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Abstract  Passive image interferometry (PII) is becoming a powerful tool for detecting the temporal variations in the 
Earth’s structure, which applies coda wave interferometry to the waveforms from the cross-correlation of seismic ambient 
noise. There are four techniques for estimating temporal change of seismic velocity with PII: moving-window cross-correlation 
technique (MWCCT), moving-window cross-spectrum technique (MWCST), stretching technique (ST) and moving-window 
stretching technique (MWST). In this paper, we use the continuous seismic records from a typical station pair near the Wen-
chuan MS8.0 earthquake fault zone and generate three sets of waveforms by stacking cross-correlation function of ambient 
noise with different numbers of days, and then apply four techniques to processing the three sets of waveforms and compare 
their results. Our results indicate that the techniques based on moving-window (MWCCT, MWCST and MWST) are superior 
in detecting the change of seismic velocity, and the MWCST can give a better estimate of velocity change than the other 
moving-window techniques due to measurement error. We also investigate the clock errors and their influences on measuring 
velocity change. We find that when the clock errors are not very large, they have limited impact on the estimate of the veloc-
ity change with the moving-window techniques. 
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1 Introduction  

Measuring the temporal variation in subsurface 
seismic velocity has been a long-sought goal of seis-
mology. In the early 1970s, premonitory changes in 
seismic wave velocity (or ratio of P to S wave velocity) 
were widely documented (e.g., Semenov, 1969; Aggar-
wal et al., 1973; Whitcomb et al., 1973). However, these 
results were not reliable because the locations and origin 
times of the earthquakes used in these studies were 
poorly constrained. Subsequently, the velocity changes 
were measured by means of similar waveforms from 
active sources (e.g., Reasenberg and Aki, 1974; Vidale 
and Li, 2003; Wang et al., 2008) and repeating earth-
quakes (e.g., Poupinet et al., 1984; Schaff and Beroza, 
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2004; Peng and Ben-Zion, 2006). In addition, tech-
niques based on coda wave interferometry (CWI) which 
took advantage of the phase and amplitude information 
were brought to measure the small changes in the me-
dium (Snieder et al., 2002; Snieder, 2006). However, it 
was difficult to perform long-term and continuous 
monitoring velocity changes by using active sources or 
repeating earthquakes for their irregular sampling in 
time or space. More recently, employing the similar 
waveforms from seismic ambient noise correlation to 
monitor the change of seismic velocity, termed the pas-
sive image interferometry (PII), is rapidly developing. 
The temporal variations of seismic velocity were de-
tected at volcanoes (Sens-Schönfelder and Wegler, 2006; 
Brenguier et al., 2008a; Duputel et al., 2009) and in 
earthquake fault zones (Wegler and Sens-Schönfelder, 
2007; Brenguier et al., 2008b; Wegler et al., 2009; Liu 
and Huang, 2010) with PII. 

PII is a method applying CWI to the waveforms 
from ambient noise correlation, thus the techniques for 
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estimating velocity change are similar to traditional 
CWI, including moving-window cross- correlation tech-
nique (MWCCT) and moving-window cross-spectrum 
technique (MWCST). With the development of PII, 
stretching technique (ST) and moving-window stretch-
ing technique (MWST) were introduced (Sens- Schön-
felder and Wegler, 2006). Hadziioannou et al. (2009) 
compared the MWCST and ST using the ultrasonic coda 
wave in a laboratory experiment. However, the signals 
from seismic ambient noise correlation are more com-
plex, which are usually stacked with long time records 
and may contain the clock errors in different time peri-
ods. 

In this paper, we focus on the data processing tech-
niques for estimating the velocity change with PII, tak-
ing the data recorded near the Wenchuan MS8.0 earth-
quake fault zone for an example. We apply four tech-
niques for estimating the velocity changes (MWCCT, 
MWCST, ST and MWST) to three sets of waveforms, 
which are stacks of cross-correlation function (CCF) of 
ambient noise with different numbers of days. Compar-
ing the results from different techniques, we discuss the 
impact factors on estimating the velocity change and 
individual advantages/disadvantages of these techniques. 

