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[1] The ambient noise correlation function (NCF) calculated between seismic stations
contains, under appropriate conditions, accurate travel time information. However, NCF
amplitudes are highly debated due to noise source intensity and distribution, seismic
intrinsic attenuation, scattering, and elastic path effects such as focusing and defocusing.
We prove with various numerical simulations that the NCFs calculated for a uniformly
dispersive medium using the coherency method preserve accurate geometrical spreading
and attenuation decay. We show that for a wide range of noise source distributions,
the coherency of the noise correlation functions matches a Bessel function decaying
exponentially with a specific attenuation coefficient. Conditions needed to obtain
these results include averaging over long enough time intervals, a uniformly
distributed seismic network, and a good distribution of far-field noise sources. We
also show that the estimated attenuation coefficient corresponds to the interstation
and not the noise-source-to-receiver structure.
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1. Introduction

[2] In order to better understand the Earth structure and to
predict ground shaking, seismologists have to face the fore-
most challenge of explaining seismic-wave amplitudes from
scattering and anelasticity. Affecting in particular surface
waves, attenuation is traditionally measured from earthquake
records. Earthquakes occur at specific times and location
around the Earth, which limits the path coverage of surface
waves and, thus, the areas of potential studies. To overcome
this shortage of data, recent developments in seismology
have led to the use of the ambient seismic field to extract
elastic and anelastic propagation effects.
[3] The cross correlation of the ambient seismic field

recorded at two stations, which we refer as the noise correlation
function (NCF), shows remarkably similar properties to the
Green’s function between the two receivers [e.g., Weaver and
Lobkis, 2001, 2004; Derode et al., 2003a, 2003b; Shapiro and
Campillo, 2004; Wapenaar, 2004; Wapenaar et al., 2006;
Sanchez-Sesma and Campillo, 2006]. This powerful novel
technique provides new opportunities to extensively explore
the Earth [e.g., Shapiro et al., 2005; Sabra et al., 2005a,
2005b; Yao et al., 2006; Zheng et al., 2008; Prieto et al.,
2009]. Among a wide range of applications, researchers have
been able to produce higher-resolution images of the crustal

and upper mantle structure than with traditional approaches
[e.g., Shapiro et al., 2005; Sabra et al., 2005b; Yao et al.,
2006; Lin et al., 2008; Gudmundsson et al., 2007; Yao and
van der Hilst, 2009; Stehly et al., 2009].
[4] Ambient seismic noise is a ubiquitous signal that is

recorded worldwide at seismic stations. At periods between
5 and 30 s, it is excited by the interaction between the ocean
and the crust [e.g., Longuet-Higgins, 1950; Hasselmann,
1963; Tanimoto et al., 1998; Rhie and Romanowicz, 2004,
2006; Shapiro et al., 2006; Kedar et al., 2008; Tanimoto,
2007; Zheng et al., 2008; Nishida et al., 2009; Roux et al.,
2010; Ardhuin et al., 2011]. At short periods, Longuet-
Higgins [1950] suggested that the interaction of the oceanic
waves with the shallow seafloor forms the first microseism
peak (10–20 s) and that the interference of those waves
with their coastal reflection forms the second microseism
peak (5–10 s). More recently, Kedar et al. [2008] and
Landés et al. [2010] have found strong spatial and temporal
correlations between energetic microseism and powerful
oceanic storms.
[5] The quality of the NCFs seems to depend on the

distance separating the receivers [e.g., Young et al., 2011;
Bensen et al., 2008], with faster convergence toward the
Green’s function for short distances [Sabra et al., 2005a,
2005b; Larose et al., 2005]. This is true when using long-
duration 1 bit normalization or running-normalization tech-
niques [e.g., Bensen et al., 2008], as compared to the largely
increased convergence rate when using short time windows
[Seats et al., 2012]. Scattering due to complex 3-D structure
and intrinsic attenuation, however, strongly affects the band-
width of the coherent content. The observed NCF amplitude
variations are extremely similar to the relative variation in
Green’s function amplitudes [Weaver and Lobkis, 2001;
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Larose et al., 2005; Prieto and Beroza, 2008; Cupillard
and Capdeville, 2010; Denolle et al., 2012; Y. Colin de
Verdière, Mathematical models for passive imaging. I:
General background, 2006, arXiv:math-ph/0610043v1,
hereinafter referred to as Colin de Verdière, 2006].
[6] The purely elastic surface-wave amplitude decay with

distance, or geometrical spreading, is expressed in cylindrical
coordinates with a Bessel function of the first kind. The
spatial autocorrelation (SPAC) method introduced by
Aki [1957] predicts the variation of the amplitudes with
frequency and distance found with the cross-correlation
techniques [e.g., Sanchez-Sesma and Campillo, 2006;
Ekström et al., 2009; Prieto et al., 2011]. The relation be-
tween the spectrum of the vertical-to-vertical NCF, or the
spectrum of the vertical-to-vertical elastic Green’s function,
and the Bessel function is

Re γ ωð Þ½ � ¼ J 0
ωr
c ωð Þ

� �
(1)

where r is the receiver-receiver separation (later referred to
as rxy), and c(ω) is the phase velocity for a laterally homoge-
neous medium [e.g., Sanchez-Sesma and Campillo, 2006].
[7] Whether or not the attenuation can be extracted from

the ambient noise SPAC technique is still controversial.
Prieto et al. [2009] observed stronger amplitude decay with
increased station separation than predicted by pure elasticity
in homogenous media. From a 1-D approximated medium
[Prieto et al., 2009] or a laterally varying medium
[Lawrence and Prieto, 2011], the additional decay is
modeled as a decreasing exponential [equivalent to
attenuation (α) measurements with traditional earthquake
studies] as follows:

Re γ ωð Þ½ � ¼ J 0
ωr
c ωð Þ

� �
exp �α ωð Þrð Þ (2)

[8] This method provides reasonable geological and geo-
physical results from the scales of reservoirs [Weemstra
et al., 2011a, 2013] to continents [Lawrence and Prieto,
2011]. Lin et al. [2011] confirmed that the NCF amplitude
decays with receiver separation, in agreement with numerical
evaluations of Cupillard and Capdeville [2010]. Further
support has been presented by Zhang and Yang [2013] using
the C3 (C-cube) methodology [Stehly et al., 2008]. Nakahara
[2012] showed that the expression above [equation (2)] is
approximately correct for small attenuation, providing a
theoretical basis to estimate attenuation from the coherency
of ambient noise records.
[9] With concerns about the effects of ambient noise

source distribution on NCF amplitudes, the accuracy of the
NCF anelastic measurements is actively discussed. Weaver
[2011], Tsai [2011], and Buckingham [2012] suggested that
NCF amplitudes depend on noise source distribution and that
azimuthal averaging of coherency estimates may not be
enough for retrieving reliable attenuation coefficients.
Numerical simulations [Cupillard and Capdeville, 2010]
and theoretical derivations [Tsai, 2011; Nakahara, 2012]
corroborated that for uniformly distributed noise sources,
NCF amplitude decays depend on the attenuation of
the medium.

