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Abstract We test the amplitude of deconvolution‐based ambient field Green's functions in 3‐D
numerical simulations of seismic wave propagation. We first simulate strongly scattered waves in a
hypothetical 3‐D sedimentary basin with small‐scale heterogeneities, which provides an ideally random
environment to test various approaches of extracting the amplitude of Green's functions, as the deterministic
station‐to‐station Green's functions can be computed in the given velocity structure. Our second model
computes the station‐to‐station Green's functions in the Community Velocity Model (S4.26) for Southern
California and compares them with the Green's functions extracted from 1 year of ambient noise data. In
both models, remarkable waveform similarity among different Green's functions is obtained. In the
hypothetical basin model where the wavefield is nearly random, both the correlation‐ and
deconvolution‐based Green's functions contain robust amplitude information. However, large‐amplitude
biases are observed in the Green's functions extracted from ambient noise in Southern California, showing a
strong azimuthal dependence. The deconvolution approach in general overestimates the amplitude along
the direction of noise propagation but underestimates it in other azimuths. The correlation approach with
temporal normalization and spectral whitening generates similar amplitude to the deconvolution in a wide
azimuthal range. Our results corroborate that the inhomogeneous distribution of noise sources biases the
amplitude of Green's functions. Carefully reducing these biases is necessary to use these ambient field
Green's functions in the virtual earthquake approach.

1. Introduction

Extracting station‐to‐station Green's function from ambient seismic field by cross correlation, relying on no
earthquakes and with raypaths limited only by station distribution, revolutionized the field of structural
seismology over a decade ago, producing tomographic images of crustal and upper mantle structures
with unprecedented resolution (e.g., Lin et al., 2008; Sabra et al., 2005; Shapiro et al., 2005; Shapiro &
Campillo, 2004; Yao et al., 2006). Remarkable body wave core phases have also been extracted from the
correlation of ambient noise field (e.g., Lin et al., 2013; Poli et al., 2012). Another important application is
in the detection of small temporal velocity changes due to stress changes in the earth (e.g., Brenguier
et al., 2008,Brenguier et al., 2008). Much of these successes rely on the robustness of the phase information
in the Green's functions. Although the theory (e.g., Sánchez‐Sesma & Campillo, 2006; Wapenaar, 2004)
requires a homogeneous distribution of noise sources for the robust Green's functions to be retrieved the
phase seems insensitive to the noise distribution, likely due to scattering in the Earth.

The amplitude of ambient field Green's functions, however, received less attention. This is largely because
various data processing techniques, such as conversion of data to a sign‐bit signal and spectral whitening,
distort the amplitude of Green's functions while maintaining the phase (e.g., Bensen et al., 2007). Robust
amplitude of Green's function has been a challenge to extract, for example, even the geometrical decay of
wavefield cannot be obtained due to large scatter in the amplitude (e.g., Lin et al., 2011), because of
inhomogeneous distribution of noise sources (e.g., Tsai, 2011) and/or data processing techniques.

Prieto and Beroza (2008) found, however, that without applying various normalizations to the data
the deconvolution of ambient seismic field can produce wave signals with meaningful amplitude, which
match earthquake data at selected stations in Southern California. This method was further applied in
other studies (e.g., Denolle et al., 2013; Denolle et al., 2014; Denolle et al., 2014; Kwak et al., 2017;
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Prieto et al., 2011; Viens et al., 2015; Viens et al., 2016; Viens et al., 2017). Denolle et al. (2013), Denolle,
Dunham, et al., 2014) advocated that robust amplitudes of ambient field Green's functions, if obtained,
can be used to predict ground motions due to future earthquakes (at least at low frequencies) with no
uncertainties from paths and sites, and the uncertainties will come mainly from earthquake sources.
This virtual earthquake approach can be a true step forward in the field of strong ground motion predic-
tion if carefully validated.

