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S U M M A R Y 

Previous studies indicate that scattering may pose a trade-off for the performance of seis- 
mic interferometry (SI) applications for retrie ving body-w ave reflections of a target reflec- 
tor. While it has been demonstrated that a higher scattering strength of the overburden 

improves the Green’s function estimated by cross-correlation SI, other theoretical and em- 
pirical studies showed that multiple scattering also gives rise to more artefacts. The im- 
plications of this trade-off are analysed in this numerical study for a lithospheric scenario 

with var ying cr ustal scattering strength and passive illumination conditions. In this scenario, 
we apply SI by cross-correlation to elastodynamic responses to double-couple sources to 

reconstr uct vir tual Moho primar y reflections. We include multidimensional deconvolution 

(MDD) methods in the analysis to investigate whether scattering-induced artefacts affect 
MDD methods in a similar way as was shown for the cross-correlation method. Our results 
show that there indeed exists a trade-off between the quality of the virtual primary reflec- 
tion of the target that can be obtained by SI and the scattering strength of the overburden. 
Fur ther more, we find that the full-field MDD method proves to be most resilient to the neg- 
ati ve ef fects of multiple scattering for all illumination conditions and scattering strengths 
analysed. 

Key words: Inverse theory; Numerical modelling; Body waves; Coda waves; Seismic inter- 
ferometry; Wave scattering and diffraction. 
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1  I N T RO D U C T I O N  

Natural earthquake hypocentres generally concentrate around ac- 
tive plate boundaries such as subduction zones and orogenies. The 
resulting sparse distribution of earthquakes poses a challenge for 
seismic interferometry (SI) to estimate virtual body-wave reflec- 
tions. When the seismic array is not located within the area of the 
epicentre, the recordings may be insuf ficientl y dominated b y e vents 
that are within the Fresnel zone with respect to the array. These 
stationary-phase events are required to obtain a reliable Green’s 
function estimate (Snieder 2004 ) and a lack thereof likely results 
in severe contamination by artefacts. Since it is difficult to know 

whether the features retrieved correspond to artefacts or not, it is 
important to ensure that an interferometry experiment is conducted 
under the best possible circumstances. 

Various SI studies have shown that multiple scattering can pos- 
iti vel y influence the estimation of the Green’s function by cross- 
correlation (Derode et al. 2003 ; van Tiggelen 2003 ; Malcolm et al. 
2004 ). Even under limited illumination conditions, suf ficientl y long 
1996 

C © The Author(s) 2023. Published
recordings of scattering coda can provide the required stationary- 
phase events (Campillo & Paul 2003 ; Larose et al. 2004 ; Campillo 
2006 ). Ho wever , Snieder & Fleury ( 2010 ) and Halliday & Curtis 
( 2009 ) demonstrate theoretically that multiple scattering increases 
the number of artefacts in the cross-correlation results considerably. 
In fact, they show that cancellation of these spurious events relies on 
suf ficient direct w ave illumination b y passi ve sources from all an- 
gles, which would imply that, in the case of incomplete illumination, 
a high scattering strength decreases the quality of the full Green’s 
function retrie v al. These findings are corroborated b y Larose et al. 
( 2008 ), who demonstrate that spurious events in the Green’s func- 
tion estimate decrease with increasing number of sources. Moreover, 
multiple scattering in the overburden diminishes the visibility of the 
target reflector, which poses a challenge for both passive and active 
seismic configurations. 

For the performance of multidimensional deconvolution (MDD) 
methods, multiple scattering may pose a disadvantage as well, but 
for a different reason. Besides a densely sampled receiver array, 
MDD methods rely on an acceptable estimation of each earthquake 
 by Oxford University Press on behalf of The Royal Astronomical Society. 
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ecording without the free-surface multiples: the V 

o field (Wape-
aar et al. 2008 ; Hartstra et al. 2017 ; Almagro Vidal 2017 ; Boiero
t al. 2023 ). When the medium is not known, the only plausible es-
imation of this field can be made by approximating it by the direct
rri v al of the passive recording, since removing free-surface related
ultiples from passive data is very challenging. This approxima-

ion is acceptable in case the medium has a relati vel y low scattering
trength, because the difference between the full passive recording
nd the V 

o field will be minimal. Ho wever , with increasing scatter-
ng strength, more energy from the direct arri v als will partition into
he scattering coda (Sato et al. 2012 ), which consists of a complex

