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SUMMARY

Seismic interferometry is an effective tool to retrieve surface waves between two receiver stations by
cross-correlating ambient background noise over sufficiently long recording times. This method assumes
an azimuthally uniform distribution of noise sources. Unfortunately this assumption is not always fulfilled
in practice. If noise sources are located on one side of a receiver array only, surface waves can also be
retrieved by multi-dimensional deconvolution of passive records. We show how this method can
effectively correct for azimuthal variations in the noise source distribution. We do not take backscattering
of the surface waves into account, but this can be overcome if wavefield decomposition is incorporated.
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Shapiro et al. (2005) and various others have shitnah surface waves can be retrieved by cross-
correlation of ambient seismic noise records. Grte@ major assumptions underlying this concept is
that the passive sources have a uniform azimuiktllition. We propose a method that corrects for
a non-uniform distribution of passive sources byglaeing cross-correlation with multi-dimensional
deconvolution. We require an array of receiverstitain directional information of the illuminating
wavefields. Further we assume that all passivecesuare located on one side of this array and that
backscattering at the other side of the array eandglected or that wavefield decomposition can be
incorporated.

Introduction
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Figure 1a) Plane view of a passive experiment; noise sources are located at dS,|€ft of receiver array
0A; b) Retrieved surface wave with a virtual source at receiver location X, (at 0A) and a receiver

at X (right of 0A).

Surface waveretrieval by multi-dimensional deconvolution with transient sources

In Figure la we have depicted a passive experinv@mtre sources are located at the left side of
receiver arraydA. Aim is to transform the real acquisition of Figuka into a virtual acquisition as if

there was a source at locatizp (at 0A) and a receiver at (right of 0A) - see Figure 1b. First, let

us assume that the sources are transients withalieikcitation times. If we assume that all waaes
rightgoing at dA (this means that backscattering is neglected @omdposition is applied), the
arriving wavefield at the arra)é*-(xA,xS,w) (superscript+, denotes “rightgoing at the receiver”),

can be extrapolated to locatiox, (Wapenaar and Berkhout, 1989):

P(Xg,Xg, @) jD (Xg X, @) P* (X4 Xg @)X 4. )

0A
HereP(X,,Xs,@) is the full wavefield at receivex, and D™ (Xg,X,,@) is an extrapolator
(superscript, + denotes “rightgoing at the source”). The integsabver receiver locationx,. It
should be noted thatD* is a scaled dipole impulse response that we caite was
D (Xg, X, ) =—=(2/ )0 { " (Xg X4 w)} where G* is a monopole Green's functio is the
medium density andd, represents a spatial derivative normal to the ivecearray 0A. The

extrapolatorD™* can be interpreted as the unknown Green’s fundtiah we aim to retrieve with
seismic interferometry. This is done by invertinguation 1, a procedure that is also known as multi-
dimensional deconvolution (Wapenaar et al., 2008).can show that solving equation 1 f in a
least-squares sense is equivalent to solving tl@vimg normal equation (Menke, 1989):

é (Xg, X, @) ID X ,xA,a))f+’+(xA,x;\,a))dxA. 2)
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We will refer to C* as the cross-correlation function. It representsoarce integral of cross-
correlations of the rightgoing wavefield at locatig’, (at dA) and the total wavefield at locatiof,

(right of 0A):

C* (Xg, X, @) = j P(Xg,Xs a)){ P (X Xs a))} Ddxs. (3)

oS

I** is referred to as the interferometric resolutiondtion. It represents a source integral over eross
correlations of rightgoing wavefields at locatiods andx, (both at 0A):

~ O

C (X a0 X, @) = IP X ,xs,w){ls*'(x;\,xs,w)} dx . (4)

If the sources are azimuthally uniformly distribyté ** collapses into a bandlimited delta function:

[ (X X @) = ‘S ‘ 3(X,—x,), where S(w) is the emitted source wavelet. As a

consequenc@’* :‘S(w)‘ D™ and thus the cross-correlation function providésirarepresentation

of the desired virtual source data, imprinted bg Hgyuared source wavelet. This representation
confirms the concept of interferometry by crossrelation (Halliday et al., 2007), where it is claich
that Green'’s functions can be properly retrievethd source distribution is uniform. If the source
distribution is not uniform, multi-dimensional deswlution (meaning inversion of equation 2) can in
some cases improve the retrieved response.

