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Abstract We locate temporal changes of seismic wave speed and scattering properties of the crust
associated with the 2008 Mw 7.9 Wenchuan earthquake. To that end, we analyze ambient seismic noise
records from 2007 until the end of 2008 in the 1–3 s period band and in the 12–20 s period band measured
in a region that covers the southern two thirds of the fault activated during the earthquake. To locate
the changes, we use a refined imaging procedure based on the sensitivity of scattered waves to weak
perturbations. This inverse method uses the radiative transfer approximation to describe the intensity of
the noise correlation coda. Our results show that the largest structural changes are observed northeast of
the Wenchuan epicenter, around the fault zone where aftershocks are distributed. The spatial and temporal
characteristics of the behavior of the crust at depth around the Wenchuan earthquake suggest a
postseismic and geology-dependent signature of the middle crust. We also observe a clear seasonal
signature within the Sichuan basin at depth that we relate to the heavy rainfalls during the monsoon season.
This seasonality can also be observed at the surface in form of a waveform decoherence. Our study
highlights that seismic velocity changes, and waveform decoherence are independent measurements that
are sensitive to different parameters and can thus give complementary information. In our study we also
point out the value of studying the evolution of the changes at different times in the coda.

1. Introduction
On 12 May 2008, a Mw 7.9 earthquake struck the Longmen Shan region, China, along the eastern margin of
the Tibetan Plateau [Burchfiel et al., 2008; Zhang et al., 2010]. This earthquake caused over 80,000 fatalities
and enormous material damage. Surface geological surveys indicate a 240 km long rupture zone [Xu et al.,
2009]. Nearly 300 strong aftershocks followed the main shock along the rupture zone [Chen et al., 2009; Fu et
al., 2011] (red dots in Figure 2). The hypocenter was located at 14–19 km depth [Chen et al., 2009].

In October 2006, the Institute of Geology of the China Earthquake Administration deployed about 300
broadband seismic stations in the Western Sichuan province. This Sichuan Seismic Array (WSSA) covers
two thirds of the fault system activated during the Wenchuan earthquake in 2008. The network was oper-
ated continuously from the initial installation until the end of 2008 and provides unique recordings before,
during, and after the Wenchuan quake. A collaboration agreement gave us access to the pretreated data
(amplitude normalization, stack over 10 days) from January 2007 until December 2008 from the northern
half of the array (Figure 2).

The physical processes that accompany earthquakes, such as coseismic stress changes, the migration of
fluids, and the formation of damage zones in the shallow layers, are likely to cause changes in mechanical
properties of nearby crustal material. The sensitivity of the multiply scattered coda of ambient seismic noise
cross correlations is, in general, high enough to detect relative changes in the order of 10−4 [Brenguier et al.,
2008]. With the approximation that the sensitivity of coda waves at early times in the coda is dominated by
surface waves, we can study the noise correlations in different frequency bands that are sensitive to differ-
ent depths. In previous works, Chen et al. [2010] used this same data set and showed that they could track
the temporal change of the seismic wave speed in the 1–3 s period band (sensitive to the upper crust) at
a regional scale. They found clear evidence that the seismic velocity dropped by up to 0.08% in the fault
region just after the earthquake with fluctuations within 0.02% prior to the earthquake. They split the area of
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Figure 1. Depth sensitivity of the Rayleigh phase velocity c to a shear wave velocity perturbation dVs at 5, 12, and 20 s
computed in the region of interest (figure from Froment et al. [2013]). SG (grey-dashed line) corresponds to an analysis in
the Songpan-Ganzi block and SB (black line) to the Sichuan basin.

interest in different subarrays and compared the measurements of these arrays to obtain a spatial distribu-
tion of the velocity changes. They found the distribution to be consistent with the volumetric strain change
during the Wenchuan earthquake and could show that the coseismic velocity changes are not controlled by
the response of the sediments.

Still using the same data subset, Froment et al. [2013] investigated the temporal changes of the seismic wave
speed at larger depth. To do that, they used the 12–20 s period band, which has its maximum sensitivity for
20–30 km depth. Besides a velocity drop associated with the earthquake, they also detected apparent sea-
sonal variations of the seismic velocity in the Sichuan basin. By comparison with measurements in the 1–3 s
period band, they show that the seismic velocity changes in the 12–20 s period band cannot be explained
by a shallow perturbation but are related to deformation at depth in the crust. They used these variations
to characterize the middle crust behavior around the Wenchuan earthquake. Their results suggest that the
deformation in the middle crust is different beneath Tibet and the Sichuan basin.