ix of scattered arri v als that did or did not interact with the free
urface. Therefore, an increase in scattering strength of the over-
urden will likely cause the direct-wave approximation of the V 

o to
ecome less reliab le, w hich is expected to have a negative impact
n the stability of the inversion that underlies MDD (van der Neut
 Herrmann 2013 ). 
These considerations imply that scattering poses a trade-off for

he performance of SI applications. Considering that the crustal
ithosphere has a scattering strength that strongly varies as a func-
ion of frequency and area, that is especially high in tectonically
ctive areas (Sato et al. 2012 ), this trade-off is non-trivial for ap-
lications of seismic body-wave interferometry to real data (Roux
t al. 2005 ; Ruigrok et al. 2011 ; Nakata et al. 2014 ; Almagro Vi-
al et al. 2018 ; Chamarczuk et al. 2021 ). In the current work, we
onduct a 2-D numerical study to assess the impact of increas-
ng scattering strength of the crustal overburden on the ability of
orrelation- and deconvolution-type SI methods to estimate the tar-
et body-wave reflection under different illumination conditions.
his wa y, w e aim to determine which of the SI methods for body-
ave reflection estimation is most stable for use in real-world set-

ings characterized by multiple scattering. We base the design of
ur numerical models on a lithospheric model that is character-
zed by a heterogeneous crustal overburden overlying a homoge-
eous mantle (Margerin et al. 1998 , 1999 ; Heller et al. 2022 ).
e neglect anelastic effects, because it has been shown that for

ow frequencies ( ∼1 Hz) intrinsic absorption has a negligible ef-
ect on the coda decay compared to the lithospheric leakage effect
Margerin et al. 1999 ). Finally, we estimate the scattering coda
uality factor to verify that the scattering regime we analyse is
ominated by multiple scattering (Aki 1969 ; Wu & Aki 1985 ) by
sing the observed trend between the coda quality factor and the
ean free path length for different crustal thicknesses (Margerin

t al. 1999 ). 

.1 Outline 

n Section 2 , we conduct a numerical study in order to investigate
he relation between multiple scattering in the overburden and the
uality of the primary-reflection estimation with correlation- and
econvolution-type SI methods. Section 2.1 describes the three
odels of the lithosphere with varying scattering strength that
e use to simulate the elastodynamic particle-velocity responses

o passive double-couple sources. Here, we perform a scattering
nal ysis b y estimating the coda quality factor for the two mod-
ls that have a heterogeneous crust. From these simulated pas-
ive recordings, we estimate the virtual primary reflections of the
oho reflector in each of the three models using the SI meth-

ds described in Section 2.2 . For each lithospheric model, the SI
esults are compared to the corresponding reference response in
ection 2.3 . The numerical study is followed in Section 3 by a
iscussion of the implications of our results for using SI methods
n heterogeneous lithospheric settings and a conclusion in Sec-
ion 4 . 

 N U M E R I C A L  S T U DY  

he numerical simulations are conducted using the elastic finite-
ifference scheme of the 2-D seismic propagation model fdelmodc
Thorbecke & Draganov 2011 ) in order to take into account P waves
nd vertically polarized S waves. This scheme also models the SV -
o- P and P -to- SV conv erted wav es (abbreviated to SP -converted
aves in this study), which play a dominant role in the multiple

cattering re gime (Weav er 1982 ; Aki 1992 ; Snieder 2002 ). Further-
ore, modelling with an elastic scheme allows for the implementa-

ion of sources that generate both P - and S -wave polarizations with
he double-couple source type that represents the radiation of fault-
lip movement (see fig. 2 in Hartstra et al. 2018 ). All passive-source
unctions are modelled with a Ricker wavelet with a peak frequency
f 1.1 Hz that varies in amplitude among sources. The horizontal
nd vertical particle velocities are recorded at the surface by 200
eceivers with an inter-receiver spacing of 1 km. 

