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Abstract We use noise correlation and surface wave inversion to measure the S wave velocity changes
at different depths near Parkfield, California, after the 2003 San Simeon and 2004 Parkfield earthquakes. We
process continuous seismic recordings from 13 stations to obtain the noise cross-correlation functions and
measure the Rayleigh wave phase velocity changes over six frequency bands. We then invert the Rayleigh wave
phase velocity changes using a series of sensitivity kernels to obtain the S wave velocity changes at different
depths. Our results indicate that the Swave velocity decreases caused by the San Simeon earthquake are relatively
small (~0.02%) and access depths of at least 2.3 km. The S wave velocity decreases caused by the Parkfield
earthquake are larger (~0.2%), and access depths of at least 1.2 km. Our observations can be best explained by
material damage and healing resultingmainly from the dynamic stress perturbations of the two large earthquakes.

1. Introduction

Cross correlation of ambient seismic noise has been shown to efficiently reconstruct empirical Green’s function
between a pair of seismic stations [e.g., Lobkis and Weaver, 2001]. As recording ambient seismic noise is less
expensive than active source experiments, and provides better temporal coverage than natural repeating
earthquakes, many recent studies have used ambient noise cross correlation to monitor temporal changes in
seismic velocity in the crust. These studies observed velocity changes caused by nearby large earthquakes
[Brenguier et al., 2008a; Wegler et al., 2009; Chen et al., 2010; Zhao et al., 2010; Zaccarelli et al., 2011; Hobiger
et al., 2012; Schaff, 2012; Takagi et al., 2012; Lesage et al., 2014; Liu et al., 2014], volcanic activities [Brenguier
et al., 2008b; Brenguier et al., 2014], aseismic slow slip events [Rivet et al., 2011], and seasonal variations [Sens-
Schonfelder and Wegler, 2006; Meier et al., 2010].

After the 2003 M6.5 San Simeon earthquake and the 2004 M6.0 Parkfield, temporal changes in the seismic
velocity in the Parkfield region are documented by previous studies using natural repeating earthquakes
[Rubinstein and Beroza, 2005], active sources [Li et al., 2006, 2007], and ambient noise cross correlation
[Brenguier et al., 2008a]. However, the observations from these studies do not put quantitative constraints on
the depth extent of the velocity changes, which is crucial for the interpretation of the results and determination
of the underlying physical mechanisms of the seismic velocity changes.

Here we apply seismic noise correlation to continuous recordings near Parkfield over six different frequency
ranges and use surface wave inversion to infer the S wave velocity changes at different depths after the San
Simeon and the Parkfield earthquakes. We then compare our results with those from previous studies, and
finally, we discuss some possible explanations and implications of the observations.

2. Data and Analysis Procedure

We use continuous seismic recordings at 13 High Resolution Seismic Network (HRSN) stations in the vicinity
of the Parkfield region (Figure 1). We select these borehole stations at depths of 60–150m to diminish
potential incoherent noise from the surface of the earth. We analyze data from May 2001 to April 2011,
including the records of two nearby major earthquakes: the 2003 M6.5 San Simeon earthquake and the
2004 M6.0 Parkfield earthquake.

The analysis procedure in this study generally follows those in Brenguier et al. [2008a] and Lecocq et al. [2014]
and is briefly described here. We first download the continuous recordings from the Northern California
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Earthquake Data Center (www.ncedc.org), and then we organize the continuous recordings into 1 day
segments, resampling all the data to 20Hz. Then we use the MSNoise package [Lecocq et al., 2014] for
computing the noise cross correlation. We first scan all the data into a MySQL database, define different
frequency ranges (0.2–0.6 Hz, 0.3–0.8 Hz, 0.5–1.0 Hz, 0.7–1.2 Hz, 0.9–1.4 Hz, and 1.2–2.0 Hz) based on the
frequency range of ambient seismic noise and the instrument response range of the HRSN stations and
then create cross-correlation jobs of different station pairs. For each station pair, the vertical component
recordings are clipped to three times the root-mean-square (RMS) value and then whitened within the
predefined frequency ranges. The cross correlations between all the station pairs are then computed and
stacked for every 30 days. An example of the stacked cross-correlation functions (CCFs) from a station pair
CCRB-EADB at frequency range 0.5–1.0 Hz is shown in Figure 2. We also checked the stacked CCFs at different
frequency ranges (e.g., Figure S1 in the supporting information) and for different station pairs (e.g., Figure S2)
to ensure that the CCFs are dominated by Rayleigh waves. After the computation and stack of CCFs
are completed, we use the stacked CCFs from vertical components as empirical Green’s functions for
Rayleigh wave propagation between a pair of stations [Shapiro and Campillo, 2004], and we average all the

