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Abstract. The effect of tidal triggering on earthquake oc-
currence has been controversial for many years. This study
considered earthquakes that occurred near Taiwan between
1973 and 2008. Because earthquake data are nonlinear and
non-stationary, we applied the empirical mode decomposi-
tion (EMD) method to analyze the temporal variations in the
number of daily earthquakes to investigate the effect of tidal
triggering. We compared the results obtained from the non-
declustered catalog with those from two kinds of declustered
catalogs and discuss the aftershock effect on the EMD-based
analysis. We also investigated stacking the data based on in-
phase phenomena of theoretical Earth tides with statistical
significance tests. Our results show that the effects of tidal
triggering, particularly the lunar tidal effect, can be extracted
from the raw seismicity data using the approach proposed
here. Our results suggest that the lunar tidal force is likely a
factor in the triggering of earthquakes.

1 Introduction

The effect of tides on the triggering of earthquakes has been
widely investigated since the 1930s (Nasu et al., 1931; Davi-
son, 1934; Stetson, 1935; Allen, 1936; Knopoff, 1964; Simp-
son, 1967; Tsuruoka et al., 1995; Vidale et al., 1998; Souchay
and Stavinschi, 1999; Tanaka et al., 2002; Cochran et al.,
2004). Allen (1936) tabulated earthquakes into different
groups according to the lunar-hour angle of the moon and ob-
served a relationship between the occurrence of earthquakes
and the biweekly oscillation of tides. Souchay and Stavin-
schi (1999) used two statistical methods adopted in Kilston
and Knopoff (1983) and a binomial distribution to investigate

the correlations between long period tides (>several days)
and earthquake occurrence and indicated that earthquakes
occur preferentially during the ascending part of the oscilla-
tions with periods of 18.2 yr, 182.62 days and 13.66 days (i.e.
the fortnightly tide). Cochran et al. (2004) compared earth-
quake focal mechanisms with tidal stress and showed a cor-
relation between strong tides and the occurrence of shallow
thrust earthquakes.

As for the Taiwan area, Lin et al. (2003) converted the oc-
currence times of earthquakes in Taiwan between 1973 and
1991 to lunar time to study the possible correlation between
earthquake occurrence and lunar time. They observed sig-
nificant clustering of smaller events (2.55 ML 5 5) around
day 14 and day 27 of each lunar month and a 30 % higher
earthquake frequency around the day of the full moon than
other days. They concluded that the lunar tide can indeed
trigger some small earthquakes, while there is no tidal trig-
gering effect for earthquakes ofML > 5 andML < 2.5. Ad-
ditionally, Wang and Kuo (1998) found a significant Poisson
component in the frequency distribution of interoccurrence
times of ML = 7 earthquakes in the Taiwan region, which
suggests that the tidal effect is not significant for trigger-
ing ML = 7 earthquakes in this region. Those studies (Wang
and Kuo, 1998; Lin et al., 2003) indicate that it is difficult
to determine the tidal triggering effect when only examining
earthquakes ofML > 5.

Several recent studies (Lambert et al., 2009; Métivier et
al., 2009; Tanaka, 2010) have confirmed the existence and
complex nature of the tidal triggering effect. Nevertheless,
whether the Earth tide is a significant triggering factor is
still debated (Knopoff, 1964; Simpson, 1967; Heaton, 1982;
Vidale et al., 1998). We argue that two limitations of the
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methodologies used in previous investigations affect their
analyses. First, several previous studies focused only on
earthquakes with magnitudes larger than 5 (Simpson, 1967;
Tsuruoka et al., 1995; Tanaka et al., 2002), which might pre-
vent significant information about the tidal triggering effect
from being extracted from the data. Second, some of the anal-
yses were based on limited data sets or localized samples
(Allen, 1936; Knopoff, 1964; Palumbo, 1986; Vidale et al.,
1998). Insufficient data would decrease the reliability of the
statistics (Huang, 2006), leading to inconclusive results. In
the Taiwan region, the Philippine Sea Plate is subducting un-
derneath the Eurasian Plate (Tsai et al., 1977; Wu, 1978).
This collision between the two plates causes high levels of
seismicity (Wang, 1988, 1998) (see Fig. 1), which aids in
studying the effect of tidal triggering on seismicity in this
region.

