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1 INTRODUCTION

SUMMARY

We introduce the MUSIQUE algorithm and apply it to seismic wavefield recordings in Califor-
nia. The algorithm is designed to analyse seismic signals recorded by arrays of three-component
seismic sensors. It is based on the MUSIC and the quaternion-MUSIC algorithms. In a first
step, the MUSIC algorithm is applied in order to estimate the backazimuth and velocity of
incident seismic waves and to discriminate between Love and possible Rayleigh waves. In
a second step, the polarization parameters of possible Rayleigh waves are analysed using
quaternion-MUSIC, distinguishing retrograde and prograde Rayleigh waves and determin-
ing their ellipticity. In this study, we apply the MUSIQUE algorithm to seismic wavefield
recordings of the San Jose Dense Seismic Array. This array has been installed in 1999 in the
Evergreen Basin, a sedimentary basin in the Eastern Santa Clara Valley. The analysis includes
22 regional earthquakes with epicentres between 40 and 600 km distant from the array and
covering different backazimuths with respect to the array. The azimuthal distribution and the
energy partition of the different surface wave types are analysed. Love waves dominate the
wavefield for the vast majority of the events. For close events in the north, the wavefield is
dominated by the first harmonic mode of Love waves, for farther events, the fundamental
mode dominates. The energy distribution is different for earthquakes occurring northwest and
southeast of the array. In both cases, the waves crossing the array are mostly arriving from the
respective hemicycle. However, scattered Love waves arriving from the south can be seen for
all earthquakes. Combining the information of all events, it is possible to retrieve the Love
wave dispersion curves of the fundamental and the first harmonic mode. The particle motion
of the fundamental mode of Rayleigh waves is retrograde and for the first harmonic mode, it is
prograde. For both modes, we can also retrieve dispersion and ellipticity curves. Wave motion
simulations for two earthquakes are in good agreement with the real data results and confirm
the identification of the wave scattering formations to the south of the array, which generate
the scattered Love waves visible for all earthquakes.

Key words: Earthquake ground motions; Surface waves and free oscillations; Site effects;
Wave scattering and diffraction.

In this article, we will investigate the seismological wavefield
produced by regional earthquakes in the Santa Clara Basin in Cal-

Understanding the response of underground structures to earth-
quake excitations is an important task for the assessment of the
seismic hazard. In deep sedimentary valleys the response can be
complicated and also depend on the earthquake backazimuth. It
can be studied either by analysing real earthquake recordings or by
simulations.

© The Authors 2016. Published by Oxford University Press on behalf of The Royal Astronomical Society.

ifornia both by analysing real earthquake recordings and by simu-
lating two of the analysed earthquakes. The data of this study have
been recorded between 1999 and 2003 by the San Jose Dense Seis-
mic Array, a temporary acceleration sensor array in California. The
array was located in the city of San Jose, near the eastern edge of
the Santa Clara Valley, where deep sedimentary layers build the
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Figure 1. (a) Map of the location of the Santa Clara Valley to the southeast of San Francisco Bay. The western part of Santa Clara Valley is formed by the
Cupertino Basin, the eastern part by the Evergreen Basin. The San Jose Dense Seismic Array is located in the Evergreen Basin. (b) Closer map of the array
layout of the San Jose Dense Seismic Array. The red stations were used in this study, the grey stations are other stations of the array which were not used for
this study. The locations for the stations with white interiors are included in the profile (c). The station with a large black border is used as a central station
of the array.(c) Shear wave velocity profile along the black line indicated in (b) from southwest (left) to northeast (right). The profile corresponds to the Bay
Area Model, the station symbols are indicated for comparison reasons. (d) Phase dispersion curves for Rayleigh and Love waves calculated for the different
stations using the Bay Area Model. The light and dark grey curves correspond to the Rayleigh and Love wave dispersion curves of the stations not selected for
the array analysis, that is, the dark grey stations in (b). The coloured lines correspond to the different stations of the array. The curves of the central station,
which is marked in (b), are highlighted in different colours. For this station, also the harmonic modes are shown. The diagonal dashed line corresponds to
the low-frequency resolution limit of the array. (e) Rayleigh wave ellipticity curve calculated for the Bay Area Model at the central station of the array. (f)
Theoretical array response for the array used in this study. The green circles correspond to the array resolution limits of the array. The background topography

of the maps in (a) and (b) is based on ASTER GDEM satellite data.

Evergreen Basin. The Evergreen Basin is separated by a subsur-
face ridge from the Cupertino Basin, the southwestern part of the
Santa Clara Valley. Fig. 1 shows the location of the San Jose Dense
Seismic Array southeast of the San Francisco Bay.

The data of the San Jose Dense Seismic Array resulted in many
important scientific publications. Frankel ef al. (2001) analysed the
amplification factors in the basin and found that the amplification
is strongest towards the southwestern edge of the Evergreen Basin.
Furthermore, they observed the patterns of waves crossing the array.
For earthquakes located east of the basin, the direct S-wave arrivals
are followed by surface waves arriving from the south. Frankel
et al. (2001) identified these waves as Love waves and attributed
their generation to a large S-wave scattering structure at the southern
border of the Santa Clara Valley.

Another study using the data of the San Jose Dense Seismic Array
was performed by Hartzell ef al. (2003), who investigated the site
response for local and regional earthquakes and identified surface
waves generated or scattered at the edges of the Santa Clara Valley
and near the western edge of the Evergreen Basin. Hartzell ef al.
(2006) developed a detailed 3-D velocity model of the Santa Clara
Valley and showed the importance of surface waves crossing the
basin by modelling the ground motion.

In a further study, Hartzell et al. (2010) showed that the max-
imum amplification occurs at the southern edge of the basin for
the horizontal motion, whereas it occurs at the deepest parts of the
basin for the vertical motion. The authors of that study attribute this
effect to different interactions with the basin shape for Love and
Rayleigh waves or to a possibly different influence of the low shear

wave velocity region at the southwestern edge of the basin on Love
and Rayleigh waves.

Fletcher ef al. (2003) analysed the data of a different array cov-
ering the whole Santa Clara Valley. They investigated the P- and
S-wave arrival times from both local deep events and teleseismic
events and found that the arrivals are delayed for stations located
in the Evergreen or Cupertino Basins, but arrive earlier for stations
located on the ridge between both basins. Furthermore, they deter-
mined that the attenuation is larger in the basins than on the ridge.
Dolenc et al. (2005) used the same array recordings and showed
that the P-wave arrival time delays and amplification parameters
for teleseismic events are correlated. Another study by Dolenc &
Dreger (2005) analysed microtremor records and indicated that the
energy of the seismic noise recorded by the array is related to the
wave height on the ocean and that the H/V ratio for the different
sensors is stable in time.

In this study, we use the MUSIQUE algorithm (Hobiger 2011) to
perform a systematic analysis of the propagation of surface waves
in the basin for a set of earthquakes and investigate the correlation
between surface wave type (Love, Rayleigh) and earthquake char-
acteristics (location, magnitude). To this purpose, we selected 22
regional earthquakes in epicentral distances between 40 and 600 km
and analysed the energy contributions of Love and Rayleigh waves
and their azimuth directions. Combining the results of the differ-
ent earthquakes, we finally obtain dispersion curves for Love and
Rayleigh waves as well as Rayleigh wave ellipticity curves.

The MUSIQUE algorithm is an advanced three-component seis-
mic array processing technique based on the classical MUSIC
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algorithm (Schmidt 1986) and the quaternion-MUSIC algorithm
(Miron et al. 2005, 2006). The combination of these two techniques
allows us to estimate a larger number of parameters of the propa-
gating waves. The azimuth and slowness, that is, the wave vector, of
propagating waves are determined using the original MUSIC algo-
rithm. Furthermore, Love and possible Rayleigh waves are identified
using an energy criterion. In a second step, the polarization parame-
ters of possible Rayleigh waves are estimated using the quaternion-
MUSIC technique. These polarization parameters are the Rayleigh
wave ellipticity and the retrograde or prograde sense of particle
motion of the Rayleigh waves. The identification of the sense of
particle motion is helpful in the separation of the fundamental and
harmonic Rayleigh wave modes or in accurately determining the
ellipticity peaks of the Rayleigh waves.

