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SUMMARY

Correlations of the ambient seismic field recorded by seismic stations carry information about
the wave propagation between the stations. They also contain information about the ambient
field—both the source of the ambient field, and sources of scattering that contribute to it.
The waves that comprise the ambient field are subject to scattering due to the heterogeneous
Earth, which can generate supplementary arrivals on the correlation functions. We use these
effects to locate sources of signals linked to scattering. For this analysis, we use correlation
functions computed from continuous signals recorded between 2013 and 2015 by a line of
seismic stations in Central California. We identify spurious arrivals on the Vertical to Vertical
and Transverse to Transverse correlation functions and use array analysis to map the source of
scattering, which is linked to strong structural variations in the Coast ranges and at the border

of the Great Valley.

Key words: Seismic noise; Surface waves and free oscillations; Wave scattering and diffrac-

tion.

1 INTRODUCTION

The seismic ambient field and the correlation functions derived from
it have been used widely and successfully in a variety of contexts:
from imaging the structure of the Earth to monitoring its evolution
with time. After appropriate processing, the correlation of ground
motion recorded by two seismic stations approximates the Green’s
function, which describes the wave propagation between the two
stations (Derode ez al. 2003; Weaver & Lobkis 2004). These signals
are particularly useful in areas where earthquake data is scarce. This
capability has led to numerous new images of the structure of the
Earth at all scales, including the local scale for the Long beach
data set (Lin et al. 2013a), the regional scale for California (Shapiro
etal 2005; Lee et al. 2014), the continental scale for North America
(Yang et al. 2007) and the global scale for the deep Earth (Boué
et al. 2013; Lin et al. 2013b; Retailleau ez al. 2020).

For the Green’s function to be recovered correctly from the
correlation process, the ambient seismic field must be equi-
partitioned (Weaver & Lobkis 2004; Sanchez-Sesma & Campillo
2006; Gouedard et al. 2008). This implies a random distribution of
uncorrelated sources or strong and pervasive scattering of the waves
due to heterogeneities to randomize the wavefield (Roux ez al. 2005;
Wapenaar & Fokkema 2006; Wapenaar ef al. 2006). Sources of the
ambient field at periods longer than a few seconds are mostly linked
to the interaction between the ocean and the solid Earth. Although
they are generated at parts of the Earth’s surface that are covered

by oceans (Longuet-Higgins 1950; Hasselmann 1963; Webb 1998;
Nishida et al. 2000; Stutzmann et al. 2000), they are observed glob-
ally and are referred to collectively as microseisms due to their
small amplitude. Multiple studies have shown that the ambient field
correlations depend on its sources (e.g. Tsai 2009; Harmon et al.
2010). Different pre-processing schemes have been developed to re-
duce the bias due to an uneven distribution of ambient field sources
(Bensen et al. 2007; Ritzwoller & Feng 2018).

The dependence of the correlation results on the ambient field
distribution means that they contain both information on the wave
propagation between stations and on the source field. Some studies
have limited the effects of heterogeneous source distribution by
suppressing the effects of persistent non-diffuse sources to improve
their correlation functions (Zheng et al. 2011; Liuet al. 2019). Other
studies drop the assumption that the correlation function converges
to the Green’s function and instead use it directly to obtain the
medium and the source distribution simultaneously (Yao & Van
Der Hilst 2009; Tromp et al. 2010; Fichtner et al. 2016; Sager et al.
2017). Finally, correlations have been used to analyse the source
distribution itself. The most obvious manifestation of the effects
of noise source heterogeneity on the correlation functions is the
asymmetry of the causal and anticausal parts of the correlation
functions (Stehly er al. 2006; Yang & Ritzwoller 2008; Ermert
et al. 2016). Another manifestation of non-homogeneous sources
is the occurrence of spurious arrivals on the correlations (Snieder
2006). Several methods have used these arrivals to locate strong and
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Figure 1. Map of California and the stations used in this study. The colour,
from red to blue represents the increasing distance from the westernmost

station.

isolated microseism sources generated by different mechanisms.
Sources have been linked to ocean waves (Retailleau et al. 2017),
long period volcanic tremor (Zeng & Ni 2010; Kawakatsu et al.
2011), scattering from a magma chamber (Ma et al. 2013) and
other more enigmatic sources, like the 26 s microseism observed in
the Guinea Gulf (Shapiro et al. 2006).