The purpose of this study was to revisit the relationship
between Earth tides and earthquake occurrence. Earth tides,
which are primarily caused by gravity from the moon and
the sun, usually cause a periodic variation of crustal stresses,
with peak amplitudes on the order of 1 kPa. The stress change
is much smaller than the tens of MPa that is typical of stress
drops in earthquakes (cf. Kanamori and Anderson, 1975).
The rate of change of tidal stress, however, is greater than
the rate of increase of tectonic stress. A small tidal stress
could therefore trigger an earthquake when the stress on a
fault is near its failure limit. Hence, when the periodic tidal
stress reaches the peak, the total stress exerted on the fault
could be higher than the stress threshold on the fault. This
would induce higher seismicity on days with peak tidal stress
than other days; in other words, there is likely to be a posi-
tive correlation between tidal stress and earthquake occur-
rence. Keilis-Borok (1990) argued that numerous physical
processes transform the lithosphere into a large nonlinear
system that is instable and chaotic. The tidal stress is one of
these nonlinear physical processes. Hence, earthquakes that
result from the tectonic stress combined with the tidal stress
must be nonlinear and nonstationary.

Huang et al. (1998) proposed the Hilbert-Huang trans-
form method, which is based on empirical mode decom-
position (EMD), to analyze nonlinear and/or non-stationary
data. This method can be applied to analyze the nonlinear
and non-stationary time series of earthquakes. Note that the
EMD method is designed to adaptively decompose time se-
ries into several intrinsic mode functions (IMFs). The method
proposed here consists of two steps. The first step is signal
separation from earthquake occurrence data through EMD.
The possible triggering sources can be identified in the IMFs.
Second, the Fourier transform (FT) is used instead of the
Hilbert transform to calculate the power spectral density of
each IMF. In addition, the temporal variation in the theoret-
ical Earth tides can be considered as an inherent clock for
stacking the raw data to increase the signal-to-noise (S/N)
ratio, because the raw data usually consist of both useful sig-
nals and background noise.

Fig. 1. Spatial distribution of earthquake epicenters with different
depths highlighted by color (red dots for 0–40 km, green for 40–
100 km, and blue for 100–300 km) and the temporal variation in
magnitude of completeness (Mc) in the Taiwan region.

In this study, we will examine the effect of tides on trigger-
ing earthquakes in the Taiwan region based on the IMFs de-
composed from the time series of daily earthquake numbers
by the EMD method. Because the regional data set consists
of several tens of thousands of events, sample size will not
be an issue in the statistical analysis.

2 Data

The Taiwan Telemetered Seismographic Network (TTSN)
(Wang, 1989) was operated by the Institute of Earth Sci-
ences (IES), Academia Sinica, from 1973 to 1992. The net-
work consists of 24 stations, each equipped with a verti-
cal high-gain and analog velocity seismometer. The Taiwan
Seismic Network (TSN), operated by the Central Weather
Bureau (CWB) of Taiwan, has been upgraded from the old
CWB seismic network since 1991, and many new stations
have been constructed. In 1992, the TTSN was merged into
the TSN. A detailed description of the TSN can be found
in Shin (1992). At present, the TSN is composed of 72 sta-
tions, each equipped with three-component digital veloc-
ity seismometers. This network provides high-quality digital
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seismograms that are recorded in both high- and low-gain
formats.

TheML = 0 earthquakes that occurred from 1973 to 2008
are taken from the database provided by the CWB. Fig-
ure 1 illustrates the spatial distribution of epicenters, with
different depths highlighted by color. Figure 1 also shows
the temporal variation of the magnitude of completeness
(Mc) in the non-declustered earthquake catalog (Wiemer
and Wyss, 2000). TheMc is the minimum magnitude in
the frequency-magnitude distribution (FMD) that fits the
Gutenberg-Richter law (Gutenberg and Richter, 1954). Given
the temporal variation inMc in the Taiwan region from 1973
to 2008, we only consider events withML = Mc = 3.0. A to-
tal of 63 280 events in the non-declustered catalog are used
in this study, which is at least three times larger than the
number of events used in other studies (e.g. Tsuruoka et al.,
1995; Vidale, 1998). To consider the possible effects of after-
shocks, and because the declustering technique is open and
non-unique (Huang, 2008), we removed clustered events us-
ing both the Resenberg (denoted by R) (Resenberg, 1985)
and the Gardner and Knopoff (denoted by GK) (Gardner
and Knopoff, 1974) algorithms. The parameters used in the
R-declustering algorithm are as follows:τmin = 1, τmax =

10, P1 = 0.95,Xk = 0.5,XMEFF = 1.5, and Rfact = 10. The
parameters used in the GK-declustering algorithm are the
same special-temporal windows as those used in Wu and
Chen (2007). The FMDs of the R- and GK-declustered earth-
quake catalogs with event magnitudes larger thanMc = 3.0
could also fit the Gutenberg-Richter law. A total of 43 573
and 23 505 R- and GK-declustered earthquakes were used,
which were∼69 % and∼37 % of the non-declustered cata-
log, respectively.

