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Abstract Seismic scattering is commonly observed and results from wave propagation in heterogeneous
medium. Yet deterministic characterization of scatterers associated with lateral heterogeneities remains
challenging. In this study, we analyze broadband waveforms recorded by the Southern California Seismic
Network and observe strongly scattered Love waves following the arrival of teleseismic SH wave. These
scattered Love waves travel approximately in the same (azimuthal) direction as the incident SH wave at a
dominant period of ~10 s but at an apparent velocity of ~3.6 km/s as compared to the ~11 km/s for the SHwave.
Back projection suggests that this strong scattering is associated with pronounced bathymetric relief in the
Southern California Continental Borderland, in particular the Patton Escarpment. Finite-difference simulations
using a simplified 2-D bathymetric and crustal model are able to predict the arrival times and amplitudes of
major scatterers. The modeling suggests a relatively low shear wave velocity in the Continental Borderland.

1. Introduction

The Earth to the first order can be characterized as radially symmetric medium. Such “1-D” reference Earthmod-
els, such as ak135, can predict phase arrival times within an accuracy of a few seconds (Kennett et al., 1995). The
common observations of seismic scattering indicate that heterogeneities are also ubiquitous throughout the
Earth (see Sato et al., 2012; Shearer, 2007 for reviews). Since the 1970s, there have been numerous theoretical
and observational efforts intended to investigate the relationship between seismic scattering and heteroge-
neous structures of the Earth. Many earlier studies treated the scattering process in a stochastic way that only
allowed for statistical description of the heterogeneity (e.g., Aki, 1969; Sato et al., 2012; Shearer, 2007; Wu, 1985).
The reasons a stochastic approach has primarily been used are twofold. First, in many cases heterogeneities
within the Earth are randomly distributed and scattered energy due to individual scatterers is weak. Second,
the density of seismic recordings is often too sparse to locate individual scatterers.

Strong lateral heterogeneities in seismic wave velocity or density, such as bathymetric/topographic relief,
basin edges, and fault zone structures, are potentially strong scatterers. Forward simulations suggest that
topography can have a significant effect on seismic wave propagation, including scattering of body and
surface waves and (de)amplification of peak ground velocities (e.g., Geli et al., 1988; Lee et al., 2009).
Similarly, basin edges can also generate surface waves and cause large amplification of ground motions
(e.g., Frankel, 1993; Graves et al., 1998). In addition, strong lateral gradient in seismic anisotropy can also result
in surface wave mode scattering, such as observations of quasi-Love waves (Park & Yu, 1993). Studying these
strongly scattered waves thus not only helps us better understand Earth’s heterogeneous/anisotropic struc-
tures but also is useful for assessing seismic hazard, including the calibration and refinement of regional
seismic velocity models used to locate earthquakes and simulate strong ground motions.

With the recent growth of seismic arrays, deterministic characterization of seismic scatterers has become
feasible. Meanwhile, the development of array processing and migration techniques (e.g., AlTheyab et al.,
2016; Berkhout, 1982; Rost & Thomas, 2002) allows for improved identification and location of scatterers.
For example, Spudich and Bostwick (1987) applied array analysis to an earthquake cluster to locate scatterers
near the earthquake focal region. Using P-to-P scattering, Revenaugh (1995) demonstrated that in the upper
mantle strong scatterers are located near the southern flank of the remnant slab beneath the Transverse
Ranges. Multipath Rayleigh waves are also reported along the West Coast of North America (Ji et al., 2005)
and are interpreted as reflections off roots of the Rocky Mountains.

A special case of seismic scattering involves body-to-surface wave conversion. By analyzing three-component
seismic waveforms as recorded by the NORESS array in southern Norway; Bannister et al. (1990) detected
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strongly scattered Rayleigh waves in the teleseismic P wave coda and determined that scatterers locate to
two nearby areas with pronounced topographic relief. Furumura et al. (1998) observed large-amplitude
Rayleigh and Love waves from deep earthquakes at regional distances. Their back projection and synthetic
waveform modeling suggest that scatterers are located close to the Norfolk Ridge where crustal structure
has strong lateral heterogeneity. More recently, Maeda et al. (2014) analyzed Japan Hi-net data and found
a scattered wave train following the P wave arrival of a teleseismic event. They attributed the scattered wave
train to reverberations in the seawater near the Japan Trench.

