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Abstract—For the identification and analysis of ‘repeating

earthquakes,’ there are two empirical concepts. The first is the

assumption that the cross-correlation coefficient of the filtered

seismograms of closely spaced ‘repeaters’ depends exponentially

on the inter-event separation distance. The second is the convention

that in processing regional seismograms, a 0.5–5.0-Hz band pass

filter is used. In this article, using a simple layered structure model,

we investigated the cross-correlation coefficient of the filtered

synthetic seismograms of two closely located events, that is, a

‘doublet.’ We investigated the relation between the cross-correla-

tion coefficient and the inter-event separation distance. Simulation

shows that in the 0.5–5.0-Hz frequency band, even if for simple

synthetic seismograms without considering lateral heterogeneity or

scattering, the exponential dependence is only a first order

approximation concept. To check the frequency dependence of the

cross-correlation coefficient, we analyzed a group of seismograms

of a ‘multiplet’ in Xiuyan, Liaoning, northeast China, recorded by

the Regional Seismographic Network of Liaoning Province. The

cross-correlation coefficients were observed to be relatively stable

against frequency for the 0.5–5.0-Hz frequency band.

1. Introduction

‘Repeating earthquakes’ identified by waveform

cross correlation have significant potential for

enhancing the detection capability for small events

and the precision of earthquake location (VIDALE

et al. 1994; NADEAU and JOHNSON 1998; NADEAU and

MCEVILLY 1999; MENKE 1999; IGARASHI et al. 2003;

SCHAFF and RICHARDS 2011; RICHARDS et al. 2006;

CHENG et al. 2007; LI et al. 2007; RAU et al. 2007),

which is potentially useful for CTBT monitoring

(WU and RICHARDS 2011). This potential is more

significantly noticeable because of the generality of

‘repeating events.’ Three decades ago, it was not

clear whether ‘repeating’ was a typical or an anom-

alous characteristic of natural seismic activity

(GELLER and MUELLER 1980). Today, the answer is

clearly the former. For example, for China and its

surrounding regions, over 10 % of earthquakes are

‘repeaters’ (SCHAFF and RICHARDS 2004), providing an

‘alternative’ estimator of the location precision (JIANG

and WU 2006; JIANG et al. 2008, 2012). Using

waveform similarities, the detection threshold for

some regions (such as California and China) has been

reported to be reduced by one magnitude unit (SCHAFF

and WALDHAUSER 2010). The theoretical and empiri-

cal basis for the study of ‘repeating earthquakes,’

therefore, is apparently worth further investigation in

the context of seismology for CTBT monitoring.

The identification and analysis of ‘repeating

events’ are generally based on some empirical/phe-

nomenological concepts that are practical in

operation but need further discussion using theoreti-

cal and/or numerical tools, and need further tests

using experimental and/or observational data. For

doing this, several works have explained the phe-

nomenology of ‘repeating events.’ BAISCH et al.

(2008) used wave-field simulations to investigate

how the waveform similarity of closely spaced hyp-

ocenters changes with inter-event separation and

discussed the ‘quarter lambda criterion,’ which is

often used in the analysis of seismograms. SCHAFF

(2008) conducted a statistical investigation of the

performance of ‘correlation detectors,’ providing

practical guidelines for the data analysis of seismo-

graphic networks. In this article, we try to investigate
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two empirical/phenomenological concepts that are

often used in the study of ‘repeating events.’ One is

the assumption that the cross-correlation coefficient is

exponentially dependent on the separation distance of

the two ‘repeaters’ (MENKE et al. 1990; MENKE 1999),

and the other is the convention that in identifying

‘doublets’ and/or ‘multiplets,’ a 0.5–5.0-Hz band pass

filter is often used (SCHAFF and RICHARDS 2004, 2011).

2. Dependence of the Cross-correlation Coefficient

on the Inter-event Separation Distance: Simple

Analytical Considerations

The assumption that the cross-correlation coeffi-

cient of the filtered seismograms of ‘repeaters’

depends exponentially on the separation distance is

empirically based on observations (MENKE 1999).