Ma et al. (2013) extracted a spurious arrival from correlations
computed in Peru and associated it with a strong scatterer in the vol-
canic arc, potentially linked to a low velocity magma chamber and
estimated the size of the magma chamber based on the arrival they
observed. Any sharp heterogeneity has the potential to scatter inci-
dent waves originally generated by ocean sources, and in doing so
to act as a secondary source from which the scattered wavefield will
propagate. In this paper, we extract spurious arrivals and use them to
locate strong scatterers linked to sharp heterogeneities. Scattering
is usually analysed from the coda of earthquakes (Margerin et al.
2009). Scattering analysis has been used to extract properties of
the Earth at different scales (Kaneshima 2016) and understand its
behaviour (Planes ef al. 2014; Obermann et al. 2016; Sato 2019).
The complicated characteristic of the coda, and possible complica-
tions from multiple scattering lead to the use of stochastic models
of Earth structure to explain the coda. In our case, spurious arrivals
are linked to single scattering dissociated from the direct arrivals
which means they can be attributed deterministically to a specific
location.

We first discuss the effects of the ambient seismic source distri-
bution on the correlations and the emergence of spurious arrivals in
an homogeneous medium with synthetic signals. We then discuss
our data set and its Central California setting. We use data recorded
by a line of 38 sensors crossing the Great Valley [fig. 1, CCSE
(2015)]. The stations recorded signals continuously for two years
between 2013 and 2015. This line of sensors is an ideal setup to
track direct velocity variations due to propagation across Central
California by correlating the signals of the most western station to
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Figure 2. The black dots represent the stations. The coloured dots represent
sources in different configurations. Orange represents the homogeneous
distribution, where sources are distributed randomly all over the area. Red
sources are distributed randomly on one side of the area, simulating an
asymmetry of the source distribution. Blue and green represent two localized
sources, either at an isolated location (large dot) or along a line (small dots).

the signals of the other stations. We describe the methodology we
use to extract spurious arrivals and locate their sources on synthetic
data and apply it on the Central California data. We finally use the
process to image strong scatterers, and discuss their origins.

2 CORRELATION RECONSTRUCTION
AND AMBIENT NOISE SOURCE
DISTRIBUTION

At different locations, ambient field sources have a different influ-
ence on the recovered correlations (Campillo & Roux 2015; Re-
tailleau et al. 2017). The Green’s function emerges in the correla-
tions when the ambient field sources have propagation paths that go
through both receivers, that is the sources are located in the end-fire
lobes. In that case, the signals recorded by the two receivers are
similar, and the time delay reflects the propagation between them.
In the end-fire lobes, the arrival time of different sources on the
correlations do not vary much, so the different arrivals contribute
coherently to the correlation. The sources that are not located in the
end-fire lobes, and thus don’t reach the two receivers along one path,
tend to interfere destructively in the correlation function because
their arrival times vary rapidly.

We illustrate these ideas with a synthetic test in a homogeneous
medium. We generate simple wavelets of 5 s period and 3 kms™'
propagation velocity at source locations defined by different geo-
graphic settings, and recorded by a group of stations (Fig. 2). The
station configuration consists of a reference station (isolated black
dot at x = —80, y = 0 in Fig. 2) aligned with a set of 20 stations (at
y=0andx € [40, 120] in Fig. 2), represented in black in Fig. 2. We
correlate the signal at the reference station with the signals at the
other stations for different source configurations (Figs 3 and 4). The
resulting correlations reflect the effects of the source distribution.

The reference station is crucial as its data is correlated to all the
stations. Its location to the closest station should be large enough
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Figure 3. (a, ¢) Correlations between the reference and the other stations as a function of distance for (a) the homogeneous distribution (orange) and (c)
homogeneous and asymmetric distribution (orange and red). (b, ¢) Normalized vespagrams obtained with the correlations in (a) and (b), respectively. The grey

rectangles represent non tested velocities.

to be able to discriminate the direct arrival from the spurious ar-
rival. We require a distance between the reference station and the
expected source of signal of at least a wavelength to discriminate
the direct arrival from the spurious arrival. For example at 5-s pe-
riod and assuming a velocity of 3 km ™!, the wavelength, and hence
minimum allowable separation, is 15 km. In this study, we carefully
observe the correlation signals to be sure that the signals extracted
correspond to spurious arrivals.