.1 Description of the lithospheric models 

o create the synthetic data sets of passive recordings, we use a sim-
lified model of the lithospheric crust, whereby the crust represents
he overburden and the Mohorovi ̂ ci ́c transition (Moho) the target
eflector (Mohorovi ̂ ci ́c 1910 ; Mooney & Meissner 1992 ). The 2-D
odels are bounded by an absorbing boundary to avoid spurious
odel reflections, with the exception of the acquisition surface:

ere a free surface boundary condition is implemented, which en-
ures Rayleigh waves and free-surface multiples to be present in
he modelled passive data. For the lithospheric background veloci-
ies, we choose values that are roughly based on the PREM model
Dziewonski & Anderson 1981 ). The crust has background P - and
 -wav e v elocities of 6 and 3.5 km s −1 , respecti vel y, and a density
f 2700 kg m 

−3 . The denser mantle material has P - and S -wave ve-
ocities of 9 and 4.5 km s −1 , respecti vel y, and a density of 3400 kg
 

−3 . The Moho transition between crust and mantle is modelled as
 horizontal reflector at 50 km depth, which is close to the aver-
ge Moho depth typically estimated for continental collision zones
Stein & Wysession 2003 ). Different numbers of crustal scatterers
ith a diameter of 2 km are introduced in the crustal overburden to

reate models with various scattering strengths. The scatterers have
 lower P - and S -wave velocity and density than the crust: 5.5 and
.3 km s −1 and 1500 kg m 

−3 , in that order. These scatterers are ex-
ected to generate a wavefield dominated by Mie scattering, because
heir size is of the same order as the dominant S and P wavelengths
n the crust (for 1.1 Hz): 3.2 and 5.5 km, respecti vel y (Wu & Aki
985 ). The first model is defined by a homogeneous lithospheric
rust (Fig. 2 a), the second contains 50 spherical crustal scatterers
ith a lower velocity and density as specified above (Fig. 5 a) and

he final model contains 200 scatterers of the same type (Fig. 6 a).
ote that by increasing the number of scatterers, the mean free path

ength decreases. 

.1.1 Analysis of scattering properties 

o complete the description of the lithospheric models, we conduct
 scattering coda analysis of the models with 50 and 200 scatterers to
stimate their scattering properties. Many studies (Aki 1969 ; Wu &
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Figure 1. Scattering coda analysis: the cyan and magenta plots indicate the natural logarithm of the averaged energy density for selected passive-source 
recordings of the models with 50 and 200 scatterers, respecti vel y. The black dotted and dashed lines indicate the obtained fit by linear regression. 
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Aki 1985 ; Margerin et al. 1999 ; Sato et al. 2012 ) have demonstrated 
the practical use of the empirical relation to estimate the coda quality 
factor Q C from the energy density decay of scattering coda, E , which 
we reproduce here using the notation by Wang & Shearer ( 2019 ): 

E( f, t) = S( f ) R( f ) t −α exp 

(
− 2 π f t 

Q C ( f ) 

)
, (1) 

where S ( f ) is a frequency-dependent source term, R ( f ) a frequency- 
dependent station term, α a dimensionality factor of the spreading 
term and t is lapse time. Note that eq. ( 1 ) represents the diffusion 
approximation to the radiative transfer equation, which, in the longer 
lapse time limit or when the mean free path length of the scattering 
slab is smaller than the crustal thickness, is valid to describe the 
scattering process (Margerin et al. 1998 ). Moreover, comparisons 
of eq. ( 1 ) to the exact radiative transfer equation in Margerin et al. 
( 1999 ) show that it is acceptable to employ this equation to obtain a 
reliable estimate of the coda quality factor. To this end, we adopt an 
approach based on multistation and multievent method (MSMEM) 
detailed in Wang & Shearer ( 2019 ). In short, this approach involves 
taking the natural logarithm of eq. ( 1 ), which yields the following 
linear equation that serves to estimate the coda quality factor Q C by 
linear regression: 

log ( E( f, t)) = log ( S( f )) + log ( R( f )) − α log ( t) − 2 π f t 

Q C ( f ) 
, (2) 

To this end, first the average energy-density variation as a func- 
tion of lapse time is calculated for the two models that have a 
heterogeneous crust (Figs 5 a and 6 a) by selecting a total of 400 
traces of source–receiver pairs that combine 20 regularly spaced 
receivers and 20 passive sources along the Moho reflector. Note 
that a single trace suffices for this calculation, but by averaging 
over a large amount of traces, we can obtain a more robust estima- 
tion and a better coverage of the scattering slab. Next, the natural 
logarithm of the result is corrected to compensate for geometrical 
spreading by adding the term αlog ( t ). Note that in equivalent 3-D 

scenarios describing the longer time limit of body-wave scattering 
in the crust, geometrical spreading is best approximated by that of 
2-D diffusion with a corresponding α value of 1 (Margerin et al. 
1998 ). In these scenarios, the crust ef fecti vel y behaves as a 2-D 

slab, because its finite thickness becomes negligible with respect 
to the longer path lengths of the scattered body waves. From this, 
it follows that the energy transport in the equi v alent 2-D scenarios 
of the current modelling study is best described by a 1-D diffusion 
process, which requires setting the α value to 1 