Summarizing the results of MENKE et al. (1990) and

NADEAU et al. (1995), MENKE (1999) proposed that

the cross-correlation coefficient (CCC) of a closely

located ‘doublet’ depends on the inter-event separa-

tion distance, rij, via CCC = exp(-rij/s), in which

s is a frequency-dependent correlation length. MENKE

et al. (1990) pointed out that ‘We do not claim that

the true coherence is necessarily an exponential, just

that this formula satisfactorily describes the observed

pattern of variation (which, after all, has considerable

scatter).’ However, in later work, MENKE (1999) tried

to explore the possibility of using this relation to

determine the ‘internal structure’ of a ‘multiplet,’

making the discussion of this empirical concept

interesting for seismological interpretation.

Qualitatively, the understanding of this depen-

dence is straightforward. Ground motion along the i-

th component at position r, ui, generated by a seismic

source at position r0 with seismic moment tensor Mij,

can be represented (in the frequency domain; by AKI

and RICHARDS 1980) as:

uiðr;xÞ ¼
oGijðr;x; r0Þ

ox0
k

Mjkðr0;xÞ ð1:1Þ

where Gij, Green’s function, is the displacement

generated by an impulse point source (described by a

Dirac d function). If another form of Green’s function

GH
ij , representing the displacement generated by a

step point source (described by a Heaviside unit step

function), is used, then:

uiðr;xÞ ¼
oGH

ij ðr;x; r0Þ
ox0

k

_Mjkðr0;xÞ ð1:2Þ

which is more familiar to earthquake seismologists.

Considering the symmetry of a seismic moment

tensor, Eq. (1.2) can be simplified as:

uiðr;xÞ ¼ gijðr;x; r0Þ _Mjðr0;xÞ ð2Þ

in which {M1, M2, M3, M4, M5, M6} = {M11, M12,

M13, M22, M23, M33} and gij, a linear combination of

the components of the spatial derivative of Green’s

function, represents the ‘coefficients’ of _Mj. Consider

the cross correlation of two ground motion seismo-

grams, ui
1 and ui

2, with:

u1
i ðr;x; r0Þ ¼ gijðr;x; r0Þ _Mjðr0;xÞ ð3:1Þ

u2
i ðr;x; r0 þ drÞ ¼ gijðr;x; r0 þ drÞ _Mjðr0 þ dr;xÞ

ð3:2Þ

which are the ground motion generated by a closely

spaced ‘doublet’ with inter-event separation vector

dr. Cross correlation of the two seismograms can be

represented by (BÅTH 1974):

CCCðx; drÞ ¼ ~u1
i ðr;x; r0Þu2

i ðr;x; r0 þ drÞ ð4Þ

where ~u stands for the complex conjugate. Expanding

the function CCC with respect to dr gives:

CCCðx; drÞ¼CCCðx; 0Þ

� 1þ 1

CCCðx; 0ÞrCCCðx; 0Þdrþ���
� �

ð5Þ

On the other hand, an exponential function

approximates expð�xÞ � 1� xþ . . .. Therefore, in

the sense of the first order approximation, and only in

the sense of the first order approximation, the

dependence of the cross-correlation coefficient can be

approximated by an exponential function. How good

the description by an exponential function is depends

on the heterogeneity of the structure and the seismic

waves propagating through it, that is, on the higher

order terms in Eq. (5).
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3. Dependence of the Cross-correlation Coefficient

on the Inter-event Separation Distance: Synthetic

Seismogram Simulations

To investigate the variation of the cross-correla-

tion coefficient with the separation distance between

the two ‘repeaters,’ we calculated a series of seismic

waveforms corresponding to regional seismograms

used in the waveform cross correlation (e.g., LI et al.

2011). The synthetic seismograms were generated

with a frequency-wavenumber (F–K) synthetic seis-

mogram package (ZHU and RIVERA 2002), which has

been successfully used in several works, such as the

inversion of seismic source parameters by the cut-

and-paste (CAP) method (ZHAO and HELMBERGER

1994; ZHU and HELMBERGER 1996). Compared with

real data (see below in the next section), the station-

source configuration is taken as: source depth: 10 km;

station-epicenter distance: 50 km; station azimuth:

N60oE. The velocity structure model used in the

calculation is taken as the regional structure model of

southern Liaoning Province, northeast China (shown

in Fig. 1).

