Bulletin of the Seismological Society of America, Vol. 95, No. 4, pp. 1346-1358, August 2005, doi: 10.1785/0120040107

Estimating Shear-Wave Splitting Parameters from Broadband Recordings

in Japan: A Comparison of Three Methods

by Maureen D. Long and Rob D. van der Hilst

Abstract The goal of this study was to evaluate the performance of different
splitting measurement techniques in the particularly complicated tectonic setting of
subduction beneath Japan. We use data from the broadband Japanese F-net array and
consider the methods of Silver and Chan (1991), Levin ef al. (1999), and Chevrot
(2000). We find that the results generally agree well, although discrepancies arise if
the anisotropy beneath the station is more complex than the simple single-layer an-
isotropic model often assumed in splitting studies. A combination of multichannel
and single-record methods may serve as a powerful tool for recognizing complexities
and for characterizing upper-mantle anisotropy beneath a station.

Introduction

Measurements of seismic anisotropy, a phenomenon in
which the velocity of a seismic wave depends on its polar-
ization or propagation direction, can potentially illuminate
important questions about deformational processes in the
Earth. Upon propagation through an anisotropic medium, a
shear wave will be split into a fast and a slow component
and will accumulate a delay time between the orthogonally
polarized components (Keith and Crampin, 1977). The fast
direction ¢ represents the polarization direction of the fast
shear wave, and the delay time Jf represents the time differ-
ence between the fast and the slow arrivals. If the relation-
ships between tectonic processes and strain and between
strain and anisotropy are known, then shear-wave splitting
measurements can provide us with information about causes,
mechanisms, and consequences of deformation in the Earth
(Silver, 1996; Park and Levin, 2002). Studies of upper-
mantle anisotropy (and its relationships with deformation
and tectonics) from shear-wave splitting observations have
become popular in the last two decades (e.g., Ando et al.,
1983; Silver and Chan, 1988; Vinnik et al., 1989; Savage
and Silver, 1993). Splitting observations are an unambigu-
ous indicator of anisotropy (Babuska and Cara, 1991) and
avoid the inherent trade-off between anisotropy and lateral
wavespeed heterogeneity of direction-dependent travel-time
measurements and surface-wave studies (e.g., Forsyth, 1975;
Simons et al., 2002). However, the measured splitting pa-
rameters for a single shear phase represent a path-integrated
picture of anisotropy; without additional information it is
not possible to infer where along the path the anisotropy is
located.

Although shear-wave splitting studies are a powerful
and popular method for characterizing upper-mantle aniso-
tropy and deformation, the measurement of splitting param-

eters from broadband recordings of shear phases is not
entirely straightforward. Typical split times due to upper-
mantle anisotropy average ~1 sec and range up to 2.0-2.5
sec (Savage, 1999); this is much smaller than the character-
istic periods of phases used to probe upper-mantle aniso-
tropy (core-refracted SKS-type, and teleseismic direct S
phases). Therefore, the split shear waves usually do not
achieve a clear separation on the horizontal components. Ad-
ditionally, most shear-wave splitting measurement methods
rely on the simplifying assumption that the measured phase
has passed through a single anisotropic layer with a hori-
zontal axis of symmetry. If this condition is violated, then
the measured splitting parameters are merely apparent mea-
surements and their variation with respect to parameters such
as backazimuth and angle of incidence must be examined.