[10] Much of the debate regarding the recovery of
attenuation from NCFs may largely depend on the different
assumptions made regarding the distribution of the ambient
source field [Weaver, 2011]. We stress that the Earth’s
ambient source field is not uniformly distributed; rather, its
origin varies spatially and temporally, depending on seasonal
effects and proximity to the coasts [e.g., Schulte-Pelkum
et al., 2004; Stehly et al., 2006; Chevrot et al., 2007; Aster
et al., 2008; Kedar et al., 2008; Ardhuin et al., 2011]. In
practice, normalizing the ambient seismic field records and
averaging of normalized correlations over time are thought
to alleviate the strong directionality of the ambient seismic
field. The NCFs can be considered as a summation of
displacements measured after propagation (with geometrical
spreading and attenuation) from many sources.
[11] In this work, we present a numerical approach to ex-

press our understanding of estimated attenuation coefficients
from NCFs and the effect of appropriate signal processing to
reduce biases introduced by nonuniform source distributions.
We first build the synthetic ambient seismic field for a
dispersive medium. We then compute synthetic coherencies
(or spectra of the NCFs) at all station pairs for comparison
with a theoretical model of the Green’s function (or the
Bessel function). We evaluate the impact of the noise source
and receiver distributions on attenuation measurements by
numerically demonstrating that synthetic NCF amplitudes
are consistent with the expected results from Prieto et al.
[2009]. We show that for a wide range of noise source
distributions, we are able to recover accurate attenuation
coefficients. We further show that the attenuation mea-
sured is sensitive to the local structure beneath the array,
instead of the structure between the sources and the
receiver array.

2. Analytical Framework

[12] Realistic ambient seismic field recorded at a given
receiver can be considered as the sum of all wavefields
propagating from all sources to the receiver. We assume a
laterally homogenous medium with vertical-only variations
and, hence, dispersive properties. In the far-field approxima-
tion, the response of the medium to a single point-force
source located at s and of spectrum F becomes the displace-
ment spectrum u, i.e.,

ux s;ωð Þ ¼ F s;ωð Þei ωt0�krsxð Þe�α ωð Þrsx=
ffiffiffiffiffiffi
rsx

p
(3)

where ω is the frequency, k is the wave number, t0 is the
source time [after Sanchez-Sesma and Campillo, 2006],
α(ω) is the frequency-dependent attenuation coefficient,
and rsx is the source-receiver distance. In cylindrical
coordinates, this is a far-field approximation to the elastic
surface-wave displacement eigenfunction with attenuation
incorporated as an exponential decay. As in Prieto et al.
[2009], we consider only the vertical component of the
Rayleigh waves.
[13] We follow the conventions in Sanchez-Sesma and

Campillo [2006] with two receivers, located at x and at
the origin y, that record the response of the medium to a
point source s of origin time t = 0. The cross spectrum
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(or cross correlation in the frequency domain) of those two
records becomes

Cxy ¼ ux s;ωð Þu�y s;ωð Þ
¼ F s;ωð Þj j2e�ikrsy cos φ�θ½ �e�α ωð Þrsxe�α ωð Þrsy=

ffiffiffiffiffiffi
rsx

p ffiffiffiffiffiffi
rsy

p
(4)

where θ and φ are the respective azimuths between
receivers in y and in x to the source. Posing rxy =
|x|�|y| = |x| gives rsx = rsy + rxycos(ψ� θ) and yields
e�ikrsxeikrsy ¼ eik rsyþrxy cos φ�θ½ �ð Þeikrsy ¼ e�ikrxy cos φ�θ½ � . In
practice, we compute the cross correlation of timewindowswith
finite duration, which limits the number of source per time win-
dow. We overcome this by summing correlation functions over
large duration of time. We indicate this using the notation 〈 〉
and write the cross spectrum that results from the contribution
of sources uniformly distributed on a circle centered in y, i.e.,

Cxy ¼ ux s;ωð Þu�y s;ωð Þ

¼ 1

2π∬
F s;ωð Þj j2ffiffiffiffiffiffi
rsx

p ffiffiffiffiffiffi
rsy

p e�ikrxycos φ�θ½ �e�α ωð Þrsxe�α ωð Þrsydφdθ (5)

[14] Without attenuation (α = 0), assuming a uniform source
field with a white source spectrum [i.e., F(s,ω) =F ωð Þ =1 and
rsx = r , constant for all sources], and within the far-field
approximation (rxy<< rsx ~ rsy), equation (5) becomes

Cxy ¼ ux s;ωð Þu�y s;ωð Þ ¼ F s;ωð Þj j2
2π ∬e�ikrxycos φ�θ½ �dφdθ (6)

[15] The assumption of rsx ≈ rsy ≈ r likely introduces some
degree of inaccuracy (see Figure 1) but is needed to simplify
equation (6) into the analytical solution of Sanchez-Sesma
and Campillo [2006] that converges to the Green’s function
as follows:

Cxy ωð Þ� � ¼ F ωð Þ�� ��2
2πr

J 0 k ωð Þrxy
� 	

(7)

where J0 is the Bessel function of the first kind, order zero;
and the wave number k(ω) =ω/c(ω) with c(ω) as the phase
velocity of the medium. Sanchez-Sesma and Campillo
[2006] expressed the linear relation between the real part of
the cross spectrum 〈Cxy(ω)〉 and the imaginary part of the
Green’s function between the two receivers (the Bessel
function). This remarkable result led to direct imaging of
the North American crustal structure with 2-D images of
phase velocity [Ekström et al., 2009].
[16] In most analytical expressions of the noise correlation

function, noise sources are assumed to be uncorrelated in
time and space, and the contribution of each source to the
correlation function can be determined independently. In this
study, because of attenuation, we do not make this assump-
tion and calculate the correlation, including the contribution
of all sources in each time window. For realistic noise
sources and seismic arrays, the geometrical spreading and
attenuation terms affect the amplitudes of the recorded
ambient seismic field, i.e.,

ux ωð Þ ¼ ∫F s;ωð Þffiffiffiffiffiffi
rsx

p e�i ωts�krsxð Þe�α ωð Þrsxds (8)

with the surface integral representing the summation of a
continuum of noise sources that occur at origin times ts and
locations on ds.
[17] In order to measure the appropriate amplitudes for

attenuation analysis, Prieto et al. [2009] computed the
time-averaged coherence, i.e.,