3 Methods

This section describes the proposed analysis strategy, which
consists of five techniques, including source separation using
EMD, entropic analysis, spectral analysis using the FT, data
stacking, and statistical significance tests.

3.1 Source separation using EMD

First, we applied the EMD method to decompose the time
series into several components, which are associated with
the possible sources (or mechanisms) of triggering earth-
quakes. As mentioned above, the underlying mechanisms of
triggering earthquakes are either nonlinear or non-stationary.
The EMD method has been shown to be adaptive and es-
pecially efficient for analyzing nonlinear and non-stationary
signals (Huang et al., 1998). The method consists of a sifting
process to eliminate riding waves on a nonlinear and non-
stationary signal, making the wave profiles as symmetric as
possible. This process results in a series of intrinsic oscilla-
tory modes or intrinsic mode functions (IMFs) with different

instantaneous frequencies. An IMF satisfies two conditions:
(1) The numbers of the extrema and zero crossings in the
data set must either be equal or differ by at most one da-
tum; and (2) the mean values of the envelope that is formed
from the local maxima or the local minima are null at any
point. Because IMFs are adaptive and locally determined,
they are physically representative of the underlying mech-
anisms (Huang et al., 1998; Kizhner et al., 2004). The de-
composed IMFs are orthogonal to one another and thus can
be used as the basis to represent the data.

The sifting process is briefly described below. Suppose
that a real signalSreal(t) is contaminated by noisen(t)

asSraw(t) = Sreal(t) + n(t). Let U (t) andL(t) be the up-
per and lower envelopes ofSraw(t), respectively, which are
formed by the local maxima and minima ofSraw(t). The
sifting process first determines a mean ofU (t) and L(t),
i.e.m1(t) =

U(t)+L(t)
2 . Subtractingm1 (t) fromSraw(t) yields

the first IMF componenth1 (t), i.e.h1 (t) = Sraw(t)−m1 (t).
However, there might be overshoots and undershoots in cre-
ating the two envelopes from the real data. Furthermore, the
extrapolation used to connect the two extrema can result in
an error at the end point. Thus, the sifting process needs to be
iterated several times toh1k (t) = h1(k−1) (t)−m1k (t), where
k denotes the number of iterations untilC1 (t) = h1k (t) is an
IMF. The functionC1 (t) is the first IMF with the highest in-
stantaneous frequency and can be separated fromSraw(t) by
R1 (t) = Sraw(t) − C1 (t).

The sifting process is again conducted on the residual
R1 (t) to extract the second IMF and so on until either the
residual is less than a given value, giving a meaningful re-
sult, or the residual becomes a monotonic function. In prin-
ciple,Sraw(t) is the superposition of all given IMFs plus the
residual RN (t). In other words, the raw data can be recov-
ered from the following expression:Sraw(t) =

∑N
i=1Ci (t)+

RN (t).

3.2 Entropic analysis

Because the adaptive nature of EMD is likely to distribute
signals that contain no information that is relevant to the un-
derlying functions into IMFs, it was crucial to exclude such
IMFs before we properly interpreted the decomposition re-
sults. Wu and Huang (2004) proposed a solution in which a
hypothesis test method is developed to determine the statisti-
cal significance of information content in IMFs by consider-
ing the mean energy. However, because their method only ac-
counted for the macroscopic properties of the signals, mean
energy and mean period, the detailed information of the IMFs
was not revealed completely, and the interpretation may have
been limited. In this study, we introduced an entropic anal-
ysis to resolve this issue (Tseng and Lee, 2010). The idea
was to consider all the amplitudes of the IMFs and to deter-
mine whether a probability distribution of the amplitudes of
an IMF from signals is identical to the probability distribu-
tion of noise with the same energy density.
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The method consists of two steps. First, we needed to de-
termine the probability distributions of amplitudes of IMFs
from real signal and noise. Second, we evaluated the rela-
tive entropy or Kullback-Leibler distance of these two dis-
tributions to determine their difference (Tseng, 2006; Chen
et al., 2007). For the probability distributions from real sig-
nals, we simply utilized normalized histograms of ampli-
tudespreal

i (t). We then addressed the following question:
Given the energy of this probability distribution, what is the
preferred probability distribution of amplitudes of IMFs de-
composed from noise? Because the energy of normalized

white noise is given byEi =
∑N

t=1C2
i (t)