Figure 1. (a) Map of the study region of central California. The black triangles show the locations of the HRSN stations. The
epicenters of the 2003 Mw6.5 San Simeon and the 2004 Mw6.0 Parkfield earthquakes are indicated by the moment tensor
solution, with the black dashed boxes showing the rupture zones [Chen et al., 2004; Bennington et al., 2011]. The black lines
indicate active faults, and the brown squares indicate nearby geographical locations. The inset is a map of California with
the red box showing the region plotted in the main map.
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stacked CCFs to obtain a reference
CCF. We use a moving-window cross-
spectral method tomeasure the relative
dephasing between the 30day stacks of
CCFs and the reference CCF, and then
obtain the time delays for all the station
pairs and frequency ranges [Clarke et al.,
2011]. We use the coda (10–40 s before
and after the zero time, see Figure S1)
instead of the direct arrival (0–10 s
before and after the zero time) of the
CCFs to measure the time delay, as the
multiple deflected waves sample the
medium better than the direct arrival
waves [Snieder, 2004]. The overall time
delay is then obtained by averaging
time delays from all the station pairs
using a weighted averaging method
based on the uncertainty from each
station pair [Lecocq et al., 2014].

In order to determine changes in S
wave velocity as a function of depth
from the changes in Rayleigh wave
phase velocity as a function of fre-
quency, we use the forward model of
Takeuchi and Saito [1972] and itera-
tively invert for changes in shear wave

velocity [Delorey et al., 2007]. We use a starting velocity model for Parkfield retrieved from the Southern
California Earthquake Center (SCEC, doi:10.7909/C3WD3xH1) community velocity model (Figure S3) and
calculate Rayleigh wave phase velocities at center frequencies of the six frequency ranges: 0.40, 0.55, 0.75,
0.95, 1.15, and 1.6 Hz. Then we convert the observed time delays from CCFs to Rayleigh wave phase velocity
changes by assuming that the phase velocity changes are proportional to the observed time delays (i.e.,
dt/t =�dC/C) and use them to perturb the Rayleigh wave phase velocities calculated from the SCEC
community velocity model according to changes in Rayleigh wave phase velocities. With these perturbed
Rayleigh wave phase velocities, we invert for a 1-D S wave velocity model using a series of sensitivity kernels
(Figure S4) and compare to the starting model to obtain the S wave velocity changes. Since the inversion
results are highly nonunique, we use two different normalizations in our inversion to constrain the depth
range of the velocity changes. First, we apply damping that is uniform with depth. This is the “unsqueezed”
solution. Then we apply progressively higher levels of damping starting with the deepest part of the model
and progressively moving upward. When the final model misfit exceeds the misfit of the unsqueezed
solution, we stop and select the last solution whose misfit is the same or better than the unsqueezed model.
This is the “squeezed” solution. In this way we can estimate the minimum depths in which velocities changes
have occurred.