The MUSIC algorithm was first introduced in seismology by
Goldstein & Archuleta (1987). Goldstein & Archuleta (1991a,b)
used this algorithm to measure the 2-D earthquake rupture propa-
gation during earthquakes in Taiwan (M = 6.3 in 1981 and M| =
7.0 in 1986). Bokelmann & Baisch (1999) applied the MUSIC al-
gorithm to seismic array recordings in Germany to locate the source
of a narrow-band seismic signal.

In the following, we will first introduce the MUSIQUE technique
and the data analysed in this study. Then we show the results of
the application of the MUSIQUE algorithm to the data recordings
of 22 regional earthquakes in the Santa Clara Valley. Finally, we
will compare the findings with wavefield simulations for two of the
analysed earthquakes.

2 THE MUSIQUE ALGORITHM

The MUSIQUE algorithm (Hobiger 2011; Hobiger et al. 2012)
consists of two main processing steps and is performed at each fre-
quency individually. To increase the performance of the algorithm,
the signal is pre-filtered with a small-band Chebyshev filter around
the desired frequency. Then, the signal is divided into time win-
dows of several periods length (for example, three or five periods).
Therefore, there are more time windows for large frequencies than
for low ones. For each time window, the following processing is
performed.

2.1 First step: MUSIC

The first main processing step is the original MUSIC algorithm
(Schmidt 1986). It is based on the separation of signal and noise
subspaces. For an array composed of N three-component seismic
sensors, the data from these sensors at frequency f'can be stored in
three complex data vectors X; (/) of size N x 1, where i = 1 denotes
the vertical, i = 2 the eastern and i = 3 the northern component.
For each component, a covariance matrix S;(f) of size N x N is
computed by

SN = E (X(OX[(). M

where E denotes the mathematical expectation and ' denotes the
conjugate transpose of a matrix. The mathematical expectation is
realized by summing over a small number of frequencies around the
central frequency (in our case 5 frequency values, that is, the central
frequency, two frequencies above and two below; this corresponds to
a bandwidth of less than 0.001 Hz in our case, which is much smaller
than the analysed frequency range). The covariance matrices of the
different components are summed to form a single covariance matrix
S(f). The eigenvectors and eigenvalues of S( ) are calculated. The
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eigenvectors associated with the largest eigenvalues span the signal
subspace and the remaining eigenvectors span the noise subspace G.
Inprinciple, the MUSIC algorithm is capable of identifying multiple
wave arrivals independently. Because of the signal projection to
be performed in the second step, we only use the signal with the
largest eigenvalue, that is, the most energetic wave in the signal.
The propagation backazimuth ¢ and the slowness s of this dominant
wave arrival are identified by maximizing the MUSIC functional P,
which depends on the wave parameters of the assumed propagating
wave (Schmidt 1986) and is given by

1

O]

2
a (k) is the steering vector, that is, the vector which indicates the
theoretical phase delays for the different stations of the array for the
propagation of a wave with wave vector k. The steering vector is
given by

a(k) = exp (—iRKk)/+/N, A3)

where R is the matrix of sensor positions and k the wave vector
given by

k= —2mfs(f) - (sin®, cos ¥, 0) . 4)

The parameters ¢ and s maximizing P are determined by a 2-D grid
search.

By projecting the horizontal signals in the identified direction 9,
the radial and transverse particle motions of the wave are separated:

Xiadial = — sin ¢ - X; —cos ¥ - Xs,

Xiransverse = €0s ¥ - Xp — sin ¥ - Xj.

The total energies of the vertical, radial and transverse compo-
nents in the respective time window are calculated by summing
the squared signals of the respective components for all sensors of
the array. As we are only interested in the relative energies, we do
not need to take the proportionality factor for this energy conver-
sion into account. The identification of Love and Rayleigh waves is
based on these energies. If the transverse component carries more
energy than the radial and vertical components together, the wave
is identified as a Love wave and the processing is stopped here. In
the opposite case, it is considered as a possible Rayleigh wave and
its polarization parameters are determined by quaternion-MUSIC
in the following processing step.

2.2 Second step: Quaternion-MUSIC

The polarization of possible Rayleigh waves is estimated by apply-
ing the quaternion-MUSIC algorithm (Miron et al. 2005, 2006) to
the radial and vertical components. The processing is based on
quaternions, hypercomplex numbers of dimension 4 (e.g. Ward
1997). The main properties of the quaternion algebra are given
in Appendix A. The advantage of using quaternions is that we can
store the two complex data matrices for the radial and vertical com-
ponents in a single quaternion-valued data matrix. In this way, the
polarization properties of the signal remain naturally preserved in
the data representation. The quaternion data matrix X, (f) is formed
by

Xq (f) = Re (chrtical(f)) + i-Re (Xradial)
+] - Im (chrtica]) + k-Im (Xradia]) . (5)
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The quaternion-valued covariance matrix S,(f) is then built ac-
cording to eq. (1). The quaternion-MUSIC functional is analogue
to eq. (2), but the expression of the steering vector is changed to

a, = [cos p + isin p exp (j¢)] - exp (—jRK) /v/N, (6)

where ¢ is the phase difference between the vertical and radial
components and p the amplitude parameter. The ellipticity is then
given by tan p.

The original quaternion-MUSIC algorithm (Miron et al. 2005,
2006) includes a time-consuming 4-D grid search for the four pa-
rameters: azimuth ¢, slowness s, phase difference ¢ and amplitude
parameter p. However, azimuth and slowness have already been
determined in the first step, and the two remaining parameters can
be determined in an analytical way (Hobiger 2011). In theory, ret-
rograde particle motion corresponds to a phase shift of exactly ¢
= 90° between vertical and radial component and prograde parti-
cle motion to exactly ¢ = 270°. In a real experiment, there will
always be differences from the theoretical values. Therefore, from
a practical point of view, we identify waves with a phase difference
in the range [45°, 135°] as retrograde Rayleigh waves, while waves
with a phase difference in the range [225°, 315°] are interpreted as
prograde waves. The intermediate values are left unclassified.

The total energy in every time window and for each frequency
is calculated as the sum of the energies of all components and all
stations of the array. If the dominant wave in the time window is
identified as a Love wave, the sum of the transverse energies of all
stations of the array is taken as the Love wave energy in the time
window. If the dominant wave is identified as a Rayleigh wave, the
sum of the horizontal and vertical energies of all stations is taken
as Rayleigh wave energy.

3 ARRAY SETUP, BASIN MODEL
AND DATABASE

The San Jose Dense Seismic Array was deployed by the United
States Geological Survey (USGS) in early 1999 and recorded until
May 2004. The array consisted of 36 Kinemetrics K2 accelerom-
eters in total, which were operated in triggered mode, that is, did
not record continuously, but only if the acceleration exceeded a
predefined threshold.

The original array layout is shown in Figs 1(a) and (b). The
USGS has a detailed seismic velocity model of the whole San
Francisco Bay Area (USGS 2014), which is based on the works of
Brocher (2005) and Phelps et al. (2008). The shear wave velocity
profile based on this model along the black line of Fig. 1(b) is
shown in Fig. 1(c). Along this profile, the maximum depth of the
sedimentary filling of the basin reaches down to over 5 km. The
horizontal resolution of the model is between 100 m at the surface
and 800 m at depth, the vertical resolution between 25 and 200 m.
Based on this model, we calculated the theoretical Rayleigh and
Love wave dispersion curves for the structure beneath all stations of
the array. They are shown in Fig. 1(d). The southwestern stations of
the array, which are located on the border of the Evergreen Basin,
have significantly different theoretical dispersion curves (the grey
dispersion curves, in contrast with the coloured curves for the other
stations). Therefore, we did not use these stations and used the
subarray highlighted in Fig. 1(b) for our analysis. This subarray
consists of 25 seismic stations which are all located close to the
basin centre and have a rather homogeneous structure underneath
them. The dispersion curves of the harmonic modes for the central
station of the array are also indicated in Fig. 1(d). We should keep

in mind that these theoretical dispersion curves are calculated under
the assumption of a 1-D structure, which is certainly not the case
here, and that the surface waves in the frequency of interest have
wavelengths of few to several kilometres. Therefore, we expect the
waves to have properties which are more or less averaged over the
whole structure.

