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[1] Cross correlation of the ambient seismic field is now routinely used to measure
seismic wave travel times; however, relatively little attention has been paid to other
information that could be extracted from these signals. In this paper we demonstrate the
relationship between the spatial coherency of the ambient field and the elastodynamic
Green’s function in both time and frequency domains. Through measurement of the
frequency domain coherency as a function of distance, we sequentially recover phase
velocities and attenuation coefficients. From these measurements we generate 1-D shear
wave velocity and attenuation models for southern California. The ambient field
measurements of attenuation and the exceptional path coverage that results from the many
possible interstation measurements allow us to extend Q estimates over a range of
frequencies that has previously been difficult to analyze using earthquake data.
Measurements from paths that cross major sedimentary basins show both lower wave
speeds and lower-quality factors than other paths, as expected. Our results indicate that
there is a wealth of information available in the spatial coherency of the ambient seismic
field.
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1. Introduction

[2] It has long been known that under certain conditions it
is possible to study Earth structure using the ambient
seismic field. Aki [1957] suggested that the spatial correla-
tion of ground motion yielded a Bessel function, which
could be used to study the phase velocity beneath a seismic
array. Claerbout [1968] conjectured that the impulse re-
sponse itself could be retrieved from the temporal average
of the spatial correlation. Recently, these concepts have
been used by a number of investigators to generate high-
resolution surface wave tomography maps for the Earth
[Shapiro et al., 2005; Sabra et al., 2005a; Yao et al., 2006;
Villaseñor et al., 2007; Zheng et al., 2008].
[3] Surface wave tomography using earthquake records

has been widely used at both global and regional scales
[Mitchell, 1995; Durek and Ekström, 1996; Romanowicz,
2002]. This approach is limited by the uneven distribution
of sources that may affect the end result. In addition, in
areas with few earthquakes, tomographic studies have to
rely on teleseismic earthquake sources, making it very
difficult to retrieve reliable short-period measurements;
however, this short-period signal is critical for constraining
the structure of the crust and upper mantle.

[4] Using the ambient seismic field provides several
distinct advantages for tomographic studies. First, since no
earthquake sources are needed, the resolution depends
mainly on station density. Second, the ambient field pro-
vides information in the period range (<20 s); whereas, in
the case of earthquakes, that range is often unavailable
because of attenuation. Many earthquake studies concen-
trate on longer periods [Yang and Forsyth, 2008], though
results have been presented at shorter periods as well (see
review by Mitchell [1995]).
[5] A lossless medium is assumed in many theoretical

derivations of the retrieval of the Green’s function from
cross correlation [Weaver and Lobkis, 2004; Sabra et al.,
2005b; Sánchez-Sesma and Campillo, 2006]. In practice,
experiments are always performed in the presence of
attenuation, so in this study we examine the effects of
attenuation. To first order, the coherent propagating seismic
waves must have sufficient amplitude to be recorded on
both receivers in order for a Green’s function to be obtained,
regardless of the amount of time used to calculate the
correlations. Further work has shown that as long as the
attenuation is small [Roux et al., 2005b; Nakahara, 2006a;
Snieder, 2007; Gouédard et al., 2008; Colin de Verdière,
2009] the Green’s function can be retrieved. Roux et al.
[2005a] suggested that the attenuation may act as a low-pass
filter.
[6] Attenuation will act primarily to influence ground

motion amplitude. Less attention has been paid to the
information carried by the amplitude of the ambient noise
Green’s functions. In the first experiments [Weaver and
Lobkis, 2001] both phase and amplitude were recovered.
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More recently Larose et al. [2007] observed that the
amplitude decay agrees with the amplitude dependence
expected from geometrical spreading and attenuation.
Snieder and Safak [2006] and Kohler et al. [2007] showed
it was possible to retrieve attenuation information for
buildings using deconvolution, and Prieto and Beroza
[2008] showed that relative amplitudes from ambient noise
Green’s functions obtained in this way closely matched
those observed from nearby earthquakes. Some issues
remain concerning whether some of the processing steps
used in standard noise correlation studies [Bensen et al.,
2007], like prewhitening or one-bit normalization, should be
employed if amplitude information is to be interpreted.
[7] Understanding the attenuation structure of the Earth is