Southern California is an ideal location for studying seismic scattering because of the dense Caltech/U.S.
Geological Survey (USGS) Southern California Seismic Network (SCSN) and complex tectonic setting that
can potentially generate strong scattering (Figure 1). In this study, we analyze three-component broadband
waveforms recorded by the SCSN. We observe strongly scattered Love waves in the teleseismic SH wave
coda. We then use array analysis and back projection to locate the source of scatterers. Finally, two-
dimensional (2-D) finite-difference waveform simulations are performed to model the scattered wavefield
in order to better understand the scattering process.

2. Observation of Strong SH-to-Love Wave Scatterings
2.1. Data Processing

We focus our study on a Mw 6.5 deep teleseismic event that occurred in the Tonga-Kermadec-Fiji subduc-
tion zone (25.24°S, 179.41°E; 535 km depth; 5 October 2007, 07:17:54.7 UTC; earthquake catalog from U.S.
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Figure 1. Topographic map of the study region around Southern California. Solid triangles mark broadband stations from SCSN. The reference station CI.MWC is
marked as a red triangle. Black arrow shows the wave propagation direction for the selected event from the Tonga-Kermadec-Fiji subduction zone. SCB and SNB
stand for the Santa Cruz Basin and the San Nicolas Basin, respectively.
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National Earthquake Information Center). We collected three-component broadband seismic waveforms
from SCSN (Figure 1). We then cut seismograms using a time window that begins 200 s before and
ends 600 s after the expected S wave arrival time, estimated using the ak135 velocity model (Kennett
et al., 1995). After rotating seismograms into vertical, radial, and transverse components, we further
apply a two-pass Butterworth filter between 0.02 and 0.1 Hz to suppress the background microseisms.
Seismograms are visually checked using the Crazyseismic software (Yu et al., 2017), and traces with low
signal-to-noise ratio are removed. Finally, amplitudes are normalized by the maximum peak of the
incident SH wave.

Figure 2a shows transverse-component waveforms for the Tonga-Kermadec-Fiji deep event. Seismic wave-
forms are sorted by epicentral distances (reduced by 83.96° at the reference station), and only stations
within a 2° radius area centered at CI.MWC are shown. The direct SH phase arrives between �20 s and
20 s (reduced by 1281.4 s at the reference station) with a horizontal slowness ~10 s/° (or an apparent
velocity ~ 11.1 km/s), consistent with the theoretical prediction from ak135. Following the direct SH phase
arrival, there are at least two additional coherent phases: a high-amplitude coherent phase arrival followed
by a weaker phase arrival at ~70 s and ~45 s (at the reference station), respectively (“L1” and “L2” in
Figure 2a). These two phases travel at a much slower apparent velocity with no clear amplitude decay with
distance. Similar phases are also consistently observed for other events that originate near the Tonga-
Kermadec-Fiji source region (Figure S1 in the supporting information). We infer that scattering off near-
receiver heterogeneities may cause the observed phases that follow the SH arrival.
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Figure 2. Waveform analysis of a deep Mw 6.5 event from the Tonga-Kermadec-Fiji subduction zone (see text for additional details). (a) Tangential-component
seismograms (proportional to ground velocity) sorted by distance to the earthquake source. Seismograms are band-pass filtered between 0.02 and 0.1 Hz with a
two-pass Butterworth filter. Time and distance are reduced by the SH arrival and the epicentral distance at the reference station CI.MWC, respectively. L1 and L2 are
two scattered waves. (b) Slowness time cross section of phase coherence across the maximum coherence point of scattered waves (slowness = 31 s/°, differential
back azimuth = 0°). (c) Same as Figure 2b but for a back azimuth time cross section. (d) Time-frequency analysis of the raw seismogram at station CI.MWC. Note that
both direct SH and L1 have a dominant central frequency ~0.1 Hz.
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2.2. Array Analysis: Phase Coherence