If the source distribution is homogeneous, only the sources in the
end-fire lobes interfere constructively and contribute to the signal.
We create a homogeneous source distribution with 2000 sources
spread randomly around the stations (orange dots in Fig. 2). As
expected, this homogeneous source distribution leads to symmetric
direct arrivals and similar causal and anti-causal wavelet amplitudes
with an apparent velocity of 3km s™' (Fig. 3a). We compute the ves-
pagram of the correlations (Rost & Thomas 2002) to extract the
velocity and average arrival time of the waves at the stations. We
compute the vespagram in two velocity windows: [-5, —1]km s~
for the arrivals coming from the reference station to the other (pri-
marily in the anticausal part) and [5, 1]km s ™' for the other direction
(primarily in the causal part). As expected, the vespagram (Fig. 3b)
highlights two arrivals at negative and positive times corresponding
to the anticausal and causal arrivals on the correlations. The veloc-
ity extracted is 3 kms™', which is the source wavelet velocity. The
correlation process thus recovers the wavelet well in this idealized
homogeneous case.

If sources in one of the end-fire lobes are stronger, or if there
are more of them, then the corresponding amplitude is larger on
the correlation. To illustrate the effect of this heterogeneous source
distribution, we add 500 sources to the homogeneous distribution on
one side of the area (red dots in Fig. 2). As expected, the correlations

corresponding to waves coming from the reference station (anti-
causal side) have larger amplitudes (Fig. 3¢) than the arrivals on
the causal part of the correlations. This can also be observed on the
vespagram, where the anticausal arrival is stronger than the causal
arrival. However, the extracted velocity is still correct (Fig. 3d) for
both arrivals on the causal and anticausal parts, and thus for end fire
lobes with and without the added sources. This simple test agrees
with different studies that have shown that a heterogeneous source
distribution can still lead to a correct extraction of wave speed and
arrival time, which would not lead to biased tomographic results
(e.g. Yao & Van Der Hilst 2009; Tsai 2009).

If a source is not located in the end-fire lobes but is sufficiently
strong, then its precursory arrival may not be suppressed by destruc-
tive interference during the correlation processing (Snieder 2006).
We test the effects of different strong sources by adding 50 sources
at specific locations (Fig. 2 and inserts Fig. 4).

When the strong source (or set of sources at the same location)
is aligned with the stations (large blue dot in Fig. 2 and insert
on Fig. 4(a), a spurious arrival appears on the anticausal part of
the correlations (Fig. 4a) with the velocity of the waves (Fig. 4b),
supplementary to the direct arrivals. The arrival time corresponds
to the arrival time from the source to the reference station minus
the arrival time from the source to the other stations. Because the
sources and stations are aligned, the propagation differences are
only linked to the interstation distances. For this reason, the slope
corresponds to the slope of the waves coming from the reference
station, whose arrival times also vary with the distance between
stations.

On the other hand, if the source is not aligned with the stations
(large green dot in Fig. 2 and in the insert of Fig. 4¢), the arrivals
do not reflect the wave velocity (Figs 4c and d). The arrival times
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Figure 4. (a, c, e, g) Correlations between the reference station and other stations as a function of distance for the homogeneous distribution (orange) to which
a concentration of 50 sources is added (a) at a single location aligned with the stations (large blue dot), (c) at a single location not aligned with the stations (large
green dot), (e) along a line centred on the line of stations (small blue dots), (g) along a line not centre on the line of stations (small green dots). The magenta
lines represent the 3 kms~! and -3 kms™! slopes. The inserts show a zoom of each source configuration around the stations and the concentrated sources (from
Fig. 2). (b, c, f, h) Normalized vespagrams obtained with the correlations in a, c, e, g, respectively. The grey rectangles represent non-tested velocities.

only vary with the difference in distance from the source to the
non-reference stations. In the non aligned isolated source case, the
difference in distances from the source to the stations is smaller
than the distances between the stations, leading to a higher apparent
velocity. The arrivals thus appear faster than the wavelet veloc-
ity (around 4.5kms™, instead of 3kms™). This indicates that the

arrival time (and thus slope of different arrivals) contains infor-
mation about the source location. If the slope corresponds to the
velocity of the wavelet, its source is in line with the stations.

A strong scatterer acts as a secondary source and its effects are
the same as a real source, as presented in this section. We expect
to extract scattering effects linked to structural heterogeneities that
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may not be concentrated in one location. For this reason we consider
the case of scattering where the source is not a single point but spread
along a line (blue and green lines in Fig. 2). This mimics a line of
scatterers, for example linked to an interface that might represent a
geologic boundary, such as a basin edge. If the line of scatterers is
centred on the line of stations (blue line of sources in Fig. 2 and in
the insert on Fig. 4e), the spurious arrival remains consistent with
the source wavelet (Figs 4e and f), though the signal is smaller. In
case of a line of sources away from the station line (green line of
sources in Fig. 2 and in the insert on Fig. 4g); however, the arrivals
are not coherent enough between the different station pairs and the
spurious arrival does not appear on the vespagram (Figs 4g and
h). This difference can be anticipated from the hyperbola of arrival
times arising from sources located at different locations [see fig.
3 in Retailleau et al. (2017)]. If source locations vary along the
Y-axis close to zero (blue), their arrival times on the correlations do
not vary rapidly. That is not the case when the locations get farther
from zero, implying strong destructive interactions among these
sources.