fundamental to seismology. Anelastic attenuation affects
both the amplitude and phase of seismic data (because of
associated dispersion). One way to study the anelastic
structure of the crust and upper mantle using earthquakes
is to observe the decay of surface wave amplitudes com-
pared with the decay predicted by geometrical spreading in
a purely elastic medium [Mitchell, 1995]. The additional
decay may be due to intrinsic or scattering attenuation
[Spetzler et al., 2002]; however, there are other factors
affecting amplitude, such as focusing and defocusing due
to velocity variations and unmodeled source effects [Dalton
and Ekström, 2006a], and these have the potential to
obscure the effects of attenuation.
[8] In this study we explore the information carried by the

coherency of the ambient seismic field, including its am-
plitude, with a focus on measuring Rayleigh wave attenu-
ation in the crust and upper mantle. Source excitation and
focusing of seismic waves by velocity structure have strong
effects on wave amplitudes that can obscure the effects of
attenuation. Ambient field measurements offer a particular
advantage over earthquake data in this regard because of the
great multiplicity of interstation paths. Because focusing
should be as prevalent as defocusing, the dense path
coverage and the diversity of azimuths available will tend
to average out the effects of focusing.
[9] First, we briefly explain the relation between the

frequency domain coherency of the ambient field and the
Green’s function, which links studies of the spatial autocor-
relation (SPAC) and noise correlations. We then discuss our
sequential phase velocity and attenuation analysis and apply
it to estimate a 1-D shear wave and attenuation model for
southern California. Finally, we demonstrate that paths
crossing major sedimentary basins in Southern California
have substantially lower wave speeds and stronger attenu-
ation than other paths.

2. Coherency and Green’s Functions

[10] If seismic surface waves are incident from all direc-
tions at equal amplitude, meaning the field is diffuse or
equipartitioned, Aki [1957] showed that the spatial correla-
tion of the ground motions at two stations A and B separated
by a distance r, takes the form of a Bessel function

uA wð Þu*B wð Þh i ¼ F wð Þj j2J0 krð Þ; ð1Þ

where uA(w) and uB(w) are the recorded ground motion at
stationsA andB at angular frequencyw, k is the wave number,

jF(w)j2 is the average spectral density of the field, the
brackets h�i represent the ensemble average, and the asterisk
represents complex conjugate. This is the basis of the SPAC
method. Claerbout [1968] suggested that this idea could
be extended to very long distances and that the impulse
response of the medium could be retrieved from the spatial
correlations.
[11] It is known [Morse and Ingard, 1968; Sánchez-

Sesma and Campillo, 2006] that for Rayleigh waves the
Green’s function in the frequency domain has the form

GAB wð Þ ¼ � 1

4
m Y0 krð Þ þ iJ0 krð Þ½ �; ð2Þ

where Y0 is the Neumann function (Y0 and J0 are Hilbert
transform pairs) and thus, under equipartitioned conditions

uA wð ÞuB* wð Þh i / Im GAB wð Þ½ �; ð3Þ

where Im denotes the imaginary part of the function. This
basic proportionality still holds if inclusions are present
[Sánchez-Sesma et al., 2006].
[12] The term in the brackets h�i, in equation (3) is

called the cross spectrum. In practice, since the ambient
field power jF(w)j is nonwhite, a normalization is usually
performed

gAB wð Þ ¼ uA wð ÞuB* wð Þ
uA wð Þj jh i uB wð Þj jh i

� �
/ GAB wð Þ; ð4Þ

which is called the complex coherency. It should be noted
that in most studies the signals are prewhitened prior to
cross correlation [Bensen et al., 2007], which is equivalent
to the coherency measurement proposed here.
[13] Yokoi and Margaryan [2008] studied the consistency

of the SPAC method (using the coherency) and time domain
correlations (seismic interferometry) to retrieve the Green’s
function and showed that (for vertical components of
motion)

Re gAB½ � ¼ J0 krð Þ; ð5Þ

which shows that the coherency is proportional to the
Green’s function.
[14] If the ambient field is uniform, the imaginary part of

the coherency Im[gAB] will be zero, since the Fourier
transform of a symmetric function is real [Cox, 1973]. With
azimuthal averaging or enough temporal averaging this can
also be achieved [Asten, 2006]. What these studies suggest
is that the Green’s function can be studied in the time
domain (by Fourier transformation of the coherency) or in
the frequency domain (by looking at the shape of the Bessel
functions). Appendix A shows the consistency between
time and frequency domains.
[15] If the medium is heterogeneous, Honga et al. [2005]

showed that the scattering slightly changes the shape of the
Bessel function. This effect is observed by Sánchez-Sesma
et al. [2006, Figure 2] where because of a buried inclusion,
the frequency domain Green’s function has additional
features beyond that expected for a simple J0 shape. In
the time domain, this will be represented by an additional
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arrival. In sections 4 and 5 we investigate the frequency
domain coherency and the expected effects of attenuation.