/
N , the method

of maximum entropy can be applied to determine the prob-
ability distribution from noise (Jaynes, 1957). Therefore,
given the energy of an IMF from normalized white noise,
the probability distribution of an amplitude in that IMF is

given bypnoise
i (t) = e−λC2

i (t)
/

Z, whereZ =
∑N

t=1e−λC2
i (t)

and λ is a Lagrangian multiplier to be determined using
Ei . The amplitudes of the IMFs decomposed from white
noise are then normally distributed, which is also con-
firmed from Wu and Huang’s numerical studies (Wu and
Huang, 2004). Finally, we determined the difference be-
tween the probability distributionspreal

i (t) and pnoise
i (t)

by calculating the relative entropyS
(
preal

i ,pnoise
i

)
=

−
∑N

t=1preal
i (t) logpreal

i (t)
/
pnoise

i (t). When preal
i (t) was

identical topnoise
i (t), i.e.preal

i (t) was generated from noise,
thenS

(
preal

i ,pnoise
i

)
was maximized and equaled zero.

3.3 Spectral analysis

Spectral analysis using the FT is a tool for determining
the frequency-domain representation of a time-domain sig-
nal and examining a function from the perspectives of both
the time and frequency domains. The discrete Fourier trans-
form (DFT) is used to determine the frequency content of
finite-length and analog/digital signals, and the fast Fourier
transform (FFT) is an efficient method of calculating the DFT
(Brigham, 1988). We calculated the power spectral density
(PSD) of IMFs using a periodogram associated with the FFT
(Stoica and Moses, 1997), which allowed us to examine the
periodicities of the IMFs and to identify the underlying func-
tions of the triggering sources.

3.4 Stacking

In addition to the techniques described above, we also ap-
plied the stacking technique to suppress and smooth the raw
data, which were usually contaminated by irregular noise.
Irregular noise is often random and thus can be suppressed
by stacking the raw data. Stacking can increase the S/N ra-
tio and enhance the inherent periodic signals. The stacking
technique used here is based on the in-phase phenomenon
of the theoretical Earth tides. The time series of the theo-
retical Earth tides are in phase every 1462 days, resulting

in a periodic variation with a period of 1462 days. Hence,
stacking the daily earthquake numbers over time spans of
1462 days can enhance the weakly periodic signals (if any)
and also suppress irregular noise.

3.5 Significance test

We utilized a stochastic test to investigate the statistical sig-
nificance of the observed tidal triggering effect. Because
time was the key factor in our investigations here, we uni-
formly randomized the occurrence times of earthquakes
with ML = Mc = 3.0 in three types of earthquake catalogs
(non-declustered, R-declustered, and GK-declustered cata-
logs) and analyzed the randomized data using the procedure
mentioned above. We repeated the randomized realization
200 times to obtain sufficient statistical samples. To exam-
ine whether the PSDs of the IMFs that were decomposed
from real data were statistically significant, we then calcu-
lated the mean and standard deviation of the PSDs of the
IMFs that were decomposed from randomized data. If the
PSDs of tne IMFs of the real data are within those obtained
from the randomized data with a 95 % confidence level, those
PSDs obtained from the real data were considered to lack sta-
tistical significance. Such an approach allowed us to exam-
ine whether the peaks of the tidal triggering mechanism were
statistically significant.

4 Results

Figure 2a shows the time series of daily earthquakes with
ML = 3.0 in Taiwan. The numerous spikes observed in this
plot are associated with large earthquake sequences. The
highest spike (E9) is around 20 September 1999, which
is the date of theM = 7.3 Chi-Chi earthquake (Ma et al.,
1999). The E1 spike represents theM = 6.8 Lanhsu earth-
quake on 23 July 1978; E2 is theM = 6.8 Hualien earth-
quake on 23 December 1978; E3 is theM = 6.2 Hualien
earthquake on 20 May 1986; E4 is theM = 7.8 Hualien
earthquake on 14 November 1986; and E5 is theM = 6.7
Hualien earthquake on 13 December 1990. E6 represents
the M = 6.7 Hualien earthquake on 24 May 1994; E7 is
the M = 6.3 Nanao earthquake on 5 June 1994; E8 is the
M = 7.1 Lanyu on 5 September 1996; E10 is theM = 7.1
Hualien earthquake on 31 March 2002; E11 is theM = 6.8
Chengkung earthquake on 10 December 2003; and E12 is
the M = 7.0 Hengchun earthquake on 26 December 2006.
These sequences were reported in Wang (1998), Wu et
al. (2008) and on the CWB website (http://www.cwb.gov.tw/
V7e/earthquake/). Figure 2a also shows the time series of the
theoretical Earth tides calculated at the center of Taiwan. The
theoretical Earth tides were computed from a model based
on the HW95 tidal potential catalog (Hartmann and Wen-
zel, 1995; Wenzel, 1997). The catalog contains 12 935 tidal
waves with 19 300 adjustable model coefficients caused by
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Fig. 2. (a)Time series of the number of daily earthquakes in Taiwan
(blue) and theoretical Earth tides (red) calculated at the center of
Taiwan; and(b) the Fourier power spectral density of time series of
daily earthquakes and theoretical Earth tides. The symbols from E1
to E12 indicate large earthquakes in Taiwan.