To cope with the general case of an arbitrary seismic

source, we used the ‘elementary seismic moment ten-

sors’ of KIKUCHI and KANAMORI (1991), such as:

M1 ¼
0 1 0

1 0 0

0 0 0

2
4

3
5 ð6:1Þ

M2 ¼
1 0 0

0 �1 0

0 0 0

2
4

3
5 ð6:2Þ

M3 ¼
0 0 0

0 0 1

0 1 0

2
4

3
5 ð6:3Þ

M4 ¼
0 0 1

0 0 0

1 0 0

2
4

3
5 ð6:4Þ

M5 ¼
�1 0 0

1 0 0

0 0 1

2
4

3
5 ð6:5Þ

in which the coordinates (x, y, z) for Mj correspond to

north, east and downward directions, and any arbi-

trary deviatoric moment tensor (corresponding to

natural shallow earthquakes) can be represented by a

linear combination of Mj. Figures 2, 3, 4, 5 and 6

show the results for these five ‘elementary seismic

moment tensors,’ respectively.

Separation between the two ‘repeaters’ can have

different geometries. Without losing generality, we

consider only some simple (‘elementary’) cases.

Figures 2, 3, 4, 5 and 6 show the waveform cross

correlation of synthetic seismograms of closely

spaced hypocenters, changing with inter-event sepa-

ration, in which the first event is located with 10 km

depth and 50 km station-epicenter distance, and its

‘partner’ in the ‘doublet’ is separated by Z-direction

vertical perturbations as well as R-direction and

T-direction horizontal perturbations, respectively, up

to 3.0 km by a step of 0.1 km. Shown in Figs. 2, 3, 4,

5 and 6 are only the cases of the increase of depth and

horizontal R-distance, together with the counter-

clockwise change along the T-direction. To mimic the

real situation in seismological interpretation, the

synthetic seismograms are purposely ‘contaminated’

by ‘seismic’ (but not ‘random/white’) noise—the

noise is taken from real seismic recordings, obeying

Peterson’s law in the frequency domain. The starting

Figure 1
Layered structure model used to calculate the synthetic seismo-

grams. Red solid lines denote the P wave and blue broken lines the

S wave. Data are from the Earthquake Administration of Liaoning

Province (LU et al. 2002). Qs and Qp are taken as 500 and 1,000,

respectively
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point of the noise to be mixed into the seismograms is

determined by a random number generator. The noise

level is taken, somewhat arbitrarily, so that the peak

of the noise signal is 10 and 20 %, respectively, of

the peak of the synthetic seismograms. To compare

with the real situation of ‘repeating event’ analysis,

these seismograms are 0.5–5.0-Hz band pass filtered

before calculating the cross-correlation coefficient.

Calculation of the cross-correlation coefficient fol-

lows a similar procedure as that used in real

seismological analysis, using the whole seismogram

(in this case, starting 1 s before the P-arrival, with a

total length of 20 s) and sliding the seismogram of

one event from 1 s before the synchronized P-arrival

to 1 s after, with the step of one sample. The peak

absolute value of the cross-correlation coefficient

during the sliding is selected as the ‘final’ cross-

correlation coefficient.

Shown in Figs. 2, 3, 4, 5 and 6, panels (a) to (c),

are the seismograms of the ‘location-perturbed’

event in a ‘doublet,’ with Z, R and T-direction

perturbations, respectively. Panels (d) to (e) show,

respectively, the cross-correlation coefficient as a

function of the inter-event separation distance along

different directions. It can be seen that the overall

shape of the curve of the cross-correlation coefficient

versus the inter-event separation distance can be

approximated, to some extent, by an exponential-like

Figure 2
Waveform cross correlation of synthetic seismograms of closely spaced hypocenters, changing with inter-event separation. Moment tensor of

the source is M1. The first event is located with 10 km depth and 50 km epicenter distance, with the azimuth of the station N60oE. Its