3. Results

After applying the noise cross-correlation algorithm to each station pair, we generate ~3200 days of stacked
CCFs for each of the six frequency ranges. Each stacked CCF is averaged from 30 consecutive daily CCFs (e.g.,
Figure 2). The measured relative time delays averaged from all stations pairs are shown in Figure 3, and the
measured peak time delays immediately after the San Simeon and the Parkfield earthquakes are shown in
Table 1 and Figure 4. We observe smaller relative time delays (~0.02–0.05%) in the Rayleigh wave coda for
all the six frequency ranges after the San Simeon earthquake, and larger relative time delays (~0.05–0.2%)
after the Parkfield earthquake. For the San Simeon earthquake, the relative time delays do not vary signifi-
cantly for the six different frequency ranges. However, for the Parkfield earthquake, the relative time delays

Figure 2. Example of 30 day stacked cross-correlation functions (CCFs) for
the station pair CCRB-EADB from 2001 to 2010. The CCFs are computed
using the vertical component of the recordings filtered at the frequency
band 0.5–1.0 Hz. The vertical green dashed lines mark the coda windows
from�40 to�10 s and from 10 to 40 s. The horizontal blue and red dashed
lines mark the timings of the San Simeon and the Parkfield earthquake,
respectively.
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for higher-frequency ranges are significantly larger than those for lower frequency ranges (Figure 4). After the
Parkfield earthquake, the relative time delays gradually decrease to the background level in ~3 years for all
the six frequency ranges (Figure 3).

The inversion results suggest decreases in S wave velocities at different depths after the San Simeon and the
Parkfield earthquakes, with generally larger decreases at shallower depths (Figure 5). For the San Simeon earth-
quake, the unsqueezed inversion results suggest that the Swave velocity drop extends to ~7 km and the largest
drop is ~0.02% at the depth of 2.5 km. One the other hand, the squeezed inversion results suggest that the depth

Figure 3. Measured percentage time delays (black curve) from the stacked CCFs for the six frequency bands. The X axis is
the calendar year, and the Y axis is the time delay in percentage. The color shows uncertainties at each data point. The two
vertical dashed lines indicate the timings of the 2003 San Simeon and the 2004 Parkfield earthquakes.

Table 1. Measured Time Delays in Percentage and Uncertainties for the Six Frequency Ranges After the 2003 San Simeon
and the 2004 Parkfield Earthquakes

San Simeon Earthquake Parkfield Earthquake

Frequency (Hz) dt/t (%) Uncertainty (%) dt/t (%) Uncertainty (%)

0.2–0.6 0.0381 0.0093 0.0482 0.0087
0.3–0.8 0.0260 0.0106 0.0798 0.0100
0.5–1.0 0.0304 0.0102 0.1067 0.0173
0.7–1.2 0.0302 0.0117 0.1232 0.0127
0.9–1.4 0.0489 0.0155 0.1485 0.0172
1.2–2.0 0.0348 0.0106 0.2138 0.0245
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of S wave velocity drop need to be at
least 2.3 km to generate the observed
time delays from Rayleigh wave
coda. For the Parkfield earthquake, the
unsqueezed inversion results suggest
S wave velocity drop in the top 5 km
with the largest drop is ~0.2% in the
top 1km, and the squeezed inversion
results suggest that S wave velocity
drop need to be at least 1.2 km in depth
to generate the observed time delays
from Rayleigh wave coda.

4. Discussion

In this study, we find S wave velocity
decreases at different depths from
the observed time delays in CCFs
reconstructed by noise correlation.
Previous studies have observed seis-
mic wave velocity decrease after
the 2004 Parkfield earthquake from

different approaches. Specifically, Rubinstein and Beroza [2005] examined two sequences of repeating earth-
quakes and foundmuch larger time delays from Swave recorded by surface stations than that from borehole
stations after the Parkfield earthquake and suggested that the velocity drop is likely to be limited to the top
100m. Li et al. [2006, 2007] investigated S wave velocity changes after the Parkfield earthquake using active

Figure 4. Percentage drop of Rayleigh wave phase velocity plotted again fre-
quency after the San Simeon (black circles) and the Parkfield (red circles)
earthquakes. The vertical bars show the uncertainty associated with each
measurement. The results from Hadziioannou et al. are shown in black and
red open squares for comparison.

Figure 5. Inverted S wave velocity changes in percentage at difference depths. The red solid curve shows the unsqueezed
solution, and the black dashed curve shows the squeezed solution for (a) the San Simeon earthquake and (b) the Parkfield
earthquake.