the gravitational forces due to the sun, moon, and other ce-
lestial bodies. A periodic variation with a period of 1462 days
can be found in the theoretical Earth tide.

Figure 2b presents the Fourier PSD of time series of
the daily earthquakes along with that of the theoretical
Earth tides. The Fourier PSD of the time series of the
daily earthquakes decreases with increasing frequency (f )

in units of cycles per day (cpd). However, the power den-
sity of the theoretical Earth tides is distributed at cer-
tain discrete frequencies and has a maximum amplitude of
∼55 000 µgal2/cpd at f =∼ 0.073 cpd, which corresponds
to a period of∼13.7 days. The other significant peaks are
∼14 000 µgal2/cpd at f =∼ 0.036 cpd (∼27.78 days) and
∼13 000 µgal2/cpd atf =∼ 0.0055 cpd (∼181.82 days).

Figure 3a shows the first six IMFs, i.e. IMF1 to IMF6.
Because our goal was to investigate the effects of tidal trig-
gering, of which the lunar tide (periods of 13.70 days and
27.78 days) is the largest, we focused on periods that ranged
from 5 to 100 days, i.e. the frequency band from 0.01 to
0.2 cpd. Therefore, we focused our discussion on the first six
IMFs extracted from the time series of daily earthquakes.
As mentioned above, the strongest peak in the six IMFs,
E9, is associated with theM = 7.3 Chi-Chi earthquake on
20 September 1999. Peaks related to various large events
are also found in these IMFs. To increase the S/N ratio, we
stacked the raw daily earthquake numbers based on theoret-
ical Earth tides in Taiwan that are in phase every 1462 days
(top panel of Fig. 3b). Note that five sets of theoretical Earth
tides with phases of 1462 days with four wave envelopes are
shown in this panel. The stacked time series of daily earth-
quake numbers are also plotted in the lower part of the first
panel of Fig. 3b. Figure 3b also shows IMF1 through IMF6,
which were extracted from the stacked time series of the
daily earthquake numbers.

The Fourier PSDs of the IMFs of the non-stacked and
stacked earthquake data from the non-declustered catalog are
shown in Fig. 4a and b, respectively. The Fourier PSDs of
IMF1–IMF6 are plotted from top to bottom. Note that these
IMFs contain average frequencies in decreasing order. The
first IMF, IMF1, indicates the maximum rate of change in
amplitude and has the highest frequency content. The rate of
change and frequency content of an IMF are generally lower
than those of the previous IMF. These IMFs have remark-
able individual frequency ranges that allow us to distinguish
their physical meanings. Also plotted in dashed lines are the
PSDs, at a 95 % confidence level, of the IMFs decomposed
from the randomized catalogs. Note that the PSD of the the-
oretical Earth tides is also superposed in each plot of Fig. 4
for comparison.

The Fourier PSDs of IMFs 3–5 of the non-stacked and
stacked earthquake data from the R-declustered catalog are
shown in Fig. 5a and b, and those of the non-stacked and
stacked earthquake data from the GK-declustered catalog are
shown in Fig. 5c and d. The PSDs at a 95 % confidence level
of the IMFs decomposed from the randomized catalogs and
the PSD of the theoretical Earth tides are also plotted in
Fig. 5. The PSDs in Fig. 5b and d share common features
with coincident stronger peaks.

