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[1] We present results from the cross-correlations of
seismic noise recordings among pairs of stations in the
Parkfield network, California. When performed on many
station pairs at short ranges, the noise correlation function
(NCF) is the passive analog to a shot gather made with
active sources. We demonstrate the presence of both a
P-wave and a Rayleigh wave in the NCF. A time-frequency
analysis allows us to separate the two wave packets that are
further identified through their polarization. Arrival times
were estimated from the NCF and they compared favorably
with predictions using ray tracing in a regional velocity
model and with the velocity gradient across the San Andreas
Fault. Citation: Roux, P., K. G. Sabra, P. Gerstoft, W. A.
Kuperman, and M. C. Fehler (2005), P-waves from cross-
correlation of seismic noise, Geophys. Res. Lett., 32, 119303,
doi:10.1029/2005GL023803.

1. Introduction

[2] Cross-correlation of noise recordings can be used to
infer the impulse response between receivers. Extensive
work has been performed on this topic in the past few years
in various fields of wave physics such as ultrasonics
[Weaver and Lobkis, 2001, 2004], underwater acoustics
[Roux et al., 2004] and geophysics [Rickett and Claerbout,
1999; Campillo and Paul, 2003; Shapiro and Campillo,
2004; Wapenaar, 2004; Sabra et al., 2005a; Shapiro et al.,
2005]. Despite the very different scales involved in ultra-
sonics (wavelength ~ mm) compared to geophysics (wave-
length ~ km), the basic physics of the process is the same.
The impulse response between two receivers is derived
from the part of the noise that remains coherent between
them, even if, at first inspection, it is deeply buried into
local incoherent noise. After cross correlating over a long
time (for example, one month in [Sabra et al., 2005a;
Shapiro et al., 2005]), the noise correlation function
(NCF) converges to the impulse response between the two
receivers filtered by the bandwidth of the noise spectrum.

[3] The convergence of the NCF to the impulse response
is strongly influenced by the variations in the spatial
distribution of the noise sources and the spectral content
of the noise recordings. The noise spectrum defines the
frequency bandwidth over which the impulse response can
be retrieved. When receivers are widely separated, the
coherent propagating noise must have sufficient amplitude
to be recorded on both receivers despite geometrical spread-
ing and attenuation. This explains why the slowly-attenuated
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Rayleigh waves have dominated the impulse response
obtained so far from correlation of seismic noise. The spatial
distribution of seismic noise is also of importance. When
noise sources are uniformly distributed on both sides of the
receivers, the correlation function is symmetric in time,
showing both the impulse response and its time-reverse
[Snieder, 2004; Roux et al., 2005]. However, recent papers
focused on noise data recorded in Southern California and
did not result in a symmetric NCF because the noise was
dominated by microseism originating from the ocean [Sabra
et al., 2005a; Shapiro et al., 2005].

[4] The aim of this paper is to show that P-waves can also
be extracted from closely-spaced receivers (less than 11 km)
from the correlation of seismic noise.

2. Data Processing and Experimental Results

[s] To demonstrate that P-waves can be extracted from
seismic noise data, we processed data recorded on the dense
temporary seismic network installed in the Parkfield area
between July 2001 and October 2002 [Thurber et al., 2004].
One month of seismic noise data were cross-correlated
between each pair of 30 broadband 3-component seismic
stations located in an 11-km square (Figure la). This
network has been extensively used to monitor and image
the San Andreas Fault (SAF) using both man-made explo-
sions and earthquakes. Inversion results have confirmed the
spatial heterogeneity of P-wave velocity across the Fault up
to 6 km in depth [Ben-Zion and Malin, 1991; Catchings et
al., 2002; Thurber et al., 2004]. The correlation process is
used to show that P-waves (and not only Rayleigh waves)
are also extracted at short distances from seismic noise
recordings.