Despite some successes, we may point out that deconvolution is not equivalent to the recovery of a Green's
function. Deconvolution of earthquake signals at different levels of a library building (Snieder et al., 2006;
Snieder & Safak, 2006) or different depths of a borehole (Trampert et al., 1993; Mehta et al., 2007) retrieves
a wave signal that is excited by an impulsive displacement at the source station. Wave reverberations from a
rigid base of the library building are clearly observed if the base level is deconvolved from other levels
(Snieder et al., 2006; Snieder & Safak, 2006). The wave signal satisfies the 1‐D wave equation; however, it
is not a station‐to‐station Green's function (Snieder et al., 2006; Snieder & Safak, 2006; Wapenaar et al.,
2010) because the Green's function requires that the boundary condition at the source is an impulsive force.

Vasconcelos and Snieder (2008a, 2008b) extended the deconvolution approach to ambient seismic field and
further clarified that the clamped boundary condition at the source does not give the Green's functions
although the deconvolved signal satisfies the equation of motion. One simple proof to show that the
deconvolved signal is not a Green's function can be derived as follows. In the frequency domain, the

deconvolution is written as B ωð Þ
A ωð Þ, where ω is angular frequency and A(ω) and B(ω) are signals at the source

and receiver, respectively. It is straightforward to verify that B ωð Þ
A ωð Þ≠

A ωð Þ
B ωð Þ, which shows that the deconvolved

signal does not satisfy the reciprocity relation of source and receiver for a Green's function. On the other

hand, correlation (A(ω)B*(ω) = [B(ω)A*(ω)]*) or coherence ( A ωð ÞB* ωð Þ
A ωð Þj j B ωð Þj j ¼ B ωð ÞA* ωð Þ

B ωð Þj j A ωð Þj j
h i*

) does satisfy the

source‐receiver reciprocity, where the asterisk denotes complex conjugation corresponding to time reversal
in the time domain. It is also clear that the deconvolution gives the same phase as the correlation or coher-

ence because B ωð Þ
A ωð Þ ¼ A* ωð ÞB ωð Þ

A ωð Þj j2 . For the deconvolution approach to satisfy the source‐receiver reciprocity, the

signals A(ω) and B(ω) have to be closely similar; this condition may be true if the wavefield is completely
random, as we will show in our first model below.

In order to validate the deconvolution approach, most deconvolution studies mentioned above compared
deconvolved wave signals with earthquake data at selected station and showed that amplitudes agree rea-
sonably with each other. However, different radiation patterns of the two sources and depths of excitation
can significantly affect the amplitude of Green's functions, so the amplitude agreement may in fact suggest
biases in the results. Denolle et al. (2013) used a 1‐D velocity structure to correct for the depth of source exci-
tation and radiation pattern and obtained better amplitude and waveform match with earthquake data.
However, further corrections for the source radiation pattern and depth can only be meaningfully tested
and interpreted if we also have a firm understanding of potential biases in the Green's Functions used, which
is the focus of this study.

Here we adopt a straightforward and more stringent test of the amplitude of deconvolution‐based Green's
functions, which is to compare retrieved Green's functions in a known velocity structure where robust
Green's functions can be computed. The issues of different source excitations, such as an earthquake (double
couple) versus an impulsive force or displacement and different source depths, can be avoided.