We apply array analysis to estimate the propagation direction, slowness, and arrival time of each of the strong
scattered arrivals. In particular, we rely on the phase coherence (or phase stack) method of Schimmel and
Paulssen (1997). Phase coherence detects coherent signals based on the instantaneous phase. Real seismic
traces are first converted to analytic traces by applying a Hilbert transform. The amplitudes of analytic traces
are normalized to unity. Phase coherence c(t) is then constructed by a summation of analytic traces in the
complex plane (Schimmel & Paulssen, 1997), that is,

c tð Þ ¼ 1
N

XN

j¼1

eiΦ j tð Þ
�����

����� (1)

where N is the number of traces and Φj(t) the instantaneous phase of the jth trace. Since amplitudes are
normalized, the value of phase coherence always ranges between 0 and 1. An advantage of this method is
its ability to detect weak coherent signals, making it well suited for studying seismic scattering.

Figures 2b and 2c show phase coherence measurements along two cross sections with preferred back
azimuth and slowness of the strongest scatter, respectively. Scattered waves L1 and L2 propagate in the
same azimuthal direction as the incident SH wave. However, their large horizontal slowness ~31 s/°
indicates that they travel at a much slower apparent velocity (~3.6 km/s) than the incident SH wave
(Figures 2b and 2c). Time-frequency analysis (Stockwell et al., 1996) of the raw seismic waveform recorded
at station CI.MWC shows that scattered waves have a dominant central frequency of ~0.1 Hz, similar to
that of the incident SH wave (Figure 2d). We note that our waveform analysis is stable over various fre-
quency bandwidths, albeit with a higher noise level if filtered with a higher cutoff frequency, such as
at 0.2 Hz.

While an apparent velocity of 3.6 km/s is too slow to correspond to a teleseismic body wave arrival, the velo-
city is consistent with a ~10 s period Love wave or a horizontally traveling SHwave in the crust. Although it is
not possible to distinguish Love waves and SHwaves based on particle motions, the lack of clear decay in the
amplitude of scattered waves (Figure 2a) and our 2-D finite-difference simulations (see section 4) both
suggest that the scattered waves are Love waves. We note that the scattered Love waves are relatively narrow
band and have no clear evidence of dispersion (Figure 2d).

3. Locations of Scatterers

We use back projection to locate the sources of scattered Love waves. The apparent source wavelet (includ-
ing the primary SH and its depth phases), obtained using principal component analysis (Jolliffe, 2002), is
subtracted and deconvolved from each trace. Residual traces are then shifted and stacked in a 1° radius
bin around each station for all back azimuths, assuming a constant horizontal slowness 31 s/° (estimated from
the entire array; Figure 2b). The envelopes of stacked traces (normalized by the SHwave amplitude) are finally
back projected to estimate the source of the scattered phases. Amplitudes are set to zero if the phase coher-
ence defined by equation (1) is not significantly above the noise level (A more detailed discussion can be
found in the supporting information (Jammalamadaka & Sengupta, 2001)).

An accurate location of scatterers requires an accurate velocity model. While the arrival time of the direct SH
at each geographic location can be predicted by reference Earth models, such as ak135, with relatively small
uncertainty (about a few seconds; (Kennett et al., 1995)), calculating travel times of the slowly propagating
Love wave is more challenging. First, existing tomography models (e.g., Bowden et al., 2016; Lee et al.,
2014) do not fully cover the area around Southern California, especially the Continental Borderland.
Second, Love wave velocity is very sensitive to the shallow crustal structure. The existing shear wave velocity
model in the Continental Borderland (Bowden et al., 2016) is derived from Rayleigh wave tomography and
thus may not be accurate for calculating Love wave velocity (due to different sensitivity kernels of Rayleigh
and Love waves). Existing models suggest the lithospheric structure of the continental borderland differs
from that east of the coastline, due to extensive stretching and thinning (e.g., Bowden et al., 2016; Lee
et al., 2014). For simplicity, we assume different but constant Love wave group velocities (at ~10 s) west
and east of the coastline. To the east, we fix the Love wave velocity at 3.6 km/s (estimated from the entire
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array; Figure 2b) where most stations locate. To the west, we first estimate an average P wave velocity
structure along the offshore component of the 1994 Los Angeles Region Seismic Experiment based on the
tomography model (Plate 2b) of ten Brink et al. (2000) (Figure S3). Then we derive S wave velocities and
densities using the empirical relationship of Brocher (2005). Finally, we calculate its 10 s Love wave group
velocity, which is ~3.2 km/s. To account for lateral variations, we allow small perturbations in the Love
wave group velocity. The optimal value is chosen such that the back projection provides the best fit for
the source of the scatterers to geological structures. The horizontal resolution is about 10 km (assuming a
quarter of the scattered Love wave wavelength).