These observations imply that the apparent velocity of the spuri-
ous arrival reflects the location of its source. We can be confident
that a source that generates spurious arrivals with the same velocity
as the direct arrival is in line with the stations. Hence, it is possible
to use the velocity of the direct arrival as a detector for spurious
arrivals linked to sources in line with the stations. Sources off line
are more difficult to locate because they have weaker constructive
interference. Moreover, a source away from the line of stations also
implies wave propagation different from the propagation between
stations (e.g. linked to model variations) and would result in a biased
location estimate.

To overcome the influence of strong localized sources, passive
imaging studies stack correlations over long times. Ocean micro-
seism sources can be expected to move, so stacking averages out
their signals. That is not the case for sources of scattered waves
which remain at the same location. The arrivals thus stay consistent
and, unlike ocean microseism sources, are enhanced by stacking. For
these reasons, scatterer-generated spurious arrivals are a convenient
way to localize structural effects. The line of stations installed in
California is a good case study because it crosses several prominent
structural boundaries at nearly right angles.

3 DATA SET AND METHODS

3.1 Correlation data set

We download the available 2 yr of 3-component continuous records
for the 38 aligned stations of the Central California Seismic Ex-
periment (CCSE 2015, fig. 1) from the Incorporated Research In-
stitutions for Seismology (IRIS, http://www.iris.edu/mda) data ser-
vices using obspy (Krischer et al. 2015). The correlation workflow
follows Retailleau et al. (2017). We correct the time-series for in-
strument response for all daily records, window the time-series into
4-hr records, and suppress those with strong signals. We compute
the coherence between all stations for these 4-hr records, stack the
resulting correlation functions over all time periods, and rotate the
signals from the (Z,E,N) components into the (Z,R,T) directions.
We filter the signals between 5 and 10 s period because this period
band is sensitive to the uppermost ten kilometers of the crust and
has a high signal-to-noise ratio.

Structural imaging using seismic correlation 1457

Fig. 5 shows the correlations obtained between the westernmost
station with all of the others for (a) the vertical to vertical, or ZZ
component and (b) the Transverse to Transverse, or TT component
of the correlation tensor. The anticausal parts (negative time) cor-
respond to waves travelling from the reference station to the others,
that is waves traveling from the ocean towards the continent. The
causal part corresponds to the waves traveling from the continent
towards the ocean.

The correlation functions reflect the complexity of the structure
of Central California. The Great Valley is a forearc basin with
much lower velocity compared to the surrounding Coast ranges
and Sierra Nevada (Lee et al. 2014). This low velocity layer leads
to the generation of strong higher mode Rayleigh waves (Nayak &
Thurber 2020). These arrivals appear clearly in the correlations with
stations in the Great Valley (starting at distances around 120 km on
Fig. 5a).

The correlations are strongly asymmetric, especially on the ZZ
component (Fig. 5a), where clear signals are only observable on the
anticausal part of the correlations. This is an indication that most of
the ambient field sources are located in the nearby Pacific Ocean, as
expected since the ocean interactions with the solid Earth dominate
the seismic ambient field in this period band (510 s). For our line of
receivers, most of the ocean sources are located in the end-fire lobe
(for the anticausal part of the correlations), meaning that the Green’s
function should not be too strongly biased in arrival time. Indeed,
the ocean sources located in the end fire lobes contribute directly to
the main anticausal arrival. Because of their location in the end fire
region, these ocean microseisms do not generate spurious arrivals
that could be mistaken for scattering. Moreover, concerning the
ocean sources outside of the end fire lobe, as seen in the previous
section, sources far from the station line (Y far from zero) generate
arrivals that will tend to interact destructively (Figs 4g and h).
Finally, even assuming there is only one very localized and strong
source, as seen in the previous section, the slope of'its arrival is large
compared to the Green’s function (Figs 4c and d), and for that reason
is not likely to bias the scattering detection, which searches arrivals
of the direct arrival velocity. In summary, the ocean microseism
sources to the west are the primary source of the ambient field
in our data set, and do not generate spurious sources that will be
extracted by our scatterer detector.