We will show two models. In the first model, we simulate scattered waves in a 3‐D hypothetical basin
(Figure 1), where small‐scale heterogeneities are placed below the basin and rigid boundary conditions
are used in the model except for the free surface. The rigid boundary creates strong reverberations in the
domain in addition to scattering by small‐scale heterogeneities. We use 4,421 point sources uniformly dis-
tributed surrounding the basin. At each point source, there are three impulsive forces in the x, y, and z direc-
tions, respectively. For each impulse, we run one simulation for 500 s and record three components of
ground motion at 20 surface stations, resulting in a total of 4,421 × 3 × 3 × 20 = 795,780 seismograms.
The simulated scattered waves create an optimal environment to test different methods of extracting the
amplitude of Green's functions, because the true Green's function between each station pair can
be computed.
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In our second model, we choose Southern California where a good Community Velocity Model (CVM) is
available. We compute the station‐to‐station Green's functions in the CVM‐S4.26 (Lee et al., 2014), which
was obtained by full 3‐D tomography and iteratively improving the CVM‐S4 (Kohler et al., 2003;
Magistrale et al., 2000) using 38,000 earthquake seismograms and 12,000 ambient field correlograms. We
will also extract ambient field Green's functions by using 1 year of ambient seismic data recorded at 115 sta-
tions in the Southern California Seismic Network. Ma et al. (2008) compared ambient field Green's functions
extracted from correlation with numerical Green's functions in two earlier CVMs, CVM‐S4 and CVM‐H5.2
(Süss & Shaw, 2003), and found excellent waveform similarity. In that work, the amplitude was not
considered.We will compare both the amplitude and waveform similarity among different Green's functions
in this study.

We will show again that remarkable waveform similarity is obtained between retrieved and calculated
Green's functions in both models, validating robust phase in the retrieved Green's functions. In the hypothe-
tical basin model, both correlation‐ and deconvolution‐based Green's functions contain accurate amplitude
information. The deconvolution approach works well in this ideally random environment because the
amplitude spectra at all stations are similar (Figure 2). However, in Southern California where dominant
noise sources are in the Pacific Ocean, we find substantial biases across the entire Southern California

Figure 1. The model setup for a hypothetical hemispherical sedimentary basin. We use 4,421 point sources (denoted by blue dots) on a hemisphere to excite waves.
Black triangles show 20 stations at the surface. The red star is the virtual source station for which we show results in Figures 2–4. A map view of stations, basin,
and noise sources is shown in (b). A cross section of S wave speed through the center of the basin is shown in (c). There is a total of 80,000 scatters randomly
distributed below the basin in this model.
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Seismic Network in the amplitudes of retrieved Green's functions from either the deconvolution or
correlation approach. The amplitude biases show strong azimuthal dependence, indicating the effect of
inhomogeneous source distribution. Carefully correcting these biases is essential in applying the virtual
earthquake approach.

2. Simulation of Strongly Scattered Waves in a 3‐D Hypothetical
Sedimentary Basin

We consider a hemispherical sedimentary basin with a radius of 10 km (Figure 1). The P and Swave velocity
and density are 3,500 m/s, 1,500 m/s, and 2,000 kg/m3 in the basin, respectively, and 6,100 m/s, 2,900 m/s,
and 2,700 kg/m3 outside the basin. The computational domain is 90 km × 90 km × 50 km. Except for free
surface, all domain boundaries are rigid to generate strong wave reverberations in the domain, which
promotes the randomness of wavefield. We use 80,000 randomly distributed small‐scale scatters below the
basin to enhance scattering. The scatters are small cubes of 200 m with wave speeds perturbed by 50% of
the background values. The density of scatters is 2,000 kg/m3. This model setup follows Colombi et al.
(2014), who conducted a two‐dimensional model in a complex reverberating medium.

To excite waves, we use 4,421 point sources on a hemisphere with a radius of 30 km enclosing the basin. We
apply an impulsive force in x, y, and z directions at each point source. For each impulsive force, we carry out
one simulation for 500 s. The simulations are performed by a high‐performance staggered‐grid finite
difference solver AWP‐ODC (e.g., Cui et al., 2009; Nie et al., 2017; Olsen et al., 1995). The grid size is 200
m to simulate waves accurate up to 1.5 Hz. The wavefield is recorded at 20 stations at the free surface

Figure 2. (a) Vertical ground velocities time histories recorded at 20 stations due to one point force on the hemisphere. All
the waveforms are low‐pass filtered at 1.5 Hz. (b) The normalized amplitude spectra of the time histories show good
similarity. Each color represents a different station. (c) The frequency band (0–1.5 Hz) is divided into 27 bins. Within each
bin the mean of each amplitude spectrum is plotted, again showing spectral similarity among all the stations.
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(13 inside the basin and 7 outside the basin). In the actual simulations, we use the source‐receiver reciprocity
theorem and apply the force at the stations and record waves at the sources, which significantly reduces the
number of simulations.