The strongest scatterer L1 is fit to a linear feature roughly perpendicular to the wave propagation direction
and parallel to the western edge of the Continental Borderland—the Patton Escarpment (Figure 3), which
is the most prominent lateral heterogeneity both at the surface and near the crustal root in this region
(Miller, 2002). Aligning the strongest scatterer to the Patton Escarpment leads to a best fitting Love wave
velocity of ~3.1 km/s across the Continental Borderland. A certain mismatch between the Patton
Escarpment and the southern part of the back projection image (Figure 3) can be explained by a perturbation
of less than 0.2 km/s in average Love wave velocity. The slightly weaker scatterer L2 (Figure 2a) is generated
within the Continental Borderland; the source of this scattered arrival is most likely associated with border-
land basins, such as the Santa Cruz Basin and the San Nicolas Basin, where bathymetric relief is also significant
(Figure 3).

Within the time window of interest, the ScS phase can also generate scattered Love waves, which might
produce artifacts in the back projection image. Since SH- and ScS-scattered Love waves have similar charac-
teristics (frequency and slowness), it is generally difficult to separate them. For the selected event, the ampli-
tude of the SH is larger than that of the ScS (Figure 2a; see also section 4), so that observed strong scattering is
expected to be generated by the SH phase. We verify this by examining 37 deep events that occurred in the
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Tonga-Kermadec-Fiji subduction zone (Table S1). Two scattered waves are consistently observed for all
events with nearly constant time delays with respect to the SH phase (Figure S4).

4. The 2-D Finite-Difference Waveform Modeling

To better understand the scattering process, we further perform finite-difference simulations and compare
synthetic waveforms with observations. Since scatterers align roughly perpendicular to the wave propaga-
tion direction, 2-D models are adequate for our purpose. Our global 2-D finite-difference simulation is based
on the method of Li et al. (2014) and is parallelized using two GPUs. We use a Gaussian shape source time
function with a central frequency ~0.1 Hz. The point source focal mechanism is obtained from GCMT solu-
tions (Ekström et al., 2012).

Our model contains two regions of large topographic relief: a 3 km high by 20 km wide step at the Patton
Escarpment and a 2 km deep by 30 km wide depression at the Santa Cruz Basin (Figure 4a). We use a grid
size of 0.5 km to capture these topographic features. The depth of the Moho is set at 10 km, 20 km, and
30 km, beneath the Pacific Plate, the Continental Borderland, and the Transverse/Peninsular Ranges, respec-
tively (Miller, 2002; Reeves et al., 2015). The modeled constant crustal shear wave velocity changes from
3.3 km/s beneath the Continental Borderland to 3.7 km/s beneath the Transverse/Peninsular Ranges. These
model values, once converted to Love wave velocities, are consistent with those estimated in the
previous section.

Our synthetic waveforms capture the salient features of the scattered wavefield. For the scattered wave
from the Patton Escarpment (L1 in Figure 4b), both the arrival times and amplitudes are well predicted.
The 3 km topographic relief and the 10 km Moho offset both contribute to the amplitude of the scatter,
but the effect of the former is about 2–3 times larger than that of the latter (Figure S5). We note that syn-
thetic waveforms do not fully reproduce scattered wavefield after L1, which could be due to either ScS
scattering or additional structural heterogeneities to the west of the Patton Escarpment, such as the
San Juan Seamount (Figure 1). For scatterers from the Santa Cruz Basin (L2 in Figure 4b), the synthetics
generally explain the arrival times but under predict the amplitudes. The underprediction of the
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amplitudes might be due to the amplification effect from low-velocity sediments in the Santa Cruz Basin,
which are not included in our model.