We listed the results of the entropy analysis in Table 1,
which shows the relative entropy values (S) of each IMF ob-
tained from both real and random earthquake data. TheS

values of each IMF of the random earthquake data were cal-
culated at a 95 % confidence level from 200 sets of random-
ized earthquake catalogs. Cases withSreal < Srand indicate
that the real IMF is unlikely to be generated from a hypo-
thetical random process and has statistical significance. Most
of the IMFs extracted from the real data have obvious statis-
tical significance.
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Fig. 3. (a) The first six IMFs (IMF1 to IMF6 from top to bottom) of non-stacked data of the number of daily earthquakes from the non-
declustered catalog in Taiwan. The symbols indicate the clear peaks in the IMFs that are associated with large earthquakes.(b) The top panel
represents the temporal variations in theoretical Earth tides at the center of Taiwan and the stacked data of daily earthquake numbers from
the non-declustered catalog. The upper part of the first panel shows five sets of Earth tides with a period of 1462 days. The second to seventh
panels display the IMFs (IMF1 to IMF6) that were extracted from the stacked time series.

Table 1.The relative entropy values of the real data and the random data at a 95 % confidence level.

Non-dec & non-stack Non-dec & stack R-dec & R-dec & GK-dec & GK-dec &
catalog/random catalog/random non-stack catalog/random stack catalog/random non-stack catalog/random stack catalog/random

IMF1 −1.162/−0.062 −0.991/−0.108 −0.105/−0.061 −0.102/−0.112 −0.037/−0.057 −0.103/−0.106
IMF2 −1.800/−0.008 −0.916/−0.054 −0.159/−0.006 −0.132/−0.052 −0.022/−0.007 −0.052/−0.055
IMF3 −1.991/−0.007 −0.953/−0.056 −0.235/−0.007 −0.074/−0.058 −0.042/−0.008 −0.079/−0.059
IMF4 −1.619/−0.008 −0.852/−0.068 −0.158/−0.009 −0.090/−0.066 −0.038/−0.009 −0.051/−0.062
IMF5 −1.187/−0.013 −0.536/−0.089 −0.466/−0.010 −0.116/−0.084 −0.037/−0.011 −0.130/−0.105
IMF6 −0.975/−0.018 −0.273/−0.121 −0.213/−0.026 −0.262/−0.115 −0.014/−0.017 −0.132/−0.122

5 Discussion

Figure 2a shows that the peaks associated with events E1–
E12 in the time series of the numbers of daily earthquake
slightly appear to correspond to the low tide. These re-
sults appear to be consistent with studies by Wilcock (2001,
2009) and Tolstoy et al. (2002), who observed that micro-
earthquakes occur preferentially at or near the days of low
tide. However, there is no obvious correlation between the
peaks atf =∼ 0.036 and/or∼0.073 cpd and the monthly
and/or fortnightly tidal frequencies in the PSD of the daily
earthquake numbers (Fig. 2b).

Due to the nonlinear and non-stationary nature of seismic-
ity, the conventional Fourier power spectra could be contami-
nated by, for example, a large number of aftershocks (Telesca
et al., 2009) and thus may not be appropriate for investigating
the effect of tidal triggering. The occurrence of large earth-
quakes and their aftershocks can obviously increase the num-
ber of daily earthquakes, thus producing spikes in the time
series (Fig. 2a). Based on the EMD, the IMFs of the non-
stacked data of the daily earthquake numbers from the non-
declustered catalog (Fig. 3a) reveal several spikes associated
with events E1–E12. Although the spikes associated with
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Fig. 4. The Fourier PSDs of the IMFs (IMF1 to IMF6 from top to bottom) that were extracted from(a) non-stacked and(b) stacked data of
the non-declustered earthquake catalog. The red lines and gray lines represent the PSD of the Earth tides and the PSDs at a 95 % confidence
level from random earthquake catalogs, respectively.

those events are all identified in the six IMFs, those peak am-
plitudes gradually decrease from IMF1 to IMF6. The spikes
will be decomposed into most of the IMFs with various fre-
quency contents, hence diminishing the effect of the Fourier
PSD of a spike (delta) function. The decrease of the high
peak value by the EMD method aids the following Fourier
spectral analysis.

The oscillation modes of the IMFs that were extracted
from the stacked time series (Fig. 3b) can be described by
harmonic functions with increasing periodicities from IMF1
to IMF6. Because stacking superposes the counts of daily
earthquake numbers, the values of the IMFs from the stacked
time series increase, thus amplifying the PSDs of the IMFs
from the stacked time series. Note that the time scale in the
stacked time series of daily earthquake numbers is 1462 days.
The degree of clustering of aftershocks is reduced by stack-
ing; hence, the degree of inherent regularity of earthquake
occurrence would be increased, especially for small events.