Several different methods have been developed to mea-
sure shear-wave splitting parameters from broadband rec-
ords. Silver and Chan (1988, 1991) developed a method that
measures splitting parameters from a single horizontal-
component recording that grid-searches for the best-fitting (¢,
ot) that produces the most nearly singular covariance matrix
between the splitting-corrected horizontal components. A
similar method, based on maximizing the cross-correlation
between corrected components, has been used by Fukao
(1984), Bowman and Ando (1987), and Levin et al. (1999).
Recently, Chevrot (2000) developed a method that estimates
the splitting parameters (¢, Jf) from the relative amplitudes
of the radial and transverse seismogram components as a
function of incoming polarization angle. In addition to the
different measurement methods used, shear-wave splitting
studies often differ in key aspects of data processing, such
as filtering schemes, windowing of the seismic phase of in-
terest, and treatment of the instrument response.
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This study was motivated by observations of several
researchers (e.g., Levin et al., 1999, 2004; Menke and Levin,
2003) that different measurement methods can give substan-
tially different results; these differences have been attributed
in part to complex anisotropic structure beneath the stations
(in this article, we use the term “complex anisotropy” to
describe any anisotropic structure that is more complicated
than a single, laterally homogenous, horizontal anisotropic
layer). Most comparisons among measurement methods
have relied on synthetic data or have been fairly qualitative.
Here, we evaluate the performance of different methods
when applied to broadband seismic data from two stations
of the F-net network in Japan, a particularly complicated
tectonic region. Studies of shear-wave splitting are becom-
ing increasingly common, but the performance of splitting
measurement techniques are usually not evaluated in detail
before their application to complex regions. Our aim here is
to evaluate differences among splitting measurement meth-
ods in this particularly complex region before these splitting
techniques are applied across the rest of the array.

Studies of shear-wave splitting due to upper-mantle
anisotropy most commonly use core-refracted shear phases
such as SKS, PKS, and SKKS. Core-refracted phases have
two important advantages for shear-wave splitting. First,
there is no contamination from near-source anisotropy; split-
ting must be due to anisotropic signal between the core-
mantle boundary (CMB) and the receiver. Second, the initial
polarization of the incoming wave is constrained by the P-
to-SV conversion at the CMB. The nearly vertical incidence
of SKS-type phases severely limits the depth resolution of
splitting measurements, however, and the backazimuthal
coverage at individual stations for SKS-type phases is often
poor. These disadvantages can be ameliorated by the addi-
tion of direct S phases from teleseismic events; however,
contamination from source-side anisotropy must then be as-
sessed and accounted for.

In this study we examine shear-wave splitting at two
stations from F-net, a network of broadband stations in Ja-
pan. This is part of a larger effort to characterize anisotropy
and mantle deformation beneath Japan using shear-wave
splitting measurements (Long and van der Hilst, 2005). The
primary objective of this article is to evaluate and compare
different shear-wave splitting measurement methods applied
to real seismic data in a complicated region. Both stations
have been in operation since 1995 and provide clean, high-
quality data; additionally, the data coverage with respect to
backazimuth and/or incoming polarization azimuth and in-
cidence angle is excellent. We wish to answer several ques-
tions. For ideal stations, with good data coverage and signal-
to-noise ratio, do different splitting methods yield the same
best-fitting splitting parameters? Do different methods give
us consistent insight into the nature of anisotropy beneath
the station? Can we achieve reliable shear-wave splitting
measurements in a complex region and be sure that our char-
acterization of anisotropy is not dependent on the measure-
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ment method used? What are the advantages and disadvan-
tages of each method? Can different measurement methods
yield ambiguous or even contradicting results? If so, what
are the implications for the inferred anisotropic models? Do
the methods respond differently to changes in preprocessing
procedure, such as the use of different filtering schemes?

In designing this study, we have chosen a subset of
available splitting methods to evaluate. Many methods have
been developed to constrain anisotropic models beneath
seismic stations, such as those of Wolfe and Silver (1998),
Rumpker and Silver (1998), Restivo and Helffrich (1999),
and Menke and Levin (2003). We have selected three mea-
surement methods that make relatively few assumptions
about the anisotropic structure beneath the station, and we
test if a consistent picture of anisotropy emerges with each
of the measurement methods and if the use of different meth-
ods can lead to different and useful insights.