Since the line of stations crosses tectonically active interfaces,
seismicity could also generate spurious arrivals and bias our scatter-
ing interpretations. This is unlikely since only the creeping section
of the San Andreas Fault has appreciable seismicity and all of it
is small, and hence deficient in low frequency energy. Moreover,
during the processing of the correlations, segments of data with
strong signals are dismissed (signals of amplitude greater than four
time the standard deviation of the daily signals). This processing
removes most of the seismicity with the potential to corrupt the cor-
relations. If some seismicity energy remains in the 5—10 s period
band and generates the observed spurious arrivals, shorter period
correlations should exhibit stronger spurious energy. To confirm
that this is not the case we filtered the correlations in two period
bands, 2—7 s and 8—13 s (Fig. S1). The correlations filtered in the
2—7 s period band do not exhibit stronger spurious arrivals on the
77 and TT components. For these reasons we are confident that the
signals we observe are not linked to seismicity. With all this in mind,
we note that both components exhibit several strong and systematic
precursory arrivals that we interpret as due to scatterers.
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the other stations. The colour, from red to blue represent the increasing distance of the different stations to the westernmost/reference station.

3.2 Testing source localization

Retailleau et al. (2017) used slant stacking to associate spurious ar-
rivals with their source location and to locate microseism sources.
In this paper, we locate scatterers using a similar process, by associ-
ating the arrivals on correlations obtained from the different station
pairs. Following the logic of the previous sections, we extract spuri-
ous arrivals with a velocity that corresponds to the Green’s function
approximated by the correlation, to search for sources of scattering
along the line of stations.

We first detail the steps of the method with the synthetic sig-
nals generated using a homogeneous source distribution to which
a strong source is added, in the first case aligned with the stations
(Figs 6a—d) and in the second case not aligned with the stations
(Figs 6e-h) from the stations. We choose to place the supple-
mentary source closer to the reference station (reference station
at x = —80km and source at X = —65km, Figs 6a and e) than
presented in Section 2 to simulate a less favourable case, which
is also more similar to some of the real observations presented in
later sections. Figs 6(c) and (g) represent the resulting correlation
functions and Figs 6(b) and (f) the corresponding vespagrams. As
expected, a source in line with the stations but closer to the reference
station results in a signal closer to the main arrival and the same
wave velocity (Figs 6b and c). The second source (Fig. 6g) generate
an arrivals much earlier because it is located at ¥ = 100 km, and
is still quite far from the reference station (Fig. 6¢). Because this
source is not aligned with the stations, the apparent velocity of the
generated signals is higher than the velocity of the waves (Fig. 6f).

For the location process, we use the wave propagation velocity
3km s7!' to search for sources of signals along a line from the
reference station to the more distant stations with a spacing of 2 km
(Figs 6a and e). For each potential source along the line, we first
shift each correlation by the difference between the propagation
time from the source to the reference station and the propagation
time from the source and each station. Fig. 6 shows steps of the
process with synthetic data for the on-line and off-line sources.
We first consider the set-up where the strong isolated source of
signals aligned with the stations (Figs 6a and d). Each source time
arrival is simply the propagation time from the reference station
location (same as the potential source) to itself (zero) minus the
propagation time from the reference station location (same as the
potential source) to the other stations (distance between the stations
divided by the wave velocity 3 km s™'). We shift the signals along the

corresponding arrival on 40sec windows (black curves on Fig. 6d
for a tested source at X = —65 km) and then stack these signals and
compute the envelope (red curve on Fig. 6d). The amplitude of the
potential source at the tested location is the stack amplitude at = 0
s. At X = —65 km along the testing line, the supplementary source
is clearly highlighted after the velocity shift (Fig. 6d at 7 = 0 s).

We follow this process for all the potential source locations and
obtain a probability of sources as a function of location (blue line
on Fig. 6i). The final result along the line of potential source (blue
on Fig. 6g) highlights the direct arrival on the anticausal part (X =
—80km), the source of the spurious arrival (x = —65km) and the
direct arrival on the causal part (starting at X = 40km). We also
applied this process for a case where the reference stations and
the other stations are not distant from each other (Fig. S2). We
thus simulate a case similar to our data set setting, also adding a
noise source distribution asymmetry by using more sources on the
reference side of the area. We are able to extract the location of the
supplementary source in that setting. The Figure also shows that
the influence of the direct arrival of the causal part on the results
is more spread because the reference station and other stations are
closer to each other. This influence is still dominated by the strong
source.