‘repeater’ is separated with vertical perturbations as well as R-direction and T-direction horizontal perturbations, respectively, up to 3.0 km by

a step of 0.1 km. Panels (a) to (c) show the cases with Z, R and T-direction perturbations, respectively. Panels (d) to (f) show, respectively, the

cross-correlation coefficient as a function of inter-event separation, corresponding to the traces in (a) to (c), respectively. Red and blue dots

correspond to the cases in which the synthetic seismograms are mixed with 10 % and 20 % seismic noise, respectively. Seismograms in

panels (a) to (c) show the case with 10 % seismic noise. See text for details
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dependence. Despite the simplicity of the model,

it can be seen that within the 0.5–5.0-Hz fre-

quency band, even if for the simple case with-

out considering lateral heterogeneity and stochastic

scattering (seismic coda), the exponential depen-

dence is only an approximation. Looking into the

‘internal structure’ of a ‘repeating multiplet’ (e.g.,

MENKE 1999), this feature has to be taken into

consideration.

For the T-direction perturbation, the variation of

the cross-correlation coefficient is much less, and, for

some cases, there is almost no significant change in

the perturbation up to 3.0 km. Based on this, it might

be an important reminder for the identification of

‘repeating pairs’ that for some special cases, such as

when the station-event configuration makes the inter-

event separation mainly tangential, the inter-event

distance cannot be detected by the cross-correlation

coefficient for this ‘special’ station. Considering the

3D heterogeneity of the earth’s structure, this

1D-model-based conclusion may be weakened to

some extent. But this result suggests that in the

identification of ‘repeating events,’ generally the

criterion based on more than one station (with dif-

ferent azimuths) will be better.

In the calculation, the source time function (STF)

of the ‘repeating pairs’ is taken as triangular with a

duration of 0.05 s, which means that the seismograms

are close to Green’s function (impulse response) or

the seismograms generated by a very small earth-

quake. Considering real earthquakes, on the one

hand, the convolution of Green’s function with the

STF may make the cross-correlation coefficient

increase because such a convolution corresponds to

Figure 3
Waveform cross correlation of synthetic seismograms of closely spaced hypocenters, changing with inter-event separation, for ‘elementary

moment tensor’ M2. For captions, see Fig. 2
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some kinds of low-pass filtering; on the other hand,

differences in the STFs of the ‘repeating pair’ (either

in shape or the duration) may decrease the cross-

correlation coefficient.

4. Frequency-band Dependence of the Cross-

correlation Coefficient: Analysis

of the Observational Data

To analyze the frequency-band dependence of

the cross-correlation coefficients, we used the

observational data from a ‘57-plet’ located in Xiu-

yan, Liaoning, northeast China, recorded by the

Liaoning Regional Seismographic Network. LI

et al. (2011) provided details for the data and the

analysis. ‘Repeating events’ related to the Xiuyan

region were also analyzed by SCHAFF (2010).

Figure 7a, b, reproducing Fig. 2 and Fig. A1 of LI

et al. (2011), shows the distribution of the seismic

stations and earthquakes under study, together with

part of the filtered seismograms of this ‘57-plet’

recorded by the VBB seismic station in Yingkou. In

Fig. 7b, seismograms are aligned by their P-arrivals

picked from the seismic waveforms. From the figure

it can be seen that the observed seismograms have

similar envelopes as the synthetic ones, as shown in

Figs. 2, 3, 4, 5 and 6. Note that different event pairs

have different station combinations, and the ‘multi-

plet’ is identified by the criterion that no fewer than

three stations have cross-correlation coefficients

above 0.8. In this ‘57-plet,’ there are only 17 event

pairs all having the same six stations recording

them, as shown in Table 1.

Figure 4
Waveform cross correlation of synthetic seismograms of closely spaced hypocenters, changing with inter-event separation, for ‘elementary

moment tensor’ M3. For captions, see Fig. 2
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Cross-correlation coefficients are calculated using

a similar and common procedure: pre-processing

using a 0.5–5-Hz band pass filter for BB recordings

and a 1–5-Hz band pass filter for SP recordings. The

whole waveform composed of P, S and coda phases is

selected, starting the waveform 4 s before the P

arrival and ending the waveform at 4 times the S–P

travel time difference. For one event in a ‘pair,’

sliding is done for the seismogram of its ‘repeater,’

with its waveform length 4 s less than the length of

the whole waveform, and sliding from the beginning

point (4 s before the P arrival) with a step of one

sample, taking the peak absolute correlation coeffi-

cient as the ‘final’ cross-correlation coefficient. JIANG

et al. (2008) systematically discussed the effect of

such a mixed use of BB and SP seismic recordings.