The theoretical Rayleigh wave ellipticity curves for the different
stations are shown in Fig. 1(e). The theoretical curves for most of
the selected stations are qualitatively similar and show a peak of
the fundamental mode around 0.2 Hz. The ellipticity curves for the
first harmonic mode, which is only present for frequencies above
0.17 Hz, are also similar. As the theoretical ellipticity curve for
the fundamental mode does not exhibit a singularity because of the
weak velocity contrast, the motion of this mode is expected to be
retrograde at all frequencies. As the motion of the first harmonic
mode is prograde, both modes should be distinguishable by their
sense of particle motion.

The theoretical array response for our array is given in Fig. 1(f).
From this figure, we can determine the array resolution limits of our
array as kpi, = 7.3 x 107*radm™" and ko = 6.8 x 103 radm™!.
The resolution limit corresponding to the minimum wave vector is
also represented in Fig. 1(d). The higher resolution limit is above
the limits of the plot. We can see that the Love waves should be well
resolved for all frequencies above 0.15 Hz, Rayleigh waves for all
frequencies above 0.2 Hz. Anyhow, as the lower MUSIQUE reso-
lution limit might be lower than the classical limits, we will analyse
the data also for lower frequencies, down to 0.05 Hz, depending on
the earthquakes. Actually, only eight of the 22 earthquakes have sig-
nificant energy below 0.15 Hz and only one of them below 0.1 Hz.
In these low frequency ranges, we risk to get bad estimations for
the wave velocities, but we expect the wave propagation azimuths
still to be quite well resolved. At least for Love waves, azimuth and
energy should be reasonably determined for those frequencies.

Fig. 2 shows a geologic map of the study area based on Wentworth
(1997). The surface geology in the Santa Clara Valley consists of
Holocene and Pleistozene alluvial deposits. The areas adjacent to the
basin along the eastern and western basin borders consist mainly
of materials from the Mesozoic. Directly south and southeast of
the array, there are structures of sheared serpentinite and from the
Franciscan Assemblage. This formation is a complex mixture of
different rock types and was formed in a subduction zone (Elder
2013).

Between May 1999 and April 2006, the San Jose array recorded
atotal of 199 earthquakes. However, some stations of the array were
subsequently moved to different locations in the Santa Clara Valley,
thus reducing the number of recording stations for earthquakes oc-
curring in the late phase of the deployment. As the different seismic
sensors were triggered, the number of stations actually recording
for each event also depends on magnitude and distance of the earth-
quakes. We selected 22 earthquakes for our study for which we have
a good signal-to-noise ratio and more than 12 recording seismic
sensors for the array analysis. The properties of these earthquakes
are given in Table 1. Fig. 3 shows the spatial distribution of these
earthquakes with respect to the array.

Example accelerograms are shown in Fig. 4. The first example
is for event 5, the Hector Mine earthquake, which is the strongest
event in the database and for which the recording is the longest. The
frequency spectrum of this earthquake shows energy between 0.04
and 3 Hz. The second example is from event 19, one close event
out of two distinct clusters of events 13—16 and 18-21. Each of
these earthquake clusters is composed of four events with extremely
similar parameters, that is, the same location and depth, but different
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Figure 2. Map of the surface geology of the study area, based on Wentworth (1997). The red triangles mark the used array stations, the grey triangles the
stations which were not used in this study. The black line indicates the location of the profile in Fig. 1(c).

Table 1. List of analysed earthquakes. For each earthquake, the origin date and time, location, depth and magnitude are indicated. Furthermore, the distances
between the epicentre and the centre of the array of seismic sensors are given with the theoretical backazimuth under which the array should detect the seismic
waves. Finally, the number of seismic stations contributing to the analysis of the given earthquake is indicated as well as the recorded signal length for which
the indicated number of stations recorded simultaneously. We applied a high-pass filter for frequencies larger than the indicated high-pass corner frequency for
all stations of the respective events. This frequency therefore also indicates the lowest analysed frequency for the respective events. The final column indicates
the maximum peak ground acceleration recorded on the horizontal components of all stations.

Origin Distance Number  Signal High-pass Peak ground
Event Date time  Latitude Longitude Depth  Magni- toarray  Theoretical of length corner acceleration
ID (UTC) [°N] [°W] [km] tude [km] backazimuth  stations [s] frequency [Hz] [cms2]
1 05/15/1999  13:22 37.53 118.82 56 56 M, 269 85° 23 436 0.1 0.79
2 05/15/1999  17:54 37.51 118.83 74 47 M, 268 86° 23 136 0.1 0.28
3 08/01/1999  16:06 37.40 117.12 1.3 46 My 420 88° 24 540 0.1 1.00
4 08/18/1999  01:06 37.91 122.69 6.8 50 M, 94 310° 19 203 0.1 2.07
5 10/16/1999  09:46 34.59 116.27 00 7.1 My 590 120° 23 1317 0.04 1.41
6 09/03/2000  08:36 38.38 122.41 10.1 52 My 122 337° 21 305 0.1 2.66
7 09/26/2000  07:20 38.66 119.53 92 42 M, 250 54° 22 104 0.15 1.04
8 12/02/2000  15:34 39.38 120.45 143 49 My 255 28° 12 107 0.15 0.08
9 08/10/2001  20:19 39.81 120.62 40 55 M 292 21° 18 216 0.15 0.41
10 12/28/2001  21:14 36.64 121.25 6.8 47 My 98 146° 19 191 0.15 0.42
11 05/14/2002  05:00 36.97 121.60 72 49 M, 51 153° 19 106 0.1 12.86
12 09/25/2002  07:08 36.59 121.20 80 39 M. 105 146° 13 76 0.15 0.16
13 11/24/2002  14:54 37.76 121.95 1.0 39 M. 44 350° 15 98 0.15 0.35
14 11/25/2002  03:57 37.76 121.94 10.0 38 My 44 350° 15 74 0.15 0.26
15 11/25/2002  18:22 37.76 121.94 1.0 35 M 44 350° 12 67 0.15 0.15
16 11/26/2002  12:38 37.76 121.95 10.6 3.6 My 44 350° 15 72 0.15 0.16
17 01/07/2003  22:29 36.81 121.39 89 43 M, 76 146° 15 134 0.15 1.00
18 02/02/2003  16:22 37.75 121.95 16.8 3.6 My 42 350° 15 70 0.15 0.61
19 02/02/2003  18:22 37.74 121.94 167 42 M 42 350° 15 103 0.15 0.52
20 02/02/2003  18:47 37.75 121.95 169 40 M, 42 350° 15 103 0.15 0.25
21 02/02/2003  19:02 37.75 121.95 17.1 35 M 43 350° 16 56 0.15 0.57
22 05/25/2003  07:09 38.46 122.70 54 43 My 141 329¢ 12 145 0.1 0.24

magnitudes. The signal recording for event 19 is much shorter than
for event 5, and the energy content is shifted to higher frequencies.
For this event, there is significant energy in the frequency range
between 0.2 and 15 Hz.

4 DATA PROCESSING

The signals recorded for each of the events shown in Table 1 have
been analysed in the following way: The signals of those of the
25 stations which recorded the event (i.e. for which the signal was
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Figure 3. Map showing the epicentres of the analysed earthquakes with
respect to the location of the San Jose Dense Seismic Array. The diameter
of the circles is proportional to the magnitude of the respective earthquakes.
The background topography is based on ASTER GDEM satellite data.

strong enough to trigger the recording) form the array recording
(see Table 1 for the number of array stations which recorded the
respective event). As the signals are accelerogram recordings, we
first transformed the signals into velocity space. In order to do so,
the first step was to high-pass filter the signals. Event 5 showed
significant energy above 0.04 Hz, the other events only showed
significant energies above 0.1 or 0.15 Hz. These frequencies were
taken as corner frequencies for the high-pass filter (Table 1). After
this filtering, the signals were integrated to calculate the velocity

values. The velocity signals of events 5 and 19 are also shown in
Fig. 4.

The next step was then to analyse the signals with MUSIQUE for
50 different frequency values between 0.05 and 0.5 Hz, using a log-
arithmic frequency scale, restricting the analysis for the respective
earthquakes to frequencies above the respective high-pass corner
frequencies (Table 1).

5 RESULTS FOR THE EARTHQUAKE
RECORDINGS

5.1 Azimuthal energy distribution

For all events, we analysed the wavefield between the respective
high-pass corner frequency and 0.5 Hz and classified the results
in six different frequency ranges (0.05-0.1 Hz, 0.1-0.15 Hz, 0.15—
0.2 Hz, 0.2-0.3 Hz, 0.3-0.4 Hz, 0.4-0.5 Hz). In the following, we
will show exemplary results for event 4 (the Bolinas earthquake),
event 5 (the Hector Mine earthquake), event 11 (the Gilroy earth-
quake) and the clusters of events 13—16 and 18-21. The results for
the other events are given in the Supporting Information.