As mentioned in Section 2, if the source of the spurious arrival is
not located along the line of stations, its apparent velocity is faster
than the wave velocity (Figs 4c, d and 6e, f). After a shift with the
wave velocity of 3 kms™! (Fig. 6f), no energy appears at the potential
location X = —65 km. The total result along the line (green dashed
line Fig. 61), presents a small energy around X = —35km which is
very small compared to the result obtained for an aligned source.
This confirms that the process is dominated by sources aligned with
the stations.

Fig. 6(i) displays the source location results for a supplementary
strong source aligned with the stations (blue curve), and one that is
not aligned with the stations (dashed green curve). Not surprisingly,
the results are identical except for the supplementary source loca-
tion. As designed, the method correctly extracts the aligned source
location and discards the mis-aligned source. As the potential source
reaches the stations (X = 40 km), some energy appears on the stack.
This is the contribution of the direct arrival of the stations closer to
the reference station than the potential source. In this configuration
the time-shift directly corresponds to the propagation between the
reference station and the stations closer than the potential source.
In these correlations the supplementary source contributes to the
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we attribute to scattering. The pink line highlights the expected arrivals for a potential source located at the reference station. The purple patch represents the
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direct arrival of the causal part. For our California setting, most of
the sources are located on the western side of the line of stations and
the direct arrival on the causal part is very small. As a consequence,
the contribution to the source search is mostly due to scattering and
not the direct arrival. If there were strong energy on the causal part
of the direct arrival, the reference stations and the other stations
should be arranged to surround the sources of signals.

3.3 Localizing the scattering source

This area of study is very complex and the line of stations crosses
several geological units. The correlation functions computed along
the line show the effects of these structures with clear velocity vari-
ations of the main arrivals, both on the ZZ and TT components
(Fig. 5). Locating scattering energy using the entire line of stations
could be hindered by these strong velocity variations. For this rea-
son, we separate the line into several segments to avoid biasing our
observations by the strong velocity variations that occur between
the Coast Ranges and the Great Valley. This allows us to identify
the spurious arrivals visually and check their accurate extraction.
Future studies could use varying velocities extracted from the move-
out of the direct arrival or velocities obtained from earth models.
The scatterers we locate by using supplementary arrivals also gen-
erate signals in the main arrival, in the more classic way they are
observed. However, in this case, since we look for arrivals aligned
with the stations, and assume single scattering, their signals are
dominated by the direct propagation and difficult to extract. In 2-D
setups, both methods could be combined to extract the scatterers.
Fig. 7 illustrates the different steps of the location process using
the ZZ correlations computed from the Central California data, fol-
lowing the process presented in the previous section with synthetics.

Fig. 7(a) represents the segment of stations used, in the westernmost
part. We choose to not use all the stations together due to strong
velocity variations that interfere with a straightforward analysis.
Nevertheless, the station density and number of stations considered
allows us to image scatterers along the line. Fig. 7(b) represents the
correlations as a function of distance to the reference station (black
dot in Fig. 7a). The direct arrival (black arrow) is preceded by a
clear spurious arrival (red arrow). We extract this arrival to localize
its source, that is the scattering location.

We constrain our search to scattering sources along the line that
follows the stations. The station spacing is around 10 km and we
search scattering sources along a line of 2 km spacing. We add a
priori information to the search by selecting the velocity. As dis-
cussed in the previous section, arrivals corresponding to sources
away from the line tend to interact destructively and their apparent
velocity increases as they are located farther from the line. We se-
lect the velocity from the direct arrival by computing a vespagram
from the correlations (Fig. 7b), as in Figs 3 and 4. The vespa-
gram (Fig. 7c) highlights the direct arrival (black square) and a
secondary arrival (red square), which corresponds to our spurious
arrival.

The location of an expected source can be extracted by com-
bining the spurious arrivals observed on the different correlation
functions. We search for scattering (source of a signal) along the
line from the reference station to the most distant station. For each
potential source location along the line, we select the arrival time
window (100 s) centred at the difference between the expected ar-
rivals from the source to the reference station and each of the other
stations. Using such a long time window is not necessary at this
frequency, but we use it here to illustrate the process. The pink
line in Fig. 7(b) shows the expected arrival for a trial source at the
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fault.

location of the reference station and the shaded patch represents
the corresponding stacking window. As expected, a source at the
reference station location contributes to the expected propagation
between the stations, and thus expected its time arrival corresponds
to the direct arrival.