3. Data and Signal Processing

[16] We use continuous records of 154 broadband seismic
stations in southern California including TriNet, Anza and
USArray networks. We collected data for the entire year of
2007 for all three components, although we will focus on
the vertical. Figure 1 shows the locations of the seismic
stations in southern California. We also compare two
distinct regions, one comprising major sedimentary basins
and the other its complement.
[17] The complex-valued coherency is defined in

equation (4). As it stands, this definition is unsuitable for
our purposes for several reasons.
[18] 1. The recorded ambient field signals are nonstation-

ary [Bensen et al., 2007] and include local and teleseismic
earthquake signals, which contaminate the coherency esti-
mates. In most previous studies one-bit normalization
[Campillo and Paul, 2003; Bensen et al., 2007] or clipping
[Sabra et al., 2005a] has been applied to the time series
records before calculating the correlations or coherencies. In
this study we choose to use a nonoverlapping moving
window coherency estimate by taking 2-h-long segments
and calculating the coherency from the raw data.

[19] 2. To add stability to equation (4) we average the
denominator, i.e., the individual amplitude spectra, using a
multitaper algorithm [Prieto et al., 2009] with a time-
bandwidth product NW = 3.0 and use K = 5 tapers. This
corresponds to a smoothing bandwidth of 0.83 mHz.
Additional smoothing of the amplitude spectra in the
denominator is achieved via a moving window of 20
frequency samples, corresponding to a total smoothing
bandwidth of 4.4 mHz.
[20] 3. The effect of instrument glitches or pronounced

earthquake signals is removed by removing 2-h-long seg-
ments that have a maximum amplitude over 100 times the
RMS amplitude of the 24 h window around each segment.
[21] We start by calculating the coherency gAB

(t) between a
pair of seismic stations A and B for each 2 h segment using a
multitaper method [Vernon et al., 1991; Park and Levin,
2000; Ma et al., 2008] where the frequency dependence is
implicit. The superscript (t) represents the fact that this is an
estimate for a particular 2 h window at time t. If a 2-h segment
has a significant teleseismic earthquake or a spike, the
coherency is not estimated.
[22] We then calculate a 1-month and 3-month coherency

by averaging the multiple 2-h-long segment estimates
gAB = ave{gAB

(t) }, where we use all gAB
(t) windows fitting

the criteria described above. In this paper we do not use the
arithmetic mean, since the coherency does not have a
Gaussian distribution [Thomson and Chave, 1991; Nolte
et al., 2004]. Instead, we transform the coherency using the
Z transform,

~gAB ¼ gAB
gABj j atanh gABj jð Þ; ð6Þ

which has been suggested to provide a more normally
distributed parameter [Thomson, 2007]. The arithmetic
mean of this transformed variable is then calculated and
transformed back to the original domain. We end up with 12
1-month coherencies (January, February, etc.) and 4
3-month coherencies (January–March, April–June, etc.).
In Appendix A we discuss the relation between the
coherency estimated here and the time domain Green’s
function.
[23] Given that we have around 150 stations, we can

analyze more than 11,175 pairs. Thus, we only store 2,000 s
of the Green’s function estimate and resample the real and
imaginary parts of the coherency using a 1/12 octave scale
(40 samples per decade).
[24] Previous studies [Sabra et al., 2005a; Nakahara,

2006b; Asten, 2006; Yokoi and Margaryan, 2008] have
asserted that either azimuthal averaging or averaging over
random sources is necessary to obtain a reliable Green’s
function. In practice, Aki [1957] and Claerbout [1968]
suggested that temporal averaging might be used instead.
[25] In order to follow the conditions more closely, we

binned the coherencies gAB(f) as a function of station
separation using 1-km bins, averaging the coherency over
all interstation azimuths [Vernon et al., 1991; Hough and
Field, 1996; Chávez-Garcı́a and Rodriguez, 2007]. This is
in addition to the temporal averaging already obtained by
monthly estimates. Applying this binning reduces the di-
mension of our data set to about 600 1-km distance bins. As
shown in Figure 2 the method employed here reduces the