2 (Paasschens 1997 ). 
As a final step, a linear regression algorithm is employed to estimate 
the slope ( β) of the averaged intensity, which facilitates the estimate 
of the representative coda quality factor of the upper crust for the 
centre frequency of 1.1 Hz as follows: 

Q C ( f ) = −2 π f 

β
. (3) 

For the model with 50 scatterers, a coda quality factor value of 134 
is estimated by the regression analysis (cyan plot in Fig. 1 ), while for 
the model with 200 scatterers a Q C value of 185 is found (magenta 
plot in Fig. 1 ). Hence, this follows a trend of a decreasing Q C for 
an increasing mean free path length. This trend is characteristic of 
the diffusion regime, as can be observed in fig. 3 of Margerin et al. 
( 1999 ), which shows the relation between mean free path length and 
the coda quality factor at 1 Hz for different crustal thicknesses: the 
Q C decreases with increasing mean free path length in the diffusion 
limit (the multiple scattering regime), while an increasing trend 
characterizes the single scattering regime. This indicates that the 
scattering coda is dominated by multiple scattering, and thus that 
the observed energy decay rate is ascribed to the effect of energy 
leakage into the underlying homogeneous mantle due to scattered 
waves that impinge the Moho below the critical angle. Finally, we 
estimate the characteristic residence time, τ d , of dif fusi ve w aves in 
the crust (Margerin et al. 1999 ) for each of the two models for the 
dominant frequency f of 1.1 Hz: 

τd = 

Q C 

2 π f 
, (4) 

art/ggad342_f1.eps
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Figure 2. Lithospheric model with a homogeneous crust for limited illumination. (a) Lithospheric model with homogeneous crust. (b) Reference horizontal 
particle-velocity response to a horizontally oriented double-couple source at the middle receiver position. (c) Horizontal particle-velocity response to a virtual 
horizontal source estimated with SI by cross-correlation. (d) Same as (c), but with full-field MDD. (e) Same as (c), with ballistic MDD. 
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hich yields a greater residence time for the model with 200 scat-
erers (29 s) than for the model with 50 scatterers (21 s). 

.1.2 Modelled r efer ence r esponses 

or each of the three models (Figs 2 a, 5 a and 6 a), as a reference
esponse we simulate the horizontal particle-velocity responses to
 horizontally oriented double-couple source implemented at the
irtual source position, which we choose to place at the central re-
eiver position at the acquisition surface (see red star in Figs 2 b,
 b and 6 b). Modelled reference responses are required to determine
he correct two-way traveltime (TWT) and the relative amplitude
ariation versus offset (AVO) of the primary reflections, which is
ecessar y infor mation to be able to correctly distinguish vir tual
rimary reflections from artefacts in virtual responses obtained by
I methods. In each reference response, the PP - and SP -converted,
nd SS primary reflections can be distinguished for increasing TWT
as designated in Figs 2 b, 5 b and 6 b). Due to the horizontal orien-
ation of the double-couple source, both the PP- and SP -converted
rimary reflections show a very low amplitude for near-offset while
he SS primary reflection symmetrically switches polarity around
5 km offset. Further analysis of the reference responses shows that
s the scattering strength of the crust increases, the wavefield be-
omes more complex due to diffractions that thus cause the primary
eflections to become more obscured. 

.2 SI methods 

he elastodynamic forms of SI by cross-correlation (Wapenaar &
okkema 2006 ), ballistic MDD (Wapenaar et al. 2008 ) and full-field
DD (Hartstra et al. 2018 ) are applied to the synthetic data sets

o estimate the horizontal particle-velocity responses to a horizon-
ally oriented virtual source located at the middle receiver of the
urface array. The mathematical forms and implementation of these

art/ggad342_f2.eps
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Figure 3. As Fig. 2 , but with early arrivals muted and high-wavenumber surface waves and artefacts suppressed. 