5. Discussion

Our back projection and 2-D finite-difference simulation suggest that strong SH-to-Love wave scattering
comes from the Patton Escarpment. This is not surprising considering its profound bathymetric relief. In fact,
due to the low-frequency nature of incident SH wave (and thus long wavelength), the structural heterogene-
ity of the Patton Escarpment can be treated as a line source of scatterers. To this end, our simulation is essen-
tially a numerical realization of Huygen’s principle, where the scattered wavefield is the convolution of the
tangential Green’s function due to a line source with the incident source wavelet. The scattering strength
is controlled by the characters of the scatterer, including its physical dimension, topographic relief, and
impedance contrast.

Our forwardmodels assume constant crustal shear wave velocity on either side of the coastline. Actual crustal
velocity structure of the Continental Borderland and Transverse/Peninsular Ranges is expected to be more
complicated. But a first-order velocity structure is sufficient for our purpose here as we only require an esti-
mate the Love wave group velocity at a period of ~10 s. However, it is important to keep in mind that this
value is different from averaged crustal shear wave velocity since Love waves are more sensitive to the shal-
low crust. Our results show that locations of strong scatterers, such as Patton Escarpment, are consistent with
surface geology, so scattered waves could be used to calibrate/update existing community velocity models,
in particular across the California Continental Borderland. Such practice may enable to more precise offshore
earthquake locations as well as improved seismic hazard assessment through, for example, CyberShake seis-
mic hazard model calculations (Graves et al., 2011).

Body-to-surface wave scattering appears to exist widely for various incident wave types. An examination of
seismograms following the SS arrivals on the tangential component shows similar scattered Love waves
(Figure S6), suggesting that the scattering process is not strongly dependent on the incident angle.
Furthermore, scattered Rayleigh waves (slowness ~35 s/°) are also observed following the arrivals of both
direct P and SV on vertical components (Figure S7). But their amplitudes are much smaller than those of
Love waves. Interestingly, Furumura et al. (1998) observed stronger scattered Rayleigh than scattered Love
waves for waves that travel across the borderland between Australia and the west Pacific subduction zone.
They found that scattering occurs at the ridge region, and thick sediments can significantly amplify
Rayleigh waves. The difference in these two cases thus may result from different path effects in these two
tectonic settings.

Seismic scattering can potentially be misinterpreted in either earthquake source studies or structural images.
For the former, Yue et al. (2017) recently reported a case in which strong water reverberations near oceanic
trench could be identified erroneously as an isolated seismic event. For the latter, scattered Love waves, if not
recognized, may be incorrectly assumed to be top side Swave reflections from subsurface discontinuities fol-
lowing the primary SH arrival. And, for example, these arrivals may lead researchers to incorrectly infer the
presence of a slab near the plate boundary.

The ability to detect and locate seismic scatterers using array technique and back projection turns noise-like
scattering into desired signal, and it provides a way to directly image strong heterogeneities that are usually
difficult to resolve in traditional seismic tomography. The methodology in this study can essentially be
applied to other seismic arrays, such as the EarthScope Transportable Array, to image potential scatterers
on a broader scale.

6. Conclusions

In this study, we observe strong coherent phases following the teleseismic SH arrival from a deep-focus event
that occurred in the Tonga-Kermadec-Fiji subduction zone. Array analysis of broadband waveforms recorded
by SCSN suggests that these coherent phases are scattered Love waves propagating at roughly the same
azimuth as the incident SH wave. Back projection suggests that the strongest phase arrivals are scattered
from geologic structures in the Continental Borderland, including the Patton Escarpment where bathymetric
relief is most profound. Basins within the Continental Borderland, such as the Santa Cruz Basin and the San

Geophysical Research Letters 10.1002/2017GL075213

YU ET AL. S. CALIFORNIA SH-TO-LOVE SCATTERING 10,214



Nicolas Basin, are also strong scatterers. Our 2-D finite-difference simulation reproduces the arrival times and
amplitudes of scattered Love waves from the Patton Escarpment.
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