The vertical ground velocity time histories at 20 surface stations due to a point force on the hemisphere are
shown in Figure 2. Multiple reflections off rigid boundaries and wave scattering clearly give rise to a random
nature of the wavefield. The spectra of these time histories are remarkably similar. This spectral similarity is

Figure 3. Comparison of retrieved and simulated Green's functions (vertical ground velocity) at 19 stations due to a virtual source (red star in Figure 1). The ampli-
tude is normalized by a common factor (the average peak velocity at all stations), so the relative amplitudes among stations are conserved. The stations between 10
and 25 km are within the basin, showing clear amplification. Excellent agreement is obtained by correlation and deconvolution (panels a and b). Sign‐bit nor-
malization and spectral whitening slightly worsens the waveform fit but significantly bias the amplitude (panels e and f). The amplitude (panels c and g) and
amplitude bias (panels d and h) as a function of distance are shown on the right.
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important, because it largely removes the difference between deconvolution and coherence, to make the
retrieved signal to satisfy the source‐receiver reciprocity requirement for a Green's function.

We test four different schemes in retrieving Green's functions from the scattered wavefield: correlation,
correlation with sign‐bit normalization (Corr‐S), correlation with both sign‐bit normalization and spectral
whitening (Corr‐SSW), and deconvolution. The correlation, sign‐bit, and spectral whitening schemes follow
closely Benson et al. (2007). The deconvolution scheme follows Sneider and Safak (2006). We perform the
deconvolution in the frequency domain by

G ωð Þ ¼ B ωð Þ
A ωð Þ≈

B ωð ÞA* ωð Þ
A ωð Þj j2 þ ε

; (1)

where A(ω) and B(ω) are signals at the source and receiver, respectively, and ε is a water level regularization
parameter to stabilize the deconvolution. We set the regularization parameter to be 10% of the average
power; the results are not sensitive to this parameter. As mentioned previously, the phases of deconvolution
and correlation (or coherence), given by the numerator of equation (1), are identical. The amplitude
difference from different schemes comes only from the denominator.

In each scheme, we remove the first 50‐s coherent part of the signal and treat the remaining 450 s as
one time window. After correlation or deconvolution, we stack over the sources to obtain the final
Green's function. The approach is same as Campillo and Paul (2003) in using earthquake coda to retrieve
Green's functions.

To compute station‐to‐station Green's functions directly in the velocity structure, we apply a Gaussian force
at the source station: f (t) = exp [−70(t − t0)

2], where t0is 0.5 s, and compute all nine components of Green's
functions by applying the force in three directions. To compare the retrieved Green's functions from the scat-
tered wavefield with the simulated Green's functions, we convolve the retrieved Green's functions with f(t),
so the source excitations are identical.

Figure 4. Map view of the amplitude bias at all 19 stations due to a virtual source outside the basin (denoted by black star).
The circle outlines the basin perimeter. Deconvolution and Correlation retrieves relatively accurate amplitude. Sign‐bit
and spectral whitening (Corr‐S and Corr‐SSW) generally overestimate the amplitude outside the basin and underestimate
it inside the basin. The average amplitude bias at all 19 stations is shown on the upper right corner of each panel.
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Excellent waveform fits between simulated and retrieved Green's functions due to a vertical force at the
virtual source can be seen (Figure 3). Green's functions are dominated by Rayleigh waves, and reflections
from the rigid boundary are also retrieved. We use the correlation coefficient to measure waveform similar-
ity. The average correlation coefficients between simulated and retrieved Green's function are 0.95 and 0.88
by correlation and deconvolution, respectively. The sign‐bit normalization and spectral whitening slightly
worsen the waveform fit (correlation coefficients of Corr‐S and Corr‐SSW are 0.89 and 0.88, respectively).
We show a Love wave case with similar results in Figure S1 in the supporting information.

