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S U M M A R Y
Passive seismic interferometry enables the estimation of the reflection response of the subsur-
face using passive receiver recordings at the surface from sources located deep in the Earth.
Interferometric imaging makes use of this retrieved reflection response in order to study the
subsurface. Successful interferometric imaging relies on the availability of passive recordings
from sufficient sources in the subsurface. Ideally, these sources should be homogeneously dis-
tributed, which is unlikely to happen in practical applications. Incomplete source distributions
result in the retrieval of inaccurate reflection responses, containing artefacts which can disturb
the interferometric imaging process. We propose an alternative imaging method for passive
data based on illumination diagnosis and directionally constrained migration. In this method,
passive responses from single transient sources are cross-correlated individually, and the dom-
inant radiation direction from each virtual source is estimated. The correlated responses are
imaged individually, thereby limiting the source wavefield to the dominant radiation direction
of the virtual source. This constraint enables the construction of accurate images from indi-
vidual sources with a significantly reduced amount of migrated interferometric artefacts. We
also show that the summation of all individual imaging results improves the subsurface image
by constructive interference, while migrated crosstalk and artefacts experience cancellation.
This process, called Image Interferometry, shows that in case of limited subsurface illumi-
nation the interferometric integration can be applied in the image domain rather than in the
virtual reflection-response domain, thus eliminating the need for the retrieval of the reflection
response as an intermediate step.
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1 I N T RO D U C T I O N

Seismic interferometry (SI) aims to reconstruct the impulsive response between receivers, as if one of the receivers were a source (Schuster
2001; Weaver & Lobkis 2001; Campillo & Paul 2003; Wapenaar 2003; Snieder 2004; Schuster 2009; Galetti & Curtis 2012). The retrieval of
the impulsive response between the receiver pairs results from the superposition of the correlations of the receiver recordings over individual
contributions from sources surrounding the receivers. SI can be applied to surface waves as well as to body waves. For body waves, SI has
been successfully applied in passive seismics with naturally occurring passive sources (Roux et al. 2005; Nishida 2013). The recovery of
the impulse response from the correlation responses stems from the constructive interference of events in stationary phase regions, and the
cancellation of the remaining correlated events corresponding to non-physical arrivals (Snieder et al. 2006). Examples of SI applications with
body waves to passive seismics are traveltime tomography (Nakata et al. 2015; Olivier et al. 2015) and retrieval of reflection events (Rickett
& Claerbout 1999; Abe et al. 2007; Draganov et al. 2007; Poli et al. 2012; Boué et al. 2013; Lin et al. 2013). The retrieval of reflections
with deep passive sources enables the study and imaging of the subsurface by treating the correlation responses as virtual-source records and
consecutively employ them for depth migration (Tonegawa et al. 2009; Draganov et al. 2010; Ruigrok et al. 2010). To accomplish this, it is
required to have passive sources illuminating the receivers uniformly over all angles. We refer to this procedure as conventional passive SI
imaging.

For the case of complete illumination, an alternative to the conventional passive SI imaging entails migrating the correlated responses
due to individual passive sources, followed by summation of the migration results, thus obviating the requirement to construct a complete
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reflection response as an intermediate result. The migration of correlated data from individual sources in the subsurface has been referred
to as interferometric imaging (II, Schuster et al. 2004). Nowack et al. (2006) showed another example of migration of correlated data from
individual passive sources, carried out in this case by using slant-stack windows of the data and migrating the autocorrelated data by means
of Gaussian beams.

The use of a single passive source does not result in destructive interference of correlated artefacts, which may cause errors during
the migration process. Therefore, when migrating these inaccurate correlation responses, the goal is to minimize the appearance of features
produced by the migration of the correlated artefacts which are not properly suppressed. This study builds on the work on interferometric
imaging for passive seismics and illustrates how the data that are migrated can be limited to the events in stationary phase within the acquisition
array. This is achieved by applying directional constraints during the migration process. In this paper, we apply the adapted migration on
synthetic passive data and compare it to conventional SI imaging. We also apply this alternative migration scheme on passive field data to
perform lithospheric imaging of the Moho.

2 C O R R E L AT I O N F U N C T I O N

For transient sources, Wapenaar & Fokkema (2006) introduce a relation in acoustic media to retrieve the Green’s function Ĝ(xA, x0, �)
between a receiver at xA and a virtual source at x0 from recordings at these two positions of a continuous distribution of passive sources
(individually located at xB). In a passive seismic configuration with the receiver locations at the free surface, the retrieved Green’s function
Ĝ corresponds to the reflection response of the medium, R̂

�

3 :
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�
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�(xB) cP (xB)
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where R stands for the real part, {}∗ denotes complex conjugation, � is the angular frequency and ˆ indicates the wavefield is in the
frequency domain. In eq. (1), the observed wavefield v̂obs

3 (x0, xB, �) = Ĝ3,3(x0, xB, �)Ŝ(�), is the vertical particle-velocity Green’s function
Ĝ3,3(x0, xB, �) due to a vertical point-force at xB , multiplied by the Fourier transform of the source function Ŝ(�). The product on the right
hand side of eq. (1) corresponds to a cross-correlation in the time domain. The integration over xB is defined by the distribution of passive
point-force sources in the medium, and � and cP stand for the mass density and acoustic velocity of the medium at the locations of these
passive sources. The result of the integration consists of the real part of the desired impulsive reflection response R̂

�
3 (xA, x0, �) (this is the

representation for a vertical point-force source at x0 and vertical particle-velocity wavefield at xA), multiplied by the power spectrum of the
source function |Ŝ(�)|2 = Ŝ(�){Ŝ(�)}∗.

