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Abstract. A complete data set of globally distributéd shallow (% < 60 Km) earthquakes have been used
for first time to test the possible existence of periodicities in the seismic energy release. Only main
shocks of magnitude, M = 7.0 were considered, which occurred in the whole Earth during 1898-
1985. These magnitudes are converted in seismic energy, which is released during the occurrence of
earthquakes, through Bath’s formula. The detection of such kind of periodicities is important in
seismology, because these patterns may lead to the prediction of large earthquakes. Statistical tech-
niques, such as Maximum Entropy (ME), and two Fourier approaches, the Fast Fourier Transform
(FFT) and Power Spectrum (PS) of truncated subrecords of the whole time series have been applied
to examine the possible existence of such periodicities in seismic energy release. Furthermore, the
even-spacing technique is used to validate our results and a type-curve has been constructed for the
data set.

The results exhibit a network of periodicities with predominant periods at 3(x0.5), 4.5, 6.5, 8~9,
14-20, and 31-34 years. Some periods were occasionally interrupted. The latter implies that our time-
series is not stationary, in that, the spectral peaks drift when the data are viewed through different
time windows. The fact that the signal is weak and embedded in less accurate older data could
contribute to this effect. The question of stability/validity of the apparently cyclic behaviour of the
annual global seismic energy release, is one which requires further investigation.

1. Introduction

Several efforts have been made for earthquake prediction using different statistical
methods or parameters (Sadovsky and Nersesov, 1974; Rikitake, 1976; Dmowska,
1977, Papazachos, 1977, McCann et al., 1979; Wyss and Habermann, 1979; Papa-
zachos, 1980; Johnston et al., 1981, Wyss and Baer, 1981, Davis and Johnston,
1983; Varotsos and Alexopoulos, 1984; Makropoulos and Burton, 1985b; Meyer
and Pirjola, 1986).

One way to prediction is based on the recurrence of past earthquake occur-
rences. The recurrence period is investigated through different statistical proce-
dures. Such a periodicity or periodicities is usually correlated with other phenom-
ena mainly of terrestrial origin (Morgan et al., 1961; Simpson, 1967a, b; Shimshoni,
1971; Sadeh and Meidav, 1973; Kovach, 1975; Shirley, 1988).

In the present work a complete data set of globally distributed earthquakes for
the period 1898-1985 (M = 7.0 and 4 < 60 Km) has been spectrally analysed as
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annual seismic energy release, after converting the magnitudes into seismic energy
through Bath’s (1958) formula

log E=12.24 + 1.44 M 1)

by employing the Maximum Entropy (ME) and the Fast Fourier Transform (FFT)
and the Power Spectrum (PS) methods and various other tests (mean value is
1844 x 10*' erg and the standard deviation is 1690 X 10*' erg).

2. Methods of Analysis and Results

Recently Tsapanos et al. (1990a) compiled a modern catalogue of global earth-
quakes with magnitudes M = 5.5. The time span covered through this one, which
is homogeneous and complete, is from 1898 to 1985. The completeness of this
catalogue was assessed by dividing the whole period into four subperiods and
observing the rate of change of the cumulative number of reported earthquakes
above a threshold magnitude, with time. Details of this catalogue have be given
elsewhere (Tsapanos, 1990; Tsapanos et al., 1990b; Tsapanos and Burton, 1991)
and this is our data source. Maximum Entropy and Fast Fourier Transform spectral
methods of analysis are two well known techniques (Barton, 1983; Liritzis, 1986).
Three methods were applied to the whole time series seismic record (N = 88) as
well as to subrecords truncated from both ends of the time series (Figure 1). The
latter is served as a significance test of the obtained periodicities, especially regard-
ing stationarity — i.e., persistence of a period shifted throughout the whole record.
Indeed, a repeated analysis of different subsets of the full record provides a means
of identifying those features of the periodogram which is statistically invariant with
time and therefore, represent the “spectrum” of the stochastic process.