Remarkable agreement is also seen in the amplitude of Green's functions obtained by correlation and
deconvolution. We normalize each waveform by a common factor to conserve the relative amplitudes
among stations. Clear basin amplification can be seen. We define the amplitude bias in this work by the dif-
ference between the peak amplitudes of Green's functions divided by the peak amplitude of the simulated
Green's function. The average amplitude bias for all 19 waveforms by correlation and deconvolution are
6.64% and 15.52%, respectively. Adding sign‐bit processing increases the amplitude bias to 32.89% and add-
ing both sign‐bit and spectral whitening further increase bias to 38.81%. In general, the amplitude bias is
slightly larger by deconvolution than correlation. This is expected because correlation gives exact Green's
function in a complete random field according to the theory. A map view of these biases is shown in
Figure 4. The data processing schemes tend to underestimate the amplitude inside the basin but overesti-
mate it outside the basin. Bias appears independent on the distance and azimuth.

Histograms of amplitude bias and waveform similarity for all station pairs by the four schemes show
a similar pattern (Figure 5). Correlation retrieves the best Green's functions in terms of waveform fit and
amplitude. Deconvolution provides good but slightly worse Green's functions. Although the theory doesm

Figure 5. Histograms of amplitude bias and correlation coefficient (waveform similarity) for Green's functions of all station pairs obtained by the four schemes.
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not allow deconvolution to produce a Green's function, the similarity of
the spectral content among stations in this ideal environment (Figure 2)
alleviates this problem. Any temporal or frequency normalization
schemes worsen the Green's function, which is consistent with Fichtner
et al. (2016).

3. Simulations in Southern California

To test the accuracy of ambient field Green's functions in a real environ-
ment, we choose Southern California, because a well‐developed CVM‐S
4.26 is available, and there is also good station coverage. The ambient seis-
mic field in the region is dominated by the noise sources in the Pacific
Ocean (e.g., Shapiro et al., 2005), thus not homogeneous.

We use a finite element (FE) approach (Ma & Liu, 2006) to calculate
station‐to‐station Green's function in the CVM‐S 4.26. Our FE model cov-
ers 400 km × 400 km of Southern California and extends to 41‐km depth
(Figure 6). The surface topography is included in the simulation (e.g., Ma
et al., 2007). The FE mesh is similar to the one used in Ma et al. (2008), in
which the element size decreases from 800 m at 9‐km depth to 400 m and
then decreases again to 200 m at 3‐km depth. Except in the two transi-
tional zones the mesh is structured. The minimum shear wave speed is
500 m/s to ensure accurate wave propagation up to 0.25 Hz, which covers
the microseismic band (5–10 s) of interest. Figure 7 shows a map view and
cross section of the S wave speed of the CVM‐S4.26.

We choose six virtual source stations: ADO, BBR, CHN, CLT, HEC, and LFP, four of which are the same as
the ones used in Denolle et al. (2013). In the simulations, a smooth Gaussian vertical force is applied at each
source station to excite waves: p(t) = exp [−0.5(t − t0)

2], where t0 is 5 s. Each simulation propagates waves
for 120 s, and the time step is 0.0125 s. We examine only the vertical component of ground motion here,
consisting mostly of Rayleigh waves. Figure S2 shows the snapshots of vertical ground velocity for a virtual
source at station HEC. Wave front is nearly circular before the waves arrive in the Los Angeles Basin. Strong
reverberation in the basins follows due to the energy trapped by the basin structure.

Figure 6. Map of 115 seismic stations used in Southern California. Red stars
show six virtual source stations. Major faults in Southern California are
shown in magenta. The blue box is the area coverage of finite element
simulations (400 km × 400 km). The dashed line marks the cross section
shown in Figure 7.