The first column of Table 1 indicates that, based on the
entropy analysis, IMFs 1–6, which were extracted from the
non-stacked time series of the non-declustered catalog, are
not generated from noise becauseSreal < Srand. Additionally,
the distributions of the real PSDs of the IMFs are different
from those of the random PSDs at a 95 % confidence level

(Fig. 4a). Hence, the PSD of∼3000 at∼0.069 cpd (cor-
responding to∼14.49 days) in IMF1, the PSD of∼7000
at ∼0.071 cpd (corresponding to∼14.08 days) in IMF2,
and the PSD of∼13 000 at∼0.033 cpd (corresponding to
∼30.30 days) in IMF3 were likely caused by lunar tidal trig-
gering. The second column of Table 1 indicates that IMFs 2
through 6, which were extracted from the stacked time se-
ries of the non-declustered catalog, were not generated from
noise. In addition, their PSDs are also different from those
of the random PSDs at a 95 % confidence level (Fig. 4b).
A comparison between Fig. 4a and b shows that the am-
plitudes of the PSDs of the IMFs from the stacked data at
the lunar tidal frequencies are about twice as large as those
from the non-stacked data, which was caused by the stacking
method constructively amplifying the in-phase signals. This
indirectly suggests the existence of the lunar tidal triggering
mechanism.

Consequently, the existence of the peak PSD values of ap-
proximately 0.036 and 0.073 cpd in the PSDs of IMFs 1–3
for the non-stacked data and in those of IMFs 2–4 for the
stacked data suggests that the lunar tidal force is likely one
of the mechanisms that triggers earthquakes. The lunar tidal
force may not be able to be identified from the raw data
of daily earthquake numbers (Fig. 2b) because of the weak
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Fig. 5. The Fourier PSDs of IMFs (IMF3 to IMF5 from top to bottom) extracted from(a) non-stacked and(b) stacked earthquake data from
the Resenberg declustered catalog, and those from(c) non-stacked and(d) stacked earthquake data from the Gardner and Knopoff declustered
catalog. The PSD of theoretical Earth tides calculated at the center of Taiwan are displayed by the red line segments, and the PSDs at a 95 %
confidence level are depicted by the dashed lines.

periodicity of the signals due to contamination by strong
background seismicity.

Similarly, there are relatively strong power densities
in the PSDs of the IMFs from the non-stacked data of
the R-declustered catalog (Fig. 5a), i.e. PSD= 82.28 at
f = 0.069 cpd (∼14.49 days) and PSD= 78.03 at f =

0.075 cpd (∼13.33 days) in IMF3 and PSD= 89.15 atf =

0.034 cpd (∼ 29.41 days) and PSD= 68.80 atf = 0.037 cpd
(∼27.03 days) in IMF4. After stacking (Fig. 5b), PSD= 514
at f = 0.071 cpd (∼14.08 days) in IMF3 and PSD= 244.60
at f = 0.032 cpd (∼31.25 days) in IMF4 have stronger
peaks. Those peak PSD values at lunar tidal frequencies and
their IMFs are also identified in the entropy analysis and the
significance test. The power densities at the lunar tidal fre-
quencies of the stacked data are also greater than those of
the non-stacked data. Hence, the lunar tidal triggering mech-
anism is also clearly shown in the R-declustered catalog.
On the other hand, the most noticeable peaks in the PSDs
of the IMFs from the non-stacked GK-declustered catalog

(Fig. 5c) are PSD= 29.73 atf = 0.068 cpd (∼14.71 days)
and PSD= 28.43 at f = 0.072 cpd (∼13.89 days) in
IMF3 and PSD= 17.47 at f = 0.037 cpd (∼27.03 days)
in IMF4. After stacking, the peaks are PSD= 170.20 at
f = 0.069 cpd (∼14.49 days) and PSD= 143.30 atf =

0.073 cpd (∼13.70 days) in IMF3, and PSD= 115.90 atf =

0.036 cpd (∼27.78 days) and PSD= 150.50 atf = 0.038 cpd
(∼26.32 days) in IMF4, whose peak values are at least three
times greater than those of the non-stacked data. Those peak
PSD values at lunar tidal frequencies and their IMFs are also
interpreted as tidal signals after the entropy analysis and sig-
nificance test.

