2) = —p(r,2) \ m=12...N,

= KV?¢(r,z)

‘m

cm(k'r;z) am(k'r) " m = ].,2N

Wavenumber
Coefficient Matrix

erface Continuity Conditions

T =m T =

Exponential Matrix v (ky) +vi(k) = via(k)+vip(k), m=12...N -1,
(diagonal) PN

Ik = Vi (k) = V(k) = Vi(k), m=1,2.. N -1,

T
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Direct Global Matrix Method

Local Interface Discontinuity Vectors

v (k) = vi(k) — vl (k), m=12...N—-1,

i

i}m(k,,-) — i}m(k'r) o i}'ﬁ:+l(k‘f‘) , m = 1,2 .. N — 1,

i

Local-to-Global Mapping

Vm(]ﬁr) — [Cm(k,,-) Sm_

.

Spi] A(k,), m=1,2...N—1.

Global Interface Discontinuity

N-1 4_ 

V(k:_,») — Z T’ﬁ'!. V’fﬂ (kT) ,

m=1

Topology Matrices

N-1

= X T (k) S — i (k) Su] Ak -

m=1

Global Source Discontinuity Vector

. N-1

Vik) = > T" [vi(kr) = Vi (ke)] -

m=1

Direct Global Matriz (DGM) Equations

Clkr) A(ky) = =V (k) ,

N-1
C(k,,) - Z " [cm(k'r) Sim — cgiﬂ(kr) Sm+1] :

m
m=1
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. . C m . ) m
Local coefficient matrix [ ]m Pointer matrix [1]m
X! x i x !X w0 o) | o) | (o) |
11 12 13 14
X X X X (re) | (re) | (re) | (1,0)
210 220 23 24
X X X X (o) | (o) | (re) | (re)
\ ) ] IS T
X X X X % r,c) | (re) i (r,c)
B | 41 0 43 44
column
— no. ¢ —_
Trow
no.r
s I

Global coefficient matrix [C]

Mapping between local and global coefficient matrices
by means of row and column pointers.
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Direct Global Matrix Method

Numerical Stability

Fvanescent Regime

k?«‘ — 3’}’ ’
=
+ _ —yz
m(k’i"? Z) = € ! ?
_ 4 -
o, (k*r: Z) = 7% «— Blows up -k .zlarge

FEvanescent Depth Solutions

:r_a(k?'? z) — e—’r(z—zm_l)’

qbf_n(kr; 3) = e_’}’(zm—z).

< 1 inside layer m
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Direct Global Matrix Method

Numerical Stability

FEvanescent Regime

(ke 2) = €777,

¢;; ('k'.‘"? Z) — e"'"-’*z ?

Fvanescent Depth Solutions

tkr2) = €1

blkr, 2) = e Cn?),

?

eYZZ ) ev(Z, D) e @) e @ZyD
Zm-l 3\ | | | |
: | : |
I I
>ho oy '
I ! I
I : ! :
7 J ' 1 i l
m yh~1 yh>1
zV
Layer m-1 m mtl Layer m-1 m  mtl
N 1 1 1
N N b
—~ i | F—x i '
Interfuce \O'@ ' Interface @0 |
m- QI '®) | m-1 4 :
—_———1 = I______' ____‘|Q_____|
1 er o'
@ O m OJ[C)N
| N A
S N
T
D1, Diagonal D 1D, Diagonal

Unstable Stable



DGM - Direct Global Matrix

+ -
Water A2 A2
+ _
FIU'C.I A3 A3 k 3real
Sediment Z,
Elastic +
A4
+
B4
N layer2 Layer3 Lower halfsp.
\ . | i .
Intfc 1 X x0/010/0 At X
N 2 -
X' X| X X100 A, X
Intfc 2 <
—F
X X|IX| X|0!|0 A3 X
\\ T AT S A
0 0| X|'X| X| X 3 0
A
Intfc 3 0 Ol X| X| x| X i 0
B
0| 0| x| x| x|x 4 0

S
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DGM - Evanescent Layer

Water AL A Stable Mapping
+ - . .
Fluid A3 A3 k, 5 imaginary
Sediment 2 ‘separate’ systems: No
Elastic + coupling between upper
A4 and lower matrices =>
gt No error propagation
4 from bottom to top =>
N layer2 Llayer3 Lower halfsp-—7| Numerically stable
\ / S =
Intfc 1 X X|0 01 0 A; X
\ -
X X| X 0 Q/ A X
Intfc 2 < 2
X| X|X 0 : 0 A3 X
< T Sl
\ A
0|0 X| X| X 3+ 0
A
Intfc 3 0 0 X| X| X i 0
B
0|0 x| X|™X 4 0

S
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DGM - Evanescent Layer

Water A’z’ A, Unstable Mapping
+ - . .
FIuiq A3 A3 kZ,3 imaginary
Sediment Coupling between upper
Elastic + and lower matrices =>
A4 Error propagation between
gt bottom and top =>
4 Numerically unstable

N  layer2 Layer3 Lower halfsp.

\ r R - 3
Intfc 1 X x|0|l0t0 9/ At X
N 2
X| X X 0 A X
Intfc 2 Y /0/ __%
X| XS X100 A X
N < Ai > - ———
0 O X || X| X 3+ 0
A
Intfc 3 0/ 0] X X | X i 0
B
0| 0§ X X | X 4 0
I 4‘\ g S - J 11
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Stratified Elastic Bottom
Evanescent Tunneling Regime

T, ©
%%%%@\

-D

Water
Cy = 1500 m/s

Sand Sediment

2 = 1800 m/s
C F3: 250 m/s
25

Silt Subbottom

2p 3p 1 25 3s
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Evanescent Wave Tunneling

See Fig. 4.14 and 4.15 in Jensen, Kuperman, Porter and Schmidt.
Computational Ocean Acoustics. New York: Springer-Verlag, 2000.
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Evanescent Wave Tunneling

Beam
F=1000.0Hz SD= 50.0M

’E 501 é
=
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100 + a
150 T i T
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F=1000.0Hz SD= 50.0M
See Fig. 4.14 in Jensen, Kuperman, Porter and i T
Schmidt. Computational Ocean Acoustics. New _27
York: Springer-Verlag, 2000.
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Thick Evanescent Layer

Beam
F=1000.0Hz SD= 50.0M

o =27
—_— -36
501 é
E £ 100 4
£ Q
o Q -54
& 100 (]
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[See Fig. 4.14 in Jensen.] -27
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