In the present paper we study the temporal changes of seismic wave speed and the distortion of the seismic
waveform (waveform decoherence) due to structural changes in the medium in both the 1–3 s and 12–20 s
period bands. We chose these frequencies, as in the 1–3 s period band the sensitivity of the Rayleigh phase
velocity to a medium perturbation is limited to the upper 10 km, while the sensitivity in the 12–20 s period
band is the highest between 10 and 30 km. We can hence separately investigate the shallow and middle
crust. Figure 1 shows the depth sensitivities of the Rayleigh phase velocities computed by Huang and van
der Hilst at 5, 12, and 20 s.

Based on recent results in wave physics [Larose et al., 2010; Rossetto et al., 2011; Froment, 2011; Planès, 2013;
Planès et al., 2014], we then use an imaging procedure [Obermann et al., 2013a] that is based on the sen-
sitivity of multiply scattered waves to weak changes in the medium and that allows spatial localization of
changes in medium properties. With this method we can successfully image the lateral distribution of the
velocity variations and the structural changes associated with the 2008 Wenchuan earthquake, as well as the
heavy rainfalls in the monsoon season in summer 2007 and 2008. As Obermann et al. [2013b] pointed out
the varying sensitivity of coda waves at different lapse times, we further develop the inversion technique to
jointly invert for different times in the coda.
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Figure 2. (a) Location map of the stations used in the present study (black triangles). The beach ball indicates the epicenter of the Wenchuan earthquake, and
the red dots represent the aftershocks [Chen et al., 2009]. The black lines show the major faults in the region. SB, SG, and LMS indicate the main geological units
to which this study refers: the Sichuan sedimentary basin, the Songpan-Ganzi block, and the Longmen Shan fault zone, respectively. The colored circles indicate
the subregions (I to III) for which we show the (b) velocity variations and the coherence with their respective error bars at 50 s in the coda: the Pre-Himalaya
(red, I), the Longmen Shan region where the earthquake took place (blue, II), and the southern Sichuan basin (yellow, III). (c) The monthly accumulated rain-
fall in the Sichuan basin. (d) The time spans over which we averaged the delay times and coherence values (background state, July–August 2007 (peak of the
monsoon), May 2008 (centered around the earthquake), June–July 2008 (shortly after the earthquake), and July–August 2008 (peak of the monsoon))
(figure inspired by Froment et al. [2013]).

In section 2, we describe the seismic data that we use in this study and briefly explain the computation of
the cross-correlation functions. We then discuss the determination of the relative velocity changes and the
decoherence with the stretching technique. In section 3, we explain the linear least squares inversion that
we use to locate the medium changes. In section 4 we show and discuss the inversion results for the velocity
changes and the waveform decoherence in the shallow and middle crust. We particularly emphasize that
the apparent velocity changes and the waveform decoherence show different behavior at different times in
the coda. We use this time evolution to obtain qualitative information at depth.

2. Seismic Data and Data Processing

The study area comprises the northern part of the WSSA (29◦ to 32◦N and 100◦ to 105◦E). In this area are
156 stations, with an average station spacing of 20 to 30 km. We remove stations with instrumental timing
errors using a time symmetry argument for noise cross correlations as introduced by Stehly et al. [2007]. The
remaining 114 stations are distributed over different geological units in this area (Figure 2): the Pre-Himalaya
with the Songpan-Ganzi (SG) and Chuan-Dian (CD) blocks, the Longmen Shan mountain range (LMS), and
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Figure 3. Schematic representation of the effect of a (a) weak velocity change and a (b) structural change in the medium
on the wave Φ′ (blue) compared to a wave Φ (red) that has not encountered the change. The weak velocity change
causes a phase shift as shown in Figure 3a. The structural change causes waveform decoherence as shown in Figure 3b.

the sedimentary Sichuan basin (SB). Some stations near the epicenter of the earthquake (beach ball in
Figure 2) suffered power failure during the main shock; most of them were recovered in the weeks after the
quake. Nevertheless, within the small time windows that we study, the data quality degrades increasingly
toward the end of 2008.