2 Techniques for estimating seismic ve-
locity change 

First define a reference waveform fref (t) and current 
waveform fcur(t). Both fref and fcur are stacks of CCFs of 
seismic ambient noise, whereas fcur is computed in dif-
ferent time periods and fref is a long time stacks to in-
crease its stability. The change of seismic velocity can 
be estimated by comparing the two waveforms. Sup-
posing the change of relative seismic velocity δv/v is 
spatially homogeneous, the travel time shift δ t between 
fcur and fref is proportional to lapse time t (Poupinet et al., 
1984; Snieder et al., 2002; Sens-Schönfelder and Wegler, 
2006), 

 .
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In other words, fcur is a compressed or stretched version 
of fref due to the change in velocity. Four techniques are 
used to measure the change in relative seismic velocity 
and brief descriptions of them are as follows. 
2.1 Moving-window cross-correlation technique 

The moving-window cross-correlation technique 
(MWCCT) is a popular technique using CWI (e.g., 
Snieder et al., 2002; Grêt et al., 2005; Wang et al., 2008). 

With this technique, a series of overlapping time win-
dows are defined in coda wave and the time shifts be-
tween fcur and fref in these windows are extracted by 
means of CCF. For a time window with length 2tw cen-
tered at lapse time ti, when the CCF of the two wave-
forms reach its maximal value, i.e. 
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the time shift ts is equal to δ ti (Snieder et al., 2002). The 
δ ti can be achieved sub-sample precision using an in-
terpolation of CCF. After all δ ti are measured in the win-
dows centered in an interest range of lapse time, the 
relative time shift δ t/t is estimated by a linear regression 
passing through zero and then δv/v can be obtained ac-
cording to equation (1). The error of δv/v estimate is 
calculated as 
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where σδ t is the fitting residual 
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2.2 Moving-window cross-spectrum technique 
Poupinet et al. (1984) introduced moving-window 

cross-spectrum technique (MWCST) to measure the 
temporal changes of seismic velocity between repeating 
earthquakes. After that, the MWCST is widely used to 
monitor the change in velocity (e.g., Ratdomopurbo and 
Poupinet, 1995; Schaff and Beroza, 2004; Brenguier et 
al., 2008a, b). This technique also begins with measur-
ing time shift δ ti at various lapse time ti, but it works in 
the frequency domain. For a given small time window 
with length 2tw, the phase spectrum φ ( f ) is obtained 
from a cross-spectrum between fcur and fref and the error 
Eφ of phase shift is estimated by 

 2
w w
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where c is the coherency and Bw is the spectrum width. 
If the time shift δ ti is a constant in the window, the 
phase spectrum φ ( f ) is linearly proportional to the fre-
quency f : 
 ( ) 2 .if t fφ δ= π  (6) 
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Therefore, δ ti can be estimated by a regression that takes 
into account the phase error Eφ as a weighting factor. 
Finally, δv/v and its error are calculated in the same way 
as in the MWCCT described above. 
2.3 Stretching technique (ST) 

Because uniform velocity change can result in a 
compressed or stretched version of waveforms, Sens- 

Schönfelder and Wegler (2006) proposed a new tech-
nique to directly estimate δv/v by compressing or stretch-
ing waveform along time axis, known as stretching 
technique (ST). A stretched version of fcur is written as 

 )],1([)( cur)(cur εε += tftf  (7) 

where ε=−δ t/t is the stretching coefficient. By adjusting 
ε , the maximum of cross-correlation between fcur(ε ) and 
fref can be got by 
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where ε  is an estimate of δv/v from equation (1).  
2.4 Moving-window stretching technique (MWST) 

The quality of measurements with single-window 
ST can be only evaluated using the maximum of 
cross-correlation. In order to investigate the stability and 
estimate error of ST, repeating this technique in a series 
of time windows is adopted by some researchers 
(Sens-Schönfelder and Wegler, 2006; Meier et al., 2010). 
We call this technique as moving-window stretching 
technique (MWST). The δv/v and its measurement error 
are obtained by calculating the mean and variance of all 
local δv/v estimates in the time windows. 