The correct estimation of the reflection response with eq. (1) requires the correlation responses of records from uniformly distributed
passive sources with the same spectrum Ŝ(�), which illuminate the receivers from all possible angles. In many cases, passive sources are
sparsely distributed and clustered. In that case, we carry out the approximation by discretizing eq. (1):

�{R̂

�

3 (xA, x0, �)}|Ŝ(�)|2 ∝
�

xB

ĈxB (xA, x0, �) , (2)

where ĈxB (xA, x0, �) stands for the correlation function of a single passive source at xB:

ĈxB (xA, x0, �) = v̂obs
3 (xA, xB, �)

�
v̂obs

3 (x0, xB, �)
�∗. (3)

Eqs (2) and (3) ignore scaling factors � and cP at the source locations xB because they are not known in practice.
Fig. 1 shows an example of applying eq. (2) in an acoustic model (Fig. 1a) with three different source distributions. Figs 1(c), (d) and (e)

show the interferometric results for the three different source distributions displayed on top of their corresponding results. The case in Fig. 1(c)
produces a complete retrieval of the reflection response due to the homogeneous source distribution in the subsurface. Within the cone limited
by the first arrivals (indicated by the red dashed line), this result resembles the reference response in Fig. 1(b). In this scenario, the estimation
of the reflected events by constructive interference is optimal while the source distribution in the subsurface is sufficiently dense to achieve an
acceptable cancellation of correlation artefacts from different stationary points. The case in Fig. 1(d) presents the retrieved reflection result
obtained with a limited amount of sources, clustered in one region of the subsurface. The retrieved result shows the constructive interference
is restricted to the reflection events that can be obtained for that limited illumination range, but the destructive interference still manages to
eliminate the correlation events not in stationary phase within the array. The case in Fig. 1(e) displays the cross-correlation result obtained
from a single source, where no constructive nor destructive interference can be achieved. The correlated events seem to match with the
reflections from scenario 1(b), yet they show incorrect arrival times since they are not in stationary phase with the source–receivers geometry.
In this study, we assume the integration of individual passive recordings in eq. (2) is not attainable, due to a lack of passive sources. Hence,
the focus lies on the migration of the data in the correlation function ĈxB that is in stationary phase, and in minimizing correlated artefacts
during the imaging process.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/215/2/1022/5060754 by Technical U

niversity D
elft user on 07 Septem

ber 2018



1024 C. Almagro Vidal et al.

Figure 1. Three different interferometric results using SI by cross-correlation. (a) Acoustic velocity model with receivers at the free surface (xA, indicated by
yellow triangles) and passive sources (xB , indicated by red dots). (b) Reference reflection response R

�

3 due to an actual source at x0 = 6000 m (red star). (c)
Retrieved virtual-source reflection response at the same location (hollow red star) from a SI scenario with equipartitioned illumination from the subsurface. (d)
Same result from a limited clustered source distribution. (e) Result obtained from a single source in the subsurface. The red dashed line delimits the direct/first
arrival. The respective source distributions are displayed on top.

3 D I R E C T I O NA L C O N S T R A I N T S

The difficulty of working with incomplete distributions of passive sources in the subsurface is that part of the necessary information to retrieve
a proper reflection response is missing. The migration of the correlation functions turns into an incomplete process since it fails to suppress
the correlated artefacts in the image result. In this section we aim to obtain additional information that could serve to constrain the migration
process.

The scattered field originated from free-surface reflections due to a passive source in the subsurface brings information about the
reflectors in the medium. In Figs 2(a)–(c) we illustrate the process of retrieving a reflection response between two receivers. The specular
ray from the source (the direct arrival to the first receiver, to become virtual source at x0) defines the direction in which the correct retrieved
reflection ray can be found. For each passive-/virtual-source pair, in laterally invariant media, there exists a unique ray parameter that defines
this specular ray.

Almagro Vidal et al. (2014) introduced a method to determine the dominant ray parameter of a correlation function at a specific
virtual-source location. The original aim of the method was a qualitative analysis of ambient-noise recordings: to separate noise recordings
which are dominated by surface waves from those suitable for the retrieval of body-wave reflections. This ray parameter analysis also provides
a quantitative analysis of the illumination characteristics of the passive source. The correlation function CxB features a source function
around zero time lag, which quantifies the illumination characteristics of the passive source. We name this section the virtual-source function.
Since direct arrivals are generally the most energetic events, they dominate the virtual-source function. The illumination diagnosis over the
virtual-source function determines the specular-ray path of the direct wavefield from the passive source with respect to the virtual-source
location (Fig. 2b).
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