We stacked the signals and computed the envelope of the result
(black curve in Fig. 7d, obtained with the same process as the syn-
thetic results Fig. 6i) for this first potential source. The amplitude
att = 0 s (corresponding to the pink dashed line in Fig. 7d), which
corresponds to the exact difference between the expected arrivals
from the source to the reference station and the average of the sta-
tions (here the source is located at the reference station), is then
extracted as the source amplitude. Because we do not want to ex-
tract the amplitude that corresponds to the propagation between the
stations, we discard the strongest arrival. The grey patch in Fig. 7(d)
shows the discarded window. We perform the same processing for
locations along the line of the stations to determine the location
of strongest energy. We normalize the amplitudes by the energy of
the direct arrival. This curve Fig. 7(d) is our scattering energy. We
represent it with colour on the map Fig. 8 (west segment ZZ). Simi-
larly to Fig. 7(d), the locations of discarded arrivals are represented
in grey.

4 RESULTS AND DISCUSSION

We extract scattering signals along two segments of the line sep-
arately, for two components of the correlation tensor, ZZ and TT.
The first segment crosses the Coast Ranges and the other segment
crosses the Eastern part of the Great Valley and the Western Sierra
Nevada (Fig. 8). For the western part of the line (Figs 7 and 8), a
clear arrival is observed on the ZZ component of the correlations
(red arrow on Fig. 7b) as well as on the vespagram (red square
on Fig. 7c). The arrival is obviously spurious, rather than part of
the true Green’s function because, at shorter distance, the arrivals
cross the 0 time arrival and appear on the causal part instead of
the anticausal part. After slant-stacking along the arrivals, a clear,
spurious secondary arrival emerges (red arrow on Fig. 7d). After
processing the signals of the TT component similarly to the ZZ
component, strong scattering energy linked to spurious arrivals also
emerges in Fig. 8 for both ZZ and TT. The arrival time of the di-
rect arrivals on the correlations do not show any velocity variation
(Fig. 7b or shorter distances in Fig. 5); however, a spurious ar-
rival still appears. Jiang et al. (2018) performed tomography with
a data set containing the stations used in this study; however, their
study does not highlight a sharp variation of velocity at 7 s period,

which would coincide with our observation. This indicates that our
scattering analysis could provide complementary information to
tomographic analysis, as imaging using transmitted waves has dif-
ferent properties than imaging using scattered waves. The scatterer
is located in the area of the Santa Lucia Range, close from the
transition between Granitic and metamorphic rocks to marine sedi-
ments (Page ef al. 1998), and close to the Rinconada Fault. Several
high resolution 3-D tomography analyses were performed on Cen-
tral California data sets in the Parkfield earthquake, using ambient
noise correlations, earthquakes, control shots, quarry blasts and/or
low-frequency earthquake observations (Zeng et al. 2016; Lippoldt
et al. 2017; Zeng & Thurber 2019). These studies show velocity
variations in the area where we extract a scatterer (northwest of
these studies areas), although the variations are smoothed in those
models.

We perform a search over potential scatterers on the eastern
part of the line of stations, still using ZZ and the TT components
(Fig. 8). We proceed as previously described, although we use two
different velocities along the segment because of the large increase
of velocity in the Sierra (larger distances in Fig. 5). We compute the
vespagrams and extract the velocities for two sections of the lines,
in the Great Valley and in the Sierra. For each tested source location,
we use the Great Valley velocity to the west of the potential source
location and the Sierra velocity to the east. The result (Fig. 8) clearly
shows a scattering signal at the boundary between the Great Valley
and the Sierra on both ZZ and TT. This observation coincides with
the strong velocity variation observed by Jiang et al. (2018) East
of the Great Valley at 7s period. The scattering effect, however,
seems to not be located at exactly the same place for the ZZ and the
TT components, showing different effects of the structure on the
Rayleigh and the Love waves.

We only extract weak scattering signals in the eastern part of the
west segment that crosses the San Andreas Fault (Fig. 8). This is
somewhat unexpected since the San Andreas is a major fault and
could be expected to generate strong scattering. To explore this
further, we focus our scattering analysis on the part of the line that
crosses the San Andreas Fault. We analyse the Rayleigh wave arrival
and the Love wave arrival, by using the ZZ and TT components. We
use a shorter segment than the other tests to avoid the strong velocity
variation entering the Great Valley and focus on the fault. We plot the
stacked source amplitude at the reference station (Fig. 9a) to observe
the spurious arrivals and compare the two components. As described
in the method section, we discard the energy associated with the
direct arrival. Figs 9(a) and (b) (west) show that a weak scattering
signal emerges on the TT component but not on the ZZ component.
This suggests that using different components of the correlation
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functions lead to different observations of scattering effects, which
is not unexpected given that different waves have different scattering
patterns. Previous tomography studies show velocity variations in
this zone between 5 and 10 s of period (Zeng et al. 2016; Lippoldt
et al. 2017; Zeng & Thurber 2019). The low scattering extraction
could be linked to the interface shape. This area may be too complex
and the wave field could be subject to multiple scattering that our
method is not set up to extract.

