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Abstract

Surface-wave dispersion maps provide important constraints on global models of shear-wave velocity structure.
Current surface-wave dispersion maps show significant differences from researcher to researcher, and it is clear that
further work is required. In addition to dispersion data, polarization measurements obtained from long-period (100 s
or more) three-component recordings from the various global networks can also be used to constrain dispersion
maps. The off great circle propagation of the surface-wave packets is relatively easy to interpret within a
ray-theoretic framework, and provides sensitivity to higher-order structure. The polarization angles as a function of
frequency are readily measured using a multi-taper technique, which also has the benefit of providing an error
estimate for the measurements. Application of the technique to three-component seismograms from the global
GEOSCOPE array reveals large deviations from great circle propagation (up to 15° for low-orbit Love waves and 10°
for Rayleigh waves in the frequency band 5-12.5 mHz). On a more regional scale, an analysis of seismograms from
the German Regional Seismic Network (GRSN) reveals even larger, strongly frequency-dependent deviations from
great circle propagation in the frequency range 10-50 mHz.

1. Introduction depth resolution of upper-mantle structure, al-

though the lateral resolution is good. This defi-
ciency can, in principle, be remedied by adding
surface-wave dispersion data to the inversion or,

.

Recent efforts at modelling the 3D shear-wave
velocity structure of the whole mantle using both

long-period body waves and free oscillation struc-
ture coefficients have demonstrated that large-
scale structure can be fairly well resolved in the
lower mantle (Masters et al., 1992). On the other
hand, the current datasets give relatively poor

* Corresponding author.

equivalently, by modelling long-period surface-
wave waveforms (e.g. Woodhouse and Dziewon-
ski, 1984; Woodward et al., 1993). We prefer the
use of dispersion data to waveform modelling, as
errors are more easily assigned to dispersion data
and an independent ecvaluation of a proper
parametrization for upper-mantle structure is
possible.
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We anticipated that the surface-wave disper-
sion maps which exist in the literature could be
used in our inversions, but we have found that
there is considerable variation between the maps
of different researchers. For example, a compari-
son of the Love wave phase velocity maps of
Wong (1989) and Montagner and Tanimoto (1990)
at a period of 156 s is shown in Fig. 1. The
Montagner and Tanimoto map is shown trun-

MONTAGNER, LOVE, T=156 SEC, LMAX=15

Fig. 1. Love wave phase velocity map (top panel) for a period
of 156 s from Montagner and Tanimoto (1990) up to degree
15. For better comparison with Wong’s (1989) map (bottom
panel), the spherical harmonic expansion has been truncated
at /=12 in the middle panel. Large-scale characteristics are
similar but there is a great difference in amplitude. The maps
are percentage perturbations.

cated to degree 12 in the middle panel to allow a
direct comparison with the Wong map. The am-
plitude of the Wong map is about a factor of 1.5
times that of the Montagner and Tanimoto map
(this is also true at a period of 192 s), and many
of the features of the maps are different. Fig. 2
shows the correlation between the two maps at
both 156 and 192 s. The correlation is remarkably
good until degree 6, but falls off rapidly for
higher harmonics. The differences between such
maps have led to large differences in the inferred
structures, implying profoundly different inter-
pretations of the underlying dynamics (Zhang and
Tanimoto, 1992; Su et al., 1992).

It is obviously important to improve our under-
standing of surface-wave propagation, although it
is not clear how much improvement, particularly
of short-wavelength structure, can be obtained
using classical dispersion analysis. It is well known
from previous work (e.g. Masters et al., 1984; Lay
and Kanamori, 1985) that long-period surface
waves are significantly laterally refracted by het-
erogeneity in the mantle. The resulting phase and
amplitude anomalies have been investigated in
the past, and a theoretical framework has been
developed for their interpretation (Woodhouse
and Wong, 1986). The number of high-quality,
Iong-period three-component seismograms re-
corded by the various global networks is now
sufficiently large to attempt a global analysis of
surface-wave polarization. Polarization angles are
relatively straightforward to measure and surface-
wave ray tracing can be used to interpret such
data in terms of a phase velocity map (Woodhouse
and Wong, 1986). Polarization analysis can be
performed in a real (Jurkevics, 1988) or complex
framework (Vidale, 1986), and can be measured
as a function of time and frequency (Paulssen et
al., 1990). We use the multi-taper technique,
which was developed by Park et al. (1987a) and
has already been applied successfully in investiga-
tions of high-frequency body waves (Park et al.,
1987a,b) and for Airy phases of surface waves in
the period range 10-30 s (Lerner-Lam and Park,
1989). The method gives an estimate of the qual-
ity of the observed signal (in the sense that it can
be described by a polarization ellipse) and can
suppress bias caused by the presence of incoher-
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ent noise—a feature which cannot be imple-
mented in most other techniques.

In the following sections, we describe the
multi-taper polarization analysis (MTPA) and in-
troduce a complete formulation for the interpre-
tation of the numerical results in terms of a
polarization ellipse oriented arbitrarily in 3D
space. The polarization parameters are discussed
in detail for two source—receiver configurations
of the global GEOSCOPE broadband network
(Romanowicz et al., 1984). Ray tracing experi-
ments were carried out for these cases and are
compared with the measurements. Polarization
angles were measured for 81 events recorded on
the GEOSCOPE network and are compared with
ray tracing results using two of Wong’s (1989)
phase velocity maps. In a regional study of seis-
mograms from the German Regional Seismic
Network, a method is introduced which utilizes
the dispersive nature of the surface waves to
improve the polarization analysis. It is found that
this method is extremely useful in investigations
of Rayleigh waves on the global scale as well.