γxy ωð Þ ¼ ux ωð Þu�y ωð Þ
ux ωð Þj jf g uy ωð Þ
 �

* +
(9)

where | | indicates the power spectral density in the L2 sense,
and { } refers to a whitening process using running average
(to ensure deconvolution stability). 〈 〉 indicates the time-
averaged ensemble, which is accomplished by dividing a
pair of long (>90 days) time series into many short
(1800–7200 s) time series and averaging the coherence
for all such time series [see Seats et al. [2012] for more
discussion of equation (9)]. Even though the ambient noise
source distribution is not uniform on Earth, Prieto et al.
[2009] empirically showed that the real part of equation (9)
matches a Bessel function [equation (7)] modified by an
attenuation term [equation (2) repeated here], i.e.,

Re γxy ωð Þ
h i

≈ J 0 ωrxy=C ωð Þ� 	
e�α ωð Þrxy (10)

[18] Prieto et al. [2009] used a raw signal and did not
preprocess the data with the typical approaches of 1 bit or
running normalizations [e.g., Bensen et al., 2007]. The raw
coherency provides reliable Green’s function amplitude
variations for short duration of stacked correlations.
[19] Unfortunately, deriving equation (10) from equations

(8) and (9) is not trivial [e.g., Tsai, 2011, equations (12), (16),
and (18); Colin de Verdière, 2009, equation (9)]. Most
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Figure 1. This figure illustrates the variables used in the
set of equations, including source locations x and y, source
locations s, source-receiver distances rsx and rsy, and re-
ceiver separation rxy, the angle between receiver-source
and receiver-receiver, θ. In the far-field assumption, the
source-receiver distance rsy is calculated as if s were
effectively a line source (grey lines).
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attempts that simplify this proof rely on significant assump-
tions (e.g., independent sources) and collapse to variations
of equation (3) [e.g., Tsai, 2011, equation (23)]. Under these
assumptions, the NCF reveals strong dependence on source
and receiver distributions [Tsai, 2011].
[20] Using the ambient seismic field displacement

expressed in equation (8), the cross spectrum for a receiver
pair located at (x,y) becomes

[21] Equation (11) differs from equation (5) or (6) in that
we assume that multiple sources are contributing to the
records at both stations (x and y). The coherency [equation
(9)] then becomes

[22] Solving equation (12) analytically is laborious, and we
turn to numerical approaches to compute the coherencies.

3. Numerical Solution

[23] For numerical calculations, we discretize equation
(8) with a finite number of sources per time window Ns

as follows:

ux ωð Þ ¼ ∑
N s

i¼1
F si;ωð Þei ωtsi�krsixð Þe�α ωð Þrsix=

ffiffiffiffiffiffiffi
rsix

p
(13)

[24] The medium is laterally homogeneous, and we as-
sume Rayleigh wave phase velocity C(ω) and attenuation
α(ω) dispersions from Prieto et al. [2009] for Southern
California. We explore the impact of different source
scenarios (varying distributions and spectra) on the stacks
of coherency NCFs of numerically generated data calcu-
lated with equation (13).
[25] Another widely discussed factor entering analyses on

Green’s function retrieval is the role of incoherent (or
noncorrelated) noise sources such as site effects, electrical
noise, wind, thermal effects, cultural noise, microseismicity,
and anything that can create vibrations well recorded at one
sensor compared to others. We add incoherent signal to each
numerically generated record, which could represent site
effects, electrical noise, wind, thermal effects, cultural noise,
microseismicity, and anything that can create vibrations well

recorded at one sensor compared to others. The incoherent
noise is added as a white uniformly random signal with
constant magnitude at all times. We vary the level of source
amplitudes to span a wide range of coherent-signal-to-
incoherent-noise ratios.
[26] To validate the technique of Prieto et al. [2009], we

need to recover from Re[γxy(ω)] the phase velocities and
attenuation coefficients used to generate the numerical re-

cords. We adopt a similar approach to Prieto et al. [2009] and
average all Re[γxy(ω)] for each station separation, sampled at a
2 km interval, regardless of the array aperture. We then
conduct a three-stage grid search for the appropriate value of

phase velocity and attenuation coefficient by minimizing the
L1 norm residuals derived from equation (10) at a given fre-
quency. Our analysis focuses on the period band of the micro-
seism ambient field (7–24 s) used in prior studies [Prieto et al.,
2009; Lawrence and Prieto, 2011].
[27] We explore through various noise source scenarios

when equation (10) is valid. We identified the cases where this
condition failed and stress the need to incorporate sufficient
sources (found to be above 16 sources per time window)
to overcome local incoherent noise; the sources need to
be in the far field, and the number of receivers has to be
appropriate to average spatially the coherency and form
the Bessel function.

3.1. Synthetic Sources

[28] We seek to reflect the reality of the ambient seismic
field to account for different source types such as oceanic
waves; wind on mountains; or directly earthquakes, micro-
earthquakes, and cultural noise, with their typical signa-
tures. We consider linear source arrays for oceanic waves
crashing on the shore and earthquakes along a local fault
line. We impose the oceanic sources to be more frequent
than the tectonic sources. At a global scale (greater dis-
tances), we assume that ocean waves crashing on a coast
(or teleseismic sources at plate boundaries) can be roughly
approximated as circular source arrays. We model the
coherent cultural noise as clusters within which the sources
are randomly distributed, but periodically triggered. We
simulate storm-driven ocean waves coupled to the sea

ux ωð Þu�y ωð Þ ¼ ∫F s;ωð Þffiffiffiffiffiffi
rsx

p e�i ωts�krsxð Þe�α ωð Þrsxds ∫F
� s;ωð Þffiffiffiffiffiffi

rsy
p e�i ωts�krsyð Þe�α ωð Þrsyds

(11)

γxy ωð Þ ¼ ∫F s;ωð Þ= ffiffiffiffiffiffi
rsx

p
e�i ωts�krsxð Þe�α ωð Þrsxds∫F� s;ωð Þ= ffiffiffiffiffiffi

rsy
p

e�i ωts�krsyð Þe�α ωð Þrsyds

∫F s;ωð Þ= ffiffiffiffiffiffi
rsx

p
e�i ωts�krsxð Þe�α ωð Þrsxds

�� ��
 �
∫F s;ωð Þ= ffiffiffiffiffiffi

rsy
p

e�i ωts�krsyð Þe�α ωð Þrsyds
��� ���n o (12)
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bottom as broad areas of randomly distributed sources vary-
ing in source amplitude through time. We allow amplitudes
to vary by magnitudes for all source types. The source times
are stochastically generated with a uniform distribution
such that on average, Ns sources appear in each 1800 s time
window of the 90 day synthetic record.
[29] We impose a scaled delta function for source time

functions. We model the sources as a stochastic logarith-
mic Gutenberg-Richter magnitude-frequency relationship
[Gutenberg and Richter, 1954]. While a Gutenberg-
Richter relationship may not be exactly accurate for
describing all vibrations in the microseism band, we
merely suggest that stronger sources are less common than
weaker sources [Ardhuin et al., 2011]. We experiment with
the number of sources per time window (Ns) that could
yield a reasonable ambient field. We compute the synthetic
coherency using a series of spatial source distributions
(Figure 1): (1) a uniformly random distribution along a
circle, (2) a uniformly random set of sources along a line,
(3) a uniformly random source area, and (4) a uniformly
random source shell or ring area.