The available seismic records have been normalized in the time domain. We analyze the vertical compo-
nent and apply the following further processing steps: (1) resampling of the data to a sampling frequency
of 5 Hz, (2) spectral whitening in the period band of 1 s to 3 s and 12 s to 20 s, respectively, (3) application
of one-bit normalization, (4) computation of the noise correlations for all of the station pairs with a spac-
ing of <350 km, and (5) stacking of the correlations to obtain a stable cross-correlation function. A difficulty
that we face here is the longer the period of the signal, the slower its convergence toward a stable corre-
lation function [e.g., Larose et al., 2007]. We need to stack 50 days in the 1–3 s period band and 100 days in
the 12–20 s period band to obtain a stable function, which limits the temporal resolution of our results. We
then track the temporal variations in the coda by comparing the current stack, in this case the 50 day/100
day correlation function at each date, to a reference correlation function that is the average over the whole
2 year period. The seismic velocity variations 𝛿v∕v and the waveform coherence CC are computed with the
stretching technique [Lobkis and Weaver, 2003; Sens-Schönfelder and Wegler, 2006]. This method is based on
the concept that a spatially homogeneous velocity variation in the medium will result in stretching or com-
pression of the waveform (Figure 3a). The stretching method then determines the relative velocity variation
𝛿v∕v = −𝛿t∕t as the factor 𝜖 by which the time axis of the current trace has to be stretched or compressed
to obtain the best correlation CC with the reference trace. In case of local medium perturbations, we do not
expect a linearly increasing velocity change with increasing time in the coda [Obermann et al., 2013b]. We
hence apply the stretching technique to different time windows in the coda (Figure 4). In the 1–3 s period
band we use 50 s long windows centered around 30, 50, 70, and 90 s. In the 12–20 s period band we use 90 s
long windows (more than two periods) centered around 50, 70, and 90 s in the coda. As the correlation func-
tions are asymmetric (due to an uneven distribution of noise), we perform this analysis on the acausal and
causal part of the correlation function and then average the computed delay times and correlation values.
We exclude autocorrelations and only work with station pairs that have a coherency value above 0.75 during
the background period (neither rainfall nor earthquake disturbances) that is defined in Figure 2d.
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Figure 4. Illustration of a reference correlation function for a station
pair ≈ 40 km apart in the 1–3 s and 12–20 s period range. We sketch the
coda time windows that we use for the inversion. For the 1–3 s period
band we use four 50 s long windows centered around 30, 50, 70, and
90 s. In the 12–20 s period band we use 90 s long windows centered
around 50, 70, and 90 s.

If the wave did not only encounter a
velocity perturbation in the medium but
also a structural change of the medium,
we observe additional small residual dis-
tortions of the waveforms (Figure 3b). To
quantify the waveform decoherence DC
that has been introduced by the change
in the medium, we subtract the current
correlation value CCCurr

i of a station pair
i from the reference correlation value
CCRef

i that was calculated as the average
over the background period (Figure 2d):

DCi = CCRef
i − CCCurr

i . (1)

This waveform decoherence has been
used in acoustics on laboratory experi-
ments with aluminum plates [Michaels
and Michaels, 2005] and on concrete
[Larose et al., 2010; Rossetto et al., 2011;
Planès, 2013] to quantify defects in mate-

rials that are much smaller than one wavelength (Locadiff technique). Obermann et al. [2013a] used the
waveform decoherence successfully to locate preeruptive and coeruptive changes on a volcano with high
spatial resolution using ambient seismic noise measurement.

In Figure 2b we show the velocity variations and the waveform coherence with their respective error bars
(grey-shaded zones) from early 2007 until late 2008 at 50 s in the coda for the 1–3 s period band (red)
and the 12–20 s period band (blue). We here averaged the measurements from the cross correlations in
three subregions that are defined in Figure 2a: the Pre-Himalaya (red, I), the Longmen Shan region where
the earthquake took place (blue, II), and the southern Sichuan basin (yellow, III). The black dotted line in
Figure 2b marks the date of the earthquake. We note that there are no velocity changes or waveform deco-
herence during the period of interest in the Pre-Himalayan region (I). In the Longmen Shan region (II), we
observe a clear velocity drop in the two period bands with onset of the earthquake that reaches its maxi-
mum after the earthquake in both frequency bands. In the 12–20 s period band we can further observe a
small velocity drop between May and August 2007 that seems to correlate with the accumulated rainfalls
during monsoon season in this area (Figure 2c). In the southern Sichuan basin (III), the velocity drop from
May to August 2007 is even more pronounced in the 12–20 s period band. In the southern Sichuan basin,
we do not observe any significant velocity variations in the 1–3 s period band for the entire period of inter-
est. The coherence in the 12–20 s band remains high (0.95 on average) with only small fluctuations for all
three subregions. In the 1–3 s period band, we note a very pronounced decoherence (20%) in July/August
2007 in the Sichuan basin and the Longmen Shan region (II,III). In these regions we also observe a decoher-
ence of about 10% with the onset of the earthquake. The coherence in the 12–20 s period band does not
seem to be significantly affected in any region. For the inversion, we define five time periods that we want to
study independently and over which we will average the velocity variations and the waveform decoherence
measurements for each station pair, respectively. We identify the background state that comprises the parts
of the years 2007 and 2008 that are neither affected by the monsoon nor the earthquake: the peak of the
monsoon period from June to July 2007, the period centered around May 2008 that includes the earthquake
(coseismic), the period from June to July 2008 shortly after the earthquake (postseismic), and the peak of
the monsoon season from July to August 2008. The periods are roughly sketched in Figure 2d.