Two different power spectral analysis techniques have been used to analyse the
seismic records. A multivariate complex FFT (Singleton, 1968) has been used to
obtain the DFT spectra and algorithms based on Burg (1967, 1968), Anderson
(1974), Smylie et al. (1973) and Barton (1983a, b) for the ME analysis. For an
evenly spaced, stationary, time series of infinite length the Fourier transform
method (Schuster, 1898; Jones, 1965) is a powerful tool. In practice it requires
strong assumptions about the nature of the series outside the window being ana-
lysed: namely, that it be periodic and stationary. With short time windows reso-
lution can also be a problem since the Fourier components (and thus the power)
can only be determined at harmonics of the fundamental frequency, which is
reciprocal of the length of the data window. The first FFT’s developed were based
on the fact that these harmonic coefficients are easily determined if the number
of data points is a factor of 2 (Cooley and Tukey, 1965). The less restrictive
method used here relies on the number of data points being factorisable by prime
numbers (Singleton, 1968). This method can usually cope with the full input data
set, if not the last point in the set is discarded and a new attempt made. It follows
that this provides a more accurate spectral estimate for data sets that are not a
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Fig. 1. Annual seismic energy release (x10°' erg) of main global shallow shocks (M = 7.0, & < 60 km),
for the period 1898-1985.
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factor of two, than by padding with zeros or reducing the number of the data
points to the next factor of two. Before the FFT is performed the data is detrended
by the removal of a first order polynomial. It can then optionally be tapered by
multiplying the first and last 10% of the data by a half cosine bell. More sophisti-
cated tapers are not used since the likely errors introduced by leakage will be less
than the likely measurement and recording errors of the geomagnetic field from
the sediment.

Maximum entropy method analysis is a parametric modelling approach to the
estimation of the power spectrum of a time series. The method is data adaptive
being based upon an autoregressive (AR) modelling process. An AR process is
predictive; any point (after the first) can be calculated by a linear combination of
a previous number, m, of the values of the data points with the addition of some
“innovation” factory (Yule, 1927). The order of the process, in this case m, is the
number of immediately previous points that have been used in the calculation of
the new point. The mean of both the process and the innovation are made to be

zero. The power spectrum of such a process can then be easily calculated (e.g.
Ulrych and Bishop, 1975).
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Burg (1967, 1968) introduced the idea of the ME. This essentially involves fitting
an AR model to the data with the constraint that the resultant estimate of the
spectra should be based upon information totally contained within the data and
make no assumptions about the data outside the window analysed. This constraint
is satisfied by an AR process of order m. The coefficients of this process are called
the prediction error filter ( pef) because the convolution of this filter with the data
will result in the model error (the “innovation” above). The spectra for such a
model can thus easilly be estimated with a single additional condition; the mean
of the prediction error powers (obtained by running the pef along the data, but
not off, in a forward and reverse direction) should be a minimum. The power
spectral estimate is then based purely upon the data available and makes no
assumptions about data outside the window. For this reason this method is (and
such data adaptive methods in general are) particularly suitable for short series.

There remains a problem: the section of the length of the pef. If m is chosen
to be too small, the model smooths the data excessively and the resulting estimate
of the power spectra is poorly resolved. If m is choosen to be too large, frequency
shifting and spontaneous splitting of peaks can occur resulting in a poorly defined
estimate of the spectrum (Fougueére er al., 1976). Objective methods do exist,
although the lack of agreement on which is best shows how the choice is very
dependent on the data being analysed.

The program ME uses the suggestions made by: (a) Ulrych and Bishop (1975)
and (b) Berryman (1978).These are:

(a) that m is between N/3 and N/2
(b) that m = 2N/In 2N

where N is the number of data points. Modelling of the secular variation has
shown that m = N/3 is too short and excessively smooths the data and that m =
N/2 is too long, producing spurious peaks. For this work the optimum order for
all the models is found to be close to that suggested by Berryman. Interestingly
this method works better with noisier data especially with short data sets. Even a
pef length of N/3 is too long for the noise free data.

(2) TIME SERIES ANALYSIS

The results of the (ME) method are tabulated in Table 1. The main periods appear
at the spectral power peaks which are 2.3, 2.9, 3.5, 4.5, 6.5 and 15(%0.5) years
and persist throughout all subrecords (Figure 2a, b). Interrupted ones appear at
2.1, 5.5, 9 and 24(=*1) years. The variation of the periods in different subjects is
taken as a probable error of the median period (see Tables I-IV). These may be
a by product of the method which treats the value of the variable at time ¢, X(¢)
as linearly derived from a purely random Gaussian process, according to the
previous, m (the order of the autoregressive process) values of the variable; while
the seismic energy follows Pareto distribution which is closer to Poisson (which
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Fig. 2. Maximum entropy spectrum: (a) for m = 28 and (b) m = 34, indicating periodicities in years.

