ive Commo e type BY (https://creativecommons .org/licenses /by/4.0).
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The forward problem

Composition
Pressure matrix Downgoing
. \ A | field _
Particle p - p _ \/ 4 \/
velocity — L Upgoing
~ ~
field
v P
_ . _ Angular '
Flux-normalized composition matrix frequency ~ Density

(Wapenaar, 1998):

Square-root of the Helmholtz operator: H1

- (0 :
me=(2) v Gan)
C Q(l\

/ Spatial derivatives
Velocity along receiver array

E
||
S




Numerical computation of the square-root operator

Computation of the Helmholtz operator at each frequency:

w\ 2 9 /1 0
/ 2_/() /= (@3

\
ﬁz = \+ o\o \o\
Eigenvalue decomposition 1 A | l
(Grimbergen et al., 1998): Hz'*" — LA ;? L

n-th root



Inversion

Downgoing Composition
field matrix \ Pressure
P I __ ]’:—1 P patie @ W W

S o A velocity

p \%

. . Cyn . Angular
Flux-normalized inverse composition matrix frequency  Density
(Wapenaar, 1998): 1 1\ /

A5 1 R § 1

-1 HE(wo) 2  H,%(wo)?
o \/? . 1 | 1
2 — 5 2 1

H{ (wo) 2 —H; *(wo)?

Square-root of the Helmholtz operator: H1H 1 = H»

: W\ ° 9 /1 o
C 0x O 0x

_ / - Spatial derivatives
Velocity along receiver array




Problems

1. Noise l3+ :]‘:—1 ﬁs'z'gnal 4 f’noz’se
P |\ Vsignal Vnoise /|

2. Singularities 00
(%

In fk-domain: L_l _ L "y
V2 o7

Vertical wavenumber: 7
.

2
0 ,
L 9) — Horizontal
kZ — \/ 02 o kx - wavenumber
2

),
At critical angles: — — k% ‘ Numerical instability

2




Sparsity promotion

— Sparsity promotion: Candés et al. (2006), Donoho (2006)
— Applications in geophysics: Herrmann et al. (2008)

— The solution is assumed to be sparse in a transform domain:

2D Curvelet Kronecker  Discrete
Solution Coefficients Transform Product Wavelet
\ \ \ / / Transform
0T— R _
P =95Xx S=0Cr, XKW
— 4
L X . p S* 0\ /x"
minimize _ subject to — L _ <O
T X | : v 0 S X
L7 " 2/
Coefficients L1 Residual L2 Noise
length level

— spgl1 (Van den Berg and Friedlander, 2008)




Example

Velocity model:

— 128 sources
— 128 receivers

— Noise added (SNR=5)

3500
5 10 15 20 — True model Smoothened
Location (km) = // model
O — - EE EE W s =Em -
O
o)
=

2500

1 2 3
Location in well (km)



Pressure data

Common Receiver Gather

Downgoing field

(not changing polarity)
Upgoing field
(changing polarity)

2 4 §]
Source location (km)
Common Source Gather FK spectrum

Frequency (Hz)
E N —

-y
&N

f
=

1 > 3 20.05 0 0.05
Receiver location (km) Wavenumber (1/m)



Particle velocity data

Common Receiver Gather

Downgoing field

(not changing polarity)
Upgoing field
(changing polarity)

2 4 §]
Source location (km)
Common Source Gather FK spectrum

-

N

10

Frequency (Hz)

1 5 4 Z0.05 0 0.05
Receiver location (km) Wavenumber (1/m)



Upgoing field retrieved by exact inversion

Common Receiver Gather

g — Results are noisy
= uk — Instabilities at
2 B singularities
= 5

source location (km)
omon ce ater 0 FK spectrum

=
G 4
T ———————
E
= 5

f e

2 3 ~0.05 0 0.05
Receiver location (km) Wavenumber (1/m)



Upgoing field retrieved by exact inversion

Common Receiver Gather

o1k — After FK-filtering
e [
= 5
= " . =
Ssource location (km)
Common Source Gather FK spectrum

LY
I|| I! "II
||u',,|,|

i,|

—_—

flI
Il

I

2 3 -0.05 0 0.05
Receiver location (km) Wavenumber (1/m)



Upgoing field retrieved by sparse inversion

Common Receiver Gather

— Result less noisy
— No instablities at
singularities

2 4 6
Source location (km)

FK spectrum

Common Source Gather

—

N

Frequency (Hz)
o o

P
-

1 2 3 -0.05 0 0.05
Receiver location (km) Wavenumber (1/m)



Upgoing field retrieved without noise

Common Receiver Gather

— Detailed information can
be lost if noise level o is set
too high

— Instabilities can occur if
noise level o iIs set too low

i 4 §]
Source location (km)
Common Source Gather FK spectrum

-

1 2 3 -0.05 0 0.05
Receiver location (km) Wavenumber (1/m)



Extension to elastic media

Shear traction
Shear traction

Normal traction

Horizontal
particle velocity

Horizontal
particle velocity

Vertical
particle velocity

— Composition matrix — \Wapenaar et al. (2008)

— Potential application: OBC (Ocean Bottom Cable) decomposition

LN

LN

LN

R

o %XZ
=
o %ZZ
Ve
Ny
+v,

(Schalkwijk et al., 2003)

Downgoing
P-wave field
Downgoing
Sv-wave field
Downgoing
Sh-wave field

Upgoing
P-wave field

Upgoing
Sv-wave field

Upgoing
Sh-wave field



Application: Up / down deconvolution

* —%

W Homogeneous

\ A / * v ® vYy

< < -

Upgoing field Green's function Downgoing field

— OBC data (Amundsen, 2001)
— Free-surface multiple elimination

— Streamer data (Majdanski et al., 2011)
— Free-surface multiple elimination

— Downhole receivers (Wapenaar et al., 2008)
— Interferometric redatuming / virtual source method



Conclusion

VYV VVVVVYyVVYyVy vy

* Instabilities caused by singularities of the square-root operator

and noise are avoided by sparse inversion

* Applications: dual-sensor streamer data, OBC data, downhole

receivers (virtual source method)
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