3 Data processing and results com-
parison 
3.1 Data processing 

In our previous work, we detected the temporal 
variations in seismic velocity around the MS8.0 Wen-
chuan earthquake fault zone with MWCST (Liu and 
Huang, 2010). In this paper, we will re-examine the es-
timate of temporal velocity variations with four tech-
niques, taking the station pair AXI-JJS as an example. 
The two stations with an inter-station distance of 71 km 
are about 110−120 km from the epicenter (Figure 1). 
The same broadband seismometer, CMG- 3ESPC, is 
fixed at the two stations. We adopt vertical component 
records of continuous waveforms from March 2007 to 
March 2009. 

 

 

Figure 1 Distribution of seismic stations and earthquakes. 
The big and small circles denote the main shock of Wenchuan 
MS8.0 earthquake and its aftershocks, respectively. 

The ambient noise data processing follows the 
method described by Bensen et al. (2007). We clip the 
continuous data as daily segments and reject the seg-
ments which are shorter than 10 hours. After removing 
the mean and trend of data, we apply a temporal nor-
malization by running-absolute-mean method with the 
window length of 15 s and spectral whitening between 
0.08 Hz and 1.0 Hz to obtain single-station seismic am-
bient noise. 

The empirical Green’s function (EGF) between two 
stations can be extracted from the cross-correlation of 
seismic ambient noise (Shapiro and Campillo, 2004; Sa-
bra et al., 2005). Repeating the process in different time 
periods provides similar waveforms to measure the 
change of seismic velocity (Sens-Schönfelder and Wegler, 
2006). We stack all CCF with a length of 14 months be-
fore the main shock as the reference EGF fref. In order to 
test the techniques in the presence of different data quali-
ties, we compute daily EGFs fcur with three stack times, 
i.e., 11-day, 31-day and 61-day, respectively. 

Figure 2 shows the daily EGF profile with 61-day 
stacks from March 2007 to March 2009. It is clear that 
the surface waves mainly with lapse time of 30−50 s are 
very stable in whole studied period. Although the stabil-
ity of EGF decreases with increasing of the lapse times, 
the coda waves, even to ±150 s, still maintain relatively 
high continuity and stability. In the study of passive 
imaging, the signal-to-noise ratio (SNR) of direct wave, 
which is defined by the ratio of the maximal amplitude 
of surface wave to the mean-square-root of a trailing 
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noise window, is used to characterize the ability of re-
constructing Green’s function from ambient noise 
(Bensen et al., 2007). We compute the SNR of daily 
EGF with three stack times and find that the SNR de-
creases with shortening stack times (Figure 3). The 
SNRs are fluctuant during the studied time period, but 
do not show obvious drop after the main shock. The 
similarity degree of the two waveforms can be quanti-
fied by their maximum of CCF, which also be used to 
study the medium changes with CWI (Snieder et al, 

2002; Grêt et al, 2005). Figure 4 shows the correlation 
coefficients of current and reference EGFs in both coda 
wave windows (50−110 s) of positive and negative part 
of EGFs. We can see two remarkable decreases of corre-
lation coefficient: one is in the time immediately after the 
main shock; the other is in the summer of 2007. Whether 
the decreases of correlation coefficient reflect the physi-
cal change in the medium or other signal will be dis-
cussed as below. 

 

Figure 2 The current and reference empirical Green’s functions (EGFs) of 61-day stacks from March 2007 to 
March 2009. The black wiggles correspond to positive amplitudes of current EGF. The waveform in the right box 
represents the reference EGF which is a stack of cross-correlation functions from March 1, 2007 to May 11, 2008. 

Figure 3 SNR of current EGF for 11-day, 31-day and 
61-day stacks, respectively. The arrow denote the origin 
time of the Wenchuan MS8.0 earthquake. 

Figure 4 Temporal variations of correlation coefficient of 
current and reference EGFs for 11-day, 31-day and 61-day 
stacks, respectively.  
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3.2 Parameters design 
In order to obtain a comparable result by using 

three stack times, we design uniform computational pa-
rameters to estimate the seismic velocity change. The 
parameters are usually decided by the data quality, inter- 
station distance, interest frequency band, and so on. In 
this study we choose parameters as follows. 