3.2. Receivers

[30] We fix the uniformly distributed receiver array to have
Nx= 100 stations and a typical array radius of Lx= 100 km,

which is realistic for a regional network such as in Southern
California or Europe. Using an uneven receiver spacing
ensures a better sampling of the distance between 1 and
200 km when sampled at a 2 km interval (albeit unevenly
covered with respect to receiver spacing).

3.3. Generalized Parameterization

[31] We explore the parameter domain within which
equation (10) is valid to characterize the appropriate ambi-
ent seismic field. The three dimension scales, namely, the
source-length scale Ls, the receiver-length scale Lx, and
the source-receiver separation Δsx reflect the radiation
aperture with the ratios Ls/Δsx and Ls/Lx (i.e., Figure 1).
Another factor to consider is the number of sources, Ns,
relative to the magnitude distribution, Ms. The larger the
range of source amplitudes used to generate the synthetic
spectra, the fewer the sources dominate any given seismo-
gram. Finally, due to geometrical spreading, the range of
source-to-receiver distances also plays an important role
in the number of dominant sources: [max(rsx)�min(rsx)].
[32] For a given scenario, we generate synthetic ambi-

ent noise seismograms which we divide into 1800 s time
windows, as found to be optimal for fastest convergence
toward a stable NCF [Seats et al., 2012]. We then
compute and stack the coherencies (in the frequency

Table 1. Description of Synthetic Scenarios

Source array geometrya Ns/1800 s Days Overlap Lx (km) Ls (km) Δsx (km) Ms

A (151 runs) 25 30 50% 100 101–104 101–104 2
B (151 runs) 25 30 50% 100 101–104 101–104 2
C (151 runs) 25 30 50% 100 101–104 101–104 2
D (151 runs) 25 30 50% 100 101–104 101–104 2
B (24 runs) 20�8 30 50% 100 103 5 × 102 1,2,4,8
B (24 runs) 20�4 365 50% 100 103 5 × 102 1,2,4,8

aThe labels correspond to Figures 2(a)–2(d). A is a circle source. B is a linear source. C is a uniformly random filled circle. D is a uniformly random filled
circular shell.

Figure 2. This figure illustrates the geometries tested here and the geometrical parameters. The
source distribution (green) has a scale length (radius or half length) of Ls. The receiver distribution
(red) has a scale length (radius) of Lx. The distance between the source center and the receiver
center is given by Δsx (blue). The source geometries are referred to in the text as (a) circular,
(b) linear, (c) randomly uniform, and (d) randomly uniform shell. When Δsx<Lx<Ls, the source
distribution is approximately azimuthally uniform with respect to receivers (except for the linear
source). When Lx< Ls<Δsx, the sources are azimuthally limited with respect to the receivers.
When Ls<Lx<Δsx, the sources behave as a distant point or a small area source. When
Δsx<Ls< Lx, all sources are located within the receiver array.

LAWRENCE ET AL.: AMBIENT NOISE NUMERICAL EVALUATION

5



domain) for each station pair and stack Re[γxy(ω)] over
all station pairs to estimate the coherency at various dis-
tances. For each frequency, we estimate phase velocity
and attenuation coefficients, and we finally evaluate the
match between the synthetic, or “observed,” coherency
and the predicted values from equation (2). Table 1
summarizes the parameters simulated by the various
scenarios (see also Figure 2).
[33] The synthetic noise seismograms are a good vi-

sual control of similarity between the generated noise
and the true ambient seismic field. Figure 3 shows
examples of the generated ambient seismic field with
different noise source distributions and the resulting
variability in the signals. Figure 3 presents example
synthetic noise seismograms for the four source distribu-
tions illustrated in Figure 2, namely, circular, linear,
uniform, and uniform shell. We imposed 128 sources
per time window (Ns = 128) because it provides a rea-
sonable balance between synthetic seismograms with

identifiable phases above the noise and those without.
With 128 sources per time window, Δsx = 500 km,
Ls = 1000 km, and Lx = 100 km, only 14±9

5% of the time
windows contain events that have a short-term average
(STA) over 4 s to long-term average (LTA) over 60 s
ratio (STA/LTA) greater than 2. We find that the number
of detectable phases increases (23±629 % ) as Ns decreases
(1<Ns< 64) but only marginally decreases ( 10±74 %) as
Ns increases (Ns> 256).
[34] Figure 4 shows encouraging results for the time

domain NCFs for selected receiver pair for the uniformly
random source distribution. The move out is consistent
with the input phase velocity, and the amplitudes decrease
with increasing station separation as expected due to
geometrical spreading and attenuation. In Figure 5, we
compare the real portion of the synthetic coherency
[equation (12)] with the theoretical elastic [equation (7)]
and the attenuated Bessel function [equation (10)]. If
the coherencies qualitatively fit the expected Bessel
function, their amplitudes better match the attenuated
Bessel function. We proceed with a three-stage grid
search for phase velocity and attenuation following
Prieto et al. [2009] and Lawrence and Prieto [2011].
[35] Figure 6 qualitatively illustrates the accuracy of the

recovered dispersion and attenuation curves for all of the
source types. Figure 6 confirms that retrieving correct
and accurate phase velocities is possible for a wide range
of source distributions. The estimated attenuation coeffi-
cients exhibit less accuracy than the phase velocities, but
nonetheless reliable measurements. Most importantly, our
attenuation estimates are consistent for all source
distributions tested.
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Figure 3. This figure illustrates three ambient seismograms
generated using a stochastic set of sources with random
source amplitudes and source geometries: (a) circular
source, (b) linear source, (c) uniformly random source,
and (d) uniformly random source shell, as shown in
Figure 2. The same sensor location was used in each
synthetic seismogram. The source length was Ls = 2000
in each case, and the source-receiver offset was Δrs = 0
in each case. The number of sources used to generate
this window was Ns = 128. The reduced high-frequency
amplitudes in the seismograms in Figures 3a and 3d
are caused by greater attenuation accrued over a greater
minimum distance between sources and receivers.
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Figure 4. The noise correlation functions for a subset
of synthetic seismograms generated using equation
(14), a uniformly random source location distribution
with source length Ls = 2000 (Figure 2c), source-receiver
separation Δrs = 0, and stacked for coherencies of 1800 s
time windows over 90 days with 128 sources per time
window. These NCFs were band-pass filtered between
0.02 and 0.2 Hz.
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Figure 5. (a) The real portion of the stacked coherencies, Re[γxy(ω)], calculated in equation (14) for a
uniformly random source location distribution with source length Ls= 2000 (Figure 2c), source-receiver
separation Δrs= 0, and stacked for coherencies of 1800 s time windows over 90 days with 128 sources
per time window. Each coherency is stacked according to station separation at 2 km intervals. The real
coherency values are similar to (b) the theoretical Bessel function but better match the amplitudes of (c)
the attenuated Bessel function. The final panels illustrate the difference between the observed real
coherency measured from the synthetics as compared to the Bessel function in Figure 5d and to the
attenuated Bessel function in Figure 5e.