Figure 1. Area of study. (a) Map of California with
seismic stations (triangles) used in this study. Boxed region
shows the location of Figures 1b and 1c showing the path
counts (up to 150 km long) for basin and nonbasin bins
overlain on topography in the area of study. (b) Paths that
have more sensitivity to major sedimentary basins, includ-
ing the Ventura and Los Angeles basins and the Salton
Trough, are compared to Figure 1c. (c) Paths that have less
sensitivity to the basins based on their source-receiver paths.
The two red triangles in Figure 1a are the stations used to
calculate the coherency shown in Figure A1.
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scatter in the data and as has been suggested [Asten, 2006;
Roberts and Asten, 2008; Yokoi and Margaryan, 2008] the
imaginary part of the coherency is significantly reduced
because of the symmetry achieved.
[26] At higher frequencies (>0.25 Hz or <4 s) both the

real and imaginary signal is not observed for almost all
distances. This is expected given the band-limited frequency
content of the microseismic noise [Stehly et al., 2006].

4. Phase Velocity

[27] Following the theory developed by Aki [1957] and
further discussed by Asten [2006], we use the real part of the
coherency to invert for a 1-D phase velocity dispersion

curve. The coherency is related to the Bessel function of
zero order by

Re g f ; rð Þ½ � ¼ J0
2pfr
C fð Þ

� �
¼ J0 krð Þ; ð7Þ

where g(f, r) is the average coherency for station separation
r, J0 is the zero order Bessel function for frequency f at
distance r, k is wave number, and C(f) is the phase velocity.
We define the residual as

e fð Þ ¼ Re g f ; rð Þ½ � � J0
2pfr
C fð Þ

� �
ð8Þ

and use a grid search over phase velocity from 2.0 to
6.0 km/s to find the minimum L1 residual (step size
0.005 km/s).
[28] Figure 3 shows a number of observed and predicted

coherencies and the associated phase velocity estimates at
various periods. The averaging of all coherencies at a given
separation r is equivalent to an azimuthal average and in
many cases significantly reduces the amplitudes of the
imaginary part of the coherency.
[29] The monthly stacks shown in Figure 3 may be biased

because of nonrandom source excitation. To test for this, we
independently estimated phase velocities using the method
described above for each of the 12 months of 2007.
Additionally, we performed the fits on 3-month stacks
instead of 1-month stacks to test whether the amount of
time averaging significantly alters the results. Figure 4
shows the individual estimates obtained for 1-month and
3-month stacks. There does not seem to be any temporal
dependence in the individual estimates. Also, by using more
data (3 months) the average result does not change.
[30] From the phase velocities obtained above, we predict

the coherency expected at each frequency and distance in
the network. Figure 5 shows the observed and predicted
frequency and distance-dependent coherencies using the
dispersion curves obtained. At larger distances and higher
frequencies the predicted coherencies have larger ampli-
tudes than the observed. Up to now we have assumed a
lossless medium, but the real Earth is anelastic and surface
waves attenuate [e.g., Spetzler et al., 2002; Romanowicz,
2002; Yang and Forsyth, 2008], which needs to be taken
into account.
[31] The phase velocities we obtain agree with previous

studies [e.g., Yang and Forsyth, 2006] between 25 s and
100 s period. Note that our results at longer periods are
unreliable at very long wavelengths because the first zero
crossing of the Bessel function is larger than the aperture of
the array. At periods shorter than 5 s the amplitude of the
ambient field is very small, making it difficult for coherency
to persist beyond a few tens of kilometers. We have thus
both insufficient signal strength and number of stations to
extend the measurements to shorter periods.

5. Attenuation Coefficients

[32] Surface wave attenuation is often described by the
parameter e�ar, where a is called the attenuation coefficient
and is related to the surface wave quality factorQ asa = pf/UQ,

Figure 2. Twelve distinct monthly estimates of the real
and imaginary parts of the coherency for three different
distance bins. For higher frequencies the maximum distance
at which any signal is resolved decreases, a quantity which
is sometimes referred to as the decoherence length or
correlation length [Borcea et al., 2006; Braun and
Schweitzer, 2008].
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