5.1.1 Event 4

Event 4 (Fig. 5), the Bolinas earthquake, occurred in the extension
of the Santa Clara Valley to the northwest. The polar plots in Fig. 5
show how much energy arrives from which backazimuths for the
different wave types. The plots for the different frequency ranges
are normalized to their respective maxima. The absolute proportion
of energy for the different frequency ranges is given by the top right
plot in Fig. 5. The bottom right plot of Fig. 5 shows the energy
proportion of the identified waves. In all frequency ranges, around
40 per cent or more of the total signal energy could be attributed
to the different wave types. The remaining energy is carried by
unclassified waves.
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Figure 4. (a) Accelerogram for the three components of the central station for event 5, the Hector Mine earthquake, filtered between 0.05 and 0.5 Hz. (b) The
respective spectra of the signals of (a). (¢) Velocity signal of the central station for event 5, obtained by integration of the accelerogram of (a). The plotted
signal has been filtered between 0.05 and 0.5 Hz. (d—f) The same as (a—c), but for event 19.
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Figure 5. The polar plots show the azimuthal energy distribution in different frequency ranges for event 4, the Bolinas earthquake. The grey dot indicates the
theoretical backazimuth of the event. For clarity reasons, the energies for Rayleigh and Love waves are normalized by the overall maximum in each frequency
range. Top right: relative energy distribution of the wave types in the different frequency bands. The sum of the relative energies of all wave types and all
frequency ranges equals 1. Bottom right: percentage of the total energy in the respective frequency range carried by identified Love and Rayleigh waves, i.e.,

the proportion of wave energy characterized in the respective frequency range.

Below 0.15 Hz, all waves come from the theoretical backazimuth
and the largest contribution consists in retrograde Rayleigh waves.
Love waves dominate the signal between 0.15 and 0.3 Hz. Between
0.15 and 0.2 Hz, they come from the direct backazimuth. Between
0.2 and 0.3 Hz, they arrive from a multitude of backazimuths,
mainly diffracted by around 40° to the north and west from the the-
oretical backazimuth. These directions most probably correspond
to waves reflected at the basin borders before detection. Between
0.3 and 0.4 Hz, waves arrive under all azimuths. Prograde Rayleigh
waves and Love waves contribute equal amounts of energy in this
frequency range. The largest single energy contribution comes from
Love waves from the north. In the highest analysed frequency range,
Rayleigh waves dominate the signal. The main arrivals are prograde
Rayleigh waves from the theoretical backazimuth, but there are also
significant retrograde Rayleigh waves from a southern direction. In
any case, it is striking that all identified wave arrivals are from the
northwestern hemicycle (arrivals between 200° and 20°), the wave
energy arriving from the other hemicycle is negligible.

5.1.2 Event 5

Event 5 (Fig. 6), the Hector Mine earthquake, is the largest earth-
quake in the data set. It had a magnitude of 7.1. For this event,
Love waves dominate the wavefield for each frequency range. In
the three lowest analysed frequency ranges below 0.2 Hz, these
waves come mainly from the theoretical backazimuth. At higher
frequencies, they are more diffracted at the basin borders. Anyhow,
for all frequency ranges, significant Love waves arriving from the
south can be detected, but they carry less energy than the direct
waves. The Rayleigh waves, which are of much lower energy than
the Love waves, arrive mainly from the direct backazimuth. For this
event, which is located on the southeast, all waves arrive from the
southeastern hemicycle (wave arrivals between 60° and 200°), there
is no significant energy from the opposite hemicycle.

An analysis of the temporal evolution of the backazimuth of
Love waves can give interesting insights on the wave scatterers in
the Evergreen Basin. As the Love wave energy for this event is very
low above 0.3 Hz, we restrained this analysis to the four frequency
ranges below this frequency.

Fig. 7 shows the backazimuth and energy of all waves identified
as Love waves, with the radius axis of the polar plots corresponding
to time. In every frequency range, the early signal with the most
energetic wave arrivals comes from the theoretical backazimuth. In
this early signal, there is no scattered wave energy arriving from
other backazimuths.

In the lowest frequency range, Love waves arrive mainly
from the theoretical backazimuth and the south during the
first 500 seconds. Only after that time, waves start to arrive
from different directions, including some from the northwestern
quadrant.

In the higher frequency ranges, that is, above 0.1 Hz, scattered
waves start to arrive earlier. Between 0.1 and 0.15 Hz, the wave
arrivals are limited to the southeastern hemicycle for the first 500 s,
some waves also arrive from the west after that time. However, there
is a gap in the north from where no waves arrive. Between 0.15 and
0.2 Hz, the pattern is similar. The first waves are limited to the
southeastern hemicycle in the first 500 s. Later, waves arrive from
all different directions.

For the last frequency range, between 0.2 and 0.3 Hz, the pattern
looks different. Only the very early signal is restricted to the south-
eastern hemicycle, but already after 250 s waves arriving from the
north are observed. From that time on, waves from very different
backazimuths arrive, but there is a gap in the southwest, from where
no waves arrive at all.

For all frequencies, we can observe that the main wave energy
arrives from the theoretical backazimuth of the earthquake and from
the south. Scattered waves from different directions only arrive later
in time, but their energy is much smaller than the energy of the early
signal.
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Figure 6. The same as Fig. 5, but for event 5, the Hector Mine earthquake.
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Figure 7. Evolution of the backazimuth of Love waves with time for different frequency ranges for event 5, the Hector Mine earthquake. The backazimuth for
all waves identified as Love waves is shown. The radius of the polar plot is the time from the beginning of the recording in seconds. The grey dot indicates the
theoretical backazimuth for the Hector Mine earthquake. The point colour indicates the energy of the respective time window on a relative logarithmic scale.

5.1.3 Event 11

Event 11, the Gilroy earthquake, occurred in the southeastern di-
rection, along the axis of the basin. The energy of waves below
0.2 Hz is negligible compared with the higher frequencies (Fig. 8).
Between 0.2 and 0.3 Hz, the wavefield is dominated by Love waves,
which come mainly from the direct southern direction and from
southeastern directions, but only to a very small part from the direct
backazimuth. At higher frequencies, Rayleigh waves carry more
energy than Love waves, but they are also deviated from the direct
backazimuth. Above 0.4 Hz, both retrograde and prograde Rayleigh
waves arrive mainly from the east.

5.1.4 Events 13—16 and 18-21

The results for the two clusters of events 13—16 and 18-21 are shown
in Fig. 9. These events have very similar epicentres and times of
occurrence, suggesting that each cluster occurred on the same fault
segment. As all these events show very similar results, we grouped
them together. The most energetic component of these earthquakes
are Love waves in the frequency range between 0.3 and 0.4 Hz.
Those waves arrive, like the Love waves at the other frequencies,
from the theoretical backazimuth. Only above 0.4 Hz, the Love
waves are deviated about 30° to the east. The main contribution of

Rayleigh waves are prograde waves above 0.4 Hz. One part of these
waves comes from the theoretical backazimuth, the other part are
diffracted waves under different directions. Also for these events,
which are located in the north, all significant energy arrivals are
restricted to northern directions (arrivals between 270° and 40°).

5.1.5 Summary

For all other events, the figures corresponding to Figs 5, 6, 8 and 9
can be found in the Supporting Information. The events discussed
in detail here are characteristic for all events.

The events can be divided into two principal groups, events arriv-
ing from the north (backazimuths between 310° and 28°) and events
arriving from the southeast (backazimuths between 85° and 153°).
For events arriving from the north (i.e. events 4, 6, 8 and 9, 13-16,
18-22), the wave energy is confined to the northwestern hemicycle
and no significant energy is arriving from southeastern directions.
For this group of events, most of the wave energy is arriving from
the theoretical backazimuth of the respective earthquake, but for
some of the events, however, Love wave arrivals from the south can
be seen. Furthermore, especially for earthquakes occurring in the
prolongation of the Santa Clara Valley, a lot of waves are reflected
on the basin borders and arrive therefore from directions deviated
from the direct backazimuth (e.g. events 6 and 22).
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Figure 8. The same as Figs 5 and 6, but for event 11, the Gilroy earthquake.
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Figure 9. The same as Figs 5, 6 and 8, but for the combination of the events 13—16 and 18-21.