Love waves, T=156 and

113

2. Polarization analysis: the method

If particle motion is confined to a plane in 3D
space, it can be described by the complex polar-
ization vector £, where the two real vectors Re(2)
and Im(2) span the plane of motion. Following
Park et al. (1987b), 2 can be found by investigat-
ing the eigenstructure of the spectral density ma-
trix S(f) of a three-component time series x(¢)
=(x,X,,%x3). The right-handed coordinate sys-
tem used in this study is defined by the three
basis vectors é,, é,, and é,, with €, being vertical
and pointing up and é, pointing in the radial
direction away from the source (Fig. 3). A
smootAhed estimate of the spectral density matrix
S is S(f) (Samson, 1983a,b), where

S(F) =y*(F)v(f)

with y;(f) being the discrete Fourier transform
of the tapered time series xj(t). Using the multi-
taper technique of Thomson (1982), each of the
three components of a seismogram is multiplied
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Fig. 2. Correlation between the map of Wong and that of Montagner and Tanimoto as a function of harmonic degree at a period of
156 s (solid line) and 192 s (dashed line). The 99, 95 and 90% confidence levels are also shown. The correlation is very good for low

harmonic degrees up to /= 6.
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®.?V

®?H
Fig. 3. Polarization ellipse and definition of angles obtained
by the MTPA. é,, é,, ¢, describe a right-handed coordinate
system, with é; pointing up and &, pointing in the radial
direction. @55 is the angle between the major axis of the
polarization ellipse and the vertical, @5 is the azimuth of the
major axis, measured clockwise from the radial direction
(away from the source), and @, is the azimuth of the major
axis of the motion in the horizontal plane. @5, and @, are,
in general, different.

by a taper of the set of K prolate spheroidal
wave function eigentapers (Slepian, 1978):
1 N-1 .
Vi (f) = No Y w®x(nr) e="m2 (1)
T n=0
where 7 is the sampling interval and w® is the
nth value of the kth eigentaper with 0 <k <K —
1.

The tapers are the solution to the eigenvalue
problem which results from minimizing the spec-
tral leakage outside of a chosen frequency band
(see Park et al. (1987a) for details). The number
K is defined by the desired resolution in the
frequency domain. As the tapers are orthogonal,
the K spectral estimates y,.; for component j are
independent and the contribution of random, in-
coherent signals to the final estimate of the polar-
ization parameters is reduced. The spectral esti-
mates y,.; are used to construct a matrix M(f):

Youlf) Yool f) Yoa([f)

M(f) = 3:’1;1(f) 3:’1;2(]0) ?’1;3(]6)

).)K—l;l(f) ).)K—I;Z(f) ).)K—l;3(f)

The multi-taper estimate of the 3 X 3 spectral
density matrix is then

A 1
Sulf) =M (NIM(f)

where the dagger denotesAHermitian transpose.

The eigenstructure of §,,(f) is investigated by
a singular value decomposition (SVD) of the ma-
trix M. For a well-defined polarization, one sin-
gular value is much larger than the other two,
d, > d,, d; (if normalized, d, ~ 1; d,, d; = 0). In
this case, the rankA of §,, is roughly unity and the
singular matrix §,, can be approximated in a
least-squares sense by a vector (Horn and John-
son, 1991, Chapter 7.4) which is the product of
the complex right eigenvector 2 corresponding to
the largest singular value of M and a complex
scaling factor ¢, where 6 has to be determined.
The physical meaning of 6 is straightforward.
The two real vectors Re(2) and Im(2) define the
plane of motion in real 3D space, but they are
not vet aligned with the major and minor axes of
the polarization ellipse. These axes are defined as
the direction of extremal amplitudes in the plane
of motion. The rotation angle 6 is chosen to
achieve this alignment by maximizing or minimiz-
ing (Fig. 4)

|Re(2 e[, 0=2mft )

As is well-known, polarization parameters are
easily interpretable only in the case of a well-de-
fined polarization. A second nonzero singular
value, d, = d, > d, is characteristic of the pres-
ence of another coherent seismic signal which is
orthogonally polarized to the motion correspond-
ing to d;. Its motion is confined to a plane
perpendicular to the plane of the first signal’s
particle motion. It is clear that this can only be a
mathematical model, as we know that different
phases (e.g. reflected or refracted phases) or
waves of different type are not necessarily orthog-
onally polarized after travelling in a complicated
medium. However, even for the ‘well-polarized
case’, the results have to be interpreted extremely
carefully. For example, if two signals of different
polarization are stationary or have similar travel
times (e.g. multipathing of surface waves), the
particle motion of the signals is not separable and
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Fig. 4. Location of the polarization vector Z in the complex
plane. The two real vectors Re(2) and Im(2) span the plane in
which particle motion is confined. The tilt ©5; is defined as
the angle between vector b (which is the unit normal vector of
the ellipse) and vector ¢ = Re(2')x é; (which lies in the hori-
zontal plane). Vector ¢ can be understood as the location of
the vector b of the vertically oriented ellipse before rotation
about the major axis by ©;7.

the SVD will determine only one nonzero singu-
lar value and hence one polarization vector which
describes the superposition of both signals. Ex-
periments with synthetic seismograms also show
that spectral leakage effects might mimic the
presence of additional coherent signal. As
higher-order tapers suffer more from lack of re-
sistance to spectral leakage, choosing a proper
window length and the optimal set of tapers (and
an adequate number of tapers) is essential.

If several nonstationary but coherent signals
are present in the time interval of interest, tech-
niques have to be found to suppress bias from
unwanted signals. Pollitz and Hennet (1993)
changed the shape of the tapers to reduce the
contribution of Love wave energy when the parti-
cle motion of Rayleigh waves is being investi-
gated. This method is very efficient when study-
ing Airy phases. We will show in the regional
study that a simple moving window technique is
also effective for investigating dispersed signals.

3. Polarization angles, type and quality
In the ideal case of only one nonzero singular

value, elliptically polarized motion is the most
general model of particle motion, and the two

real vectors Re(£) and Im(2) span the plane in
3D space to which particle motion is confined.
The major axis of the polarization ellipse is al-
lowed to have an angle @, with the vertical (Fig.
3). The condition for the orientation of the major
axis is Eq. (2) being a maximum.

When considering only two components (e.g.
the two horizontal components), the polarization
with respect to the plane spanned by these com-
ponents can be easily determined. The condition
for motion in the horizontal plane and the defini-
tion of its polarization vector has been given by
Park et al. (1987b), and is similar to Eq. (2) with
vector Z being in the horizontal plane. For linear
motion, it is clear that the major axis of the
degenerate polarization ellipse in the horizontal
plane is simply the horizontal projection of the
3D particle motion’s major axis. For elliptical
motion where €, lies in the plane of motion, the
motion in the horizontal plane is degenerate to a
linear motion and its azimuth ©,,, is the same as
the azimuth of the horizontal projection of the
major axis of the ellipse in 3D space, ®;4. In
general, however, when the polarization ellipse is
rotated about all three coordinate axes, @,; is
different from the actual azimuth of particle mo-
tion @, (Fig. 3), and measurement of @, is
necessary to find the true direction of maximum
amplitude of particle motion in 3D space.