Splitting Measurement Methods

The Silver and Chan (1991) Method
(Hereinafter SC1991)

This method operates upon the principle that the best-
fitting splitting parameters ¢ and J¢ correspond to a certain
inverse splitting operator that best linearizes the S-wave par-
ticle motion when the effect of the anisotropy is removed.
In order to find the best splitting parameters, a grid search
over possible (¢, df) values was performed. Vidale (1986)
demonstrated that the inverse splitting operator can be found
from the time-domain covariance matrix of the horizontal
particle motion. If the (orthogonal) horizontal components
make angles of ¢ and ¢ + = with the wave’s polarization
vector p, and the time lag is given by Jt, the covariance
matrix C; between the (orthogonal) horizontal components
u is given by

C = Cy(p, o) = f u;(Ou;(t — ondt; i,j, = 1,2.

A quantitative measure of the linearity of the particle motion
is given by the eigenvalues of C. For the isotropic case, the
S-wave particle motion is linear and C will have one nonzero
eigenvalue; in the presence of anisotropy, C will have two.
Therefore, the inverse splitting operator that best corrects for
the presence of anisotropy will result in a corrected horizon-
tal covariance matrix that is most nearly singular. The most
nearly singular corrected covariance matrix is found by max-
imizing A, (the larger eigenvalue), or from an equivalent
eigenvalue-based measurement of linearity. Errors are esti-
mated using a Fischer test formulation. We use a value of
one degree of freedom per second; this is based on the rule
of thumb given by Silver and Chan (1991) that assumes a
stationary noise process and estimates the degrees of free-
dom directly from broadband data.
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The Cross-Correlation Method (e.g., Levin et al.,
1999; Hereinafter LMP1999)

The cross-correlation method used by Fukao (1984),
Bowman and Ando (1987), Levin et al. (1999), and others
is very similar in concept to SC1991. This method also uses
a grid search to find the pair of splitting parameters (¢, of)
that corresponds to the most nearly singular covariance ma-
trix. However, the measure of linearity used in the correla-
tion method is not the maximization of A, but the minimi-
zation of the determinant of the covariance matrix. This is
mathematically equivalent to maximizing the cross-correla-
tion between the horizontal components (Silver and Chan,
1991). This maximization of the cross-correlation can be
visualized as searching for the inverse splitting operator that
maximizes the similarity in the pulse shapes of the corrected
seismogram components (Levin et al., 1999). In other words,
this method tries to accommodate the prediction that the S
wave, after traveling through an anisotropic medium, should
be composed of two orthogonally polarized pulses with
identical shape, but time-delayed with respect to one other.
Measurements of splitting parameters using the LMP1999
technique presented in this article were made using an im-
plementation of the cross-correlation algorithm as presented
by Levin et al. (1999). Uncertainties in the splitting param-
eters are computed using the metric described by these au-
thors and are based on the deviations from perfect cross-
correlation (presumed to be caused by stochastic noise in the
seismograms) for the best-fitting splitting parameters.

The Chevrot (2000) Method (Hereinafter C2000)

The above methods can be referred to as single-record
methods. The multichannel method developed by Chevrot
(2000) takes a very different approach to estimating splitting
parameters. It is based upon the predicted variation of the
amplitudes of the transverse components with incoming po-
larization angle (equivalent to the backazimuth for SKS-type
phases). For the case where Jt is small compared to the dom-
inant period of the waveform, the radial and transverse com-
ponents for a vertically incident shear pulse with waveform
w(t) and polarization p are given by (Silver and Chan, 1988;
Chevrot, 2000).