Event 7 is a special case because its theoretical backazimuth is
perpendicular to the eastern basin border. For this event, the largest
part of energy arrives from that theoretical backazimuth. However,
in the frequency range between 0.3 and 0.4 Hz, the entire Love wave
energy comes from the south.

For events arriving from the southeast (i.e. events 1, 2, 3, 5, 10, 11,
12 and 17), the main wave arrivals are only slightly deviated from
the theoretical azimuth. For events occurring in the prolongation of
the valley in the southeastern direction, waves reflected on the inner
basin borders can be seen (e.g. events 10, 11, 12, 17). For all events,
Love waves arriving from the south can be seen. The maximum
contribution of these southern Love waves is obtained between 0.2
and 0.4 Hz (e.g. events 1,2 and 11).

For most of the events (exceptions are events 8, 9, 12 and 17),
the wavefield is dominated by Love waves. The energy repartition
between the different wave types will be discussed later in this paper.

5.2 Identification of wave scatterer directions

Fig. 10 shows a combination of all events, where all wave arrivals
within £45° from the theoretical backazimuth have been removed.
In this way, it is possible to determine the main directions of ar-
rival of scattered waves. For frequencies below 0.3 Hz, almost all
scattered Love waves arrive from the south. It is only above 0.3 Hz
that some scattered Love waves also arrive from the eastern basin
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Figure 10. The polar plots show the azimuthal energy distribution of the scattered waves in different frequency ranges for the combination of all 22 earthquakes.
All waves with backazimuths within £45° from the theoretical backazimuth for the respective events are excluded so that only scattered waves are included.
For clarity reasons, the energies for Rayleigh and Love waves are normalized by the overall maximum in each frequency range. Top right: relative energy
distribution of the wave types in the different frequency bands. The sum of the relative energies of all wave types and all frequency ranges equals 1. Bottom
right: percentage of the total energy in the respective frequency range carried by identified Love and Rayleigh waves, i.e., the proportion of wave energy

characterized in the respective frequency range.

border. This result is in good agreement with the evidence for a
large Love wave scatterer that Frankel et al. (2001) identified in the
south. If we have another look on the geologic map of the area, it is
easy to find possible candidates for the wave scatterer in the south.
According to the Bay Area Model dispersion curve, the wavelength
of Love waves should be around 10 km at 0.2 Hz and about 1.5 km
at 0.5 Hz. The wave scattering structures must have a similar size.
Directly to the south of the array is a prominent hill of sheared
serpentinite of about three kilometres length at the surface. If we
take into account that the buried structure is probably larger, this
could be a good candidate for the wave scatterer. Directly east of
this hill is another, even larger structure of the same material. For
waves scattered at this point, however, we would expect arrival di-
rections to be more southeastern than observed. Directly south of
the first hill is the southern border of the valley, which is formed by
material of the Franciscan assemblage, which is potentially a very
good wave scatterer. One or several of these structures certainly act
as wave scatterers in the Santa Clara Valley.

Most of the scattered wave energy is carried by Love waves in
almost all frequency ranges, especially below 0.15 Hz and between
0.2 and 0.4 Hz. Significant scattered Rayleigh waves are identified
below 0.2 Hz. In those frequency ranges, over 40 per cent of all
identified prograde Rayleigh waves were scattered. Anyhow, ac-
cording to the basin model (see Fig. 1), prograde Rayleigh waves
should not exist below 0.18 Hz. As the energy of identified prograde
Rayleigh waves is very small below 0.15 Hz for all earthquakes, it
is not surprising that small amounts of waves misidentified as pro-
grade Rayleigh waves can have a virtually large contribution of
scattered waves below 0.15 Hz. In any case, the scattering direc-
tions for prograde Rayleigh waves are very similar to retrograde
Rayleigh waves and to Love waves in all frequency ranges below
0.2 Hz. Above 0.2 Hz, less than 25 per cent of all prograde Rayleigh
waves are scattered. The partition of scattered retrograde Rayleigh
waves in those frequency ranges is much larger, reaching up to

80 per cent above 0.4 Hz. The majority of these waves also arrives
from southern directions.

5.3 Energy repartition between Love and Rayleigh waves

The energy repartition between the different surface wave types is
given for each event in Table 2. The indicated energies are the total
energies for all 50 analysed frequencies in the range between 0.05
and 0.50 Hz. In the MUSIQUE code, the signal of a time window
is identified as a Love wave if the transverse energy is dominant
in the respective time window. The Love wave energy indicated in
the table corresponds to the summed transverse energies of all time
windows which have been attributed to Love waves. The radial and
vertical energies of these windows are also included in the table.
These latter energies correspond to the less energetic waves in the
signal, which can include Love or Rayleigh waves arriving under
different azimuths. The energy of these ‘wrong’ components is,
by construction of the method, always smaller than the energy of
the components corresponding to the identified wave. The columns
for the retrograde and prograde Rayleigh waves are analogue to
the Love wave columns. However, it should be mentioned that the
MUSIQUE code does not directly identify a wave as a Rayleigh
wave if the sum of the radial and vertical energies is larger than the
transverse energy. It is also necessary that the polarization angle
is within certain limits (between 45° and 135° for retrograde and
between 225° and 315° for prograde Rayleigh waves). For all other
polarization angles, the wave is left unclassified.

The table shows that the energy of the classified components
represents between 39.1 and 60.1 per cent of the total energy for
the different events, with an average of 47 per cent. Overall, the
wavefield is dominated by Love waves for most of the events. Ret-
rograde Rayleigh waves do not contribute much in terms of energy,
and prograde Rayleigh waves are more pronounced.
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Table 2. List of the energy partition for all analysed earthquakes, sorted by increasing azimuths starting in the northwest. The columns indicate the transverse
and combined radial and vertical energies of all time windows identified as Love waves and retrograde or prograde Rayleigh waves, plus the energy attributed
to time windows which have not been classified. The next column indicates the sum of the transverse energy of windows identified as Love waves and the radial
and vertical energies of the windows identified as Rayleigh waves. The values are indicated as percentages of the total energy content in the frequency range
between 0.05 and 0.50 Hz. The next columns indicates the energy repartition between Love, retrograde and prograde Rayleigh wave energy in the classified
time windows. In the last column, the energy proportion of Love waves arriving from southern directions (with azimuths between 150° and 210°) compared to

the total Love wave energy is indicated.

Energies (in per cent of the total energy) of the windows identified as Classified components [per cent] Percentage

Theoretical Event Retrograde Prograde Sum of all Retrograde ~ Prograde  of Love waves
backazimuth ID Love waves Rayleigh waves Rayleigh waves Unclassified classified Love Rayleigh Rayleigh arriving from
[°1 E, E.+E, E . +E, E, E. +E, E, E,+E.+E, components waves waves waves the south
310 4 21.1 14.7 9.0 5.9 12.1 7.8 29.5 422 50.0 213 28.7 3.9
329 22 40.1 23.0 6.6 39 5.6 3.4 17.3 523 76.7 12.6 10.7 2.7
337 6 36.4 21.5 6.6 43 6.6 4.0 20.6 49.6 73.4 133 133 0.6
350 13 325 223 5.8 3.6 10.9 7.3 17.6 49.2 66.1 11.8 222 3.0
350 14 232 12.1 10.1 4.9 13.9 8.3 274 47.2 49.2 214 29.4 0.0
350 15 29.2 14.9 8.2 4.6 9.8 5.6 27.7 472 61.9 17.4 20.8 0.9
350 16 28.7 16.5 6.7 4.1 9.3 6.1 28.6 44.7 64.2 15.0 20.8 0.0
350 18 29.8 18.2 113 6.6 9.0 6.1 19.0 50.1 59.5 22.6 18.0 3.6
350 19 36.6 20.2 6.6 3.8 8.0 4.5 20.2 51.2 71.5 12.9 15.6 6.3
350 20 30.0 18.3 6.6 35 10.3 5.8 25.5 46.9 64.0 14.1 22.0 0.7
350 21 31.5 18.5 9.7 6.0 7.1 4.4 22.8 483 65.2 20.1 14.7 3.4