Figure 7. The average VS in the upper 3 km is mapped on the surface. The coastline is marked in white. The bottom panel
shows a cross section of VS illustrating the basin structure.
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Figure 8. Vertical ground velocity time histories (filtered between 0.1 and 0.2 Hz) due to a virtual source at station HEC
are plotted for all the stations within 30 to 250 km to the source. In the closest station to the source the amplitude is
normalized to be 1 and that normalization factor is used in all the stations. Black, blue, and red curves in (a) and (b) are
synthetics from simulation, deconvolution, and correlation, respectively. The green dashed lines mark the main surface
wave window between 1.5 and 4.5 km/s in which we calculate the peak amplitude of the synthetics. Blue circles, red
crosses, and black asterisks in (c) show the amplitude for the time histories shown in (a) and (b) at each distance. The
magenta dashed curve in (c) shows the 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
distance

p
decay. In (d) we plot the amplitude bias in respective colors for those

stations with good waveform similarity among three approaches (cross‐correlation coefficient larger than 0.5).
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To extract the ambient field Green's functions we use one year of continuous ambient seismic data
(vertical component) recorded at 115 stations (Figure 6). We downsample the data to 10 samples per second,
divide data into 1‐hr time windows, and remove the mean and trend in each time window. In order to obtain
station‐to‐station Green's function by correlation, we convert the signal to sign‐bit, applied spectral
whitening, and then correlate each time window. The correlation is then averaged over time. Finally, we
divide the correlation by the total number of time windows used and take the average of causal and antic-
ausal parts of the signal.

In the deconvolution approach, no temporal and frequency normalizations are applied to the data (e.g.,
Prieto et al., 2011; Prieto & Beroza, 2008), and we discard the time windows where the peak amplitude is
10 times larger than the standard deviation of the signal in the time window (e.g., removing earthquake
signals). For each time window the deconvolution is done in the frequency domain by equation (1). The
signal is then converted to the time domain and stacked over time. Finally, the total number of time win-
dows used is divided and causal and anticausal parts of the signal are averaged to obtain the final
Green's function.

The Green's functions obtained by the deconvolution, correlation, and FE approaches again show
remarkable waveform similarity (Figure 8). Vertical ground velocity time histories at all stations within 30
and 250 km to the virtual source HEC are shown with true amplitudes. This confirms the same phase
information in the deconvolution and correlation although the deconvolution results at some stations
appear slightly more unstable (Figure S3).

Figure 9. Map of the amplitude biases for stations with good waveform similarity in the Green's function by (a) deconvo-
lution and (b) correlation. The color is saturated. The virtual source is at HEC. The amplitude bias in plotted as a
function of azimuth in (c). Blue circles and red crosses represent deconvolution and correlation, respectively. FE = finite
element.
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The amplitudes of correlation and deconvolution, however, show large discrepancies from the amplitude of
the FE synthetics (Figures 8 and 9). The correlation and deconvolution amplitudes nearly follow each other
outside the basin. Deconvolution produces significantly larger amplitudes than correlation for most stations
inside the basins. This confirms the previous result of Prieto and Beroza (2008) that deconvolution can repro-
duce basin amplification, but correlation cannot. Meanwhile, however, the deconvolution amplitudes are in
general overestimated by as much as 200% when compared to the FE amplitudes. The positive biases occur
mostly at azimuths between ~190° and ~245°, which coincide with the direction of the noise direction in
Southern California. However, in this azimuthal range the amplitude bias varies significantly even when
two stations are separated by a short distance and at some basin stations there are even negative biases
as well, illustrating the complexity of the bias. However, most positive biases occur in this azimuthal
range. We also note that to the northeast of the source HEC positive biases are much smaller than to
the southwest (although both along the noise direction). At other azimuths both deconvolution and cor-
relation generally underestimate the simulated amplitude (i.e., negative biases).