Finally, we test if the Great Valley shows the expected low scat-
tering (Fig. 9b). The ZZ component confirms the low scattering
effects, but the TT component seems to show some scattering sig-
nals, although there is not one dominant signal. This is due to the
bias of the strong direct arrival on the causal part, which does not
exist on the ZZ component. This influence of the causal part of the
correlations is also showed in the synthetics examples (Fig. 61 and
Fig. S2). Fig. 9(c) clearly shows the strong variation of amplitude
symmetry between the causal and anticausal parts of the correlations
on the ZZ and the TT components of the correlation tensor. While
Pacific ocean microseism sources dominate the Rayleigh waves on
the ZZ component, the Love waves observed on the TT component
are either generated by sources coming from the opposite direction,
or are more influenced by scattering from heterogeneity. As seen
in Fig. 8, the eastern border of the Great Valley strongly scatters
the signals. This implies that the direct arrivals in the anticausal
part of the correlations is quite strong. As a consequence, as seen
in Section 3.2, the direct arrival dominates the source extraction in
the absence of strong spurious arrivals. This probably explains the
signals that can be observed in the Great Valley, especially since
this signal is stronger on the TT component, whose causal direct
arrival is stronger than the ZZ signal.

5 CONCLUSIONS

Correlation functions computed between seismic stations contain
information about the propagation between those stations but also
information about the ambient field surrounding the stations. Strong
sources located between the stations can generate spurious signals
whose arrivals are earlier than the theoretical arrival of the fastest
waves. Scatterers act as secondary sources that generate apparent
local sources of waves that are originally excited by ocean micro-
seisms. These scatterers can lead to spurious arrivals in ambient-
field correlation functions that can be used for imaging after appro-
priate analysis. Their location indicates strong interfaces that can
complement conventional tomography by illuminating the locations
of strong lateral boundaries. We used a line of stations in Central
California to extract scattered signals associated with the Rinconada
Fault, the San Andreas Fault and the interface between the Great
Valley and the Sierra Nevada. We also find that Rayleigh and Love
waves are influenced differently by scattering effects. We were able
to localize sources of scattering due to dense in-line station spacing.

3-D propagation modeling will be crucial in future work to assess
the generations of these signals in the different components of the
correlation tensor and their usefulness for imaging. Indeed, the ZZ
and TT components show different behaviour, and spurious signals
can also be observed on non-diagonal components of the correlation
tensor. 3-D simulations will also permit to assess depths and 3-D
propagation effects. If future developments in seismic monitoring
allow such sampling in two dimensions, we can anticipate that it
will be possible to reconstruct the geometry of structures that lead to
scattering in detail. This method could be particularly useful with
the development of large-N arrays and fiber optic measurements
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(distributed acoustic sensing). Finally, this study presents an analysis
of surface waves propagating in a regional setting, but there is
no reason not to use spurious body wave phases for global scale
imaging as well (Wang & Tkalci¢ 2020).
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Supplementary data are available at GJI online.

Figure S1 (a, c) vertical to vertical (ZZ) and (b, d) transverse
to transverse (TT) correlation functions as a function of distance
between the westernmost station and the other stations. The corre-
lations are filtered in the (a, b) 2—7 s period band and (c, d) 8-13 s
period band.

Figure SD2 Location process on synthetic with a station and spuri-
ous source configuration close to the CCSE line. (a) Station (black
line) and source combination for the synthetic test close to the
data configuration. 1000 sources are spread over the all area as the
homogeneous distribution (orange dots). 1000 sources are spread
on the western side of the area to simulate the source distribution
asymmetry (red dots). 50 identical sources in x = —65 km are used
to simulate a strong scatterer/source of energy. Contrarily to the
other examples, the station line is continuous and the source is not
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isolated. (b) Resulting correlations functions along the line. The
red dots represent the expected time arrivals of the strong source.
(c) Location result along the search line which highlights the main
arrival and the supplementary source at x = —65 km.
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