To describe fully the orientation of the polar-
ization ellipse we need a third angle, as three
angles are necessary for a complete description of
the rotation of a rigid body in 3D space. If
0, # 0, the first two angles are 05, and 0O,
and the third is ©,,, the rotation of the polariza-
tion ellipse about its major axis, which is shown in
Fig. 4. Let us call this angle the tilt, as it de-
scribes the angle between the plane of the parti-
cle motion in 3D space and the plane spanned by
the vertical and the major axis. It should be noted
that @, is not defined and that ©;,=0,,
when 0, is zero. Formally, @, is the angle of
the normal of the ellipse, b, and a vector ¢, which
lies in the horizontal plane (¢ L é,) and is perpen-
dicular to the major axis Re(2).

To evaluate the semiaxes of the 3D ellipse, we
solve the least-squares problem (2) and define 6,
as the value for 6 closest to zero which imple-
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ments Re(£)) < 0. The vector of the major axis of
the polarization ellipse is (Fig. 4)

Z' =2 exp(—if,)

The minus sign expresses rotation of the coordi-
nate system counter-clockwise so that the axes of
the ellipse and the coordinate axes are aligned.
The minor axis is

m
2'=Zexp(—i0,) =2 exp[—i(f)o + 5)]

The azimuth of the projection of the major axis
onto the horizontal plane, @, is therefore

Re(z%)

0., = arcta
3H n[ Re(z%)

} 180° < O, < 180°

3
The angle of the major axis to the vertical, @, is
112 1712 172
[Re(z)]" + [Re(25)] } _
IT:E( 21) |

0°<®,,<90° (4)

0, = arctan {

The tilt, @7, can be determined by measuring
the angle between the normal of the ellipse,
b=(b,,b,,b;) = Re(£) X Re(2"), and the vector ¢
(where the multiplication sign indicates a cross
product). With ¢ = Re(£') x &, = [(0,Re(z}),—
Re(z,)], the tilt is evaluated by

b-t b, Re(z3) — b; Re(z))
cos Oy =— =

21 {[Re(z0)]” + [Re(z3)]"}
)

after b has been normalized.

The sign of @, is obtained by multiplication
with b,Re(z}) and its range is —90° < @5, < 90°.
The tilt is positive for ellipses rotated to the right
when looking down along the major axis. For
0;, =0, 0,4, is the ellipse’s rotation angle about
the vertical axis and @5, =0,4.

A useful quantity to estimate the type of polar-
ization is the phase difference, AP, between two
components as described by Park et al. (1987b).
Phase lags close to 0° or +180° indicate linear
motion, and phase lags close to 90° indicate ellip-
tical motion which is oriented parallel to the

coordinate system. However, even signals with
arbitrary phase lags can be regarded as being
linearly polarized if the aspect ratio of particle
motion is large enough. Thus the ellipticity, e,
appears to be a better parameter to illustrate the
type of polarization. For elliptical motion in 3D
space, € depends on the moduli of the two vec-

tors 2” and £, and is
3 1/2
reeryl | BICOT
e=l7"3577 — 1 _3'
TET | SRy
(©)

e = 1 indicates linear particle motion, and € =0
indicates circular motion. Any other value of e
indicates elliptical motion.

The quality of polarization is estimated by
comparing the singular values d,, d,, d, of M.
For a well-defined polarization, the noise-to-sig-
nal energy ratio has been characterized by the
parameter p:

1-d,
3d, — 1

p=

where d, is the largest singular value.

Keilis-Borok (1989) and Paulssen et al. (1990)
defined a quality function which is a function of
p, the linearity, and ©,, in the case of Love
waves and a function of p, the ellipticity of mo-
tion in the radial-vertical plane and ©;;, in the
case of Rayleigh waves.

To estimate the type and quality of the signals
without any a priori constraints, it is convenient
to check the ellipticity € and the errors of the
observed polarization parameters. These errors
can be derived as formal first-order uncertainties
from the first-order uncertainties of the compo-
nents of £ (see Park et al., 1987b). It should be
emphasized that these first-order estimates, which
are derived for a homogeneous and isotropic
error model in the data, are valid only for a
well-defined polarization, d, > d,, d; and, in
general, are probably underestimates of the true
uncertainties. The errors do not account for any
systematic bias in the polarization angles such as



G. Laske et al. / Physics of the Earth and Planetary Interiors 84 (1 994) 111137 117

might be caused by a misalignment of the hori-
zontal components by a few degrees.

4. Polarization measurements of low-frequency
seismograms

Good spectral resolution is obviously needed
for investigating the frequency dependence of
polarization parameters. Three independent
spectral estimates in the frequency band 2-12

mHz can be obtained by choosing 2+ prolate
spheroidal wave function eigentapers with an av-
erage window length of 20 min. The first three
2ar prolate tapers show better resistance to spec-
tral leakage than the boxcar window (Park et al.,
1987a) and are used for the polarization analysis.