The first parameter to be determined is the range of 
lapse time in which the current and reference EGFs are 
compared. Xu and Song (2009) selected the Rayleigh 
wave part of EGF and some other researchers paid more 
attentions to the coda wave which is more sensitive to 
the change of seismic velocity (e.g., Brenguier et al., 
2008b; Wegler et al., 2009; Liu and Huang, 2010). Here 
we only use coda wave to estimate velocity change. The 
uniform range of lapse time should be determined based 
on the data of 11-day stacks, due to the lowest correla-
tion with the shortest stack times (Figure 3). We com-
pute the correlation coefficient in non-overlapping win-
dows for the data of 11-day stacks (Figure 5). We can 
see that correlation coefficients decrease with the in-
crease of lapse time, but basically maintain above 0.5 till 
the lapse time of 110 s. So we choose the lapse time 
range of 50−110 s for both the positive and negative 
parts of EGF to estimate velocity change. 

 

Figure 5 Correlation coefficient of current and reference 
EGFs in different lapse time windows for 11-day stacks. The 
straight lines indicate the means of correlation coefficient at the 
corresponding time period and the error bars indicate their 
standard deviations. The different line styles denote the 
non-overlapping windows in lapse time.  

Another key parameter is the length of the time 
window in which the local time shift or velocity change 
is calculated with three moving-window techniques. To 
achieve meaningful correlation or cross spectra, the 
length of window is usually several times of the domain 
wavelength (e.g., Poupinet et al., 1984; Meier et al., 

2010). But the length is not rigorous because of the 
various spectra in different windows. We tested different 
window lengths, such as 30 s, 35 s and 40 s, and have 
found the results very similar to each other. In this paper, 
we choose 30 s as the length of the time window. 

The clock error or instrumental time shift is needed 
to be considered in using PII. The travel time shift 
caused by physical change in the medium would be 
symmetrical about zero point of EGF, whereas the clock 
error would result in a larger travel time in the positive 
and a smaller travel time in the negative time or vice 
versa (Stehly et al., 2007). It is noteworthy that the clock 
error herein is the asymmetric offset of travel time with 
respect to reference EGF, thus the error may not only 
result from the error in GPS receiver’s clock, but also 
relate to the instrumental time shift or the seasonal mi-
gration of sources of the microseism (Stehly et al., 2007). 
Although Brenguier et al. (2008b) and Liu and Huang 
(2010) carried out the clock error corrections, the influ-
ences of clock error on measuring velocity change were 
not reported. We computed the clock errors by averaging 
the travel time shifts in the positive and negative parts of 
EGF in the lapse time range of 50−110 s (Figure 6). Two 
obvious time shifts, about 0.1 s, both occur at the same 
time periods of the decrease of correlation coefficient: 
one is after the main shock; the other is in the summer 
of 2007. This is an interesting result which means the 
clock error can result in the decrease of correlation coef-
ficient. However, whether the estimate of velocity 
change is affected by the clock error is still a question. 
We will compare the results with and without clock er-

 

Figure 6 Clock error of current EGF for 61-day stacks. (a) 
Travel time shifts in negative and positive parts of EGF, respec-
tively. (b) Temporal variations of clock error obtained by aver-
aging the time shifts in the positive and negative parts of EGF. 
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ror correction taking the 61-day stacks for example. Ta-
ble 1 gives a summary of the computational parameters 

for estimating the temporal variations of seismic veloc-
ity in this paper. 

Table 1 The parameters used for estimating temporal variation of seismic velocity in this paper 
Stack time of 
current EGF Technique type Range of lapse time/s Length of window/s Step of moving-window/s Clock error correction 

MW [−110, −50], [50, 110] 30 1 Yes 11-day 
ST [50, 110] 60 − Yes 

MW [−110, −50], [50, 110] 30 1 Yes 31-day 
ST [50, 110] 60 − Yes 

MW [−110, −50], [50, 110] 30 1 Yes/No 61-day 
ST [50, 110] 60 − Yes/No 

 Note: MW contains MWCCT, MWCST and MWST. For ST, the casual and acasual parts of EGF are averaged. 