R ~ w()

T(t) ~ — A0t sin2Bw' (1),

where w'(7) is the time derivative of the radial waveform
w(t), and f is the angle between the fast axis ¢ and the in-
coming polarization direction p. In the C2000 method, the
amplitude of the transverse component relative to the deriv-
ative of the radial component is referred to as the splitting
intensity; the azimuthal dependence of the splitting intensity
is referred to as the splitting function; and the splitting vector
is the ensemble of estimates of the splitting function ob-
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tained at different incoming polarization angles represented
in the data set for a certain station. When a plot of the split-
ting vector is produced, the best splitting parameters are es-
timated by fitting a sin(26) curve to the splitting vector. The
amplitude of the sinusoid gives the best-fitting delay time,
and the fast axis can be inferred from the phase of the si-
nusoid at the origin. An illustration of the variations in trans-
verse component amplitude with incoming polarization is
given in Figure 1, in which radial and transverse components
for shear arrivals at F-net station TKA with similar incoming
polarization angles have been stacked in 20° bins.

Data

In this study we utilize data from two broadband stations
in the F-net network. Station SGN is located near Tokyo, in
central Honshu, and station TKA is located in southern Kyu-
shu (Figure 2). Both stations have been in operation since
1995; the measurements presented in this article come from
data collected between 1995 and 2002. We selected clean
recordings of teleseismic S phases (in the 40°-80° epicentral
distance range), SKS (85°-120°), and SKKS (beyond 105°),
as well as slab events located directly beneath the stations.
An event map is shown in Figure 3. We restricted our use
of direct S phases to deep (>200 km) events to reduce con-
tamination from source-side anisotropy for teleseismic S and
to ensure that we sampled as much of the upper mantle as
possible for local S. We have extensively tested our F-net
splitting measurements to show that source-side contami-
nation from direct teleseismic S phases is not a major factor
in this data set. In these tests, we looked for systematic vari-
ation in measured splitting parameters due to variations in
source depth or region. With the exception of a few inter-
mediate-depth events from the Tonga subduction zone,
which were subsequently removed from the data set, we
found no evidence for systematic source-side contamination.
These tests are described in detail by Long and van der Hilst
(2005). With the use of direct S phases in addition to core-
refracted phases we ensured that our data set covers a wide
range of backazimuths, initial polarization azimuths, and in-
cidence angles. Good data coverage in terms of initial po-
larization azimuths is necessary for the implementation of
the multichannel method; additionally, good coverage in
terms of all three parameters is necessary to gain sensitivity
to structures more complex than a single horizontal aniso-
tropic layer.

All of the broadband data were bandpass filtered using
a 4-pole Butterworth filter with corner frequencies at 0.02
Hz and 0.125 Hz. In order to implement the multichannel
method, the two horizontal components were rotated by the
measured incoming polarization angle to separate the radial
and transverse components. For all phases the initial polar-
ization angle (direction of maximum polarization) was mea-
sured directly from the seismogram. This was done by com-
puting the direction of maximum polarization using a
covariance measure; see Vidale (1986). Although the shear-
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Figure 1. Tllustration of the multichannel method using data from F-net station
TKA. In the left panel, radial-component traces for a variety of incoming polarization
angles are shown. Traces are stacked in 20° polarization angle bins, and radial-trace
amplitudes have been normalized to 1. In the right panel, the corresponding stacked
transverse traces are shown. To the left of the traces is the incoming polarization angle
range; to the right of the traces is the number of records in the stack. The dependence
of the transverse component on incoming polarization angle is clearly shown.

Figure 2. A station map for F-net. Stations
in the network are marked with small circles;
the two stations examined in this study, SGN
and TKA, are marked with large triangles.
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wave particle motions are elliptical due to the effect of split-
ting, the direction of maximum polarization can be retrieved
because the splitting times are much smaller than the dom-
inant period of the incoming phase. For SKS and SKKS
phases, which generally had smaller signal-to-noise ratios

than the direct S phases, the measured incoming polarization
angle was compared to the backazimuth. The vast majority
agreed to within 10°, and those records that did not (due to
low signal-to-noise ratio or phase misidentification) were
discarded. The rotated horizontal traces were then standard-
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Figure 3.  Local and teleseismic events used

in this study.

ized by a deconvolution of the radial waveform from the
radial and transverse components. For all records the shape
of the transverse waveform was compared to the time deriv-
ative of the radial waveform, and traces for which the trans-
verse waveform did not match the predicted shape were dis-
carded. In this way, all records were visually checked for
satisfactory signal-to-noise ratio and waveform clarity. Seis-
mograms for an SKS arrival recorded at station TKA in vari-
ous stages of processing are shown in Figure 4.