21 9 18.3 12.8 10.7 6.1 12.7 7.5 31.9 41.7 439 25.7 30.5 4.0

28 8 8.6 6.6 5.2 33 26.2 11.4 38.8 40.0 215 13.0 65.5 20.6

54 7 21.8 14.5 2.8 2.0 14.8 8.1 36.0 394 553 7.1 37.6 383

85 1 433 20.8 6.4 33 6.7 3.7 15.8 56.4 76.8 113 11.9 20.6

86 2 24.0 15.1 7.5 4.8 14.2 7.6 26.8 45.7 52.5 16.4 31.1 14.7

88 3 27.6 18.2 3.6 2.7 20.6 10.1 17.2 51.8 533 6.9 39.8 27.0
120 5 43.7 19.1 10.5 4.4 59 2.2 14.2 60.1 72.7 17.5 9.8 30.1
146 10 20.6 14.9 9.7 5.1 11.7 7.1 30.9 42.0 49.0 23.1 27.9 21.1
146 12 14.6 10.8 7.6 4.7 16.9 11.7 33.8 39.1 37.3 19.4 43.2 11.3
146 17 16.4 12.3 6.3 3.8 229 13.4 24.8 45.6 36.0 13.8 50.2 40.1
153 11 25.2 17.2 9.5 59 12.1 7.9 222 46.8 53.8 20.3 25.9 423

The energy repartition between the different wave types varies
largely for the different events. The proportion of Love waves ranges
from 8.6 per cent (event 8) to 43.7 per cent (event 5), with an average
of 27.4 per cent. The retrograde Rayleigh wave proportion is much
smaller, taking values from 2.8 to 11.3 per cent for the different
events, whereas the prograde Rayleigh wave proportion is larger
on average and accounts for 5.6-26.2 per cent of the energy. The
unclassified waves contribute between 14.2 and 38.8 per cent to the
total energy, but, in fact, also the contributions of the components
not corresponding to the identified polarization of each time window
are not attributed to a wave type. The energy repartition between
classified Love and Rayleigh waves (retrograde and prograde) is
indicated in the table as well.

The last column of the table indicates the proportion of Love wave
energy arriving from the south (with azimuths between 150° and
210°). For events located north of the array (with azimuths smaller
than 21°), this proportion is very small (less than 6.3 per cent). For
the other events, which are located east of the array, the proportion
of Love waves from the south is much larger and ranges from
11.3 per cent (event 12) to 42.3 per cent (event 11).

In Fig. 11, the energy repartition between Love, retrograde and
prograde Rayleigh waves is shown in different frequency ranges
for all analysed events. In each frequency range, the sum of the
Love, retrograde and prograde Rayleigh waves is normalized to 1.
A relative peak of the Love wave energy can be seen for frequencies
below 0.20 Hz for most events. For event 5, the strongest, but also
farthest event in the data set, the Love wave energy dominates in the
whole frequency range. The two groups of events 13—16 and 18-21
both show very energetic Love waves between 0.3 and 0.4 Hz. With
distances of 44 km and 42 km, respectively, these events are the
closest to the array.

The energy proportion of retrograde Rayleigh waves is rather
small for most events. Only some events exhibit significant con-
tributions of retrograde Rayleigh waves (e.g. events 4, 14, 15, 17
and 18).

Prograde Rayleigh waves are stronger at higher frequencies
for most events. According to the basin model, the fundamental
Rayleigh wave mode is retrograde at all frequencies. Therefore, pro-
grade Rayleigh waves correspond to the first harmonic mode which
does not exist below 0.18 Hz. Consequently, prograde Rayleigh
waves found at lower frequencies are probably misidentified.

5.4 Dispersion curves

As the different earthquake signals carry wave energy in different
frequency ranges, they can also give us insight on different parts
of the Love and Rayleigh wave dispersion curves. The dispersion
curves are retrieved in the following way: For each frequency, a
velocity histogram with 50 different velocity values is calculated,
where only waves identified as the respective wave type are con-
sidered and their respective energies are summed at each histogram
point. The histograms for the different frequencies are then normal-
ized individually and plotted one next to the other. In the resulting
plot, the dispersion curves can be picked in a reasonable way.

We will not show the dispersion curves for all events, but limit
this study to showing some examples in Fig. 12. The Love wave
dispersion curve for event 4 exhibits some clear data points which
are in good agreement with the theoretical dispersion curve of the
Bay Area Model at least for frequencies above 0.25 Hz. Below
0.2 Hz, the velocity values are outside the array resolution limits
but still reasonable with respect to the Bay Area Model, even if the
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Figure 11. Repartition of energy between Love waves, retrograde and prograde Rayleigh waves in different frequency ranges for all events. The total energy

in every frequency range is normalized to 1.

earthquake did not produce much energy in this frequency range,
which questions the reliability of these data points.

The Love wave dispersion curve determined for event 5 pro-
vides much lower frequencies. For the fundamental mode of Love
waves, the theoretical dispersion curve fits rather well. At lower fre-

quencies, around 0.1 Hz, the measurements show larger velocities
than the Bay Area Model predicts for the 1-D model of the central
valley.

The Love wave dispersion curve for the clusters of events 13—
16 and 18-21 is very different from all the other earthquakes. The
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Figure 12. Measured dispersion curves for Love waves and Rayleigh waves. The velocity values for all time windows attributed to the respective wave type
are included in the figures, weighted by the respective energy. The darkest colours indicate high energy concentrations. The solid green lines represent the
fundamental and harmonic Rayleigh wave dispersion curves corresponding to the basin model for the central station of the array, the dashed and dash-dotted
green lines represent the fundamental and harmonic Love wave dispersion curves. The dash-dotted grey line corresponds to the lower array resolution limit of
the array. The solid white lines are manually picked. The figures show the Love wave results of event 4 (top left), event 5 (top right), the combination of events
13-16 and 18-21 (centre left) as well as the Love (centre right), retrograde (bottom left) and prograde (bottom right) Rayleigh waves for the combination of

all events.

associated wave signals showed much more Love wave energy at
higher frequencies (between 0.3 and 0.4 Hz) than the other events
(Fig. 9). The dispersion curve shows much faster waves in this
frequency range which are very close to the theoretical dispersion
curve of the first harmonic Love wave mode according to the Bay
Area Model. However, the fundamental Love wave mode is not well
resolvable with these clusters of events.

A combination of all 22 analysed earthquakes, as shown in the
centre right plot of Fig. 12, actually identifies both the fundamental
and the first harmonic Love wave modes quite well. This figure

has been obtained by summing the results for the different events
after normalization by their respective total energies. In this way,
the information of less energetic events also contributes to the re-
sults. The curves outside of the array resolution limits also seem
reasonable.

The Rayleigh wave dispersion curves for the single earthquakes
are badly retrieved. Even for the combination of all events, the
actual dispersion curve is less evident than for the Love waves. A
dispersion curve for retrograde Rayleigh waves can be identified,
but the scattering is stronger than for the Love waves. The identified
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Figure 13. Ellipticity curves for retrograde (left) and prograde (right) Rayleigh waves. The figures are based on the combination of all events. The ellipticity
values for all time windows identified for the respective wave types are included in the figure, weighted by their energy. The darkest colours indicate high-energy
concentrations. The solid green line represents the ellipticity curve of the fundamental mode and the dashed green line the curve of the first harmonic mode of
Rayleigh waves calculated for the basin model at the central station of the array. The solid white lines are manually picked.

dispersion curve is slower than the prediction of the Bay Area
Model.

For the prograde Rayleigh waves, we see a cluster of data points at
high frequencies which may well correspond to the first harmonic
mode of Rayleigh waves. These data points come from different
events compared to those of the first harmonic Love wave mode
and are therefore not misidentified Love waves. Anyhow, the data
points are quite scattered, but we can pick a dispersion curve which
is actually not too far from the Bay Area Model.

5.5 Ellipticity curves

The ellipticity curves shown in Fig. 13 are of worse quality than the
dispersion curves. They were obtained by only taking into account
the data points contributing to the respective dispersion curves of
Fig. 12 and neglecting all other waves. The curves are only shown
in the frequency range that is inside the array resolution limits. For
the retrograde Rayleigh waves, the data points are rather scattered,
but we can define an ellipticity curve which is not too far from
the theoretical ellipticity curve above 0.3 Hz. Around the theoret-
ical ellipticity peak, however, the disagreement is rather large. For
the prograde Rayleigh waves, the image is less scattered and an
ellipticity curve can be determined which is rather flat. Compared
to the identified dispersion curves, the uncertainty of the retrieved
ellipticity curves is much larger.