Geophysical Research Letters 10.1002/2016GL069145

WU ET AL. DEPTH RANGE OF S WAVE VELOCITY DECREASE 6133



sources. They found a 0.2%–0.5% S wave velocity decrease outside the fault zone after the Parkfield earth-
quake, which is comparable to our results (Figure 5). However, due to the episodic nature of natural repeating
earthquake sequences and high cost of active source experiments, it is not possible to monitor the seismic
velocity changes continuously andmeasure the velocity decrease immediately after the Parkfield earthquake
using these approaches. Brenguier et al. [2008a] applied the noise correlation approach to the HRSN
continuous data from 2002 to 2007, and they observed Rayleigh wave phase velocity decrease of ~0.02%
after the San Simeon earthquake and ~0.06% after the Parkfield earthquake followed by gradual recovery.
Hadziioannou et al. analyzed the same data set as Brenguier et al. [2008a] with all three components and three
frequency bands. They found that the velocity drops after the San Simeon and Parkfield earthquake are
frequency dependent (Figure 4) and the materials at different sides of the San Andreas fault show
different velocity drops and recovery rates (Celine Hadziioannou, personal communication, 2015). Here we
extend the analysis of Brenguier et al. [2008a] to six different frequency ranges with a longer time period from
2001 to 2011. We observe a similar decrease and recovery of Rayleigh wave phase velocity as Brenguier et al.
[2008a] in all the six frequency ranges (Figure 3). Our additional analysis provides a method to constrain the
depth range of the physical processes responsible for the velocity changes.

The observed drop in seismic velocity after large earthquakes and the following recovery have been com-
monly attributed to material damage and healing process [e.g., Rubinstein and Beroza, 2005; Li et al., 2007;
Brenguier et al., 2008a;Wu et al., 2009; Lesage et al., 2014]. In these cases, the mechanism of material damage
is argued to be either crack opening or reduced packing within weak sedimentary layers and fault zones
[Marone, 1998]. This mechanism is also observed in laboratory experiments with granular material and rocks
[Guyer and Johnson, 1999; Johnson and Jia, 2005; Johnson and Sutin, 2005], small-scale field experiments
[Johnson et al., 2009; Renaud et al., 2014], and simulated with damage rheology models [Lyakhovsky and
Ben-Zion, 2008; Finzi et al., 2009]. The laboratory and small field experiments also observed gradual logarith-
mic time recovery of velocity, also termed as “slow dynamics” [Johnson and Sutin, 2005; Johnson et al., 2009],
which is consistent with the gradual recovery of seismic velocities observed in this study (Figure 3) and
previous studies [e.g., Schaff and Beroza, 2004; Rubinstein and Beroza, 2005]. Another possible mechanism
is increase of water flow after large earthquakes [Brodsky et al., 2003; Elkhoury et al., 2006; Manga and
Wang, 2007], which suggests that large earthquakes could increase the permeability of the crust, resulting
in an increase in porosity and decrease in S wave velocity. However, this mechanism requires significant
presence of fluids in the crust, and it is often related to hydrological and volcanic regions. There is no
evidence of large fluid presence in our study region, and in addition, this mechanism could not explain the
observation of generally larger S wave velocity decrease at shallower depths (Figure 5), so change of fluid
flow is not likely to be the major cause of the depth pattern of the observed S wave velocity changes.
Hence, our results suggest that the material damage and healing mechanism is the dominant mechanism.