3.3 Results comparison 
Figure 7 shows the temporal variations of relative 

seismic velocity for station pair AXI-JJS in the 0.1 to 
0.5 Hz frequency range. The result includes the meas-
urements from 11-day, 31-day and 61-day stacks, each 
of which is computed with four techniques: MWCCT, 
MWCST, ST and MWST, respectively. We can detect 
the co-seismic sudden drop of velocity and the 
post-seismic recovery of velocity associated with the 
MS8.0 Wenchuan earthquake using these techniques. But 
there are still differences among the results from the 
different techniques. 

As for 11-day stacks (Figure 7a), the measurements 
with all techniques are scattered day by day because of 
the weak coherent waveforms used. MWCST provides a 
relatively clear trend of post-seismic velocity, whereas 
MWCCT provides a poor estimate. It seems that the 
signal of co-seismic velocity change is obscured in the 
long-term variation when ST is adopted. 

As for 31-day stacks (Figure 7b), the sudden drop 
of seismic velocity at the time immediately after the 
Wenchuan earthquake is detected by using all tech-
niques. And the best estimate is from MWCST due to 
the smallest error. There are some small but similar 
changes of seismic velocity, such as the increasing ve-
locity in January 2008, obtained with all techniques, 
which are worth further analyzing. 

When the stack time is up to 61-day (Figure 7c), 
the difference of velocity change is tiny for the three 
moving-window techniques. The post-seismic recovery 
trend of seismic velocity is well delineated, but some 
details of short-term velocity change disappear. For ST, 
there is obvious long-term signal in relative seismic ve-
locity. 

Figure 7d shows the estimate of velocity change for 
61-day stacks without clock error correction. In com-
parison with Figure 7c, there is little difference for 

MWCCT and MWST. In the result from MWCST, a 
small velocity drop appears in July 2007, which fades 
after clock error correction. Furthermore, the correction 
has a major impact on estimating the velocity change 
with ST. Without clock error correction, the sudden drop 
of seismic velocity associated with the Wenchuan main 
shock is observed by using ST, but stronger long-term 
variations appear compared to the result with clock error 
correction. 

4 Discussion and conclusions 
We compare the performance of four techniques 

(MWCCT, MWCST, ST and MWST) for estimating the 
velocity change with PII, using the data from a typical 
station pair near the Wenchuan fault zone. Our result is 
of practical significance to detect the velocity change in 
the microseism frequency band with PII. 

The techniques based on moving-window are supe-
rior in detecting the change of seismic velocity because 
repeating process in multiple windows improves the 
stability of measurements and provides a quantitative 
estimate of the error of velocity change; whereas for 
single-window ST, the quality of measurements is only 
evaluated by the maximum of cross-correlation. In addi-
tion, it seems that the long-term variations are brought 
into. 

Among the three moving-window techniques, 
MWCST can give a stable result of velocity change and 
small computing error under the circumstances of rela-
tively low SNR and correlation coefficient of EGF (Fig-
ures 7a, 7b). However, for the data with higher quality 
(Figure 7c), the similar results are obtained with the 
three techniques, which suggests that the choice of tech-
niques, by calculating the relative time shifts or stretch-
ing coefficient, will have not significant effect on the 
measurements of velocity change in this case. 
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Figure 7 Relative seismic velocity changes with different techniques. (a)−(c) represent the relative seismic velocity changes for 
stacks of 11-day, 31-day and 61-day, respectively. (d) Same as (c), but without clock error correction. The name of technique is shown 
at the top right corner of each panel. The colors of points indicate the errors of measurements for the moving-window techniques and 
black points are used for ST because of no quantitative error estimate. 

The clock error and its influence on velocity 
change are investigated in this paper. The clock error 
could result in the decrease of correlation coefficient of 
current EGF. When the clock errors are not very large 

(about 0.1 s), they may have impact on estimate of ve-
locity change using single-window ST, but have limited 
impact on the estimate of the velocity change in the fre-
quency 0.1−0.5 Hz with moving-window techniques. 
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However, the clock error correction is recommended for 
all computation techniques with PII because the correc-
tion can improve the results of velocity change to some 
extent and the correction value itself is an indicator of 
the quality of results. 
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