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Background and Overview

In recent years substantial advances in earthquake location methods have realized one to two
orders of magnitude improvement over seismically broad areas due to the complementary benefits
of waveform cross correlation and relative event location techniques such as the double-difference
(DD) algorithm in reducing both measurement and velocity model errors respectively.

Efforts of applying such methods on a large scale have been and are currently being carried
out in Southern California by Peter Shearer (Scripps) (using his SSST method) and Egill Hauks-
son (Caltech) (using DD) (Hauksson and Shearer, 2005; Shearer et al., 2005), and in Northern
California by us (Felix Waldhauser and David Schaff) at Lamont. Our work includes relocating
~225,000 local earthquakes in northern California using data recorded at the Northern California
Seismic Network (NCSN). We have recently completed the first step in an ongoing USGS funded
relocation project, the computation of a total of about 3 billion accurate P- and S-wave differential
times by means of waveform cross correlation (Schaff et al., 2004; Schaff and Waldhauser, 2005).
The cross correlation measurements indicate that approximately 90% of the seismicity in North-
ern California includes events that have cross-correlation coefficients of CC > 0.7, with at least
one other event recorded at four or more stations (Figure 1). The measurements are on the order of
a factor of ten to a hundred times more accurate than those obtained from routinely picked phase
onsets. Our current work is focused on carrying out step two, which includes the use of the differ-
ential time data to improve event locations in Northern California by the double-difference
method of Waldhauser and Ellsworth (2000) (Figure 2).

Under the current SCEC contract for fiscal year 2005 we have continued the process of
comparing results from these different relocation efforts. We have initially focused on an area
where the two networks (NCSN and SCSN) overlap, but ran into problems that appear to be
rooted in station timing issues and the lack of sufficient common station-event pairs (Schaff and
Waldhauser, 2004). We took one step back and looked at differences between differential time
measurements that were produced by both parties at exactly the same stations, using somewhat
different cross correlation tools. The stations investigated are within the NCSN network near the
Mendocino Triple Junction in northern California, for which Peter Shearer provided us with his
cross correlation data.
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Figure 1 Percentage of
correlated events
recorded at the NCSN
that have cross-correla-
tion coefficients of CC >
0.7 with at least one
other event recorded at
four or more stations.
Percentages are com-
puted from the total num-
ber of events within bins
of 5x5 km. From Schaff
and Waldhauser (2005).

DD NCSN

Figure 2 These figures show preliminary results from relocating 80,000 events along
the San Andreas fault system, from just north of San Francisco to Parkfield. The dou-
ble-difference algorithm hypoDD has been applied to the combined set of cross cor-
relation and phase pick data to relocate the events in the NCSN catalog. The area
covers a region that includes simple strike slip faults (creeping and locked) and com-
plex structures such as fault segmentations and step overs. A much sharper picture of
the seismicity emerges from the relocated data, indicating that the degree of resolu-
tion obtained in recent, small scale relocation studies can be obtained for large areas
and across complex tectonic regions. Artifacts in the routine locations such as the
arch like feature (see arrow in above figure) are removed after relocation.
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Work Performed and Results Obtained

We received cross-correlation measurements from Peter Shearer for earthquakes recorded
at 470 NCSN stations near Mendocino, northern California, which he obtained using the same
time-domain methods that he employed at the SCSN (and described in Hauksson and Shearer,
2005). These differential times can be directly compared with our measurements (also computed
with a time domain method, but with a different interpolation function and cross correlation
parameters; see Schaff et al., 2004 and Schaff and Waldhauser, 2005), avoiding the problems we
encountered earlier when comparing differential times across two different networks (i.e. NCSN
and SCSN). General differences between the two differential time data bases, and differences in
the methods by which they were derived, are described to some extent in the 2005 SCEC pro-
posal.

The Schaff and Waldhauser (2005) (S&W) work was more comprehensive to the extent
that they computed differential times from waveforms of all pairs of events that are separated by
less than 5 km. This resulted in a total of 588,341 differential times for the 32,200 events common
in both the Shearer and our catalog for Mendocino. Shearer and Hauksson (S&H) measured a
total of 106,626 differential times for the same events, using the hundred nearest neighbors for
each event (based on a Delaunay tessellation).

Figure 3 and Figure 4 compare the two data sets for same event-station pairs. From the
32,475 P- and S-wave differential times, 96% of the P-wave data agree within 10 msec, and 63%
within 1 ms. 92% of the S-wave data agree within 10 msec, 59% within 1 msec. As can be seen
from Figure 3 the distribution of the differences between the two data sets have very long tails that
go out to almost 1500 msec. The tails are most likely caused by glitches during the cross correla-
tion process such as cycle skipping or correlation of noise. In fact, there is indication for a few
outliers due to cycle skipping that show up as streaks parallel to the x=y line near the zero cross-
ing. The choice of correlation parameters may also cause difference in the results. Note, for exam-
ple, that Shearer searches over +/- 1.5 sec lags, while we use +/- 1 sec lags.

Most differences between the two sets of differential times are smaller than the sampling
rate (100 Hz). Outliers are sparse, and present in both data sets (Figure 3). The S&W data appears
to have more outliers in the S-wave data. This may be due to the fact that Shearer and Hauksson
use 3 s time windows for their S-wave data (and 2 s for P-waves), while we used 1 s and 2 s win-
dows for both P- and S-wave data. Outliers in the S&W data are detected and removed by com-
paring time measurements made for both 1 and 2 sec windows. Measurements with differences
larger than one sample are typically removed. Correlated noise, for example, can be easily
detected this way.

Cross correlation coefficients tend to be systematically higher for our measurements com-
pared to those by Shearer (Figure 4). This again is likely due to the different window lengths used
by the two groups. Even though both 1 and 2 sec windows were computed for the NCSN data,
only cross correlations over 1 sec window lengths are analyzed here. We typically use the 1 sec
window length data for relocation purposes. Shearer computes the cross correlation function for
window lengths of 2 sec around the P-wave train.
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Figure 3 Comparison of 32,475 P- and S-wave cross-correlation delay times measured by
Schaff and Waldhauser (2005) (S&W) and Shearer and Hauksson (S&H). Location of out-
liers are indicated in the P-wave panel. Outliers occur off the diagonal axis.

Conclusions and Future Work

A direct comparison between cross correlation delay time measurements provided by P.
Shearer (following the procedure described in Hauksson and Shearer, 2004) and those of Schaff
and Waldhauser (2005) (following a detailed description in Schaff et al., 2004), reveals that 96%
(92%) of the measured P-wave (S-wave) differential times agree within 10 msec, and 63% (59%)
within 1 msec. These results indicate the robustness of the measurements, as a majority of the dif-
ferences is below the sampling rate.

We plan to integrate these results in our larger, USGS funded, effort of relocating the
NCSN catalog. When we have such a complete catalog, we will then compare hypocenter location
results from both massive scale applications. We will then be able to draw some conclusion on
which are the optimal parameters that control the cross correlation measurements, and how these
measurements can be optimally inverted for separation distance. Such insight, in turn, will benefit
a recently USGS funded project to implement real-time relocation procedures at the NCSN.
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Figure 4 Histogram of differences between delay times and cross correlation coefficients
measured for 32,200 events by Schaff & Waldhauser (SW) and Shearer & Hauksson (SH).
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