The inversion results in this study indicate that the depth extent of Swave velocity decrease caused by the San
Simeon earthquake is at least 2.3 km and the depth range of S wave velocity decrease caused by the Parkfield
earthquake is at least 1.2 km. The validity of the inversion results is based on the assumption that the coda part
of CCF is dominated by surface waves energy. Previous studies have shown that the early part of coda is domi-
nated by surface waves energy, while body waves energy could contribute to the later part of the coda
[Obermann et al., 2013]. However, we found clear frequency dependency of the velocity decrease after the
two earthquakes (Figures 3 and 4), suggesting that the frequency-dependent portion of the velocity decrease
is likely due to surface waves dispersion, as body waves sensitivity originates from the scattering process, which
could result in both velocity increase and decrease [Stein andWysession, 2003]. Recently, Lesage et al. [2014] use
a similar approach as this study to investigate the S wave velocity changes in the region of Colima Volcano,
Mexico, after the 2003 M7.4 Tecoman earthquake. Through inversion, they found S wave velocity decrease in
the top ~1 km. If the observed S wave velocity decreases are caused by material damage, these recent studies
suggest that the material damage from nearby large earthquakes is probably not limited to very shallow sedi-
ments [Rubinstein and Beroza, 2005], although the damage to the less confined shallow sediments is likely to be
much larger than the damage to the deeper part [Li et al., 2007]. Indeed, laboratory studies have found that the
shear modulus of rocks and unconsolidated granular materials decreases at dynamic wave strain amplitude of
10�6 or higher [Johnson and Jia, 2005; Johnson and Sutin, 2005]. According to strong ground records at the
surface, the peak ground accelerations are 0.15g for the San Simeon earthquake and >2.5 g for the Parkfield
earthquake [Hardebeck et al., 2004; Bakun et al., 2005]. These values roughly correspond to peak ground
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velocities of 0.16m/s for the San Simeon earthquake and>1m/s for the Parkfield earthquake [Wald et al., 1999].
Using an S wave velocity of 2.7 km/s at the surface from the SCEC community velocity model (Figure S3), we
could estimate the dynamic strains to be ~5.9× 10�5 for the San Simeon earthquake and >3.7× 10�4 for the
Parkfield earthquake. These values are 1–2 magnitudes larger than the strain amplitude threshold of 10�6.
The dynamic strain at depth cannot be directly measured since there is no deep borehole seismic station at
the depth of several kilometers near the Parkfield region during both large earthquakes, but they are probably
well above the threshold of 10�6 due to the large values at the surface. On the other hand, some previous
studies have suggested that static stress changes could also cause velocity changes by opening and closing
existing cracks [Ratdomopurbo and Poupinet, 1995; Nishimura et al., 2005; Chen et al., 2010; Rivet et al., 2011].
However, this mechanism could cause both velocity decrease and increase at different sites, which is not
observed in our case. According to static stress modeling results, the positive static shear stresses at the top
few kilometers in our study region are ~5kPa for the San Simeon earthquake and ~15 kPa for the Parkfield
earthquake [e.g., Shelly and Johnson, 2011]. These values correspond to static strains of ~1.7× 10�7 for the
San Simeon earthquake and ~5.0 × 10�7 for the Parkfield earthquake, assuming a typical shear rigidity value
of 30GPa for sedimentary rocks. The estimated static strains are much smaller than the estimated dynamic
strains, so the contribution to material damage from the static strains are not likely to be as significant as that
from the dynamic strains. In addition, we observe much weaker frequency dependence of time delays for the
San Simeon earthquake than that for the Parkfield earthquake (Figure 4). As the San Simeon earthquake is
further away (~60 km) from our study region, the energy in the seismic waves attenuates more than that from
the Parkfield earthquake, resulting in much weaker dynamic stress perturbations in the higher-frequency
ranges compared to those from the Parkfield earthquake.

5. Conclusion

We apply noise correlation and surface wave inversion to ~10 years of continuous seismic recordings at the
HRSN network in Parkfield, California. We find an S wave velocity decrease of ~0.02% after the 2003 San
Simeon earthquake and an S wave velocity decrease of ~0.2% after the 2004 Parkfield earthquake followed
by gradual recovery of ~3 years. The minimum depth extent of velocity decrease we estimate is ~2.3 km for
the San Simeon earthquake and ~1.2 km for the Parkfield earthquake. Our observations are best explained by
themechanism of material damage and healing resultingmainly from dynamic stress perturbation of the two
large earthquakes, and suggest that the material damage occurred over depth ranges of at least several
kilometers. This study, together with other recent studies [e.g., Rivet et al., 2011; Lesage et al., 2014;
Obermann et al., 2014], suggests that noise correlation combined with surface wave inversion is an effective
new approach to monitor continuous time evolution of seismic velocity changes at different depths of the
crust and the velocity changes at different depths could be governed by different mechanisms.
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