The observations that we made for the velocity variations are, in general, consistent with the observations
of Chen et al. [2010] and Froment et al. [2013]. The slight differences that are there arise mainly from a dif-
ferent selection of station pairs for the subregions. Here we see one of the main interests of the inversion
procedure that takes into account the information from all station pairs without averaging them spatially.

Seasonal noise source changes in the ocean have been suggested to be at the origin of velocity changes
observed in this region [Liu et al., 2010]. As these changes should affect the entire region in the same
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way, which is not the case, we exclude seasonal noise source changes as origin of observed waveform
decoherence and velocity variations and relate them solely to changes in the ground.

3. Joint Inversion at Different Times in the Coda

The velocity changes measured on noise correlations are representative of changes in a set of scattering
paths between two stations. This measure can be viewed as a linear sum of contributions from each space
element in the medium. Note that we consider here a two-dimensional medium, as the use of surface waves
in a limited period band makes it possible to assume as a first approximation that we are investigating the
medium at a specific depth. We hence attempt to locate the velocity changes and the structural changes
in the x-y plane in the shallow and middle crust. We have velocity change (𝜀i) and decoherence measure-
ments DCi = CCref

i − CCcurr
i that correspond to a pair of seismic stations i. As these measurements are

performed on multiply scattered coda waves that follow very complex paths between the two stations, it
is not possible to associate a specific arrival time in the seismograms to a specific trajectory in the medium.
The challenge is thus to relate a measurement corresponding to a station pair to every space element of the
medium sampled by the coda waves. To do that, it is relevant to describe the wave propagation with proba-
bilities (random walk). We can then compute sensitivity kernels between the stations and apply a linear least
squares inversion scheme to locate the changes in the x-y plane. Obermann et al. [2013a] used this inversion
scheme with sensitivity kernels in the radiative transfer approximation to locate changes on a volcano. While
they use one large time window in the coda for their analysis, we here take several short windows at differ-
ent times in the coda and invert them simultaneously. By doing so, we expect an increase in resolution and
additional information about the depth of the changes [Obermann et al., 2013b].

3.1. Sensitivity Kernel
The probabilistic wave propagation in the multiple scattering regime is calculated using the solution to the
radiative transfer equation (Boltzmann transport equation). In 2-D for isotropic scattering, the solution reads
[Shang and Gao, 1988; Sato, 1993; Paasschens, 1997]

p(r, t) = e−ct∕𝓁

2πr
𝛿(ct − r) + 1

2π𝓁ct

(
1 − r2

c2t2

)− 1
2

exp[𝓁−1(
√

c2t2−r2−ct)]Θ(ct − r), (2)

where c is the wave speed, r is the distance between source and receiver, 𝓁 is the transport mean free
path, and Θ(x) is the Heaviside (or step) function. The first term describes the coherent part of the inten-
sity that decreases exponentially with the distance relative to the transport mean free path. The second
term describes the diffuse intensity. We note that the diffusion solution is reached when t ≫ r∕c. With this
intensity propagator, we can describe the probability that the wave has traveled between two points in the
medium during time t. We can now relate the measured velocity changes 𝜀i or decoherence measurements
CCi to a local medium perturbation in x0 using the sensitivity kernel introduced by Pacheco and Snieder
[2005], Larose et al. [2010], and Planès et al. [2014]:

K(s1, s2, x0, t) =
∫ t

0 p(s1, x0, u)p(x0, s2, t − u)du

p(s1, s2, t)
(3)

where s𝟏 and s2 are the positions of the stations, x0 is the position of the local medium perturbation
(velocity perturbation or structural change), and t is the center of the time interval in the coda where the
stretching is evaluated. The intensity propagator in the radiative transfer solution (equation (2)) is p(s1, s2, t).
The sensitivity kernel is herewith a measure of the statistical time spent in each part of the region at test. An
example of the sensitivity kernel K is shown in Figure 5a, for very early times in the coda (t ≈ Δ∕v), com-
pared to the interstation distance Δ, and in Figure 5b for later times (t > Δ∕v). We notice that at early times,
the waves only sampled a small area along the direct trajectory between the stations, while at later times
they became sensitive to a much larger region.