[6] The processing performed on 1-day noise recording
on one seismometer consists of: 1) eliminating high-ampli-
tude events by truncating the recording amplitude at three
times the standard deviation of the ambient noise signal; 2)
equalization of the noise spectrum in the frequency interval
0.1-1.3 Hz. The purpose of this processing is to homoge-
nize the noise signal over the frequency interval for which
coherent seismic noise is still present (which had an upper
limit of about 1.3 Hz).

[7] Plane wave beamforming is then applied to the
processed noise traces to measure the angular distribution
of noise (Figure 1b). As observed before [Sabra et al.,
2005b; Shapiro and Campillo, 2004], the noise comes
mainly from the Pacific Ocean in the frequency interval
of interest. Previous work has shown that the NCF obtained
using noise having a spatial distribution with a predominant
propagation direction converges to a one-sided impulse

1 of 4



L.19303
*\\*
36.02 N N T
\
* s *
36
*\
[0} * *
o \
g * \ * *
£ 3598 R N %
4 ¥\ .
* * S
3596 * * % %
LEERN
* RN
35.94 Tkm * N
: <> M \.
(a) 1206 -120.58 -120.56 -120.54 -120.52 -120.5 -120.48
Longitude
5
=3
=}
o
s
[}
£
K]
€
@©
O
)
0 50 100 150 200 250 300 350
(b) Propagation Angle (deg)

Figure 1. (a) Map of the Parkfield area (an 11-km large
square), showing stations (*) and SAF (dashed). (b) Angular
distribution of incoming noise on the Parkfield network
averaged over one month. Plane wave beamforming is
summed incoherently over 70 frequencies from 0.1-1.3 Hz
(North is 0°).

response between pairs of stations [Roux et al., 2004]. The
directivity angle depends on the frequency and the range
between the station pair.

[8] Among the 30 stations analyzed, all 146 station pairs
whose relative locations lie along lines having azimuths
between 40°—60° have been selected. This range of azi-
muths was chosen to include the main noise propagation
direction from Figure 1b. Figure 2a shows the spatial-
temporal correlation function for the Z-Z components of
the noise field and reveals the presence of fast and slow
waves propagating at about 5 and 2 km/s, respectively.
Figure 2a is the passive analog of the shot gathers obtained
during the seismic reflection/refraction survey conducted by
Catchings et al. [2002]. In Figures 2b and 2c, the spatial-
temporal NCF has been filtered in two different frequency
bands, which show that the fast and slow waves travel at
high and low frequency, respectively.

[o] Both the Z-Z and Z-R traces obtained from the
NCF for two stations separated by 8.8 km are displayed
in Figure 3a. Each trace is normalized by the noise auto-
correlation at each station so that the amplitude of the NCF
is representative of the coherence of the noise field between
the two stations. Figure 3b corresponds to a time-frequency
analysis of the Z-Z component of the NCF. Two wave
packets are distinguishable at high (0.9 Hz) and low (0.4 Hz)
frequencies. The low frequency wave packet is dispersive as
expected for a Rayleigh wave. The observed dispersion fits
well with the dispersion computed from the red velocity
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profile in Figure 4a (assuming Vp/Vs ~ +/3). Figures 3¢
and 3d show the polarization plots for these two wave
packets. The linear particle motion obtained at 0.9 Hz
indicates the presence of a P-wave while the elliptical
particle motion obtained at 0.4 Hz is a further evidence of
a Rayleigh wave.

[10] Figure 4 shows ray paths for the P-wave performed
in a simplified 1-D seismic-velocity model of the SAF
[Catchings et al., 2002; Thurber et al., 2004]. The ray
arrival inclination at range 8.8 km matches the polarization
angle © (Figure 3c) obtained from the NCF. This polariza-
tion behavior for station pairs from 6 to 11 km apart, is
consistent with the ray-modeled inclination varying from
60° to 70° (Figure 4b) and with the observed inclination
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Figure 2. Range-time representation of the Z-Z compo-
nent of the noise correlation tensor averaged over one
month in three frequency bands (a) [0.1-1.3 Hz], (b) [0.1—
0.45 Hz], and (c) [0.7-1.3 Hz]. Each plot has been
normalized by its own maximum.
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from the P-wave polarization which was always greater than
60°, after correcting for the free surface reflection [Kennett,
2002].