Splitting Measurements for F-net Stations

Station TKA

At station TKA we identified 36 very high quality re-
cordings of shear phases from which we measured shear-
wave splitting (28 teleseismic S, 5 local S, 2 SKS, 1 SKKS).
Measured splitting parameters from each of the three meth-
ods are shown in Figure 5; for each method, the measure-
ments are plotted as a function of incoming polarization az-
imuth. The C2000 splitting vector exhibits a striking sin(20)
dependence, although there is some scatter in the best fit to
the data that is larger in amplitude than the size of the 2o
formal error bars. However, a fit of a sin(260) curve to the
splitting vector allows us to retrieve best-fit splitting param-
eters of p = 49.9° + 1.4°, 6r = 0.60 sec + 0.03 sec. The
good fit of a sin(26) curve to the splitting vector TKA dem-
onstrates that the C2000 method works well with the two
modifications we have introduced: (1) the use of direct S
phases in addition to SKS-type phases and (2) the use of
splitting intensity measurements from individual records in
the construction of the splitting vector rather than stacking
several measurements in each backazimuthal window. In-
deed, several studies (e.g., Schulte-Pelkum and Blackman,
2003) have demonstrated that stacking or averaging splitting
measurements in backazimuthal windows results in a loss of
sensitivity to complex anisotropic structure.

The results from the LMP1999 and SC1991 measure-
ments are also plotted as a function of incoming polarization
azimuth in Figure 5. It should be noted that there are fewer
usable measurements for these two methods than for the

multichannel method. This is due to the different treatment
of null splitting measurements by the two classes of method.
Measurements of little or no splitting are easily incorporated
using the C2000 method, because these are simply repre-
sented by splitting intensities close to zero. Null splitting is
represented on the plots of single-record measurements with
crosses; however, splitting parameters cannot be extracted
from records with null or near-null splitting using the single-
record measurement methods. The average split times ob-
tained with single-record methods tend to be larger than the
ot obtained with the multichannel method; moreover, both
single-record methods have a tendency to obtain unreason-
ably large split times for some records with small amplitudes
on the transverse components [this phenomenon has been
observed by several other authors, including Silver and Chan
(1991) and Levin et al. (1999)]. In general, however, the
three methods yield comparable average splitting measure-
ments for station TKA, and the splitting patterns obtained
with all three methods are generally consistent with a single-
layer model of anisotropy beneath station TKA.

Station SGN

Splitting results for station SGN are shown in Figure 6.
At this station we obtained measurements for 21 teleseismic
S recordings, 3 local S, 9 SKS, and 5 SKKS. The splitting
vector obtained with the multichannel method deviates more
from a simple sin(26) variation than the vector at station
TKA. We can still fit a sin(26) curve to the splitting vector
and obtain splitting parameters (9 = —48.0° + 1.1°,0r =
0.57 sec = 0.03 sec), but the scatter in the data suggests a
deviation from simple anisotropy beneath this station. The
LMP1999 results at this station (Figure 6) also exhibit in-
triguing complexity; the plot of measured fast directions as
a function of incoming polarization angle reveals a clear 90°
periodicity, which is characteristic of two anisotropic layers
(Ozalaybey and Savage, 1994; Silver and Savage, 1994). It
is difficult to discern a clear periodicity in the LMP1999 ot
measurements, however, and these measurements also de-
viate significantly from the predictions of a simple aniso-
tropic model. SC1991, curiously, yields fewer stable mea-
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Figure 4.  Record of an SKS phase at station TKA in various stages of processing.
At top left, a raw, unfiltered three-component seismogram is shown. At top right, the
traces have been bandpass-filtered with corner frequencies at 0.02 Hz and 0.125 Hz,
and the expected travel times from the iasp91 earth model for SKS and SKKS are shown.
At bottom left, the filtered horizontal traces have been rotated by the backazimuth to
show the radial component (bottom trace) and transverse component (middle trace).
The radial component has been deconvolved from both horizontal traces to standardize
them. In the top trace, the transverse component is overlain with the time derivative of
the radial component. As expected, the transverse component has the shape of the radial
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component derivative.