The diffusivity D is computed for a velocity v = 3 km/s (Rayleigh wave group velocity measured in the 1–3 s
period range) and v = 5 km/s in the 12–20 s period range. The value of the transport mean free path 𝓁 is
difficult to estimate. Obermann et al. [2013a] tested the sensitivity of the inversion toward different values
of 𝓁 and observed that 𝓁 has an influence on the size of the affected area but not on the location itself. The
results presented in the main body of the text correspond to a transport mean free path 𝓁 of 60 km in the
1–3 s period range and 500 km in the 12–20 s period range.
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Figure 5. Spatial representation of exemplary sensitivity kernels K (equation (3)) for station pair S1 and S2; (a) very early
in the coda when the waves just had time to travel between the stations, t1 and (b) at a much later time, t2. The values
along the vertical axis can be interpreted as the sensitivity toward a perturbation in the medium located in (x, y).

3.2. Linear Least Squares Inversion at Different Times in the Coda
To estimate the horizontal distribution of the changes in the study area, we pose the forward problem in
form of a system of linear equations in matrix form according to

d = Gm, (4)

where d is a vector, for which each component di(i = 1...n) corresponds to the apparent velocity change
or decoherence that we measured for a given station pair and time in the coda with the stretching tech-
nique; n is the total number of measurements; G is a matrix, for which each component Gij corresponds to
the sensitivity kernel K for station pair i in cell j evaluated at time ti in the coda and weighted by the surface
of the cells Δs and either the lapse time ti in the coda (velocity changes) or the Rayleigh wave group velocity
c (decoherence measurements); and m is a vector, for which each component mj contains the actual rela-
tive velocity changes that we estimate for each pixel j (without units) or the scattering cross-section density
change 𝜎 (km∕km2):

di = 𝜀i,Gij =
Δs

t
Kij,mj =

𝛿v
v j

. (5)

di = DCi,Gij =
cΔs

2
Kij,mj = 𝜎j. (6)

When the data that we invert represent local velocity changes, there is no constraint concerning the sign of
m. We can thus directly use the formulation of the linear least squares method as proposed by Tarantola and
Valette [1982] to determine m:

m = m0 + CmGt(GCmGt + Cd)−1(𝜺 − Gm0), (7)

where m0 is the a priori model, a zero vector in our case, as we do not possess any a priori information about
the expected changes. Cd is the diagonal covariance matrix for the data and contains the variances of the
data std2

d,i . To estimate the standard deviation stdd,i of the data, we use the theoretical formulation proposed
by Weaver et al. [2011]:

stdd,i =

√
1 − CC2

i

2CCi

√√√√√ 6
√

π
2

T

𝜔2
c (t

3
2 − t3

1)
. (8)

T is the inverse of the central frequency in one of the bands, t1 and t2 are the begin and end of the processed
time window in the coda, 𝜔c = 2πfc is the central angular frequency (fc is the central frequency), and
CCi = CC(𝜀i) is the coherence value of the respective station couple i with a stretching of 𝜀i .
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Figure 6. L curve in (a) the 1–3 s period band and in (b) the 12–20 s period band. The normalized residuals are plotted
as a function of maximal velocity fluctuations in the model for different values of the smoothing parameters stdm and
𝜆. The background shadings indicate different smoothing regimes. The optimal smoothing parameters are found in the
region with maximal bending of the curve (light grey). The parameters chosen are marked with a black circle.

Cm is the nondiagonal covariance matrix of the model that introduces a spatial smoothing:

Cmij
=
(

stdm

𝜆0

𝜆

)2

exp

(
−
Δij

𝜆

)
, (9)

where Δij is the distance between two cells i and j. The smoothing or correlation length is 𝜆, and the variance

of the model weighted by
(

𝜆0

𝜆

)2
is std2

m, where 𝜆0 is a reference scaling length, which is here taken equal
to the cell size (20 km). In that way, the damping is related to the smoothing: the longer 𝜆, the greater the
smoothing and damping. The smoothing is of importance as in most cases the inverse problem is underde-
termined. We determine the value of these parameters with the help of an L curve [Hansen, 1992] to get a
good trade-off between the data fit and the smoothness of the velocity fluctuations. In Figure 6 we plot the

root-mean-square
(

RMS =
√

1
n

∑n
i=1

(𝜀i−Gmi)2

stdd,i

)
between n measured (𝜀) and modeled (Gm) apparent veloc-

ity variations as a function of the maximal velocity fluctuations in the model for different values of 𝜆 and
stdm: for the 1–3 s period band in Figure 6a and for the 12–20 s period band in Figure 6a. The best trade-off
parameters approximately correspond to the maximal bending of the curve (light grey). The white zone indi-
cates a too weak smoothing that allows very strong velocity variations in the final model. The dark gray zone
indicates a too strong smoothing for which the velocity variations are weak but the data fit is very poor. As
trade-off parameters we chose stdm = 5 × 10−3 and 𝜆 = 50 km for the data in the 1–3 s period band and
stdm = 1 × 10−3 and 𝜆 = 90 km for the data in the 12–20 s period band.