Figure 4. Frequency spectrum analysis of single traces selected from virtual SI responses obtained in the numerical experiment in the model with a homogeneous 
crust and limited illumination (Fig. 2 a). 
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three SI methods are detailed in eqs (1), (10) and (13) of Hartstra 
et al. ( 2018 ), respecti vel y . In this study , we choose to onl y anal yse
the horizontal component of the receiver and virtual source of the 
Green’s function estimates, but we emphasize that any other combi- 
nation of components can be obtained equally well. Note that each 
of these three SI methods estimates the Green’s function response 
to a different type of virtual-source mechanism. For the full-field 
MDD method, this is a double-couple point source, whereby in this 
study the fault slip occurs horizontally along a plane with a vertical 
normal vector resulting in a point source of simple-shear stress: τ 13 . 
Note that this source is defined in a medium without free surface, 
because full-field MDD estimates the Green’s function response of 
the equi v alent medium without free surface. This is in contrast to 
ballistic MDD, which estimates the Green’s function response of the 
medium with free surface to a point source of horizontally oriented 
force: f 1 . The cross-correlation method estimates the same type of 
Green’s function as ballistic MDD, but for an inherent convolution 
with the averaged auto-correlation of the passive-source functions. 
Given the fact that in the field the source wavelets of the natu- 
rally occurring sources cannot be known exactly, in this study we 
choose to refrain from any wavelet processing. This is expected to 
cause spectral differences between the results. Note that both MDD 

methods require time-windowing to either select or (partially) re- 
move the direct arri v al: full-field MDD in the correlation function 
and ballistic MDD in both the correlation function and the point 
spread function (PSF). We find the best results when setting the 
length of this time window to five times the peak period, which 
yields a total length of 4.5 s in this configuration. Following the 
approach in Almagro Vidal ( 2017 ) and Hartstra et al. ( 2018 ), we 
apply a taper to the time window to minimize artefacts as much as 
possible. 

2.3 Comparison of SI results 

In order to simulate the situation of sparse illumination, the passive 
sources are restricted to the outer sides of the model as shown 

art/ggad342_f3.eps
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Figure 5. As Fig. 2 , but with 50 scatterers in the crust. 
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n Fig. 2 (a). This ensures that the direct incident waves do not
rovide low wavenumbers (waves coming directly from below) to
he virtual source position at the array. This configuration results
n passive-source illumination that is limited to surface and body
aves for higher wavenumbers, which poses a challenge for the
I methods to estimate the complete wavenumber spectrum of the
rimary reflections. 

.3.1 Homogeneous crust 

n the first experiment, we apply the three SI methods to the syn-
hetic data set obtained for the model with a homogeneous crust
Fig. 2 a). The comparison of the SI results in Fig. 2 shows that the
ody-wave reflections are difficult to discern in the cross-correlation
nd ballistic MDD result due to the dominant presence of the sur-
ace wave. On the other hand, the surface wave in the full-field

MD result is barely visible, but this result reveals the three pri-
ar y reflections par tiall y for higher of fsets (see Fig. 2 d). This is in
ccordance with the governing theory, which dictates that, differ-
nt from cross-correlation and ballistic MDD, the full-field MDD
stimates the Green’s function response of the equi v alent medium
ithout free surface. Considering that the objective of this study is

o analyse the quality of the estimation of the three body-wave pri-
ary reflections indicated in Fig. 2 (b), we apply further processing

o the SI results from here onw ards: the earl y arri v als up to the direct
rri v al of the P wave are muted and an fk -filter is applied to remove
igh-w avenumber e vents, such as surface waves and steep-dipping
rtefacts (see Fig. 3 ). After processing, the cross-correlation result
eveals sections of the SS primary reflection for offsets larger than
bout 40 km and the SP -converted primary reflection for offsets
arger than 70 km, but it is still affected by the presence of arte-
acts (Fig. 3 b). The result of ballistic MDD in Fig. 3 (d) shows an
mprovement with respect to the cross-correlation result, because it
s clearly less dominated by artefacts. The SP -converted Moho pri-

art/ggad342_f5.eps
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Figure 6. As Fig. 2 , but with 200 scatterers in the crust. 
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mary reflection is obtained for offsets as small as 40 km and the SS 
Moho primary reflection for an even smaller offset of 30 km. How- 
e ver, for smaller of fsets these primary reflections follow a straight 
continuous slope that does not correspond to the TWT values ob- 
served in the reference response (Fig. 3 a), which shows that this 
is an artefact. The virtual response estimated by full-field MDD is 
similar in quality to the ballistic MDD result (Fig. 2 d) and does 
not offer any obvious improvements in this homogeneous crustal 
model. 