Figure 6. The (a) phase velocity and (b) attenuation coefficients input into the synthetic calculation
(black) are recovered with differing degrees for the uniformly random (red), circular (blue), and linear
source (grey) distributions. There is a greater percent error for the attenuation measurements than the phase
velocity measurements, but the rough values are recovered. These curves are calculated using source
location distributions with source length Ls= 2000 (Figure 2c), source-receiver separation Δrs= 0, and
stacked for coherencies of 1800 s time windows over 90 days with 128 sources per time window. Each
coherency is stacked according to station separation at 2 km intervals (as in Figure 5) and fit with a
three-stage grid search.
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4. Discussion

[36] Our results suggest that it is possible to retrieve
reliable attenuation coefficient estimates from the ambient
seismic field using the coherency technique. We tested a
wide range of source distribution length scales, varying the
source-receiver distance Δsx and source lengths Ls, with respect
to a fixed receiver distribution. We estimate the best fitting
estimates of phase velocity and attenuation measurements by
minimizing the misfit in the L2 norm sense of the objective
function Φ(c,α) = ||Re(γ(ω))� J0(ωr/c(ω))e�α(ω)r||2.
[37] The L2 norm misfit between the initial and estimated

phase velocities and attenuation coefficients provides a
quantitative measure of the method’s accuracy/precision,
which we illustrate in Figure 7. Despite those encouraging
results, we note particular scenarios for which the
coherency method will fail to provide accurate
attenuation measurement.
[38] The first and obvious scenario that fails to provide the

correct answer occurs when the sources are confined in the
near field (Δsx< Lx and Ls< Lx) and the sources are seen
from a narrow angle. This result further supports the
analytical studies. The second case for which the coherency
is poorly reconstructed highlights the destructive role of
incoherent phases. With a fixed level of incoherent or local
noise, the signal-to-noise ratio of coherent signal decreases
as the distance between the receivers and the noise sources
increases (very far field). We confirmed this results by
simply increasing the magnitude of the very far field
sources (as tested with factors from 10 to 1000) or by further

stacking over time (>90 days), thus retrieving correct
attenuation coefficients when amplitudes are high.
[39] The source-receiver geometries under which we

obtained accurate velocities from the NCF techniques span
a large range of length scales. Receiver array scales vary from
dozens of meters [e.g., de Ridder and Dellinger, 2011; Young
et al., 2011] to thousands of kilometers [e.g., Lin et al., 2008;
Bensen et al., 2008, 2009]. This suggests that our configura-
tions, where Ls/Lx and Δsx/Lr ratios are large, may be more
representative of the Earth’s ambient noise source field.
Although none of the idealized distributions are likely to be
best representing the Earth’s ambient field, we obtain the
most accurate estimations when the sources are randomly
distributed over a broad range of distances and azimuths.
[40] One very critical part of testing this technique is the

effect of the number of noise sources compared with the level
of incoherent noise surrounding the receiver array. We vary
the number of noise sources per time window from 1 to
2048 and the maximum amplitude of the incoherent noise
from 10�6 to 101 (Figure 8). We obtain more accurate esti-
mates for simulations with more than ~16 noise sources per
window (e.g., Ns> 16) and inaccurate estimates for simula-
tions with fewer noise sources per window (Ns< 16). When
the incoherent noise level is below ~1, the accuracy is
sufficient to recover accurate attenuation. Within these two
confines, there is little trade-off between these parameters
for a wide range of dimensional values.
[41] Ultimately, a combination of the proposed source

configuration is more plausible than any individual one. We

Figure 7. The RMS misfits for (a–d) phase velocity and (e–h) attenuation coefficients vary as a function
of the length scales, source length Ls, receiver length Lx, and source-receiver separation Δsx. As expected,
when source length and source-receiver separation are small (i.e., the sources are within the array—dashed
box), the phase velocity and attenuation are not well recovered. When the sources are all over an order of
magnitude more distant from the receivers than the receivers are from each other, the phase velocity and
attenuation coefficients are not recovered well. The parameter space of well-recovered phase velocity
and attenuation estimates lies within the bold polygons. The NCF stacks were calculated for coherencies
of 1800 s time windows over 90 days with 128 sources per time window. Note that Figures 7a–7d, 7e,
and 7f correspond to the geometries illustrated in Figures 2a–2d.
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therefore created a case that evenly draws from the four
source scenarios shown in Figure 2. This general source
distribution provides results similar to those of the uniformly
random (shell) distribution (Figure 9), where the phase
velocity and attenuation results are reliable for a broad range
of parameters. This strongly suggests that sources with a
sufficient distribution, in both aperture and range, will be
sufficient to construct Green’s functions with reliable
amplitude information.
[42] One major result from these simulations reveals that

our synthetic coherencies calculated with two or fewer
sources per time window better match the unattenuated
Bessel function. This is particularly true for nearly symmetric
far-field distributions (i.e., circular and uniform sphere).
Since we tested those cases for long durations of stacking
(>4 years), we cannot explain this result by simply stating
the lack of sources. It is worth noting that two sources per
time window delimit a sharp boundary between the best fit
to the Bessel function with or without attenuation. We recall
the simple solution of equation (7) for a single source (Ns=1).
Theoretical analysis where Ns = 1 suggests that the stacked

coherency is independent of attenuation. Our results are then
in good agreement with both the analytic work of Weaver
[2011] and Tsai [2011] and the empirical work of Prieto
et al. [2009] and Lawrence and Prieto [2011].
[43] Including attenuation inherently alters the recorded

ambient field. Due to attenuation, small local sources contrib-
ute to high frequency more than larger far-field sources. The
synthetic seismogram is a sum of sources triggered at various
locations, and each source is recorded with a different ampli-
tude due to attenuation. Normalization by a smoothed
amplitude spectrum “whitens” the records of all sources,
not each source individually. Consequently, the coherency
represents a normalization that preserves the relative
damping of each source’s propagated spectrum contained
with the data record. While the above examples show the
importance of including multiple sources in equation (12), there
is no straightforward analytical solution proving that stacked
coherency should equate to a damped Bessel function.
[44] It remains to be shown that the estimated attenuation

coefficient is sensitive to the structure near the receivers,
not near the sources or the path between sources and re-
ceivers. We compare the attenuation coefficients measured
from the synthetic NCFs calculated with different attenuation
coefficients locally around the sources and the receivers. In
the first case, we set attenuation coefficients to zero for a
200 km radius region surrounding the receivers, while
maintaining the same attenuation coefficients for the source
region as above, and opposite in the second case. We perform

