
Contents 

•  Part I: Seismic interferometry by cross-
correlation 

•  Part II: Seismic interferometry by multi-
dimensional deconvolution (MDD) 

•  Part III: Beyond seismic interferometry 







t 

                                    t 



                                    t 

t 

AxBx

( , , ) ( , ) ( , )B A B AC t u t u t= 〈 ∗ − 〉x x x x



t 

Bx

                                    t 

Ax

( , , ) ( , ) ( , )B A B AC t u t u t= 〈 ∗ − 〉x x x x



t 

AxBx

                                    t 

x

( , , ) ( , ) ( , )B A B AC t u t u t= 〈 ∗ − 〉x x x x



t 

AxBx

                                    t 

x

( , , ) ( , ) ( , )B A B AC t u t u t= 〈 ∗ − 〉x x x x

( , , ) ( , ) ( , )A At u t u tΓ = 〈 ∗ − 〉x x x x



-t               0                 t 

t 

AxBx

x

( , , ) ( , ) ( , )B A B AC t u t u t= 〈 ∗ − 〉x x x x

( , , ) ( , ) ( , )A At u t u tΓ = 〈 ∗ − 〉x x x x



-t               0                 t 

t 

AxBx

x

( , , ) ( , , ) ( , , )B A d B A
S

C t G t t d= ∗Γ∫x x x x x x x



-k
   

   
   

   
   

0 
   

   
   

   
 k

 

f -t               0                 t 

t 

AxBx

x

( , , ) ( , , ) ( , , )B A d B A
S

C t G t t d= ∗Γ∫x x x x x x x



-k
   

   
   

   
   

0 
   

   
   

   
 k

 

f -t               0                 t 

t 

Bx Ax

x

( , , ) ( , , ) ( , , )
inv

d B A B A
S

G t C t t d= ∗Γ∫x x x x x x x



Journal of Geophysical Research: Solid Earth

RESEARCH ARTICLE
10.1002/2014JB011262

Key Points:
• Use multidimensional deconvolution

to retrieve surface waves from
ambient noise

• Phase corrections and removal of f, k
notch compared to cross-correlation
result

• Higher signal-to-noise ratio in MDD
result compared to cross-correlation
result
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Abstract Retrieving virtual source surface waves from ambient seismic noise by cross correlation
assumes, among others, that the noise field is equipartitioned and the medium is lossless. Violation
of these assumptions reduces the accuracy of the retrieved waves. A point-spread function computed
from the same ambient noise quantifies the associated virtual source’s spatial and temporal smearing.
Multidimensional deconvolution (MDD) of the retrieved surface waves by this function has been shown
to improve the virtual source’s focusing and the accuracy of the retrieved waves using synthetic data.
We tested MDD on data recorded during the Batholiths experiment, a passive deployment of broadband
seismic sensors in British Columbia, Canada. The array consisted of two approximately linear station lines.
Using 4 months of recordings, we retrieved fundamental-mode Rayleigh waves (0.05–0.27 Hz). We only
used noise time windows dominated by waves that traverse the northern line before reaching the southern
(2.5% of all data). Compared to the conventional cross-correlation result based on this subset, the
MDD waveforms are better localized and have significantly higher signal-to-noise ratio. Furthermore,
MDD corrects the phase, and the spatial deconvolution fills in a spectral (f, k domain) gap between the
single-frequency and double-frequency microseism bands. Frequency whitening of the noise also fills
the gap in the cross-correlation result, but the signal-to-noise ratio of the MDD result remains higher.
Comparison of the extracted phase velocities shows some differences between the methods, also when all
data are included in the conventional cross correlation.

1. Introduction

Seismic interferometry is a technique that uses wavefield recordings to create virtual seismic sources at
locations where only receivers are present. By cross-correlating observations at two different seismic
receivers, one retrieves an approximation of the Green’s function as if one of the receivers were a source:
the virtual source response [e.g., Campillo and Paul, 2003; Larose et al., 2006; Wapenaar and Fokkema, 2006;
Schuster, 2009]. This technique has been used in many different applications and scales, ranging from
ultrasonics to seismology [cf. Weaver and Lobkis, 2006].

Surface wave retrieval has received wide attention, because wavefield recordings are often dominated
by surface waves. In regional seismology, virtual source surface wave responses are retrieved by applying
seismic interferometry to recorded microseisms generated by oceanic waves coupled to the seafloor, thus
creating seismic waves in the solid Earth [Shapiro and Campillo, 2004; Shapiro et al., 2005; Sabra et al.,
2005a; Bromirski et al., 2013], or to recorded earthquakes by exploiting the seismic coda [Campillo and Paul,
2003]. Although it follows from the theory that the full Green’s function can be obtained [Wapenaar, 2004;
Sánchez-Sesma and Campillo, 2006; Sánchez-Sesma et al., 2006; Halliday and Curtis, 2008], often only the
fundamental-mode Rayleigh wave is retrieved due to the specific microseism energy generation [Shapiro
and Campillo, 2004; Sabra et al., 2005a]. Retrieved surface waves have been successfully used to determine
velocity images of the Earth’s crust [e.g., Sabra et al., 2005a, 2005b; Shapiro et al., 2005; Gerstoft et al., 2006;
Yang et al., 2008].

Using theoretical arguments, it can be verified that retrieving Green’s functions by cross correlation relies
on the medium being lossless and the noise field being equipartitioned [Wapenaar and Fokkema, 2006;
Sánchez-Sesma and Campillo, 2006]; the latter condition implies that the receivers whose observations are
cross correlated are uniformly illuminated from all directions. This can be achieved when the noise sources
are regularly distributed around the receivers, the sources are mutually uncorrelated, and their power
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Directional analysis  
(from selected subset of data) 

Increasing frequency 



Point-spread function 
(virtual source before MDD) 



Virtual source after MDD 



MDD (black) and cross-correlation (red) 



MDD (black) and cross-correlation (red) 



MDD (black) and cross-correlation (red) 



SNR ratio’s 
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•  See also the poster of Kees Weemstra 