Since we do not apply wavelet processing, the spectral content 
of the three SI results is different. Fig. 4 shows the frequency spec- 
tra of the unfiltered results obtained from each of the three SI 
methods for the configuration in Fig. 2 (a), where the amplitudes 
( A ) are normalized with respect to the maximum amplitude of the 
respective spectra. Note that the spectra of ballistic MDD and cross- 
correlation are both dominated by lower frequencies, while full-field 
MDD shows an amplification of the higher frequencies, resulting 
in a considerably broader frequency spectrum. This difference is 
partly due to the strong pre v alence of low-frequency surface waves 
in this configuration that is characterized by shallow passive sources 
(see Fig. 2 a). The full-field MDD result is hardly affected by surface 
waves as this method estimates the Green’s function in an equi v alent 
medium without free surface, while cross-correlation and ballistic 
MDD retrieve the result with free-surface interactions. In this sce- 
nario, the spectrum of the ballistic MDD result is most inclined to 
lower frequencies, which is likely due to the use of the time win- 
dow when selecting the direct arri v als for constructing the ballistic 
PSF. Different from ballistic MDD, the PSF of the full-field MDD 

method contains the entire wavefield and therefore is unaffected by 
time-windowing. 

2.3.2 Heterogeneous crust with 50 scatterers 

When 50 circular scatterers are introduced in the lithosphere to 
ef fecti vel y increase its scattering strength (Fig. 5 a), more waves 
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ith low wavenumbers that are in stationary phase illuminate the
oho and the array. The reference response for this model shows

hat the scattering almost completely obscures the visibility of the
P reflection (Fig. 5 b). Therefore, it is no surprise that the three
irtual reflection responses do not reveal it either. The full-field
DD result in Fig. 5 (d) clearly shows that the SS primary reflec-

ion is now also visible for very low of fsets: e ven vertical incidence
 -wave reflections are retrieved. The SP Moho reflection is better
esolved and less obscured by artefacts than in Fig. 3 (c). Although
ore affected by artefacts than the full-field MDD result, the cross-

orrelation method also shows the SS primary reflection (Fig. 5 c).
his indicates that cross-correlation can profit from the increased

llumination provided by the crustal scattering. Nevertheless, the
esult is clearly more affected by scattering-induced artefacts than
ull-field MDD. In the ballistic MDD result in Fig. 5 (e), it is eas-
er to discern the SP -converted reflection from steep-dipping arte-
acts than in the cross-correlation result. Moreover, different from
he cross-correlation result, both MDD methods show that some
iffraction hyperbolae from the crustal scatterers are retrieved as
ell. Yet, the virtual diffraction hyperbolae are more pronounced
nd less obscured by artefacts in the full-field MDD result than in
he ballistic MDD result. 

.3.3 Heterogeneous crust with 200 scatterers 

hen the scattering strength is further increased by implementing
00 crustal scatterers (Fig. 6 a), the reference response in Fig. 6 (b)
hows that the increased complexity of the overburden diminishes
he visibility of the Moho primary reflections. The cross-correlation
nd ballistic MDD results still show a trace of the SS primary re-
ection for this increased scattering strength (Figs 6 c and e, respec-

i vel y), but the SP -converted reflection is now se verel y obscured by
rtefacts. The slightly diminished occurrence of artefacts in the bal-
istic MDD result indicates that this method still holds an advantage
ver cross-correlation in this scenario. The full-field MDD result in
ig. 6 (d) reveals the SS- and SP -conver ted primar y reflections, but

he visibility is slightly decreased with respect to the scenario with
ess scatterers in Fig. 5 (d). Since this decreased visibility is also
bserved in the reference response (Fig. 6 b), this is not necessarily
ndicative of a lower performance. Note that diffraction hyperbolae
an be discerned in the full-field MDD result: for example, around
 TWT of 10 s at an offset of about 5 km and around a TWT of 13
 at 0 offset. 