Figure 8. This figure illustrates the misfit trade-off between
the number of sources per window (Ns) and the maximum
level of uniform incoherent white noise, nmax, at each re-
ceiver. The colors illustrate the misfit between the estimated
and known input values for (a) phase velocity, C(ω), and
(b) attenuation coefficients, α. The misfit is consistently low
for Ns> 16 and nmax< 1. The misfits are calculated for sim-
ulations having uniformly random sources and receivers with
geometric parameters Ls = 1000, Δsx = 100, and Lx = 100,
where the NCFs were stacked for coherencies of 1800 s time
windows over 90 days.

Figure 9. Same as Figure 7 except illustrating the misfit
between known and measured (a) phase velocity and (b)
attenuation coefficient for a single set of source distributions
generated as a random amalgamation of the four source types
illustrated in Figure 2.
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this test only for the uniform shell scenario with a small
source offset (Δsx = 100 km) and an intermediate-to-large
source length (Ls = 1000 km) in order to separate the sources
and receivers. This simple test confirms that the method
measures attenuation near the receivers, and not the attenua-
tion near the sources, as illustrated in Figure 10.
[45] Future analyses with the method presented in Prieto

et al. [2009] should benefit from considering additional
amplitude constraints. For example, 3-D focusing effects bias
amplitudes significantly within a heterogeneous medium
[e.g., Lin et al., 2011]. Prieto et al. [2009] and Lawrence
and Prieto [2011] attempted to reduce the focusing and
defocusing effects by azimuthally averaging over large
arrays (and all directions). However, this averaging does
not reduce all amplification effects for most 3-D heteroge-
neous structures. Accounting for amplification with adjoint
or finite frequency kernels for amplitude may help reduce
such biases. Similarly, repeating the analyses conducted here
with full 3-D elastic [e.g., Stehly et al., 2011] wave propaga-
tion with intrinsic attenuation decay may illuminate potential
biases in attenuation estimates due to structures between
sources and receivers.
[46] While the results of this study support the link be-

tween the empirical interpretations of NCF energy decay as
seismic attenuation, there remains a lack of any analytical
proof linking the increased amplitude decay to the functional
form e�a ωð Þrxy. A recent paper by Nakahara [2012] has given
theoretical proof that this assumption is nearly correct. Our

simulations indicate that the functional form, which is the
intuitive solution, holds for a large variety of noise source
distributions.

5. Conclusion

[47] This study numerically demonstrates that the Prieto
et al. [2009] method to measure seismic attenuation from
ambient noise correlation functions is viable. In contrast,
these results disagree with analytical studies, which may
suggest the following: (1) assuming a “white homogeneous
ambient seismic field” is not equivalent to whitening the
recorded ambient field; (2) correlating multiple sources is
different from independently correlating each source; and
(3) incoherent noise between the sensors may contribute to
the NCF distance dependant decay. Our numerical results
illustrate that attenuation coefficients are recoverable for a
wide range of appropriate source conditions: (1) a reasonable
azimuthal distribution of far-field sources, (2) multiple
sources recorded per time window, (3) sufficient stacking,
and (4) a receiver distribution that provides ample station-
to-station azimuths and station separations. For a variety of
source conditions, including those with nonuniform source
distributions, we accurately recover the phase velocity and
attenuation from synthetic NCFs. However, when we include
few sources per time window (Ns ≤ 2) in the simulations, our
measured attenuation coefficients are negligible, which
corresponds to the analytical assessment of Weaver [2011]
that single-source NCFs are independent of attenuation.
With more sources per time window (e.g., Ns= 128), the
NCFs are only sensitive to the attenuation in the region of
the receiver array. In elasticity, the correspondence between
the well-constructed NCF and the elastic Green’s function
is well accepted [Weaver and Lobkis, 2004]. In anelasticity,
we can now account for attenuation and include the exponen-

tial decay e�α ωrxyð Þ to the Green’s function.
[48] Along with other studies [e.g., Yang and Ritzwoller,

2008; Cupillard and Capdeville, 2010], our synthetic
ambient field seismograms yield NCFs that contain ap-
propriate amplitude information (e.g., Figures 3 and 4).
We investigated the accuracy to which those amplitudes
are retrieved with respect to frequency and the scale
lengths for the different source distribution configura-
tions (Figure 7). Given the scenario listed above, our syn-
thetic coherencies match really well the attenuated Bessel
functions, and we estimate correctly the attenuation of
the medium, which disagrees with the analytical results
of Tsai [2011] and Weaver [2011]. The origin of the am-
bient seismic field sources still needs further investiga-
tion due to the complexity of the spatial and temporal
distributions of noise sources and their respective contri-
bution to the ambient seismic field [Longuet-Higgins,
1950; Cessaro, 1994; Chevrot et al., 2007; Kedar et al.,
2008; Ardhuin et al., 2011]. Furthermore, Seats et al.
[2012] demonstrated that coherency stacks from more
overlapping short time windows (30 min to 1 h rather
than daylong) yield better source distributions than those
from longer time windows. This can result from a better
averaging process where large-magnitude sources do not
dominate over the other sources recorded in successive
time windows.

Figure 10. This figure illustrates the attenuation coeffi-
cients measured from synthetic NCF stacks calculated with
attenuation only in the 200 km radius region containing the
receivers (red) and attenuation only outside the 200 km radius
region containing the receivers (blue dashed) (i.e., source-side
attenuation). The synthetics were calculated with a uniformly
random shell source distribution, where the source offset and
length scales are given by Ls=1000 and Δsx=100 and the
receiver length scale is Lx=100. The NCF stacks were calcu-
lated for coherencies of 1800 s time windows over 90 days with
128 sources per time window and an input attenuation (black)
from Prieto et al. [2009].

LAWRENCE ET AL.: AMBIENT NOISE NUMERICAL EVALUATION

10



[49] Acknowledgments. We thank the reviewers (in advance) for their
comments and suggestions. This research was funded in part by NSF grant
EAR 1050669.

References
Aki, K. (1957), Space and time spectra of stationary stochastic waves, with
special reference to microtremors, Bull. Earthq. Res. Inst., 35, 415–457.

Ardhuin, F., E. Stutzmann, M. Schimmel, and A. Mangeney (2011), Ocean
wave sources of seismic noise, J. Geophys. Res., 116, C09004,
doi:10.1029/2011JC006952.