In many regions such as China, this mixed use is

somehow inevitable because of the configuration of

seismographic networks according to site conditions.

Figure 8 plots the cross-correlation coefficients for

different event pairs and different stations. From the

figure it can be seen that, for the same ‘pair,’ different

stations have different correlation coefficients.

Meanwhile, for different stations, nearly synchro-

nized relative variation with different ‘event pairs’

can be seen. The explanation for this could be that the

‘repeating pairs’ are not exactly co-located, but sep-

arated by different amounts, while the other reason,

which might be more important, is the ‘site condi-

tion,’ which is well known in seismological

observations and interpretation. Generally, the (band-

pass-filtered) VBB/BB recordings (YKo and Don)

Figure 5
Waveform cross correlation of synthetic seismograms of closely spaced hypocenters, changing with inter-event separation, for ‘elementary

moment tensor’ M4. For captions, see Fig. 2
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seem to have a higher CCC than the (band-pass-fil-

tered) SP recordings, but this conclusion is not

definite because of the limited number of stations.

To investigate the influence of the frequency band

on the cross-correlation coefficients, examples of one-

event pair/different stations and one station/different

event pairs, respectively, were taken. Figures 9 and 10

show the cross-correlation coefficients changing with

the frequency band. In pre-processing, the seismo-

grams are band pass filtered, with the central

frequency shown on the horizontal coordinates in

Figs. 9 and 10 and a band width of 1 Hz. From the

figure it can be seen that, above 5 Hz, the variation is

complicated, while below 5 Hz, the cross-correlation

coefficients are relatively stable. From this perspec-

tive two conclusions can be reached. Firstly, the

frequency term in the relation of the cross-correlation

coefficient versus frequency, as mentioned in MENKE

et al. (1990), seems valid for the high frequency part,

but with significant complexity. Secondly, below

5 Hz the cross-correlation coefficients are ‘stable’

against the changing frequency. This could be one of

the phenomenological bases for the empirical con-

vention that in processing the waveforms for cross-

correlation, generally a band pass filter of 0.5–5-Hz is

taken, which is probably the result of a series of trials

in practice. Note that due to the logarithm coordinates

used in the figures, similar to the exponential-like

CCC-distance relation, such a concept of ‘stable,’

even if ‘relatively stable,’ is only approximate.

5. Discussion and Conclusions

In this article, using simulation and observation

results, we investigated two empirical concepts in the

Figure 6
Waveform cross correlation of synthetic seismograms of closely spaced hypocenters, changing with inter-event separation, for ‘elementary

moment tensor’ M5. For captions, see Fig. 2
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identification and analysis of ‘repeating earthquakes.’

One is the semi-quantitative exponential-like rela-

tion between the cross-correlation coefficient of

seismograms recorded at the same station and the

separation distance between the two ‘doublets;’ the

other is the convention that in the pre-processing of

Figure 7
a Top distribution of earthquakes and seismic stations used for the analysis of ‘repeating events,’ reproduced from LI et al. (2011).

Earthquakes are shown by gray dots. Shown in red are the ‘repeating earthquakes’ identified by waveform cross correlation. Yellow dots show

the two ‘multiplets’ in the Xiuyan-Yingkou region, with the one to the east (group 1) being the ‘Xiuyan 57-plet’ discussed in this paper. Gray

lines show tectonic faults. The box in the indexing figure indicates the whole region of Liaoning and its surroundings. In the region, the box

with solid lines highlights the Xiuyan-Yingkou region and its surroundings (40.1 * 41.18N, 122 * 123.48E), encompassed by a larger box

with dashed lines (39.9 * 41.38N, 121.8 * 123.68E) to ensure that there are no missing ‘repeaters’ due to events located near the margin of

the region. Seismic stations are shown by triangles, with letters nearby indicating their codes. Bottom instrumental response of the

seismographs (from the Data Center of the Liaoning Digital Seismographic Network). The sensors are very broadband (FBS-3 at JZo and