surements at SGN than the LMP1999 method, and it does
not yield a 90° periodicity. The average Jr obtained with
SC1991 is significantly higher than the averages obtained
with the other two methods, and the formal errors for indi-
vidual SC1991 measurements are larger than the formal er-
rors for LMP1999 measurements.

Can we attribute the differences in splitting pattern be-
tween stations TKA and SGN to differences in data quality
or differences in source-side contamination from direct §
phases? We do not observe any difference in signal-to-noise
ratios between the two stations; TKA and SGN are both very
high quality stations, and only records with very clear, low-
noise shear arrivals are retained in this study. As discussed
in detail by Long and van der Hilst (2005), there is good
evidence that source-side contamination from direct S phases
is not a large factor in this splitting data set. Additionally,
we note that the source distribution for the two stations is
nearly identical; therefore, the character of source-side con-
tamination, if present, should not be different for the two
stations. A difference in the anisotropic geometry beneath

the two stations is therefore the most likely explanation for
the observed difference in splitting pattern. Because a 90°
periodicity is observed at station SGN, two distinct aniso-
tropic layers are likely present beneath this station.

Comparison of Results from Three Splitting
Measurements

We now compare more directly the splitting results
from the three different splitting methods at stations TKA,
where splitting is generally consistent with a simple aniso-
tropic model, and SGN, where the splitting patterns deviate
significantly from predictions of simple anisotropy, and
where a two-layer model may be needed to explain the data.
The three methods agree very well at station TKA. It is dif-
ficult to compare directly individual measurements from the
multichannel approach with those of the single-record meth-
ods, but a direct comparison of the SC1991 and LMP1999
measurements for station TKA is shown in Figure 7. We
find that for every recording for which both methods yield
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methods. Circles represent direct S phases, and triangles represent core-refracted
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methods. All measurements are plotted as a function of incoming polarization angle,
which is measured directly from the seismogram for S phases, and is equal to the
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but measured angles for events with backazimuths between 270° and 90° were adjusted
by adding 180° to the polarization angle. Therefore, arrivals with similar measured
polarizations coming from events with widely different backazimuths will plot 180°
apart on these diagrams. All error bars are 2¢.

a usable measurement, the measurements agree within their
formal 2¢ errors. (For the purpose of this comparison, we
adopt the very inclusive definition that a usable measurement
has a 2¢ error in the fast direction of less than = 45° and a
20 error in ot that is less than the magnitude of ot itself; that
is, the range of Jt values allowed by the data does not include
zero.) We can find some events for which the SC1991 mea-
surement yields a more tightly constrained estimate with
smaller formal errors than the LMP1999 method, but ex-
amples of the opposite can also be found.

At station SGN we also find that the average splitting
parameters obtained with each method agree fairly well, with
the exception of the large average ot obtained with the
SC1991 method. However, if we compare the two single-
record methods directly (Figure 8), we see that there are
several events for which the two methods yield measure-
ments that disagree. Additionally, SC1991 yields far fewer

usable measurements than the LMP1999 method. We pro-
pose that complexity in anisotropic structure (for instance,
the presence of two distinct anisotropic layers) produces
both the discrepancies between the two methods and the
smaller number of usable SC1991 measurements. The pres-
ence of multiple anisotropic layers, and therefore multiple
splitting that is measured as an apparent single-splitting mea-
surement (Silver and Savage, 1994), probably subtly distorts
waveforms such that the SC1991 method is more likely to
be unstable, and such that the two methods are more likely
to disagree.