Aster, R. C., D. E. McNamara, and P. D. Bromirski (2008), Multidecadal
climate-induced variability in microseisms, Seismol. Res. Lett., 79,
194–202, doi:10.1785/gssrl.79.2.194.

Bensen, G. D., M. H. Ritzwoller, M. P. Barmin, A. L. Levshin, F. Lin,
M. P. Moschetti, N. M. Shapiro, and Y. Yang (2007), Processing
seismic ambient noise data to obtain reliable broad-band surface
wave dispersion measurements, Geophys. J. Int., 169, 1239–1260,
doi:10.1111/j.1365-246X.2007.03374.x.

Bensen, G. D., M. H. Ritzwoller, and N. M. Shapiro (2008), Broadband
ambient noise surface wave tomography across the United States,
J. Geophys. Res., 113, B05306, doi:10.1029/2007JB005248.

Bensen, G. D., M. H. Ritzwoller, and Y. Yang (2009), A 3D shear velocity
model of the crust and uppermost mantle beneath the United States from
ambient seismic noise, Geophys. J. Int., 177(3), 1177–1196.

Buckingham, M. J. (2012), Spatial coherence and cross correlation of the
three-dimensional ambient noise fields in the ocean, J. Acoust. Soc. Am.,
131(2), 1079–1086.

Cessaro, R. K. (1994), Sources of primary and secondary microseisms, Bull.
Seismol. Soc. Am., 84, 142–148.

Chevrot, S., M. Sylvander, S. Benahmed, C. Ponsolles, J. M. Lefèvre, and
D. Paradis (2007), Source locations of secondary microseisms in western
Europe: Evidence for both coastal and pelagic sources, J. Geophys. Res.,
112, B11301, doi:10.1029/2007JB005059.

Colin de Verdie`re, Y. (2009), Semiclassical analysis and passive imaging,
Nonlinearity, 22, R45–R75.

Cupillard, P., and Y. Capdeville (2010), On the amplitude of surface
waves obtained by noise correlation and the capability to recover
the attenuation—A numerical approach, Geophys. J. Int., 181,
1687–1700, doi:10.1111/j.1365-246X.2010.04586.x.

Denolle, M., E. M. Dunham, G. A. Prieto, and G. C. Beroza (2012),
Ground motion prediction of realistic earthquake sources using the
ambient seismic field, J. Geophys. Res., 118, 1–17, doi:10.1029/
2012JB009603.

Derode, A., E. Larose, M. Campillo, and M. Fink (2003a), How to estimate
the Green’s function of a heterogeneous medium between two passive
sensors? Application to acoustic waves, Appl. Phys. Lett., 83,
3054–3056.

Derode, A., E. Larose, M. Tanter, J. de Rosny, A. Tourim, M. Campillo,
and M. Fink (2003b), Recovering the Green’s function from field-field
correlations in an open scattering medium, J. Acoust. Soc. Am., 113,
2973–2976.

Ekström, G., G. A. Abers, and S. C. Webb (2009), Determination of
surface-wave phase velocities across USArray from noise and Aki’s
spectral formulation, Geophys. Res. Lett., 36, L18301, doi:10.1029/
2009GL039131.

Gudmundsson, O., A. Khan, and P. Voss (2007), Rayleigh wave group-
velocity of the Icelandic crust from correlation of ambient seismic
noise, Geophys. Res. Lett., 34, L14314, doi:10.1029/2007GL030215.

Gutenberg, B., and C. F. Richter (1954), Seismicity of the Earth and
Associated Phenomena, 2nd ed., Princeton Univ. Press, Princeton,
N. J.

Hasselmann, K. (1963), A statistical analysis of the generation of micro-
seisms, Rev. Geophys., 1(2), 177–210, doi:10.1029/RG001i002p00177.

Kedar, S., M. S. Longuet-Higgins, F. W. N. Graham, R. Clayton, and
C. Jones (2008), The origin of deep ocean microseisms in the north
Atlantic ocean, Proc. R. Soc. A, 464, 777–793.

Landés, M., F. Hubans, N. M. Shapiro, A. Paul, and M. Campillo (2010),
Origin of deep ocean microseisms by using teleseismic body waves,
J. Geophys. Res., 115, B05302, doi:10.1029/2009JB006918.

Larose, E., A. Derode, D. Corennec, L. Margerin, and M. Campillo (2005),
Passive retrieval of Rayleigh waves in disordered elastic media, Phys. Rev.
E, 72, 046607, doi:10.1103/PhysRevE.72.046607.

Lawrence, J. F., and G. Prieto (2011), Attenuation tomography of the
western United States from ambient seismic noise, J. Geophys. Res.,
116, B06302, doi:10.1029/2010JB007836.

Lin, F., M. P. Moschetti, and M. H. Ritzwoller (2008), Surface wave tomog-
raphy of the western United States from ambient seismic noise: Rayleigh
and Love wave phase velocity maps, Geophys. J. Int, 173, 281–298.

Lin, F.-C., M. H. Ritzwoller, and W. Shen (2011), On the reliability of
attenuation measurements from ambient noise cross-correlations,
Geophys. Res. Lett., 38, L11303, doi:10.1029/2011GL047366.

Longuet-Higgins, M. S. (1950), A theory of the origin of microseisms,
Philos. Trans. R. Soc. London A, 243(857), 1–35, doi:10.1098/
rsta.1950.0012.

Nakahara, H. (2012), Formulation of the spatial autocorrelation (SPAC)
method in dissipative media, Geophys. J. Int., 190, 1777–1783,
doi:10.1111/j.1365-246X.2012.05591.x.

Nishida, K., J. P. Montagner, and H. Kawakatsu (2009), Global surface wave
tomography using seismic hum, Science, 326(5942), 112–112.

Prieto, G. A., and G. C. Beroza (2008), Earthquake ground motion prediction
using the ambient seismic field, Geophys. Res. Lett., 35, L14304,
doi:10.1029/2008GL034428.

Prieto, G. A., J. F. Lawrence, and G. C. Beroza (2009), Anelastic Earth
structure from the coherency of the ambient seismic field, J. Geophys.
Res., 114, B07303, doi:10.1029/2008JB006067.

Prieto, G. A., M. Denolle, J. F. Lawrence, and G. C. Beroza (2011), On am-
plitude information carried by the ambient seismic field, C. R. Geosci.,
343, 600–614.

Rhie, J., and B. Romanowicz (2004), Excitation of Earth’s continuous free
oscillations by atmosphere-ocean-seafloor coupling, Nature, 431(7008),
552–556, doi:10.1038/nature02942, PMID 15457256.

Rhie, J., and B. Romanowicz (2006), A study of the relation between ocean
storms and the Earth’s hum, Geochem. Geophys. Geosyst., 7, Q10004,
doi:10.1029/2006GC001274.