6 SIMULATION RESULTS

The wave scattering in the basin which we measured for the different
earthquakes is rather complex. The question arises if these scattering
properties can also be retrieved by simulating selected earthquakes
using the Bay Area Model. We selected two earthquakes from our
data set for our simulations. The Bolinas earthquake (event 4) serves
as an example for an earthquake from the northwest. The Gilroy
earthquake (event 11) serves as an example for an earthquake from
the southeast.

Ground-motion simulations were performed using SW4, a fourth-
order finite-difference code based on the summation-by-parts prin-
ciple (Petersson & Sjogreen 2014). The subsurface structure follows

the USGS 3-D seismic velocity model, version 8.3 (USGS 2014),
although we limited the minimum shear wave speed to 500 m s™'.
We set the grid spacing to 125 m, resulting in a maximum resolvable
frequency of 0.5 Hz. Both topography and intrinsic attenuation were
included in the numerical simulations. The seismic source was ap-
proximated by a point-source characterized by a Brune slip function
with corner frequency of 1.0 Hz, compatible with the size of both
events. Locations and mechanisms were retrieved from the online
BSL moment tensor catalogue (Berkeley Seismological Laboratory
2016).

The data resulting from the simulations were analysed in the
same way as the earthquake data. The resulting azimuthal energy
distributions in the different frequency ranges for event 4 are shown
in Fig. 14. The energy repartition between the different wave types
and frequency ranges differs from the real earthquake data, but the
distribution of the wave azimuths in the different frequency ranges
is similar. Below 0.15 Hz, the wavefield is dominated by retrograde
Rayleigh waves from the source direction in both cases, between
0.15 and 0.2 Hz, Love waves from the same direction dominate.
Between 0.2 and 0.3 Hz, Love waves come mainly from the west
for both the simulation and the real data, whereas the amount of
prograde Rayleigh waves from the direct backazimuth is much larger
in the simulation than for the real data. For higher frequencies, there
is a complex pattern of different backazimuths both in the real data
and the simulation cases, but they do not agree too much.

For event 11, the simulation results are shown in Fig. 15. Also
here, the energy distribution between the different wave types is
different from the earthquake data, but the results are qualita-
tively in good agreement. Below 0.2 Hz, most energy is carried
by Love waves from southern directions in both cases. Some pro-
grade Rayleigh waves arrive from the east in both cases. Between
0.2 and 0.3 Hz, the pattern for Love and Rayleigh waves is simi-
lar for the simulation and the real data. They arrive directly from
the south and from the southeast, but not from the direct azimuth.
Between 0.3 and 0.4 Hz, the majority of prograde Rayleigh waves
comes from around 120 to 140° in both cases. Above 0.4 Hz, the
simulation differs from the real data case.

As the main characteristics of the simulated wavefield are in good
agreement with the real data, we can suppose that the simulations
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Figure 14. Azimuthal energy distribution in different frequency ranges, relative energy distribution and percentage of identified waves (similar to Fig. 5) as
determined by the MUSIQUE analysis of the simulated data for the Bolinas earthquake (event 4).
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Figure 15. The same as Fig. 14 for the MUSIQUE analysis of the simulation results for the Gilroy earthquake (event 11). The real data analysis for this

earthquake was shown in Fig. 5.

can help us in identifying the wave scatterers in the basin. Movies
for the simulations of both events can be found in the Supporting
Information. For event 4, the movie shows that the wavefield is
mainly moving along the eastern basin edge. For event 11, we see
that the rock formation directly south of the array acts as a wave
scatterer and deviates the propagation direction in such a way that
the waves cross the array directly from the south. Furthermore,
the southern basin border also diffracts the waves crossing it. This
confirms our earlier hypothesis of potential wave scattering geologic
formations in the south of the basin. The differences of the wave
energies between the simulations and the real data are certainly
caused on one side by the simplified source model used for the
simulation and on the other side by the complexity of the basin
which cannot be completely included in the Bay Area Model.

7 DISCUSSION

The analysis of different earthquakes showed that the wave propa-
gation in the Santa Clara Valley differs for the different earthquakes
and that it is possible to assemble the results of the different earth-
quakes to get a better overview of the wave propagation properties
in the valley.

The array was not optimal for our analysis. First, the inter-sensor
spacing of the array limits the accessible frequency range. Further-
more, the structure of the basin is not homogeneous under the entire
array. Additionally, the use of accelerometers limits the usage for
this type of study. However, even with these limitations, it was pos-
sible to retrieve valuable information about the behaviour of seismic
waves inside the Santa Clara Valley.
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We have found a clear difference in the valley response for earth-
quakes occurring in the northwest compared with earthquakes oc-
curring in the southeast. In both cases, the energy remains in the
hemicycle where the earthquake occurs. The only exception to this
rule are Love waves which arrive from the south and which are also
generated by earthquakes in the north. Such a large Love wave scat-
terer effect was already seen by Frankel et al. (2001), who attributed
it to either a large rock formation in the south of the Santa Clara
Valley, exactly south of the San Jose Dense Seismic Array, or to the
southern basin border. Our analysis and simulations confirm this
result. We can identify both the large rock formation south of the
array and the southern basin edge as wave scatterers. Waves with
small deviations from the theoretical backazimuth can be attributed
to the refraction of incident waves at the lateral basin borders.

In the analysis of the energy partition between Love and Rayleigh
waves, we have found large differences between the different earth-
quakes. In general, between 40 and 50 per cent of the total wave
energy were analysed for the single events. Overall, Love waves
dominate the wavefield for most events (19 out of 22). The contri-
bution of retrograde Rayleigh waves is rather weak, contributing to
less than 26 per cent for all earthquakes. For three events, prograde
Rayleigh waves represent the dominant wave type.

Combining all analysed earthquakes, we were able to determine
dispersion curves for the fundamental and the first harmonic Love
wave modes, where different earthquakes contributed to different
parts of the dispersion curves. The first harmonic Love wave mode
is only visible for the closest events. For the other events, no such
waves of significant amplitude can be identified. They might be
as well produced during these earthquakes, but attenuated on their
way to the array or this might be a feature attributed to the special
location of the close earthquakes. However, for retrograde Rayleigh
waves, the determination of the dispersion curve is less clear than
for Love waves. For prograde Rayleigh waves, we can also identify a
dispersion curve and attribute it to the first harmonic Rayleigh wave
mode. The determination of ellipticity curves was possible, but
with a lot of uncertainty. Our results show differences between the
measured dispersion and ellipticity curves and the theoretical curves
ofthe Bay Area Model. However, our theoretical curves are based on
a 1-D assumption for the central part of the array, which is certainly
not true because the basin represents a more complex structure.
There was also large scattering between the theoretical curves for
the different stations (Fig. 1). Therefore, differences between these
theoretical curves and the measured ones are not surprising. In
any case, the Bay Area Model predicts that there should not be
a singularity in the ellipticity of the fundamental Rayleigh wave.
Consequently, this mode should be exclusively retrograde and the
first harmonic mode prograde. Therefore, we identify the prograde
Rayleigh waves as the first harmonic mode.

8 CONCLUSIONS

Using the MUSIQUE algorithm to analyse seismological data, we
showed that this technique is capable to separate the contributions
of Love and Rayleigh waves. The energies of the different wave
types are quantified.

Our analysis showed differences in the basin response for differ-
ent earthquakes. The azimuthal energy distribution is clearly differ-
ent for waves incident from northwestern or southeastern directions.
In both cases, the energy at the array is almost exclusively arriving
from the respective hemicycle. However, even for waves coming
from the north, there is some Love wave energy arriving from the

south. Diffracted waves from different azimuths can also be seen,
but they carry less energy. The wave types incident in the basin
and their azimuthal distribution clearly depend on the earthquake
source location. Apart from the large part of Love waves scattered
in the south, there is no systematic basin response. Other studies
in smaller arrays have shown such systematic patterns. Numerical
simulations based on the detailed model of the San Francisco Bay
Area were in agreement with the earthquake measurements and
helped to identify the most important wave scatterers in the valley.

We identify prograde Rayleigh waves as the first harmonic mode.
For the events that are the closest to the array (about 40 km), the
first harmonic Love wave mode can be found.