When we study the decoherence, the scattering cross-section density that we obtain is necessarily positive,
and we need to impose a positivity constraint during the inversion. We therefore use an iterative procedure.
The initial model m0 is again zero everywhere, and then at each iteration step, we only keep positive val-
ues and use this model as a new input model. We use eight iterations to obtain the scattering cross-section
maps shown in Figure 7.
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Figure 7. Least squares inversion of the relative velocity changes (𝜀) and the decoherence values (DC) in the 1–3 s
(jointly for 30, 50, 70, and 90 s in the coda) and in the 12–20 s period band (jointly for 50, 70, and 90 s in the coda). In the
columns we show the results for the different states identified in Figure 2d.

We compute the kernels at different lapse times in the coda and then jointly invert the data. This increases
the amount of data and hence better constraints the inversion.

We study an area from 100◦E to 105◦E and from 29◦N to 32◦N (Figure 2), which covers a region of about
480 km × 340 km. To minimize model-edge effects across the region of interest, we model the velocity vari-
ations in a larger zone. In view of the spreading of the sensitivity kernels used, we have decided to consider
the region of interest extended by 250 km in each direction. We finally investigate the changes in 51 × 42 =
2193 cells of 20 km × 20 km (ΔS = 400 km2).

In this monitoring context, the data are available for 65 ted-day periods between January 2007 and October
2008. We focus on five specific periods as shown in Figure 2e. Within each of these periods we average the
measured velocity changes and decoherence values. As mentioned previously, we apply a quality criterion
and invert only the measurements from station pairs with average correlation coefficients above 0.75 in the
background state. This leaves us with about 600 station pair measurements that cover the entire area.

4. Inversion Results in the 1–3 s and 12–20 s Period Bands

In this section we discuss the inversion results for the velocity variations and the waveform decoherences in
both frequency bands and at different times in the coda. In section 4.1 we then display quality tests that we
perform to confirm the validity of our models, but that is not necessary for the interpretation.

In Figure 7 we display the images of the velocity variations based on the inversion of the relative delays in
the coda and the images of the structural changes (scattering cross section of the change) based on the
inversion of the decoherence values in the coda (first and third rows for the 1–3 s period band and second
and fourth rows for the 12–20 s period band). The images are the joint inversion results for different
times in the coda as indicated in Figure 4. We display in each column from left to right the averages for the
states identified in Figure 2d. We recall that velocity drops indicate mechanical weakening of the material,
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while a decoherence indicates structural changes that result from changes of the scattering properties of
the medium.

The 2-D horizontal maps with the velocity variations in the 1–3 s period band (Figure 7, first row) show
no velocity variation during the monsoon season in 2007, whereas we observe a coseismic velocity drop
(−0.8%) at the earthquake location and a strong postseismic signature (−2%) over a large area that includes
the aftershocks along the fault zone (red dots in Figure 2). In the monsoon period 2008 we still observe a
velocity drop at the earthquake location and along the fault zone.

When studying the 2-D horizontal maps with the scattering cross-section densities (Figure 7, second row),
we observe a strong decoherence in the Sichuan basin during the monsoon season 2007. We further
observe a coseismic decoherence that affects the area around the earthquake. The postseismic signature
is weaker and extends toward the north of the epicenter, along the fault zone with the aftershocks. In the
monsoon period 2008 we observe a small decoherence at the earthquake location and a strong, localized
decoherence in the Sichuan basin.

When studying the velocity variations in the 12–20 s period band (Figure 7, third row), we observe a velocity
drop in the Sichuan basin during the monsoon period 2007. We observe a very local, low-amplitude, veloc-
ity drop in the Sichuan basin during the coseismic period but no visible velocity variations at the earthquake
location. In the period from June to July 2008, we observe velocity drops in the entire Sichuan basin includ-
ing the earthquake zone and extending in the Songpan-Ganzi. During the peak of the monsoon period in
2008, we observe an extended velocity drop in the Sichuan basin extending in the Songpan-Ganzi.

In the 12–20 s period band (Figure 7, fourth row) we do not observe a significant decoherence for any of
the states.