We also test how the three methods respond to different
filtering schemes. Several studies have found that splitting
measurements can be frequency dependent (e.g., Clitheroe
and van der Hilst, 1998; Matcham et al., 2000) All data
presented so far in this paper were bandpass-filtered between
periods of 8 and 50 sec. To assess the effects of different
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filtering schemes on the splitting measurements, we exper-
imented with a variety of high-, low-, and bandpass filters.
Generally, we found that the measured fast direction did not
depend on the filtering scheme used, and that the first-order
effect on measured Jr values was to decrease the split time
when primarily high-frequency signals were used. To illus-
trate this, we show filtering tests on TKA data for each
method using high- and low-pass Butterworth filters with a
corner frequency of 0.2 Hz (5-sec period). The results of
these filter tests are shown in Figure 9. In general, fewer
usable measurements were made using the high- and low-
pass filtering schemes than with the bandpass filter. For the
multichannel method, the best splitting parameters obtained
with the low-pass filtering scheme (¢ = 53.5° + 2.4°, 0t =
0.54 sec £ 0.06 sec) were consistent with the results with
the original filter (p = 49.9° + 1.4°,6r = 0.60 sec = 0.03
sec), while the effect of the high-pass filter was to decrease
the amplitude of the sinusoid and increase the errors on the
individual measurements (¢ = 59.7° = 7.8° 0t = 0.24 sec
+ 0.07 sec). For the single-record methods, the most no-
ticeable effect of the high- and low-pass filtering scheme was
to dramatically decrease the number of usable measure-
ments, making rigorous comparisons difficult. It is not ob-
vious for the data used here that discrepancies between
high-, low-, and bandpass-filtered single-record measure-
ments are systematic. It seems that of the three methods con-
sidered here, the multichannel method is the least dependent
on the filter scheme used.

Discussion

With our analysis of the performance of three splitting
measurement methods at F-net stations SGN and TKA, we
have shown that each of the methods have distinct advan-
tages and disadvantages. The multichannel method of Chev-
rot (2000) provides a natural way of investigating the back-
azimuthal variations of splitting parameters that is associated
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Similar to Figure 7, but displaying splitting measurements for station SGN.

with complex anisotropic structure, as well as a natural way
of incorporating null splitting measurements into an aver-
aging scheme. Additionally, the multichannel method is
more robust against changes in frequency content than the
single-record methods. However, the multichannel method
has the disadvantage of requiring adequate data coverage in
backazimuth (or incoming polarization azimuth for direct S),
which is often impossible to achieve with SKS-type phases
alone and can be difficult to achieve even with the use of
direct S phases. Also, the multichannel method requires an
accurate measurement of initial polarization, which is
straightforward for SKS-type phases but less accurate for
direct S. The SC1991 method has the advantage of being
applicable to a single record, and it does not need an accurate
initial polarization measurement. Additionally, we have
shown that SC1991 sometimes outperforms the LMP1999
method on individual records. However, both single-record
methods are sensitive to the filtering scheme used, and both
have drawbacks regarding the definition of null splitting
measurements and their incorporation into averaging
schemes. The SC1991 method appears to yield fewer usable
measurements and larger error bars for stations that overlie
complex anisotropic structures (for example, multiple lay-
ers). The LMP1999 method yielded more usable measure-
ments than the SC1991 method at station SGN and can
sometimes outperform it on individual records even for sim-
ple stations (e.g., TKA). Aside from this, it shares many of
the same advantages and disadvantages of the SC1991
method.