YKo), broadband (JCZ-1 at Don and CTS-1 at DaL), or short-period (JC-V100-3D at Hen, KDi, BZe, XYu, CYa, BXi, FSu, FaK, XFe and

XMi) with the EDAS data acquisition system. b Filtered seismograms of the Xiuyan ‘multiplet’ recorded at the Yingkou (YKo) station,

reproduced from LI et al. (2011). The figure shows part of the seismograms recorded by the Yingkou station (YKo, VBB seismograph), in

which ‘part of’ means that for the ‘57-plet,’ only the seismograms of the first 31 events before and immediately after the 1999 Xiuyan

earthquake are shown. In the figure, each trace has been normalized and pre-processed by a 0.5–5-Hz band pass filter. The bottom trace is the

stacking of all the above traces. The clearness of the stacked trace indicates the similarity of the waveforms. Note that the ‘repeaters’ are

identified by the criteria that filtered waveforms of at least three stations (not necessarily including the YKo station) have cross-correlation

coefficients C0.8. For some of the events, there were no waveform recordings at the YKo station
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the waveform, a 0.5–5.0-Hz band pass filter is used.

Our approach is similar to the one used by BAISCH

et al. (2008), but focuses on the 0.5–5.0-Hz frequency

band, which is often considered in the analysis of

‘repeating events’ using regional seismographic net-

works. What has been obtained lends support to the

assumptions that ‘repeating events’ defined solely

based on cross-correlation coefficients are separated

by small amounts for certain criteria. The empirical

assumption of the exponential dependence of the

cross-correlation coefficient on the inter-event sepa-

ration distance holds only as the first order

approximation for the 0.5–5.0-Hz frequency band,

which cautions us against using the difference of the

cross-correlation coefficient for mapping of the

‘internal structure’ of a ‘multiplet.’ Real observa-

tional data also confirm the empirical choice of

0.5–5-Hz as a relatively stable filter band. Analyzing

the perturbations along the T-direction suggests that

in the identification of ‘repeaters,’ using more than

one station with different azimuths will be better.
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Table 1

Event pairs in the Xiuyan ‘57-plet,’ which all have the same six stations at which cross-correlation coefficients are available

No. Event1 Event2 YKo XYu BXi Don FaK XMi

1 199911090707.00 199911090821.00 0.938947 0.895247 0.885643 0.945240 0.900656 0.831180

2 199911090707.00 199911170309.00 0.939424 0.879921 0.897043 0.934387 0.888890 0.799464

3 199911090707.00 199911172259.00 0.914170 0.861791 0.828952 0.926417 0.830891 0.733525

4 199911090821.00 199911170309.00 0.965254 0.913462 0.933924 0.938353 0.878912 0.843797

5 199911090821.00 199911172259.00 0.937119 0.957071 0.929018 0.968114 0.900160 0.820116

6 199911090821.00 199911230007.00 0.912216 0.890484 0.861233 0.904145 0.798338 0.708260

7 199911110355.0 199911250059.00 0.976104 0.972905 0.912480 0.955242 0.877011 0.935391

8 199911161857.00 199911161952.00 0.946800 0.935689 0.817810 0.888831 0.883679 0.905917

9 199911161857.00 199911252208.00 0.962623 0.908552 0.829178 0.918048 0.929806 0.913866

10 199911161952.00 199911252208.00 0.976753 0.946811 0.909382 0.942642 0.909618 0.952618

11 199911161952.00 199911290556.00 0.938970 0.935087 0.852276 0.899135 0.906539 0.914315

12 199911170309.00 199911172259.00 0.900530 0.872583 0.872850 0.942177 0.855462 0.830320

13 199911170309.00 199911230007.00 0.942041 0.918670 0.842221 0.938113 0.808584 0.853293

14 199911172259.00 199911230007.00 0.921564 0.902131 0.849853 0.919352 0.814384 0.833455

15 199911230007.00 199911252047.00 0.893287 0.856404 0.823825 0.911391 0.835229 0.855694

16 199911252208.00 199911290556.00 0.918352 0.907182 0.828014 0.868627 0.925717 0.881175

17 200207020700.00 200401020038.00 0.928429 0.922094 0.935192 0.757500 0.869325 0.950917

Figure 8
Cross-correlation coefficients at six different stations, YKo, XYu, BXi, Don, FaK and XMi, for 17 event pairs in the ‘57-plet.’ See Table 1

Figure 9
Cross-correlation coefficients for different frequency bands for the first event pair in Table 1 recorded at three stations, YKo, BXi and XYu
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BÅTH, M.: Spectral Analysis in Geophysics, Elsevier, Amsterdam,

1974.