By combining the information of all earthquakes, we succeeded
in retrieving the Love wave dispersion curves for the fundamental
and the first higher mode. For retrograde and prograde Rayleigh
waves, it was also possible to identify dispersion and ellipticity
curves, but they were less clear.

The array was not optimal for the type of analysis we did, but it
was possible to gain important information on the seismic behaviour
of the Santa Clara Valley. A smaller, but denser array of velocime-
ters located in the central part of the valley would allow us to study
the higher-frequency part of incident waves, mainly for local earth-
quakes. This might help to further increase the understanding of the
mechanisms in the Santa Clara Valley.
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APPENDIX A: QUATERNIONS

Quaternions are an extension of the complex numbers and have been
discovered by the Irish mathematician Hamilton (Hamilton 1847).
For a good overview of quaternion algebra, we refer the interested
reader to Kantor & Solodovnikov (1989). Here, we will only give
an overview of the basic rules of quaternion algebra.

A1l Definition

A quaternion is defined as

g=q+qi+q]i+aek (Al)
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where ¢, ..., g3 are real numbers and i, j and k are imaginary
units defined by
P?=32=Kk* =ijk=—1. (A2)

qo is called scalar part of the quaternion and ¢11 4+ ¢, j + g3 k is
the vector part. Based on eq. (A2), it follows that

ij =k, ji= -k

jk =1, kj=-i (A3)
ki=j, ik=—j.

The multiplication of quaternions is not commutative.

A2 Properties

Bep=pot+pii+tpitpkadg=qg+qit+epjt+gek
quaternions, then their addition is defined as

p+qg={@o+q)+(pi+q)i+P2+q)i+(p:+g)k.

(A4)
The multiplication of p and ¢ yields
pq = (Pogo — P1g1 — P2q> — P3q3)
+(poq1 + P1go + P2g3 — p3q2) i
+(pog2 — P195 + p2qo + P3q1) ]
+(pogs + P192 — p2g1 + p3qo) k. (AS)

It follows from eqs (A4) and (AS5) that the addition of quaternions
is commutative, whereas the multiplication, in general is not: pg #
qp- However, quaternion multiplication is still associative, that is,
(pq)r = p(qr) for any quaternions p, g and r.

In analogy to the complex numbers, the conjugate of a quaternion
q=qo+q11i+q ]+ q;kisdefined by

" =q—-qi-qj- gk (A6)
Using eq. (AS5), it can be shown that the product of g with its
conjugate ¢* is given by

99" =49 =¢; +4i + ¢ +43- (A7)

In this way, the norm or absolute value of a quaternion can be
defined by

lgl =Va'qa =+q; + a7 + 45 +43. (A8)

The inverse value of a quaternion ¢ # 0 is given by

*

s 4
g1

In this way, the quaternion division is also defined.

q (A9)

A3 Quaternion vectors

A quaternion vector q is an N-dimensional vector whose elements
are quaternions. For two quaternion vectors q and p, the inner prod-
uct is given by q'p, (e.g. Miron 2005) where q' = (q”)" denotes
the conjugate transpose of a quaternion vector.

The norm of a quaternion vector can be defined by | q| = v/q'q.
The set of quaternion-valued vectors forms a Hilbert space. Two
quaternion vectors q and p are orthogonal if their inner product q'p
equals zero.
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A4 Quaternion matrices

The properties of quaternion matrices differ from real or com-
plex matrices because quaternions are not commutative. A good
overview of quaternion matrices is given by Zhang (1997), so we
will only give a short overview of the properties of quaternion matri-
ces here. Considering a quaternion-valued matrix A of size M x N,
we will denote by A the transpose, by A* the conjugate and by A
the conjugate transpose of A. Considering two quaternion-valued
matrices A (of size M x N) and B (of size N x 0), the following
properties hold (Zhang 1997):

(i) (A9 = (A"

(ii) (A B)' = B A"

(iii) (A B)* # A* B*, in general

(iv) (AB)T # BT A7, in general

(v) (AB)"' =B~! A~ if A and B are invertible
(vi) (AN™' = (AN, if A is invertible

(vii) (A*)7! #£ (A", in general

(viii) (AT)~! £ (A™"7, in general

Due to the non-commutativity of quaternions, a quaternion-
valued matrix A of size N x N has right and left eigenvalues,
satisfying the equations

Au, = u,A,, (A10)

All[ = )\.[ll[, (All)

respectively. In general, both eigenvalues are different. The theory
of left eigenvalues is not yet well understood in literature, but the
properties of right eigenvalues are well established (Zhang 1997).
Therefore, we use exclusively right eigenvalues and eigenvectors.

The quaternion-matrix A has N linearly independent eigenvec-
tors. In the MUSIQUE algorithm, the quaternion-valued covariance
matrix S, (/) is built according to eq. (1) and therefore Hermitian,
that is, S* = S. Let A be a complex-valued eigenvalue of a Her-
mitian quaternion matrix A (of size N x N) and u the associated
normed quaternion-valued eigenvector of size N x 1 (ufu = 1).
Then the eigenvalue X is real-valued, as can be shown by the short
calculation:

(Au)'u = (ur)u = Aufu = A* (A12)

(Au)'u = u'Au = u'ur = A. (A13)

Therefore, A* = A and A is real-valued.

Different eigenvectors of a Hermitian quaternion-valued matrix
A are orthogonal and the set of eigenvectors can be used to form an
orthonormal basis of the Hilbert space. This can be proved in the
following way: We consider two different eigenvalues A, # 1, of a
Hermitian matrix A with associated eigenvectors u; and u,. Then,
we can calculate the following equations:

(Au)'u; = (wr) i = 2 (ujwy), (A14)

(Au))'u, = ufAu, = (uluy)rs, (A15)

which can only be true if uil u, = 0. Therefore, different eigenvectors
of A are orthogonal.

A Hermitian quaternion-valued matrix A (of size N x N) can be
decomposed in the following way:

A = UAU', (A16)

where U is a unitary matrix (UU" = U'U = I) and A is a diagonal
real-valued matrix. Therefore, we can write:

r—k r
A=) weui+ Y weui. (A17)
i=1 i=r—k+1

Here, r is the rank of matrix A. & is the dimension of the signal space
and » — k the dimension of the noise subspace. & is the number of
‘large’ eigenvalues, the signal and noise subspaces are orthogonal.
This separation of signal and noise subspaces is crucial for the
MUSIC algorithm.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. Azimuthal energy distribution for different frequency
ranges for event 1. The grey dot indicates the theoretical backaz-
imuth of the event. In each frequency range, all curves were normal-
ized to the maximum. For clarity reasons, the curves for Rayleigh
and Love waves are normalized by their respective maxima. The
figure on top at the right side indicates the relative energy distribu-
tion of the wave types in the respective frequency bands. The figure
below indicates the percentage of the total energy in the respective
frequency range which is carried by identified Love and Rayleigh
waves.

Figure S2. Azimuthal energy distribution for event 2 (similar to
Fig. S1).

Figure S3. Azimuthal energy distribution for event 3 (similar to
Fig. S1).

Figure S4. Azimuthal energy distribution for event 6 (similar to
Fig. S1).

Figure S5. Azimuthal energy distribution for event 7 (similar to
Fig. S1).

Figure S6. Azimuthal energy distribution for event § (similar to
Fig. S1).

Figure S7. Azimuthal energy distribution for event 9 (similar to
Fig. S1).

Figure S8. Azimuthal energy distribution for event 10 (similar to
Fig. S1).

Figure S9. Azimuthal energy distribution for event 12 (similar to
Fig. S1).

Figure S10. Azimuthal energy distribution for event 17 (similar to
Fig. S1).

Figure S11. Azimuthal energy distribution for event 22 (similar to
Fig. S1).

Movie S12. Movie of the simulation of wave propagation in the
San Francisco Bay Area for the Bolinas earthquake (event 4). The
brown-shaded background indicates the bedrock depth, which is
defined as the depth at which the shear wave velocity reaches
3000 ms~'. The simulation indicates the magnitude of the ground
velocity, which is the length of the 3-D velocity vector. The time of
the video is in seconds, the north is towards the top. The locations
of the seismic array stations are indicated by dark brown triangles.
Movie S13. Movie of the simulation of wave propagation for
the Gilroy earthquake (event 4), similar to Movie S12. (http://gji.
oxfordjournals.org/lookup/suppl/doi:10.1093/gji/ggw289/-/DC1)

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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