Because each of the three methods has distinct advan-
tages and disadvantages, and because the most time-consum-
ing and labor-intensive part of making shear-wave splitting
measurements is not in the measurements per se but rather
in the data preprocessing and selection, it may be advisable
to use a combination of all three measurement methods. This
is especially true if the data suggest that the station is located
above complex anisotropic structure, where a combination
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(a) Results of filter tests for station TKA for the C2000 method. Each

plot shows the results yielded by three different filtering schemes—bandpass-filtered
between 0.02 and 0.125 Hz, high-pass-filtered at 0.20 Hz, and low-pass-filtered at

0.20 Hz.

of the multichannel and single-record methods can be es-
pecially powerful. The LMP1999 method seems to outper-
form the SC1991 method at stations overlying complex
anisotropic structures, but SC1991 can occasionally yield
better-constrained estimates than the LMP1999 method for
individual records. Therefore, the application of both the
SC1991 and LMP1999 methods increases the number of us-
able measurements at a given station.

In situations where the anisotropic structure beneath the
station is complex, the average splitting parameters obtained
either by taking a weighted average of individual single-
record measurements or by fitting a sin(26) curve to the
multichannel splitting vector may have little physical mean-
ing. However, a qualitative comparison of the multichannel
and single-record methods can be very useful, as each
method can yield different insights upon visual inspection.
In addition, the differences in splitting behavior between sta-
tion TKA and station SGN suggest that a quantitative com-
parison of the single-measurement methods (SC1991 and

(continued)

LMP1999) can increase confidence in individual splitting
measurements for stations in regions that may overlie com-
plex geological structures. Discrepancies between measured
splitting parameters outside the 2o confidence intervals in-
dicate that (1) complex anisotropy is likely, and that good
coverage in incoming polarization angle is needed to fully
characterize the anisotropy, and that (2) the individual re-
cords exhibiting discrepancies should not be included in the
interpretation of the splitting parameters. This allows the an-
alyst to discard questionable measurements and thus instills
more confidence in the results.

In the case of the stations discussed in this article, the
combination of measurement methods and good data cov-
erage allow us to characterize the anisotropic structure be-
neath TKA and SGN with a high degree of confidence. Sta-
tion TKA, which is located at the northernmost part of the
Ryukyu arc (Figure 2), exhibits a splitting pattern that is
consistent with a single anisotropic layer, and we find a fast
direction that trends northeast—southwest. This direction,
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(continued) (b) Results of filter tests with the SC1991 method for each of

the filtering schemes discussed above. The horizontal lines on each plot indicate the
average splitting parameters obtained with the C2000 method for each frequency

band.

parallel to the strike of the Ryukyu trench and perpendicular
to the direction of convergence at the Ryukyu arc, is con-
sistent with the fast directions at other Ryukyu arc stations
(Long and van der Hilst, 2005). Station SGN is located in a
more tectonically complicated region and overlies a region
of complicated slab morphology (see Long and van der
Hilst, 2005, and references therein) The more complicated
splitting pattern exhibited at station SGN, and the existence
of discrepancies among the splitting measurement methods
at this station, are consistent with a two-layer anisotropic
model.

Summary

We have evaluated the performance of three different
methods of estimating shear-wave splitting parameters from
broadband recordings from the two considered Japanese sta-
tions. We generally find that the three methods agree well
with each other, although the presence of complex aniso-

(continued)

tropy (inferred from backazimuthal variations in apparent
splitting parameters) beneath the seismic station can intro-
duce discrepancies among the methods. The Silver and Chan
(1991) method seems particularly affected by the presence
of complex anisotropy beneath the station. We find that the
multichannel method of Chevrot (2000) is more robust when
the data are subjected to different filters than the single-
record methods of Silver and Chan (1991) and Levin et al.
(1999). We conclude that a combination of multichannel and
single-record methods can serve as a powerful tool for char-
acterizing anisotropy beneath a seismic station, especially in
the presence of anisotropic structure that is more complex
than a simple single, horizontal anisotropic layer model.
Specifically, a comparison among the three methods can
help identify stations that overlie anisotropic structure that
is more complex than a simple, horizontal anisotropic layer,
and the analysis of discrepancies between single-record
SC1991 and LMP1999 measurement methods can help
identify individual measurements that are unreliable.
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