A typical example of a three-component long-
period seismogram (ZNE filtered to pass the
frequency range 3.75-10 mHz) recorded by one
of the stations of the GEOSCOPE broadband
network (Fig. 5) is shown in Fig. 6. In the record-
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Fig. 5. Wong’s (1989) degree-12 phase velocity map for Rayleigh waves at period T = 155.504s (mode (Sso) and the 10 GEOSCOPE
stations used for the comparison between theoretical arrival angles obtained by ray tracing and measurements in Figs. 8, 9 and 10.
(The phase velocity is given in km s™L)
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Fig. 6. Aleutians earthquake (7 May 1986, 51.52°N, 174.78°W) recorded at GEOSCOPE Station Tamanrasset, Algeria (TAM). The
recording (Z top, N middle, E bottom) is almost naturally polarized with a great circle azimuth of only 0.2°. About 6 h of recording
are shown and wave trains G;—G5s and R;—R, can be clearly identified. Also shown are the windows (marked by horizontal lines on
N and E) used in the MTPA. The windows are 11 min for R, and Gy, 15 min for G, and 18 min for R,.

ing, of roughly 6 h length, the wave trains up to
G5 can be clearly identified. The horizontal com-
ponents are almost naturally oriented (with the
N-S component being aligned with the radial
direction) for this particular event with a great
circle azimuth of only 0.2°. Thus the surface waves
are nearly perfectly separated, with Love waves
being visible only on the E-component and
Rayleigh waves on the Z- and N-components.
However, signals occasionally appear on the E-
component at the group arrival times of Rayleigh
waves, and a weak ‘Love wave’ can also be ob-
served on the N-component. As the components
are naturally oriented, many possible explana-
tions for these observations (such as an inaccu-
rate instrument response) can be rejected, and we
can be confident that we are seeing the effects of
lateral refraction of the wave packets. It can be
seen in Fig. 6 that the windows for R, and G,
can only be about 11 min long and the spectral
resolution is not good enough to measure reliably
the frequency dependence of the polarization an-
gles. However, owing to their different group
velocities, Love and Rayleigh waves are more
clearly separated in time for the wave trains of

orbit number two. Thus, a window length of 18
min can be used for the polarization analysis of
R,, and gives reasonable spectral resolution.

The results of the MTPA of G; and G, are
plotted in Fig. 7, and those of R, in Fig. 8. The
largest singular value (d,) for G, in the whole
frequency band indicates a well-defined polariza-
tion. The 3D ellipticity € is close to unity, show-
ing that the signal is almost linearly polarized, as
expected for Love waves, and 0, is close to 90°,
indicating that the particle motion is limited to
the horizontal plane. The measurements of @5
have no meaning for linearly polarized motion
and are not shown here. With errors of the order
of 2-5°, the polarization angle ©;, shows no
significant deviation from the transverse direction
and there is no resolvable frequency dependence.
In contrast, the polarization angle of G, differs
significantly from the transverse direction for fre-
quencies greater than 6 mHz and is clearly fre-
quency dependent. The chosen window length of
15 min is large enough to give three independent
spectral estimates, so the observed variation is
resolvable. In Fig. 8, a large singular value d; =~ 1
for R, implies a well-defined polarization of the
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Rayleigh wave. The 3D ellipticity € = 0.2 indi-
cates an aspect ratio 1.25:1.00 for the particle
motion ellipse, which is in reasonably good agree-
ment with the expected value. The major axis is
parallel to the vertical (®,;, = 0). In contrast to
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0, the measurements of ©,, show a stable
behaviour and vary only slowly from + 5° to —5°
in the frequency band 2-10 mHz. The MTPA
results for R, are not shown here. ®,,, does not
differ significantly from the great circle direction
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Fig. 7. MTPA results for G, and G,. The large singular values d; > d,, d; for both wave trains indicate the ‘well-polarized case’.
The angles are shown in degrees. @5, is close to 90° and the 3D ellipticity € is close to unity, which implies that particle motion is
linear and restricted to the horizontal plane. The anomaly in the horizontal polarization angle @, for G, is measured to be about
1° but is not significant. For G,, 0,y is weakly dependent on frequency and the anomaly is about 5° on average. Also shown (by
dotted lines) are the frequency-dependent polarization angles obtained by ray tracing using Wong’s (1989) corresponding phase
velocity maps. The weighted amplitudes are the amplitudes of the components after applying the adaptive weighting procedure of
Park et al. (1987a) to improve the resistance of the multi-taper method to spectral leakage effects.
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MTPA for TAM 1986.127 R1
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Fig. 8. MTPA results for R;. (For details, see Fig. 7.) The vertical angle @5, is close to 0°, implying that the major axis of the
particle motion ellipse is almost parallel to the vertical. The horizontal azimuths 8, and @, are different, as the polarization
ellipse is rotated about all three coordinate axes. The tilt @5, is also shown. This parameter is not defined for linearly polarized

signals.

in the whole frequency range, which is in good
agreement with ray tracing results as described in
the next section and shown in Fig. 9.

It is found that ®,;; measurements are ex-
tremely difficult to interpret for Rayleigh waves,
and cannot simply be explained by deviations
from great circle propagation owing to slowly
varying lateral phase velocity heterogeneities. The
apparently rapid variations of @, can be partly
explained by a complex rotation of the particle
motion ellipse not only about the vertical axis, as

expected, but also about the ray axis by a small
angle. @, is not affected strongly by the latter
rotation, but @,, and @;; change quickly from
0° to 90°. A change in angles of this kind can be
seen at about 4 mHz in Fig. 8. ®;, is also
sensitive to the change of the aspect ratio of
vertical to horizontal motion, which can be caused
simply by a change in vertical velocity structure.
In a horizontally layered medium, the vertical
and radial displacement can have ratios above or
below one, causing @;, to be either 0° or 90°,



G. Laske et al. / Physics of the Earth and Planetary Interiors 84 (1994) 111-137 121

T = 290 s

5.35

5.3

5.25

5.2

5.15

5.1

5.05

0 100 200 300

Fig. 9. Predicted ray path for G, obtained by exact ray tracing using the phase velocity models for modes (T4 and (753 of Wong
(1989). The great circle, which is shown in the lower panel together with the phase velocity map of mode (T, (the station is
marked by a dot, the source by an asterisk, and the velocities are given in km s~ 1), is rotated onto the equator in the upper plots.
Ray tracing predicts a horizontal azimuth of 0.4° for (T, and —2.5° for (Ts; for wave train G, and 0.5° (Ty) and 2° (;Ts,) for
G,. Prediction and measurements of @3, show good agreement. For (75, the ray is deflected from the great circle by 4°.
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Fig. 10. Alaska earthquake (30 November 1987, 58.68°N, 142.79°W) recorded at GEOSCOPE Station Cayenne, French Guyana
(CAY).The station is located at a node of the radiation pattern for Rayleigh waves, so the MTPA of the Love waves should not be

biased strongly by the presence of other coherent signals.

with consequent changes in ®;, whereas the
angle O, is not affected. For these reasons, we
have chosen to interpret ©,;, in the rest of this
paper.