The same patterns appear at five other virtual sources: ADO, BBR, CHN, CLT, and LFP (Figures S4–S8),
except that we see positive biases along several paths more parallel to the coast for the virtual sources

Figure 10. Plots of amplitude biases for all the paths with good waveform similarity for all six virtual sources (Figures 9 and S4–S8) as a function of (a) azimuth and
(c) distance. Blue and red represent deconvolution and correlation, respectively. The difference in the amplitude bias (deconvolution‐correlation) for all the paths is
plotted in (e). Respective histograms are shown (b), (d), and (f).
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CHN and LFP, which may be related to the basin structure directing noise energy in certain directions.
When we combine all the station pairs with good waveform similarities among all three approaches
(cross‐correlation coefficient larger than 0.5), it is clear that the largest positive biases are along the predo-
minant noise direction to the southwest of the sources (Figure 10a). For stations to the northeast of the vir-
tual sources positive biases are much smaller. For other azimuths, the amplitudes of deconvolution and
correlation are similar (Figures 10e and 10f) and in general contain negative biases (Figures 10a, 10b, and
10d). All biases do not appear to have strong distance dependence (Figure 10c). The mean and standard
deviation of the bias in the deconvolution amplitudes are 5.34% and 60.07%, respectively. The small mean
is due to the canceling of large positive and negative biases. The standard deviation clearly indicates a large
spread of the biases. For comparison, the mean and standard deviation of the correlation bias are −12.24%
and 49.43%, respectively.

4. Discussion and Conclusions

Our numerical models provide a direct and stringent test of the robustness of ambient field Green's functions
retrieved using different schemes. Without using earthquake data, we avoid the issues of different source
excitations. We have systematically quantified possible biases in the ambient field Green's functions across
a wide range of azimuths and distances in Southern California.

Excellent waveform similarity of numerical and ambient field Green's functions indicates that the CVM‐

S4.26 is a good velocity model for Southern California. Ground motion simulations using small earthquakes
also confirms the validity of the CVM‐S4.26 (Lee et al., 2014; Lee & Chen, 2016; Taborda et al., 2016). Theory
indicates that the true Green's function can be extracted from correlation if there is a homogeneous distribu-
tion of noise sources (e.g., Wapenaar, 2004; Sanchez‐Sesma and Campillo, 2006). The inhomogeneous distri-
bution of sources does not seem to have a strong effect on the waveform due to the scattering of the medium
and data processing techniques enhancing the phase but significantly affects the amplitude (e.g., Tsai, 2011),
which explains the biases that we report here. Deconvolution does not give rise to Green's function in theory,
but it contains the same phase information as correlation.

In our hypothetical basin model where the wavefield is random, both correlation and deconvolution retrieve
Green's functions with accurate amplitude. Consistent with the theory, correlation produces best amplitude
match with the Green's functions computed in the known velocity structure. Deconvolution‐based Green's
functions show a slightly worse match with the simulated Green's functions than the correlation. The
spectral similarity at all stations may enable deconvolution to retrieve results closely matching correlation
in this ideally random environment. The sign‐bit and spectral whitening normalization schemes maintain
accurate phase but bias the amplitude of Green's functions.

However, in Southern California where dominant noise sources are in the Pacific Ocean, we find sub-
stantial biases in the amplitudes of retrieved Green's functions from either the correlation or deconvolu-
tion approach. For 467 station‐to‐station pairs with good waveform similarity, the deconvolution‐based
Green's functions overestimate the amplitude by 5.34% on average with a standard deviation 60.07%
when compared to the simulated Green's functions in the CVM. For comparison, the correlation‐based
Green's functions underestimate the simulated amplitude by 12.24% on average with a standard devia-
tion of 49.43%. The amplitude biases also show strong azimuthal dependence. For station‐to‐station
pairs more perpendicular to the coast the deconvolution can significantly overestimate the amplitude
by up to 200%. For station‐to‐station pairs oriented at other azimuths deconvolution and correlation
retrieve similar amplitudes, both tending to underestimate the amplitude. These biases need to be prop-
erly addressed for the virtual earthquake approach (Denolle, Dunham, et al., 2014) to produce
robust results.
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