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Technical Description 
1.Summary 
 It has been noted that two main data sources for anisotropy, i.e., the SKS splitting 
data and the surface wave data, often show inconsistent patterns. This seems to be 
supported by data in Southern California based on individual SKS and surface wave 
studies. The primary goal of this project is to understand the source of this discrepancy 
and to obtain a seismic structure that satisfies both sets of data. The key must be in the 
depth variations in anisotropy, as the two types of data have different depth sensitivities. 
In 2007, we formulated a scheme to invert surface waves and obtained S-wave velocity 
anisotropy maps. We also reexamined SKS splitting data in Southern California.  In 2008 
we analyzed all SKS waveforms suitable for splitting analysis and found that robust 
results were obtained if seismograms form different azimuths were stacked.  In 2009, we 
recasted the surface wave analysis by a beam-forming method.  We now have results that 
directly demonstrate the azimuthal variation of surface wave phase velocity with the fast 
axis direction of 290-300 degrees (clockwise from north). The data also show that the 
variations are dominated by 2-theta variations and 4-theta variations are small. This has 
been assumed by most surface-wave inversion analyses but has not been demonstrated 
from data. 
 In this report, we focus on the progress by UCSB team. 
  
2. Progress in 2007-2010 
(2.1) Surface wave inversion 

Rayleigh wave phase velocity maps indicate that fast velocity axes tend to rotate 
as a function of frequency in Southern California (Prindle, 2006). In 2007, we inverted 
these results for S-wave anisotropy with the 

€ 

2θ  type variations (Figure 1). We inverted 
for four layers, the upper crust (0-15 km), the lower crust (15-33 km), the lithospheric 
upper mantle (33-100 km) and the asthenospheric upper mantle (100-150km). Results 
indicate that the data require strong anisotropy in the upper mantle 33-100 km and a 
somewhat weaker anisotropy in the lower crust, whereas contributions from other layers 
and P-waves are relatively small. 
 One of the features that stands out in Figure 2 is that the anisotropy is strong in 
the Transverse Ranges. It also hints that anisotropy is stronger on the Pacific plate side of 
the San Andreas Fault i.e. in the big bend region.  Anisotropy in the uppermost mantle, 
just below Moho, is stronger than anisotropy in the lower crust, indicating the need for 
mantle anisotropy for surface wave results. However, its depth range may be shallow, 
confined within the range from Moho to 100 km in depth. 
 
(2.2) Beamforming Results for Rayleigh Waves 
 This part was the main progress made by UCSB team in 2009. The whole 
earthquake data sets from 190 events from 1999 to 2008 were reanalyzed by the 
beamforming method. Figure 3 shows some examples of beamforming for selected 
earthquakes.  We make phase velocity measuremnts from the maximum beam locations.  
This approach can avoid complications from lateral refractions, obvious in these beam 
plots. 
 In Figure 4, we show the azimuthal variations of Rayleigh wave phase velocities 
obtained from beams. One hundred ninety events were selected to cover the entire 



azimuth as uniformly as possible but obviously there are some azimuth for which it is 
hard to find earthquakes. Nonetheless, we can make robust fitting to the phase velocity 
data, using both 2-theta variations and 4-theta variations.  
 Two prominent results are (i) 4-theta variaitons are much smaller than 2-theta 
variations. This has been assumed since the beginning of this type of study in the mid 
1980s but has never been shown directly from data. Figure 4 shows, conclusively that this 
assumption is good. (ii) The fast axis is in the azimuth of 290-300 degrees, clockwisely 
measured from north.  The latter result is consistent with previous surface wave results 
(Prindle, 2006, thesis at UCSB) but differs somewhat from SKS splitting results. 
 
 
3. Summary 
 This is a collaborative project with the team at UCLA (Prof. Paul Davis) and our 
ultimate goal is to reconcile the results between surface waves and SKS and S wave 
splitting results.  This report, however, focuses on our efforts at UCSB.  In 2009, we 
reanalyzed Rayleigh waves in order to completely remove complications and doubts on 
the surface wave results from complex wave propagation effects.  We believe we have 
achieved it by adopting the beamforming approach. The main results are in Figure 4, 
which unequivocally shows the azimuthal variation of Rayleigh-wave phase velocities. 
The dominant component is in the 2-theta component, as has always been assumed, but 
this is perhaps the first result that shows the 4-theta components are small. The fast axis 
is in the azimuth 290-300 degrees.  Therefore, previous estimate (Prindle, 2006)  for the 
fast axis is consistent with the current results.  Therefore, there still remain some 
inconsistencies with SKS splitting measurements. 
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Figure 1: S-wave anisotropy derived from Rayleigh wave  azimuthal anisotropy. The data 
require large anisotropy in the lithospheric upper mantle (33-100 km) and smaller 
anisotropy in the lower crust (15-33 km).  
 
 



 
 
Figure 2: Theoretical predictions for SKS splitting by the model in Figure 1. The top 
panel shows variations along a solid line in the bottom panel. Anisotropy is stronger on 
the Pacific plate side and close to the San Andreas Fault. The features do not match with 
previously observed patterns of SKS splitting data. 



 
 
Figure 3: Beamforming analyses for three earthquakes (each row). From left to right, the 
results at frequencies 0.005 Hz, 0.025 Hz, 0.045 Hz, 0.05 Hz, and 0.064 Hz are shown. 
Black line from the center shows the (back-) azimuth of source location (along great 
circle path). At higher frequencies, systematic deviations between the beam locations 
(orange) and the black lines are obvious. Phase velocity measurements from the beam 
locations are free from such complications of surface wave refraction. 
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Figure 4: Azimuthal variations of Rayleigh wave phase velocities, constructed from 
phase velocity measurements from beam locations. 
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Figure 5: The fast phase velocity axis is basically in the direction of WNW-ESE. The 
azimuth is 290-300 degrees. 
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