The second data example has the station lo-
cated at a node of the radiation pattern of
Rayleigh waves (Fig. 10), so the results of the
polarization analysis for Love waves are less bi-
ased by interference with Rayleigh waves. The
lengths of the multiple tapers for G, and G,
were 20 min and 33 min, respectively, allowing
three or four (for G,) and five (for G,) inde-
pendent spectral estimates to be made in the
frequency band 2-12 mHz. A large value of d, is
characteristic of a well-defined polarization for
G, and G,, and ¢ and O, are indicative of
linear polarization in the horizontal plane (Fig.
11). However, the polarization angle @, is sig-
nificantly off by about —5° on average for both
G, and G,.

5. Ray tracing experiments
To estimate the influence of aspherical veloc-

ity structure on the propagation of surface waves,
ray tracing experiments were carried out and the

expected ray azimuth arrival angles were evalu-
ated for a given phase velocity map. Exact 2D ray
tracing for surface waves on a sphere was per-
formed by solving the ray equations as formu-
lated by Woodhouse and Wong (1986). These
workers described a method to estimate the ini-
tial take-off angle of the ray which can be used as
starting value in the shooting method of solution.
In their linear path integral approximation, the
phase ¥ the amplitude A4, and the off-azimuth
arrival direction v are calculated in terms of an
integral along the unperturbed great circle path
correct to first order in the phase velocity hetero-
geneity. As v depends only on the gradient trans-
verse to the ray, it is convenient to rotate the
source—receiver great circle into the equator. In
the new coordinate system, the off-azimuth ar-
rival angle is, to first order,

dy
T AN
ko
1 A o 36(59 ¢')
= s Afo - 4)5 Cy dé
(7
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with 6 being the colatitude, ¢ the longitude, A
the epicentral distance, vy =cot 8, ¢ =c(8,¢) the
phase velocity and » the tangent of the arrival
azimuth measured clockwise from the great cir-
cle. The arrival angle for multiple orbit wave
trains becomes increasingly dominated by the in-
tegral along. the whole great circle as the orbit
number increases and so becomes insensitive to
odd order structure. Accurate measurements for
G4, G,, R, and R, are therefore essential for

MTPA for CAY, 1987.334 G1

singular values
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retrieving the complete phase velocity map. Find-
ing undisturbed 'Gl signals is particularly diffi-
cult, as their group velocities lie between those of
the Rayleigh wave higher modes and the Rayleigh
wave fundamental modes for periods 50 < T < 400
s. This often means that short windows must be
used, with a corresponding loss of frequency reso-
lution.

In a first experiment, the measured ray az-
imuths for G,, G, and R, of Fig. 6 are compared

MTPA for CAY, 1987.334 C2

singular values
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Fig. 11. MTPA results for G, and G,. Although the singular values indicate the ‘well-polarized case’, the polarization angles show
significant deviations from the transverse direction by as much as 5°, on average. (For further details, see Fig. 7.) Ray tracing results
and measurements contradict each other for G; but agree well for G,.
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T = 156 s
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Fig. 12. Traced rays for G; and G, through Wong’s (1989) phase velocity map for mode (Ts;. Whereas the measured anomalies in
0, for G, seem to be significant and —4° on average, ray tracing predicts an off-azimuth arrival angle of + 1.5°. Prediction and
measurement of @, for G, show good agreement. Whereas the measured anomaly is about —6° (and the signal is significant),
the ray tracing predicts an off-azimuth arrival angle of —6.0°. The ray of G, is deflected from the great circle by as much as 7°.
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Fig. 13. Deviations of the theoretical arrival angles from the great circle directions at six of the GEOSCOPE stations shown in Fig.
5. The anomalies are plotted in a polar coordinate system with great circle azimuth « and total travel distance along the great circle
A as parameters. The inner circle refers to results (shown in degrees) for R;, and the outer to those for R,. For better illustration,
the sign of the angles for R, is flipped so that the patterns match when passing A = 180°. For R, positive anomalies mean
deviations to the right if looking along the great circle from the station to the fictive event.
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at mode periods between (T, (T = 290.559s) and
oTs; (T'=156.0945), and (S, (T =289.695s) and
oSsg (T'=155.5045) to those angles obtained by
ray tracing using the phase velocity models of
Wong (1989). The source—receiver great circle is
shown in the lower part of Fig. 9 together with
the phase velocity map for ,7,5.The calculated
ray azimuths for G, are 0.4° for (T,, and —2.5°
for (Ts;, which is in reasonable agreement with
the observations. The polarization angles calcu-
lated by ray tracing at the various modal frequen-
cies listed by Wong (1989) are marked in Fig. 7 by
the dotted line. The discrepancy between mea-
sured and theoretical polarization angles is not
significant. The traced rays for G, are not shown
here, but the results are also consistent with the
measured angles (Fig. 7). For R;, the ray tracing
results are summarized in Fig. 8. There seems to
be a significant discrepancy between measured
and calculated ray azimuths. Even the frequency
dependence shows an opposite trend.

For G, from the second event (Fig. 10), ray
tracing using Wong’s phase velocity model for
ols; predicts a ray azimuth of + 1.0°. The traced
ray is shown in Fig. 12, together with the phase
velocity map of ,75;. In this example, the ray
tracing results for G, do not agree with the
measured angles at low frequencies, even though
the measurements appear to be of good quality.
In contrast to this observation, the measurements
for G, agree well with the ray tracing results.
Even the frequency dependence shows similar
behaviour.