Surface waveretrieval by multi-dimensional deconvolution with noise sour ces

In passive records we assume noise signals to dmrded simultaneously, such that the source
integrals can not be implemented through equatioasd 4. However, if the noise sources are white
and uncorrelated, the source integrals can be aepldy spatial ensemble averages (Wapenaar,

2004). SayP(xg,w) is the signal at receivex, and P™(x,,«) is the (rightgoing) signal at
receiver X,, due to uncorrelated noise sources left of receaveay 0A. Both fields are related
through the following extrapolation equation:

ﬁ(xB,w)=j6'+ (Xg, X, @) P™ (X, @)X, (5)

0A

Solving this equation is equal to solving normalaipn 2, where the cross-correlation and resatiutio
functions are replaced by these spatial ensemigleges over sufficiently long recording times:

~

C* (Xg, Xy, @) =<F3(x8,a)){ p* (X’A,w)}u>, (6)

[ (X0 X ) =<f’+’ (xa){P" (X’A'w)}m>' @

If the noise sources are distributed uniformly, teeolution function collapses to a band-limited
delta-function and the cross-correlation functioweg a fair representation of the desired surface

wave. However, if the distribution is not uniforné’* can be deconvolved by the estimated
resolution function """, which has captured the imprint of the non-unifdittmination at arraydA.
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Figure 2a) Configuration of synthetic passive seismic experiment 1; blue dots are noise sources,
green triangles are receivers; a virtual source is generated at receiver #33 of array 1; b) resolution
function, using noise sources; ¢) resolution function, using transient sources.

Examples

We compute a dispersion curve for the upper 30@kthe PREM model (Dziewonski and Anderson,
1981) using an approach as described in Wathelat. €2004) and use this to model fundamental
Rayleigh waves. The configuration is shown in Feggda. We use 150 simultaneously acting white-
noise sources, represented by the blue stars, iméhular distribution. In particular, we use two
clusters of noise sources — one is concentratathdre2=30000 m and consists of 20 sources, while
the other is concentrated around x2=-100000 m andists of 30 sources. We record the emitted
noise fields at two mutually perpendicular receigmays, which in the figure are represented by the
green triangles. Array 1 is parallel to the soudistribution geometry and contains 65 receivers
spaced at 5000 m. Arrays 2 contains 16 receivaasespat 20000 m. The frequency spectrum of the
noise sources peaks at 0.6 Hz, which is the ddobtptency microseismic peak. The two arrays
record the total noise for nearly 42 hours. We catephe resolution function at receiver #33 of arra
1 with equation 7 — see Figure 2b. Note that wedtearly see the imprint of the two noise clusters.
In Figure 2c we show the result of a similar expemt with transient sources using equation 4. Note
that the same imprint can be observed. The resoligeéems well able to capture the illumination
imprint of the source distribution, either for mmisr transient sources. In Figure 3a we show the
retrieved response by cross-correlation of theensurce responses at receiver #33 of array 1 with
the other receivers of array 2 (in red). The respda overlaid (in black) by a dipole response it
computed by placing an active source at the vidoakce location (receiver #33 of array 1). Nott th
the dispersion characteristics are not retrieveattix Since we know the imprint of the noise sesrc
that hampers the results (Figure 2b), we can ingguation 2 for improvement. The result of this
process, known is multi-dimensional deconvoluties,shown in Figure 3b. Note that we have
improved the response significantly. Next we repta experiment with a slightly different
acquisition having two parallel arrays of 65 andré2eivers — see Figure 4a. We create a virtual
source at location #33 by cross-correlation andtirduhensional deconvolution and compare the
retrieved surface wave with a reference responsge lthat the cross-correlation based response
(Figure 4b) has suffered significantly from thesesource distribution imprint, whereas this effect
almost completely corrected for by multi-dimensilosh@convolution (Figure 4c).

Conclusion and discussion

We have shown that multi-dimensional deconvolutian be a fruitful alternative to cross-correlation
in interferometric surface wave retrieval from agrtii seismic noise if a densely sampled array of
sufficient receivers is available. Noise sourcesusthbe located on one side of the receiver arrdy o
and backscattering is not accounted for. A diffeemproach would be to separate right- and lefigoin
wavefields prior to cross-correlation. An additibadvantage of the deconvolution based strategy is
that the noise source wavelet is deconvolved auioatly, which can be highly benefitial if the neis
has a complicated signature.
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Figure 3a) Retrieved response by cross-correlation using noise sources (red) overlaid by the
reference response (black); b) Retrieved response by multi-dimensional deconvolution using noise
sources (red) overlaid by the reference response (black).

Receiver # Receiver #

25x10° o 2 4 6 8 10 12 0
] T T

2 Cl usterg,,aw array i i [ |t |

y2

. 0 T T O
s 20 | | |
MINEEN « Virtual source i
o5 ] / 40 | L=
7 M §

= 0
-05

40

Time (s)
Time (s)

60 60

as 80\‘ 80
a) )

25— 100" ! ! ' 100

Figure 4a) Configuration of synthetic passive seismic experiment 2; blue dots are noise sources,
green triangles are receivers, a virtual source is generated at receiver #33 in the middle of array 1;
b) Retrieved response by cross-correlation using noise sources (red) overlaid by the reference
response (black); c) Retrieved response by multi-dimensional deconvolution using noise sources (red)
overlaid by the reference response (black).
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