In order to establish the effect of multiple scattering without the
e gativ e impact of sparse illumination in this example, a final nu-
erical modelling experiment is conducted for the case of more

ptimal illumination conditions. A total of 100 passive sources that
lluminate the array from all angles are implemented in the model
ith 200 scatterers (Fig. 7 a). For this configuration, the result esti-
ated with cross-correlation shows a clearer SS primary reflection

Fig. 7 c) than in the case of limited illumination (Fig. 6 c). The
P -conver ted primar y reflection is now a bit more visible under full
llumination conditions. Ballistic MDD offers an improvement with
espect to the cross-correlation result b y ef fecti vel y reducing the
re v alence of artefacts (Fig. 7 e). The full-field MDD result reveals
oth the SS - and SP -converted primary reflections, which match
he reference response in Fig. 7 (b) in terms of TWT and relative
ariation of AVO. Also note the accurate estimation of the polarity
hift along the SS primary at an offset of about 45 km. The crustal
iffractions are not completely retrieved by full-field MDD, but this
as the advantage that full-field MDD now partially reveals the PP
rimary reflection. In fact, the PP primary reflection is clearer in
he full-field MDD virtual response than in the modelled reference
esponse in Fig. 7 (b). 

 D I S C U S S I O N  

ur numerical results show that when passive illumination is lim-
ted to high wavenumbers, multiple crustal scattering can improve
he interferometric retrie v al of the target reflection primaries by
omplementing the limited illumination with lower wavenumbers.
o wever , the results also show that increasing scattering strength
oes not only benefit the retrieval of primary reflections by SI meth-
ds. 

.1 Effects of multiple scattering on SI methods 

ncreasing the scattering strength of the crustal overburden brings
I by cross-correlation more low-wavenumber reflections to exploit

n the case of limited passi ve-source illumination. Howe ver, our
bservations showed that under limited illumination conditions, in-
reasing the crustal scattering strength also introduces significantly
ore artefacts (compare Fig. 5 c to 6 c). The higher complexity of

he medium provides more opportunities for artefacts to be created,
hich cannot be cancelled out when the direct illumination by the
assive sources is incomplete (Halliday & Curtis 2009 ; Snieder &
leur y 2010 ; Fleur y et al. 2010 ). By conducting the same experi-
ent in Fig. 6 , but for the case of full passive-source illumination,

he artefacts in the cross-correlation results (Fig. 7 c) are significantly
educed. This is an expected result under full-angle illumination
onditions in a scattering medium (van Tiggelen 2003 ; Margerin &
ato 2011 ). Nonetheless, artefacts still considerably obscure the tar-
et primary reflections when compared to the associated reference
esponse (Fig. 6 b). This is likely due to the complex mixture of P
nd S waves that make up the modelled passive-source wavefields,
hich we generate by implementing double-couple sources with

andom orientation and amplitude. Moreover, the passive sources
hat illuminate the array directly from below are implemented right
bove the target Moho reflector, which is known to be a source of
rtefacts for the cross-correlation method (Snieder 2006 ). These
actors ine vitabl y cause irregular passi ve-source illumination that
ross-correlation cannot correct for without dedicated further pro-
essing (Curtis & Halliday 2010 ; Almagro Vidal et al. 2014 ). The
allistic MDD results show that the inherent illumination-balancing
ffect of this method results in a relative improvement with respect
o the cross-correlation results by slightly decreasing the visibil-
ty of artefacts (Fig. 6 e). This is due to its ballistic PSF, which
s designed to compensate for irregularities in the passive-source
avefield (Wapenaar et al. 2008 ). 
The full-field MDD proves to be more ef fecti ve than the other SI
ethods in estimating the primary reflections in case of a strongly

cattering overburden under more optimal illumination conditions:
he primary-reflection estimates correspond well to the reference
esponse in terms of TWT and AVO (Fig. 7 d). This indicates that
ultiple scattering gives rise to other effects that are compensated

or by full-field MDD but not by cross-correlation nor ballistic
DD. The fact that the radiation pattern of a scatterer is similar to

hat of a source plays a significant role in increasing the complexity
f the scattered wavefield (Fig. 8 a). In fact, secondary illumination
rovided by the multiple scattering in the overburden can exhibit
n irregular illumination pattern (Fig. 8 b). The full-field PSF has
he advantage that it encodes the complex wavefield phenomena
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Figure 7. As Fig. 2 , but with 200 scatterers in the crust and full illumination. 
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that are characteristic of scattering-induced illumination. Since ir- 
regular illumination is not corrected for by the cross-correlation 
method, it causes distortions of the virtual-source radiation pattern. 
The ballistic MDD method cannot compensate for irregularities in 
the scattered wavefields either, because it only balances out direct 
wavefield illumination. 