To show more clearly the effect of 3D struc-
ture on arrival angle at a particular station, we
traced rays through Wong’s (1989) degree 12

phase velocity map for mode S5 (T = 155.5045)
for six of the 10 stations of the GEOSCOPE
network used in this study (Fig. 5). The resulting
off-azimuth arrival angles are summarized in Fig.
13 as a function of the great circle azimuth and
epicentral distance. The inner circle in Fig. 13
refers to calculations for R,, and the outer to
those for R,. For R,, dark shaded areas indicate
positive anomalies (i.e. deviations to the right if
looking from the station to the fictive event), and
light shaded areas indicate negative anomalies.
To avoid an apparent discontinuity of the ray
azimuth in the plot at 180° distance, the sign of
the angles for R, was flipped. It should be noted
that the calculated off-azimuth arrival angles can
have large magnitudes for epicentral distances
close to 180°, which are probably due to the
poorly defined great circle direction at the an-
tipode and the presence of complicated caustics.
Ray azimuths generally do not differ greatly from
the great circle direction for short minor arcs. In
some cases, however, large off-azimuth arrival
angles are calculated even for small epicentral
distances. At Stations CAN and KIP, rays ap-
proaching from the south are off by 5° even at 15°
distance. The plots also show that the arrival
angle usually varies slowly as a function of great
circle azimuth and epicentral distance. For exam-
ple, at Station PPT, the arrival angle of R, is
between 2 and 10° for great circle azimuths from
315° to almost 90° at all distances. This implies
that, generally, the variations of the polarization
angles are smooth enough that the current distri-
bution of sources and receivers will be adequate
to constrain global phase-velocity maps without
significant aliasing. In some cases, however, ray

Fig. 14. (a) MTPA results for @, measured at GEOSCOPE Station WFM. The analysis includes all very long period records of
events from 1983 to 1989 with surface-wave magnitudes M, > 6.5. The results (for various frequencies in the range 5-10 mHz which
are indicated by numbers under the station name) are plotted as a function of great circle azimuth and epicentral distance, and are
accepted only for largest singular values d; > 0.80. The inner circle refers to measurements for R;, the middle circle to those for
R,; and the outer circle to those for R;. The plus sign stands for horizontal azimuth deviations from the great circle to the right,
and the o-sign for deviations to the left. The size of the symbols indicates the magnitude of the deviation in steps of 5°, so the
largest symbols correspond to deviations of more than 20°. Insignificant deviations which are smaller than the measured error bars
are marked by x. The measured values of ®,, are clearly dependent on the great circle azimuth. Certain ‘patches’ of the same
symbol indicate consistency of different measurements. (b) The same as (a), for Love waves.
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arrival angles change rapidly with great circle
azimuth (e.g. KIP) and thus such behaviour should
not be dismissed as a measurement artifact.

6. Preliminary results of a global analysis

A good coverage of measurements is necessary
for inverting the observed ray azimuths into phase
velocities. Moreover, the observations at each
station for each frequency must be consistent. To
compare predictions of the current phase velocity
maps with polarization measurements, we anal-
ysed 81 large events (M > 6.5) from 1983 to
1989. Only shallow events have been chosen, to
obtain wave packets of well-excited fundamental-
mode surface waves and hence minimize the bias
from interference with overtone wave packets.
Figs. 14(a) and 14(b) summarize all measure-
ments of 0,, with singular values d; > 0.80 at
GEOSCOPE Station Westford, Massachusetts
(WFM), for Rayleigh and Love waves. Each set of
circles represents a particular frequency in the
range 5.0-10.0 mHz. ©,, is plotted in a polar
coordinate system with great circle azimuth «
and epicentral distance A as parameters. The
plus sign stands for significant deviation of the
arrival azimuth from the great circle to the right,
whereas the zero stands for deviation to the left
when looking from station to event; the size of
the symbols indicates the magnitude of deviation
in steps of 5° and x marks insignificant deviations
within the error bars. The measured values of
0, are clearly dependent on great circle az-
imuth and distance over the whole frequency
range. Certain ‘patches’ of the same symbol indi-
cate consistency of different measurements. For
frequencies between 5 and 6 mHz, the Rayleigh
waves have negative or insignificant arrival
anomalies over the whole range of great circle
azimuth 90° < @ < 180° for R,, whereas at higher
frequencies increasingly positive deviations from
the great circle are observed at these azimuths.
Mainly positive arrival anomalies are measured
for 225° < @ < 315° for R, at frequencies between
5 and 10 mHz, and negative anomalies dominate
in the range 315-360°. The dependence of the
polarization angle ®,, on frequency seems to be

weak for low frequencies but becomes stronger
for higher frequencies. Measurements for Love
waves seem to be even more spatially coherent
than those for Rayleigh waves.

For the chosen events, @,,, was also measured
at the other GEOSCOPE stations of Fig. 5. The
results at the frequencies of modes ;S5 and (T,
are summarized in Figs. 15(a) and 15(b) for the
six stations of Fig. 13. A good coverage of mea-
surements is obtained for Stations WFM and

Table 1

Weighted average variances of the MTPA measurements (0:2)
and of the residuals compared with ray tracing results through
Wong’s (1989) phase velocity maps for Love and Rayleigh
waves (o?)

Station—o2 2 Ry PRy N & 2 /a7
Love waves, T = 156 s

BNG 488 30.6 37 027 27 24 —1.7 166
CAN 149 105 29 016 31 67 —25 39
CAY 132 219 -—66 015 35 34 -76 36
INU 26.8 300 —12 062 29 76 =32 172
KIP 115 229 -99 001 28 61 —-09 34
PPT 51.1 343 33 027 28 32 -92 141
SCZ 501 305 39 007 29 56 -84 104
SSB 124 179 —45 028 32 36 —-18 18
TAM 201 348 -73 013 3.0 33 -38 40
WFM  22.0 212 4 087 29 86 —-26 5.1

Rayleigh waves, T = 155 s

BNG 548 441 20 069 32 15 0.0 104
CAN 19.8 19.6 1 097 46 53 —-26 25
CAY 582 516 11 0.80 47 20 —-105 33
INU 36.8 34.1 7 077 47 59 —-48 3.1
KIP 237 270 —14 0.68 4.0 43 —-14 48
PPT 67.0 61.8 8 080 4.8 42 —109 8.1
SCZ 41.8 447 -7 081 47 55 —-91 45
SSB 29.4 449 -53 023 47 34 -16 29
TAM 299 254 15 068 4.6 27 —67 23
WFM 408 353 13 055 45 71 —46 41