CHENG, X., NIU, F., SILVER, P. G., HORIUCHI, S., TAKAI, K., IIO, Y.,

and ITO, H.: Similar microearthquakes observed in western

Nagano, Japan, and implications for rupture mechanics, J.

Geophys. Res., 112, B04306, doi:10.1029/2006JB004416, 2007.

GELLER, R. J., MUELLER, C. S.: Four similar earthquake in central

California, Geophys. Res. Lett., 10, 821–824, 1980.

IGARASHI, T. MATSUZAWA, T., and HASEGAWA, A.: Repeating

earthquakes and interplate aseismic slip in the northeastern

Japan subduction zone, J. Geophys. Res., 108, 2249, doi:

10.1029/2002JB001920, 2003.

JIANG, C. S. and WU, Z. L.: Location accuracy of the China

National Seismograph Network estimated by repeating events,

Earthquake Research in China, 20, No. 1, 67–74, 2006.

JIANG, C. S., WU, Z. L. and LI, Y. T.: Estimating the location

capability of the Beijing Capital Digital Seismograph Network

using repeating events, Chin. J. Geophys., 51, 817–827, 2008, in

Chinese with English abstract.

JIANG, C. S., WU, Z. L., LI, Y. T and MA, T. F.: ‘Repeating Events’

as estimator of location precision: the China National Seismo-

graph Network, Pure Appl. Geophys., Accepted, 2012.

KIKUCHI, M. and KANAMORI, H.: Inversion of complex body waves-

III, Bull. Seismol. Soc. Amer., 81, 2335–2350, 1991.

LI, L., CHEN, Q. F., CHENG, X., and NIU, F. L.: Spatial clustering

and repeating of seismic events observed along the 1976 Tang-

shan fault, north China, Geophys. Res. Lett., 34, L23309, doi:

10.1029/2007GL031594, 2007.

LI, Y. T., WU, Z. L., PENG, H. P., JIANG, C. S. and LI, G. P.: Time-

lapse slip variation associated with a medium-size earthquake

revealed by ‘‘repeating’’ micro-earthquakes: the 1999 Xiuyan,

Liaoning, MS = 5.4 earthquake, Nat. Hazards Earth Syst. Sci.,

11, 1969–1981, doi:10.5194/nhess-11-1969-2011, 2011.

LU, Z.-X., JIANG, X.-Q., PAN, K., BAI, Y., JIANG, D.-L., XIAO, L.-P.,

LIU, J.-H., LIU, F.-T., CHEN, H. and HE, J.-K.: Seismic tomogra-

phy in the northeast margin area of Sino-Korean platform, Chin.

J. Geophys., 45, 338–351, 2002, in Chinese with English

abstract.

MENKE, W.: Using waveform similarity to constrain earthquake

locations, Bull. Seismol. Soc. Amer., 89, 1143–1146, 1999.

MENKE, W., LERNER-LAM, A. L., DUBENDORFF, B. and PACHECO, J.:

Polarization and coherence of 5 to 30 Hz seismic wave fields at a

hard-rock site and their relevance to velocity heterogeneities in

the crust, Bull. Seismol. Soc. Amer., 80, 430–449, 1990.

NADEAU, R. M., FOXALL, W. and MCEVILLY, T. V.: Clustering and

periodic recurrence of microearthquakes on the San Andreas

fault at Parkfield, California, Science, 267, 503–507, doi:

10.1126/267.5197.503, 1995.

NADEAU, R. M. and JOHNSON, L. R.: Seismological studies at

Parkfield VI: Moment release rates and estimates of source

parameters for small repeating earthquakes, Bull. Seismol. Soc.

Amer., 88, 790–814, 1998.

NADEAU, R. M. and MCEVILLY, T. V.: Fault slip rates at depth from

recurrence intervals of repeating microearthquakes, Science,

285, 718–721, doi:10.1126/science.285.5428.718, 1999.