3.2 Scattering strength as a diagnostic measure for SI 

Our results show that in case of limited illumination conditions, 
there exists a trade-off between the completeness of the recon- 
str ucted vir tual primar y reflections and the scattering strength of 
the crust. This indicates that it may be possible to use a mea- 
sure of the scattering strength to determine whether it is appro- 
priate to apply SI methods in a certain area for a given fre- 
quency range. It is important to point out that this trade-off is 
not the same for all SI methods. For example, for the litho- 
spheric model we analyse here: in the 50-scatterer model (Fig. 5 a), 
all SI methods can be applied. While in the case of the model 
with 200 scatterers (Fig. 6 a), our results indicate that only full- 
field MDD is suitable to estimate virtual primary reflections. 
This indicates that a determination of the scattering strength in 
a given area can help to determine the reliability of SI meth- 
ods. 

3.3 Aven ues f or futur e r esear ch 

In this study, we found that the performance of SI methods re- 
lies on the scattering strength of the crust. Ho wever , in practice 
the scattering strength of the crust is not known and would need 
to be estimated a priori . An ef fecti ve method that can be used to 
determine the scattering strength of the crustal lithosphere is, for 
e xample, the inv ersion-based method QOpen (Eulenfeld & Wegler 
2016 ). This open-source tool is an improved form of the multi- 
lapse time window analysis from Hoshiba et al. ( 1991 ) and Fehler 
et al. ( 1992 ). It uses the energy partitioning between ballistic and 
coda wavefield to separate intrinsic from scattering attenuation and 
therefore offers a reliable estimate of the scattering strength of the 
heterogeneous crust. 
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Figure 8. Numerical lapse time development of S -potential scattering coda generated by a double-couple source positioned at coordinates ( −2, 46) in the 
model with 200 scatterers (Fig. 7 a). (a) Snapshot after 6 s: note that the propagating P wavefield is detected when it interacts with the scatterers, thus yielding 
P –SV scattering radiation patterns. (b) In this snapshot after 95 s, the complex nature of the scattered wavefield reaching the acquisition surface can be observed. 
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Fur ther more, this study revealed several valuable properties of
ull-field MDD that could pave the way for novel scientific applica-
ions. First of all, we found that the primaries estimated by full-field

DD are hardly polluted by surface waves. This is because full-
eld MDD estimates the Green’s function response of the equi v alent
edium without free surface, which obviates the need to remove

urface w aves b y fk -filtering prior to body-w ave processing. We
lso discovered that full-field MDD succeeded in estimating several
irtual diffraction hyperbolae of crustal scatterers. This creates pos-
ibilities for the application of diffraction imaging routines to use
irtual shot gathers for high-resolution imaging of heterogeneities
n the subsurface (Khaidukov et al. 2004 ). Our findings show that
ull-field MDD exploits the full spectral bandwidth of the entire
cattered wavefield (Fig. 4 ), which ef fecti vel y increases the reso-
ution of the resulting virtual shot gather without requiring further
rocessing. This indicates that a higher resolution diffraction image
f the scatterers could be achieved from virtual responses obtained
y full-field MDD than, for example, would be possible with the
irtual responses estimated by cross-correlation. 

 C O N C LU S I O N  

his numerical study shows that there exists a trade-off between
he scattering strength in an area and the ability of body-wave inter-
erometry methods to reconstruct virtual primary reflections under
imited illumination conditions. The results demonstrate that while

ultiple scattering helps to fill illumination gaps, it is also associ-
ted with a higher abundance of artefacts that can se verel y obscure
ir tual primar y reflections reconstr ucted b y SI. Howe ver, not all SI
ethods e v aluated in this study are equall y af fected b y artefacts. For

he models that contain a heterogeneous crustal overburden, cross-
orrelation and ballistic MDD are strongly affected by artefacts in
oth limited and full illumination conditions. Under the same con-
itions, the full-field MDD method estimates virtual P - and S -wave
rimary reflections that are considerably less affected. Moreover,
e find that the performance of the SI methods depends on the scat-

ering strength: the presence of 50 crustal scatterers had beneficial
ffects for all methods, while only the full-field MDD method still
ielded acceptable results for the model with the highest scattering
trength. These findings indicate that it is recommendable to use
ull-field MDD over other SI methods for body-wave reflection es-
imation in real-data scenarios characterized by multiple scattering.
inally, we see potential to use an estimate of the scattering strength
s a diagnostic measure to determine whether primary estimation by
 given SI method is reliable in a specific site. To reach this point of
aturity of the approach, a systematic analysis of SI methods is re-

uired for more scenarios that include intrinsic absorption and cover
 broader range of scattering strengths, illumination conditions and
requencies. 
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