VR is the percentage variance reduction from the spherical to
the heterogeneous model. P(F) is the confidence level for the
null hypothesis obtained in an F-test. It expresses the proba-
bility at which the two evaluated variances are significantly
distinct (values close to zero) or similar (values close to one).
£ is the mean measurement error, N is the number of
measurements and x2/N expresses the initial misfit of the
data. If it is close to one or even smaller, then the model used
(in this case a spherical model) can fit the data and no signal
remains to be explained by changing the model. & is the
significant mean polarization anomaly.
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Fig. 15. (a) Measured ray azimuths obtained by the MTPA at the frequency of mode 4S5, at Stations CAN, SSB, WFM, TAM, PPT
and KIP. (For further details, see Fig. 14(a).) (b) The same as (a), for Love wave mode 7s3. The coverage of measurements at
Stations CAN and WFM is good, and arrival angles at CAN do not differ greatly from the great circle direction. At Station PPT,
however, most measurements are negative for both Rayleigh and Love waves.
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CAN. Some regions show good spatial coherency
of the measurements, but there are also regions
of rapid change and even some inconsistencies.
The Love wave results do not vary greatly from
the great circle direction at CAN, indicated by
small symbols or an x, whereas Rayleigh wave
measurements at SSB show larger variations. At
Station CAN, some similarities between the pat-
tern of measured angles and the pattern of the
theoretical angles of Fig. 13 can be discerned.
There are negative anomalies for R, at azimuths
from 0° to 90° and for R, at azimuths close to
135° (it should be recalled that the sign for R,
was flipped in Fig. 13). Measurements at Station
PPT are anomalous. Love wave results are always
negative and Rayleigh waves are off by negative
angles in most cases. The azimuthal coverage of
the measurements is good enough for us to con-
clude that a systematic shift to negative values
exists at this location. This observation suggests
that Station PPT might have some instrumentally
induced problems, although it is also possible
that strong local effects cause these anomalous

patterns. If this apparent rotation of the North
direction is actually caused by misalignment of
the horizontal components, it can best be ac-
counted for in a joint inversion for phase velocity
and station orientation.

In Table 1, the weighted average variances and
the variance reductions for Wong’s maps are
summarized. The variance reduction is positive
for Love waves at Stations BNG, CAN, PPT and
SCZ, although it should be mentioned that the
values of the probability function P(F) resulting
from an F-test indicate that the variance reduc-
tion is significant with low confidence level and
that it is not significant for Rayleigh waves. The
measurements for Love waves at Stations TAM,
CAY and KIP cannot be explained by the hetero-
geneous model (negative variance reduction with
an 85% probability that the variances are differ-
ent). The variance reduction is.also negative for
the Rayleigh wave measurements at stations SSB.
For both wave types, the magnitude of the signifi-
cant mean polarization anomaly is larger than 5°
at Stations CAY, PPT and SCZ, where the major-
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Fig. 16. Global coverage of the ray paths for R, and R, for the 10 stations used in this study expressed in a ray density plot. The
rays were counted in sphericals caps of radius 5°. Relatively sparse coverage is achieved for the areas in the Indian Ocean, the

northern part of Asia, the SE-Pacific Ocean and Antarctica.
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ity of the measurements are negative (not shown
for CAY and SCZ). This observation, together
with that of Fig. 15, may indicate some misalign-
ment problems of the horizontal components. As
satisfying variance reduction cannot be achieved
at all 10 stations, Wong’s phase velocity maps
need to be changed to fit our observations.

Fig. 16 shows the global coverage of the ray
paths of R, and R, for the 10 stations used in
this study. Although a denser ray coverage is
desirable in the Indian Ocean, the northern part
of Asia, the SE Pacific Ocean and Antarctica, we
feel that the coverage of the measurements from
the GEOSCOPE network is already adequate
and an inversion can be carried out. Measure-
ments at eight other stations of the GEOSCOPE
network, which are not shown for simplicity, en-
hance the ray path coverage, and our database
will be extended by measurements from the other
global networks. The ray paths of the Love wave
trains G, and G, are not shown here, but have a
global coverage similar to that of the Rayleigh
waves.

4. 6.

10. 12.

Fig. 17. Map of the German Regional Seismic broadband
Network (GRSN) with the eight operating stations in the
years 1991 and 1992.
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Fig. 18. Three-component seismogram (Z, R, T) of the Colombian earthquake (19 November 1991, 4.557°N, 77.485°W) recorded at
the Black Forest Observatory, Schiltach (BFO), one of the stations of the German Regional Seismic Network (GRSN). The surface
waves are clearly visible as the dominant signal in the seismogram. Even if the Love wave seems to be confined to the transverse
component, the short-period part obviously overlaps in time with the long-period part of the Rayleigh wave. Hence a three-compo-
nent MTPA for one wave type with a fixed location of the tapers in time is biased by the presence of the other wave type.
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7. Observations at the German Regional Seismic
Network

In an experiment on a more regional scale,
signals with frequencies between 10 and 60 mHz
were analysed. A three-component seismogram
(Z,R,T) recorded at BFO, a station of the Ger-
man Regional Seismic broadband Network
(GRSN) (Fig. 17) is shown in Fig. 18. The surface
waves are clearly visible as the dominant signal in
the seismogram. They appear to be well sepa-
rated after rotation of the components to the
nominal azimuth of the source. Love wave signals
appear only. on the transverse component, and
Rayleigh wave signals only on the vertical and
radial components, but the wave types overlap in
time. The short-period Love waves have similar
group travel times to the long-period Rayleigh
waves, and the multi-taper technique, as it has
been implemented in the global study, will give
biased results. Pollitz and Hennet (1993) de-
scribed a method for analysing signals which oc-
cur in the same time window of interest but do
not overlap. They changed the tapers to suppress
the Airy phase of the Love waves when the
Rayleigh waves are analysed. We present a
method which utilizes the dispersive nature of the
surface waves. The signals of different wave type
overlap but, owing to dispersion, they mostly have
different frequencies in the time interval of inter-
est (Fig. 18). The moving window method (Dzie-
wonski and Hales, 1972) is the standard method
for determining group and phase velocities of
surface waves. We simply replace the usual single
taper by the multi-tapers. For our experiment, a
relatively short set of tapers (4 min long) with 37
frequency bandwidth yields three independent
spectral estimates. The tapers are shifted succes-
sively through the seismogram, and the results
are summarized in a matrix.