These observations lead us to propose interpretations concerning the effect of the rain and of the earth-
quake on the velocity variations and the waveform decoherence. Let us start with the observations during
the monsoon periods of 2007 and 2008. The changes of the water table in the Sichuan basin during the
monsoon (Figure 2) can be seen in form of a decoherence in the 1–3 s period band and as a velocity drop
in the 12–20 s period band, whereas we do not observe a significant velocity drop in the 1–3 s period band.
The Sichuan basin is saturated all year long. The additional rain seems to have very local effects (change in
river load, flooding, etc.) that are not detectable as a modification of the elastic parameters at large scale,
but that contribute to a significant waveform decoherence. At depth (12–20 s), we follow the interpretation
from Froment et al. [2013] that it is the loading due to the rain that induces a significant deformation but not
the water saturation itself. The loading can significantly increase the pore pressure [Bettinelli et al., 2008] and
hence cause a velocity diminution [Dvorkin et al., 1999; Carcione and Tinivella, 2001]. Another strong lead in
this direction is the remarkable synchrony of the rain and the velocity drop. This excludes that fluid trans-
port at depth could be at its origin, as the hydrological diffusion time would delay the response. It indicates
more instantaneous mechanical effects that go in hand with the interpretation of the velocity drop as a con-
sequence of the loading. The absence of the signal in the 1–3 s period band excludes seasonal thermoelastic
effects that should be strong close to the surface. We also exclude seasonal changes of the noise sources to
be at the origin of the observed changes, as in this case we could expect the entire region to be affected,
whereas we observe a localization of the changes.

The coseismic and postseismic observations suggest the following interpretations. The coseismic signature
(velocity drop and decoherence) in the 1–3 s period band around the earthquake epicenter can be directly
related to the strong damages caused by the earthquake at the surface and in the fault zone itself (240 km
long rupture zone, up to 10 m vertical offset, numerous landslides). The strong postseismic velocity drop
along the fault zone is occurring in the region where most of the aftershocks occurred. It is possible that it
is associated with the nonlinear dynamic response of the shallow layers to the numerous aftershocks. The
nonlinear response of shallow layers to strong motion has been observed to have a rapid recovery [Sawazaki
et al., 2006; Karabulut and Bouchon, 2007; Rubinstein et al., 2007]. In the 12–20 s period band, we do not
observe a significant coseismic signature. This could indicate that the nonlinear effects due to the strong
motions are limited to the surface. Instead, we observe a significant postseismic change at the earthquake
location that extends in the Songpan-Ganzi north of the fault and into the Sichuan basin. To interpret these
changes at depth, we have a look at the evolution of the changes with lapse time in the coda.
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Figure 8. Evolution of the velocity 𝜀 and the decoherence DC changes after the earthquake (June–July 2008) in the 1–3 s
period band at 30, 50, and 70 s in the coda and dv∕v in the 12–20 s period band at 50, 70, and 90 s in the coda.

Please note that since our measurements correspond to both space and time average, the overall amplitude
of the changes should not be overinterpreted.

In Figure 8 we focus on the evolution of the changes with lapse time in the coda during the postseismic
period in both frequency bands. We here invert the velocity variations and the waveform decoherences at
each time in the coda separately. Obermann et al. [2013b] have shown based on scattering and mode con-
version arguments that surface waves statistically dominate the early part of a seismic record, whereas bulk
waves play an increasingly important role in the later part. As a consequence, changes at shallow depth
(compared to the wavelength) result in a large-amplitude velocity change (or decoherence) at early lapse
times and then decrease in amplitude later. On the contrary, for changes at depths greater than the wave-
length, the velocity change will increase from a negligible value at early times to a significant contribution
at later times. With this analysis, we hence expect to obtain some additional information about the nature
of the changes, especially at depth. We notice that the velocity drop in the 1–3 s period band is stronger at
early times in the coda (30 s) than at later times (50 and 70 s). The decoherence in this period band shows
the opposite behavior; there is no decoherence at early times, while it grows larger at later times in the coda.
We hence conclude that the mechanical changes occurred within one wavelength from the surface, while
the structural changes also took place further at depth.