RAU, R. J., CHEN, K. H., and CHING, K. E.: Repeating earthquakes

and seismic potential along the northern Longitudinal Valley

fault of eastern Taiwan. Geophys. Res. Lett., 34, L24301, doi:

10.1029/2007GL031622, 2007.

RICHARDS, P., WALDHAUSER, F., SCHAFF, D. And KIM, W.-Y.: The

applicability of modern methods of earthquake location, Pure

appl. Geophys., 163, 351–372, 2006.

SCHAFF, D.: Semiempirical statistics of correlation-detector per-

formance, Bull. Seismol. Soc. Amer., 98, 1495–1507, 2008.

Figure 10
Cross-correlation coefficients for different frequency bands for the first three event pairs recorded at station YKo

436 L. Han et al. Pure Appl. Geophys.

http://dx.doi.org/10.1785/0120080018
http://dx.doi.org/10.1029/2006JB004416
http://dx.doi.org/10.1029/2002JB001920
http://dx.doi.org/10.1029/2007GL031594
http://dx.doi.org/10.5194/nhess-11-1969-2011
http://dx.doi.org/10.1126/267.5197.503
http://dx.doi.org/10.1126/science.285.5428.718
http://dx.doi.org/10.1029/2007GL031622


SCHAFF, D.: Improvements to detection capability by cross-corre-

lating for similar events: a case study of the 1999 Xiuyan, China,

sequence and synthetic sensitivity tests, Geophys. J. Int., 180,

829–846, 2010.

SCHAFF, D. P. and RICHARDS, P. G.: Repeating seismic events in

China, Science, 303, 1176–1178, 2004.

SCHAFF, D. P. and RICHARDS, P. G.: On finding and using repeating

seismic events in and near China, J. Geophys. Res., 116, B03309,

doi:10.1029/2010JB007895, 2011.

SCHAFF, D. P. and WALDHAUSER, F.: One magnitude unit reduction

in detection threshold by cross correlation applied to Parkfield

(California) and China seismicity, Bull. Seismol. Soc. Amer.,

100, 3224–3238, doi:10.1785/0120100042, 2010.

VIDALE, J. E., ELLSWORTH, W. L., COLE, A., and MARONE, C.:

Variations in rupture process with recurrence interval in a

repeated small earthquake, Nature, 36, 8624–8626, 1994.

WU, Z. L. and RICHARDS, P. G.: Seismology, Monitoring of

CTBT—scientific and technical advances in seismology and their

relevance, In: GUPTA, H. K. (eds.) Encyclopedia of Solid Earth

Geophysics, 2nd Edition, Springer, Amsterdam, 1340–1343,

2011.

ZHAO, L. and HELMBERGER, D. V.: Source estimation from broad-

band regional seismograms, Bull. Seismol. Soc. Amer., 84,

91–104, 1994.

ZHU, L. and HELMBERGER, D. V.: Advancement in source estimation

techniques using broadband regional seismograms, Bull. Seis-

mol. Soc. Amer., 86, 1634–1641, 1996.

ZHU, L. and RIVERA L. A.: A note on the dynamic and static dis-

placements from a point source in multilayered media, Geophys.

J. Int., 148, 619–627, 2002.

(Received September 30, 2011, revised May 8, 2012, accepted May 24, 2012, Published online July 7, 2012)

Vol. 171, (2014) Cross-correlation Coefficients for the Study of Repeating Earthquakes 437

http://dx.doi.org/10.1029/2010JB007895
http://dx.doi.org/10.1785/0120100042

	Cross-correlation Coefficients for the Study of Repeating Earthquakes: An Investigation of Two Empirical Assumptions/Conventions in Seismological Interpretation Practice
	Abstract
	Introduction
	Dependence of the Cross-correlation Coefficient on the Inter-event Separation Distance: Simple Analytical Considerations
	Dependence of the Cross-correlation Coefficient on the Inter-event Separation Distance: Synthetic Seismogram Simulations
	Frequency-band Dependence of the Cross-correlation Coefficient: Analysis of the Observational Data
	Discussion and Conclusions
	Acknowledgments
	References