Fig. 19 shows the results for Rayleigh waves as
a function of group travel time and frequency.
The plot at the top shows the normalized ampli-
tude on the vertical component. The strong dis-
persion of the wave packet is clearly visible. The
corresponding seismogram section is drawn on
the right. The middle panels show the total am-
plitude of the three-component seismogram (A%
+ A%+ A%)'/? and the errors in the horizontal
arrival azimuth ®,,;. The lower panels show the
largest singular value (d,) and the arrival azimuth
0, 4. Dark shaded areas indicate positive anoma-
lies in ®,,, and lighter shaded areas indicate
negative anomalies. The largest singular value is
less than 0.8 for frequencies higher than 40 mHz,
and the errors increase. For frequencies below 40
mHz, the largest singular values indicate a well-
defined polarization with off-azimuth arrival an-
gles between 5° and 30°. The final results for the
angles can be read along the ridge of largest
singular values. Owing to low signal levels, results
for frequencies below 15 mHz should not be
interpreted even though d, is very high. It is easy
to see from an example such as this that any
technique with a fixed window cannot provide the
same accuracy as the moving window method,
and it has been found that in some cases with
strongly dispersed wave trains this method is also
extremely useful when analysing long-period
Rayleigh waves on the global scale.

To estimate the evolution of the wave front of
R, and G, during their passage through the net-
work, the wave front at each station is calculated
from the polarization vector. The wave front,
which is perpendicular to the ray if an isotropic
velocity structure is assumed, is plotted at every
GRSN station as a function of frequency (see Fig.
20(a) for R, and Fig. 20(b) for G,). The results
for G, become less accurate for frequencies
higher than 30 mHz. The wave fronts are clearly

Fig. 19. MTPA results for the Rayleigh wave train R; for the seismogram shown in Fig. 18 as a function of frequency and group
travel time, ¢tg. The MTPA was performed by shifting the set of tapers in a moving window technique through the seismogram. The
dispersive nature of R; is clearly visible in the amplitude plots. The largest singular values, the horizontal azimuths @,, and the
errors in @, (in degrees) are also shown. @, seems to be frequency dependent. However, a decreasing largest singular value at

high frequencies indicates probable bias by other signals.



134 G. Laske et al. / Physics of the Earth and Planetary Interiors 84 (1994) 111-137

Columbia: Nov 19, 1991, R1
freq: 12.5 16.7 25.0 33.3 41.7 45.8

(a)

2. 4. 6. 8 10. 12 2.

4. 6. 8. 10. 12 2.

4. 6. 8. 10. 12

Fig. 20. (2) Results for ®, 5 of R, recorded at the GRSN stations are used to reconstruct the approaching wave front for different
frequencies (in mHz in the lower left corner of each map). The errors in @, are indicated by smaller bars. The wave front is
distorted when passing through the GRSN array. This indicates the presence of lateral heterogeneities within the array. (b) The
same as (a), for Love waves. As the patterns for Rayleigh waves and Love waves show consistency, it is expected that the phase

velocity maps will show similar patterns.

distorted during their passage through the GRSN
array. This indicates the presence of lateral phase
velocity variations within the array. Except for
frequency 16.7 mHz, the southern stations (BFO
and FUR) generally show consistent directions
which are significantly different from those of the
northern stations. A possible cause might be a
distortion of the wave fronts as a result of scatter-
ing of the surface waves by the Alps in the south.
Large variations between adjacent stations (e.g.
HAM and BRL) lead to the suggestion that strong
local effects might be present as well. The az-
imuth of the wave front shows rapid variations

with frequency. At Station BUG the azimuth
varies by 10° for frequencies from 25 to 33 mHz.
The same phenomenon is observed at Stations
TNS, HAM and BRL. The results for &, show
similar behaviour to those for R,, which indicates
that the phase velocity maps must show similar
patterns.

8. Concluding remarks

Current maps of surface wave dispersion agree
fairly well in shape at harmonic degrees lower
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Fig. 20 (continued).

than seven or eight, but vary significantly in am-
plitude. Furthermore, higher-degree structure is
very variable from researcher to researcher. Sur-
face-wave polarization data can be used to im-
prove this situation, and this paper presents a
preliminary dataset measured from recordings of
the GEOSCOPE network. These data can be
used to constrain global phase velocity maps, and
are particularly helpful in constraining higher-
order structure as they are sensitive to the lateral
gradient of phase velocity. We have demonstrated
that reliable measurements of the frequency de-
pendence of polarization angles can be made
using a multi-taper technique. Surface-wave ray
tracing shows that the current phase velocity maps
go some way to modelling the measurements but

that much signal remains to be explained. A few
stations show peculiar patterns of polarization
angles which may be due to an instrumental
defect or to the presence of strongly anomalous
structure in the vicinity of the installation. It is
also important to realize that anisotropy may be
an important contributor to polarization anoma-
lies. Anisotropy has already been invoked in the
inversion of long-period phase velocity data
(Montagner and Tanimoto, 1991) and to explain
some polarization anomalies in relatively short-
period data (Vig and Mitchell, 1990). It has re-
cently been proposed that large-scale anisotropic
structures must be present to explain some obser-
vations of long-period quasi-Love and quasi-
Rayleigh waves (Park and Yu, 1992). By defini-
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tion, such waves are accompanied by large polar-
ization anomalies, and it is important to deter-
mine if anisotropy is the major cause of such
signals. We anticipate that a combination of mod-
elling experiments using synthetic seismograms
and the analysis of a global dataset of polariza-
tion measurements will go a long way to resolving
this issue.

We have also experimented with regional-scale
problems using data from the German Regional
Seismic Network. A multi-taper moving window
polarization analysis serves to separate surface-
wave signals of different frequency which overlap
in group arrival time. The analysis reveals strong
distortion of surface-wave wave fronts as they
cross the network, and such measurements will
provide useful constraints in the numerical mod-
elling of regional surface-wave propagation. The
moving window analysis may also be useful in
global studies at periods longer than 50 s for
travel paths which cause significant dispersion.

The next step in our research is the inclusion
of the polarization data in a formal inversion for
phase velocity (Woodhouse and Wong, 1986; Hu
and Menke, 1992). The current density of mea-
surements is already sufficient to allow an inver-
sion, but the results will be strengthened by adding
further data from the GEOSCOPE array and
other high-quality three-component global net-
works.
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