3. Discussion and Conclusions

[11] Previous studies using seismic noise recorded by
stations separated by larger distances (30—500 km) showed
that the NCF was dominated by Rayleigh waves [Sabra et
al., 2005b; Shapiro and Campillo, 2004], indicating that
noise propagates mainly as surface waves [4Aki and
Richards, 1980]. One may speculate what process gives
birth to P-waves at short range. P-waves may be created by
local man-made sources, but these are not the main com-
ponent of seismic noise. Most microseism energy propa-
gates as Rayleigh waves [4ki and Richards, 1980] and likely
a fraction of this energy is locally converted into body
waves because of heterogeneities in the Earth’s upper
crust. Once generated, P-waves propagate above a cutoff
frequency, which can be approximately determined using
the WKBIJ approximation [4ki and Richards, 1980] as ¢,/L,
where L is the horizontal length of the refractive path and ¢,
is the P-velocity at the turning point (at 8.8 km we obtain
0.6 Hz in agreement with the 0.65 Hz observed in Figure 3b).
Lastly, P-waves will attenuate faster than Rayleigh waves
because of larger geometric loss (spherical versus cylindri-
cal) and longer path length (Figure 4b).

[12] Finally, Figure 4c shows the estimated travel time for
the P-wave as determined by the maximum of the time
derivative of the NCF [Roux et al., 2004; Sabra et al.,
2005a]. We observe that P-waves propagate faster on the
west side than on the east side of the SAF, in agreement
with the strong P-wave velocity contrast across the SAF in
the Parkfield area [Ben-Zion and Malin, 1991; Eberhart-
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Figure 3. (a) Z-Z (blue) and Z-R (red) traces of the noise
correlation function averaged over one month for a station
pair separated by 8.8 km. (b) Frequency-time analysis of
the Z-Z component of the noise correlation function shown
in (a). In red is plotted the dispersion curve for the
Rayleigh wave using the red velocity profile in Figure 4a.
(c) Polarization of the high-frequency wave obtained at
0.9 Hz from the particle motion plots of the Z-Z versus Z-R
components of the noise correlation tensor in the time-
window [0—4.5s]. (d) Same as (c) for the low-frequency
wave at 0.4 Hz in the time-window [4.5-9s].
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Figure 4. (a) P-wave velocity profiles deduced from
previous tomography modeling (blue) and based on fitting
the dispersion curve in Figure 3¢ (red). Bounds of the
velocity profiles (dashed) are determined based on
Catchings et al. [2002]. (b) Ray tracing showing P-wave
refraction from different launch angles using a 1-D velocity
profile (blue in a). (c) Comparison between the P-wave
travel times obtained from the time-derivative of the NCF for
111 station pairs and the prediction of the ray code (blue)
from the P-wave velocity profile (blue in a). The green
circles and red stars correspond to station pairs located on the
east or west sides of the SAF, respectively, while black
crosses are station pairs located on each side of the SAF. The
dashed lines correspond to maximum and minimum arrival
times obtained from a Monte Carlo simulation using velocity
profiles generated from within the velocity bounds in (a).

Phillips and Michael, 1993; Thurber et al., 2004]. The
increase in apparent P-wave velocity, as evidenced by the
slope change for the time-distance plot, is consistent with a
P-wave model having increasing velocity with depth. De-
spite conclusive work at large ranges (~30—600 km) using
Rayleigh waves for constructing surface velocity maps
[Shapiro et al., 2005; Sabra et al., 2005b], tomography
inversion at such short ranges from seismic noise data using
both surface and body waves remains to be demonstrated.

[13] Acknowledgments. The facilities of the IRIS Data Management
System were used for access to waveform and metadata required in this
study. The IRIS DMS is funded through the National Science Foundation
award EAR-0004370.
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