Roux, P., R. Lee Culver, and S. Walker (2010), Application of the coherent-
to-incoherent intensity ratio (CTIR) to estimating ocean surface roughness
from high frequency, shallow water propagation measurements, J. Acoust.
Soc. Am., 127(3), 1258–1266.

Sabra, K. G., P. Roux, and W. A. Kuperman (2005a), Emergence rate of the
time-domain Green’s function from the ambient noise cross-correlation
function, J. Acoust. Soc. Am., 96(3), 1182–1191.

Sabra, K. G., P. Gerstoft, P. Roux, W. A. Kuperman, and M. C. Fehler
(2005b), Surface wave tomography from microseisms in Southern
California, Geophys. Res. Lett., 32, L14311, doi:10.1029/2005GL023155.

Sanchez-Sesma, F. J., and M. Campillo (2006), Retrieval of the Green’s
function from cross correlation; the canonical elastic problems, Bull.
Seismol. Soc. Am., 96(3), 1182–1191.

Schulte-Pelkum, V., P. S. Earle, and F. L. Vernon (2004), Strong directivity
of ocean-generated seismic noise, Geochem. Geophys. Geosyst., 5,
Q03004, doi:10.1029/2003GC000520.

Seats, K. J., J. F. Lawrence, and G. A. Prieto (2012), Improved ambient noise
correlation functions using Welch’s method, Geophys. J. Int., 118,
513–523, doi:10.1111/j.1365-246X.2011.05263.x.

Shapiro, N. M., and M. Campillo (2004), Emergence of broadband Rayleigh
waves from correlations of the ambient seismic noise,Geophys. Res. Lett.,
31, L07614, doi:10.1029/2004GL019491.

Shapiro, N. M., M. Campillo, L. Stehly, and M. H. Ritzwoller (2005), High-
resolution surface-wave tomography from ambient seismic noise, Science,
307, 1615–1618.

Shapiro, N. M., M. H. Ritzwoller, and G. D. Bensen (2006), Source location
of the 26 sec microseism from cross correlations of ambient seismic noise,
Geophys. Res. Lett., 33, L18310, doi:10.1029/2006GL027010.

Stehly, L., M. Campillo, and N. M. Shapiro (2006), A study of the seismic
noise from its long-range correlation properties, J. Geophys. Res., 111,
B10306, doi:10.1029/2005JB004237.

Stehly, L., M. Campillo, B. Froment, and R. L. Weaver (2008),
Reconstructing Green’s function by correlation of the coda of the correla-
tion (C3) of ambient seismic noise, J. Geophys. Res., 113, B11306,
doi:10.1029/2008JB005693.

Stehly, L., M. Campillo, N. M. Shapiro, B. Fry, and L. Boschi (2009),
Tomography of the alpine region from observations of seismic ambient
noise, Geophys. J. Int., 178, 338–350.

Stehly, L., P. Cupillard, and B. Romanowicz (2011), Towards improving
ambient noise tomography using simultaneously curvelet denoising filters
and SEM simulations of seismic ambient noise, C. R. Geosci., 343,
591–599, doi:10.1016/j.crte.2011.03.005.

Tanimoto, T. (2007), Excitation of microseisms, Geophys. Res. Lett., 34,
L05308, doi:10.1029/2006GL029046.

Tanimoto, T., J. Um, K. Nishida, and N. Kobayashi (1998), Earth’s
continuous oscillations observed on seismically quiet days, Geophys.
Res. Lett., 25, 1553–1556, doi:10.1029/98GL01223.

Tsai, V. C. (2011), Understanding the amplitudes of noise correlation
measurements, J. Geophys. Res., 116, B09311, doi:10.1029/2011JB008483.

Wapenaar, K. (2004), Retrieving the elastodynamic Green’s function of an
arbitrary inhomogeneous medium by cross-correlation, Phys. Rev. Lett.,
93, 254301.

Wapenaar, K., E. Slob, and R. Snieder (2006), Unified Green’s function
retrieval by cross correlation, Phys. Rev. Lett., 97(23), 234301.

LAWRENCE ET AL.: AMBIENT NOISE NUMERICAL EVALUATION

11



Weaver, R. L. (2011), On the amplitudes of correlations and the inference of
attenuations, specific intensities and site factors from ambient noise, C. R.
Geosci., 343, 615–622.

Weaver, R. L., and O. I. Lobkis (2001), On the emergence of the Green’s
function in the correlations of a diffuse field, J. Acoust. Soc. Am., 110,
3011–3017.

Weaver, R. L., and O. I. Lobkis (2004), Diffuse fields in open systems and
the emergence of the Green’s function, J. Acoust. Soc. Am., 116,
2731–2734.

Weemstra, C., A. Goertz, and L. Boschi (2011a), Towards a method for
attenuation inversion from reservoir-scale ambient noise OBS recordings,
SEG Expanded Abstr., 30, 1592, doi:10.1190/1.3627507.

Weemstra, C., L. Boschi, A. Goertz, and B. Artman, (2013), Seismic atten-
uation from recordings of ambient noise, Geophysics, 78(1), Q1–Q14.

Yang, Y., and M. H. Ritzwoller (2008), Characteristics of ambient seismic
noise as a source for surface wave tomography, Geochem. Geophys.
Geosyst., 9, Q02008, doi:10.1029/2007GC001814.

Yao, H., and R. D. Van der Hilst (2009), Analysis of ambient noise energy
distribution and phase velocity bias in ambient noise tomography, with
application to SE Tibet, Geophys. J. Int., 179, 1113–1132, doi:10.1111/
j.1365-246X.2009.04329.x.

Yao, H., R. D. van der Hilst, and M. Van de Hoop (2006), Surface-wave
array tomography in SE Tibet from ambient seismic noise and two-station
analysis—I. Phase velocity maps, Geophys. J. Int., 166, 732–744.

Young, M. K., N. Rawlinson, P. Arroucau, A. M. Reading, and H. Tkalčić
(2011), High-frequency ambient noise tomography of southeast
Australia: New constraints on Tasmania’s tectonic past, Geophys. Res.
Lett., 38, L13313, doi:10.1029/2011GL047971.

Zhang, J., and X. Yang (2013), Extracting surface wave attenuation from
seismic noise using correlation of the coda of correlation, J. Geophys.
Res. Solid Earth, 118, 2191–2205, doi:10.1002/jgrb.50186.

Zheng, S., X. Sun, X. Song, Y. Yang, and M. H. Ritzwoller (2008), Surface
wave tomography of China from ambient seismic noise correlation,
Geochem. Geophys. Geosyst., 9, Q05020, doi:10.1029/2008GC001981.

LAWRENCE ET AL.: AMBIENT NOISE NUMERICAL EVALUATION

12



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