Both types of declustered results confirm the existence of
a tidal triggering effect. It is reasonable that the tidal effect
still exists in the declustered catalog because the strong af-
tershock effect is transient in the daily earthquake number
time series. The EMD-based analysis may ignore the tran-
sient mechanisms. Our studies here are consistent with pre-
vious studies that have proposed fortnightly tidal triggering
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(e.g. Allen, 1936; Souchay and Stavinschi, 1999; Lin et al.,
2003). Although Hartzell and Heaton (1989) claimed that
fortnightly periodicity is not significant in Southern Califor-
nia and world-wide earthquake catalogs, we argue that the
statistical significances could be biased by earthquake data
selection. In summary, the apparent inconsistency regarding
the tidal triggering issue in the literature could be a result of
the sample populations, analytical methods, earthquake mag-
nitude cutoffs and, possibly, tectonic setting. In this work,
we have proposed a new method that can analyze nonlinear
and/or non-stationary data and likely detect the tidal effect
more precisely than other methods.

6 Conclusions

The EMD method was applied with spectral analysis to
earthquake data in the Taiwan region to investigate the effect
of tidal triggering on earthquake occurrence. The proposed
method consists of source separation by EMD, entropy anal-
ysis, Fourier power spectral analysis of IMFs, data suppres-
sion and smoothing by stacking, and the statistical signifi-
cance test. The results show that, for the Taiwan CWB earth-
quake catalog, the lunar tidal triggering effect was observed
in IMFs 1–3, which were extracted from the non-stacked
daily earthquake number time series of the non-declustered
catalog, as well as in IMFs 2–4 from the stacked time se-
ries. In the R-declustered catalog, the lunar tidal effect was
observed in IMFs 3–4 from the non-stacked time series as
well as in IMFs 3–4 from the stacked time series. In the
GK-declustered catalog, the lunar tidal effect was found in
IMFs 3–4 from the non-stacked time series as well as in
IMFs 3–4 from the stacked time series. Therefore, we iden-
tified the tidal triggering effect in both the non-declustered
and declustered catalogs. All of the results are consistent with
the peaks atf = 0.036 cpd (∼27.78 days) andf = 0.073 cpd
(∼13.70 days) in the PSD of the theoretical Earth tides. In
addition, the peak PSD values are statistically significant be-
cause they are greater than the random PSD values. In con-
clusion, the lunar tidal force with a period of∼14 days and
∼28 days likely influences earthquake occurrence.

As a final remark, we emphasize that other methods could
be also used to evaluate the tidal effect in various geophysi-
cal signals in addition to the EMD-based approach proposed
here (Huang and Liu, 2006; Tsolis and Xenos, 2010). One is
the BAYTAP method, which has been used to analyze geo-
electric potential data (Huang and Liu, 2006). We are inter-
ested in whether we can detect the tidal components in seis-
micity data using the BAYTAP method and will consider this
in our future work.

Acknowledgements.CCC is grateful for research support from the
National Science Council (ROC) and the Graduate Institute of Geo-
physics, National Central University (ROC). We are indebted to two
anonymous reviewers for their helpful comments.

Edited by: M. E. Contadakis
Reviewed by: T. D. X. Xenos and another anonymous referee

References

Allen, M. W.: The lunar triggering effect on earthquakes in Southern
California, Bull. Seism. Soc. Am., 26, 147–157, 1936.

Beeler, N. M. and Lockner, D. A.: Why earthquakes correlate
weakly with the solid Earth tides: Effects of periodic stress on
the rate and probability of earthquake occurrence, J. Geophys.
Res., 108(B8), 2391,doi:10.1029/2001JB001518, 2003.

Brigham, E. O.: The Fast Fourier Transform and Its Application, 1st
Edn., ISBN-10: 0133075052, 1988.

Caticha, A.: Bayesian Inference and Maximum Entropy Methods
in Science and Engineering, edited by: Erickson G. and Zhai Y.,
AIP, Melville, NY, USA, AIP Conf. Proc. 707, 75 pp., 2004.

Chen, C.-C., Tseng, C.-Y., and Dong, J.-J.: New Entropy-based
Method for Variables Selection and Its Application to the Debris-
flow Hazard Assessment, Eng. Geol., 94, 19–26, 2007.

Cochran, S. E., Vidale, J. E., and Tanaka, S.: Earth tides can trig-
ger shallow thrust fault earthquakes, Science, 306, 1164–1166,
doi:10.1126/science.1103961, 2004.

Davison, C.: The diurnal periodicity of earthquakes, J. Geol., 42,
449–468, 1934.

Fischer, T., Kalenda, P., and Skalský, L.: Weak tidal correlation
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