In the 12–20 s period we observe a velocity drop in the Sichuan basin at early times in the coda (50 s),
whereas the sensitivity shifts toward the earthquake location at later times (70 and 90 s). In this period band,
the coda is dominated at early times by scattered surface waves that have their highest sensitivity down to
about 20 km (Figure 1). We hence conclude that the loading due to the monsoon mainly affects the upper
20 km of the crust. At later lapse times the significant contribution of body waves in the coda [Obermann et
al., 2013b] allows to sample much deeper regions. The velocity drop that we observe at these times is dis-
tinct at the earthquake location and north of the Longmen Shan fault. This indicates that the earthquake
caused a significant change of the mechanical parameters at depth. The location of the velocity decrease is
in agreement with the observations from Cheng et al. [2010] who report changes in seismic velocity due to
the earthquake in an elongated area in the northwest of the Longmen Shan fault at comparable periods of
10 to 25 s. As a cause of these changes at depth, we have to consider the possible influence of the detach-
ment of a deep fault segment beneath eastern Tibet in relation to the Wenchuan earthquake that has been
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Figure 9. Quality tests for (left) the 1–3 s period band and (right) the 12–20 s period band. (first row) Model resolution in
the area of interest. The star denotes the epicenter location. (second row) Resolution for the cell indicated with an open
circle. (third row) In blue, the distribution of the standard deviation between the modeled and measured apparent veloc-
ity variations. The red curve corresponds to a Gaussian distribution and indicates that the residuals are well described by
a normal distribution.

proposed by Fielding et al. [2013] in an extensive synthetic aperture radar interferometry, GPS, and teleseis-
mic analysis. Although the timing of the deep deformation and the partition between post seismic slip and
viscoelastic response of the deep crust remain uncertain, the extension of the tectonic process at depth
beneath Tibet is likely.

4.1. Quality Tests of the Inversion Model
To confirm the efficiency of the inversion result, we consider the model resolution. The resolution operator
is defined as

R = CmGt(GCmGt + Cd)−1G = I − (C−1
m + GtC−1

d G)−1C−1
m , (10)

denoting by I the identity in the model space. R relates the resulting model correction m − m0 to the true
model correction mt − m0 according to, e.g., Tarantola and Valette [1982]:

m − m0 = R(mt − m0) + noise, (11)

where the noise term comes from the discrepancy between true and observed data.

Of particular interest is the averaging index [Vergely et al., 2010] which, given a cell i, is defined as the sum
of the coefficients Rij of the line i in the resolution matrix. In those areas (cells i) were the data provide poor
information, the averaging index is very low, indicating that the resulting value mi of the model at cell i
remains close to the prior 1 m0i , independently of the true model in the neighborhood. But, when the aver-
aging index is close to 1, the resulting value of the model approximately corresponds to a spatial average
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of the true model. In the first row of Figure 9 we display the averaging indexes for both frequency bands for
the region of interest, indicating the limits of the zone where the inference becomes poor (below 0.7, only
close to the borders). Within these limits of inference, the spread of the resolution must be evaluated for a
complete set of points (cells) in order to appreciate correctly the resolution.

In the second row of Figure 9 we display the resolution for a representative cell i of the set (i.e., the ith line
of the matrix R), again for both frequency bands. The chosen cell is marked with an empty circle and well
situated in the zone were the model predicts the maximal velocity variations. The figure shows that the res-
olution spread is smaller for the 1–3 s period band (about 40 km) than for the 12–20 s one (about 70 km), in
accordance with the prior choice for the correlation lengths 𝜆.

In the third row of Figure 9 we show for both frequency bands the distribution of the standard deviation
between the measured 𝜺 and modeled 𝜀mod velocity variations, normalized with the characteristic error of
the data. They are well fitted with a Gaussian distribution (red curve).

5. Conclusion

In the present study, we investigated the temporal evolution of elastic and scattering parameters in the crust
at different depth ranging from 0 to 40 km over 2 years including the 12 May 2008 Mw 7.9 Wenchuan earth-
quake. We monitored the temporal evolution by measuring seismic velocity changes and also waveform
decoherence in the coda part of the noise correlation functions. We could detect coseismic and postseis-
mic changes, as well as changes associated with the monsoon seasons. We studied the spatial distribution
of these temporal changes with a refined localization method that is based on the inversion of the velocity
change/waveform decoherence measurements at different times in the coda. With both measurements, we
could locate the damage around the earthquake epicenter and along the rupture zone. We also observed
that the crust below the hypocenter suffered from significant postseismic changes in its elastic parameters
that could be due to slow transfer of the load caused by the earthquake (poroelastic relaxation).

We could further see a significant loading effect from the rain during the monsoon season on the middle
crust in form of the velocity drop. This hydrological change is also visible close to the surface in form of
a waveform decoherence introduced by the changes in scattering properties probably due to river activ-
ity/level. We observed that the two observables, apparent velocity change (phase of the seismic signal) and
waveform decoherence (waveform of the seismic signal), are not sensitive to the same physical parameters.
They must have different physical origins. Velocity changes are associated with changes in the poroelasticity
of the medium, while waveform decoherence is associated with changes in the scattering properties of the
medium (structural changes). We emphasize the importance of simultaneously studying velocity variations
and waveform decoherence to increase the efficiency of ambient noise monitoring.
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