TABLE 1

Maximum Entropy method used to obtain the following periods for truncated records

Truncated time

records in

intervals Periods in years

1898-1940 153 67 56 44 36 29 2.3
1941-1985 24.8 9.0 64 4.97 37 2.7 23 22
1908-1985 234 153 8.84 64 54 447 372 29 27 23 21
1918-1985 26,5 147 9.04 64 5 3.68 265 234 2.08
1928-1985 26.5 159 8.65 6.2 3.68 27 237 208
1938-1985 24.9 947 6.3 4.68 3.75 2.73 2.37 2.08
1898-1985 363 153 885 642 552 452 359 29 272 231 2.09
(m = 31-34)

1898-1968 442 153 9.04 64 3.6 447 355 29 273 23
1898-1958 442 153 6.12 437 359 28 2.31
18981948 14.7 5.76 442 3.55 2.86 2.28
1898-1938 14.2 6.75 5.6 433 3.52 2.84 2.29

|
|
|

(—..): Significant pronounced spectral power S(f).
{(~=): Less significant.
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TABLE Ila

Periods obtained by using the Fast Fourier Transform method for three subsets of data

Subsets Periods in years
1898-1985 4.4 17.6 8.8 6.3 46 37 284 23 209
1898-1940 4.2 14.0 7.0 525 3.5 2.33
1940-1985 2.3 9.2 6.6 383 27 23
TABLE IIb

Power spectrum periods and significance levels
Period (yrs) 20 x 10* 5707 3.6x0.4 2.8+0.2 23+0.2
significance 90-95% 99% 95% 90% 95-99%

*Errors taken as = one point around the peak in spectral shape which is almost equal to =FWHM.

TABLE III

Periods obtained by using the Maximum Entropy method covering the time period 1898-1985 and for
different (m). Notice the persistence and split of some periodic terms indicated by arrows

m Periods in years

’ 5.8 241
14 199 536 3@ 2« 291
[’
2 33'2/ T iss 2 e s g 23
N }
M 9 153 s do  smds 35 28 M 28 209
“ 2 53 g &2 s dsa9Th U 2 2 am
54 }93\ ’3/ 6 !7.3\* — \14{'2 1{1 si’s af o) 5l7‘/_5;_.7_ 4}5 __l.'g_ i g__z.as 7 2 22
\A e ‘ / T T
54 985 35 nd 165 142 11 88 7.|_.l_._157 5‘4 A5 _3{6‘ i.y \_.7_ _ﬁ 2.09 2.03
(—): Significant.
(=—-): Less significant.
TABLE IV
Evenspaced time series and periods obtained from Maximum Entropy method

Evenspacing (yrs) Periods in years

2 9.8 17.3* 135 87 64

3 30.6 89 6.8

4 39 164 129 89

8 724 315 199
1 617 330

1 39.8 153 88 64 55 45 36 29 23

*The evenspacing smooths out the data and provides a clearer periodic term. This seems to be the
case for the principal perturbation of the Moon’s orbit around the ecliptic of 18.6 years, which appears
as 17-20 years.
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Fig. 3. (a) Fast Fourier Spectrum indicating periodicities in years and (b) Power of 30 lags indicating
significant periodicities (peak in years).

approximates the number of very strong earthquakes very well) than Gaussian
distribution.

The (FFT) method gave: 2.3, 2.8, 3.5 and 7(+2) years throughout the subrecords
and 4.5-6.5, 14-23 years variable (non-stationary) ones (Figure 3a). Table Ila
present these results.

To test further the significance of the obtained periods power spectra were
obtained using the Blackman and Tukey (1959) approach (Silverman and Shapiro,
1983). The spectra were obtained from autocorrelation functions which were
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truncated at 20 lags. In Figure 3b the ordinates are the fraction of the total
variance (power) of the time series contained in a narrow band centered on each
frequency (normalized frequencies, UN). The abscissa is the lags (or frequency)
on a linear scale. The underlying continuum appears to be a red noise spectum.
The significance of the peaks appearing in the spectrum is given according to the
distribution of Chi-square divided by the number of equivalent degrees of freedom.
In fact, the significance is the ratio of the peak to the continuum. The period is
given by T = multiplier * 2 * lag/freq. = 40/freq. (where freq. is the frequency)
and the degrees of freedom is df = (2 * number of data points — lag/2)/lag = 8.
For significance level 1% the above ratio is 2.51 for 5% it is 1.938 and for 10%
it is 1.67. From an inspection of Figure 3b, the obtained periods and their signifi-
cance is given in Table IIb. The higher significance is then attached to 5.7 = 0.7,
2.3 +0.2 followed by 3.6 0.4, 20 + 10 and 2.8 = 0.2 year periods. All these
periods were also found by ME and FFT methods of analysis either as fixed or
variable ones in the whole series and its subsets. But their significance in these
two methods was indirectly examined by other tests — i.e., analysis of truncated
records and effect of variation of (m) on shift/split of respective peaks (see below).
In all above cases the instability of some periods imply non-stationarity of the
series, which may be due to either inexact recording of earlier earthquakes or it
may be an effect of the way the data were produced. We recognise, however, that
such behavior may be indicative of a weak signal embedded in noise or of a
false signal generated merely by methodological assumptions. In either cases, the
periodic nature of the series is a complex phenomenon. The time-series was also
evenspaced at 2, 3, 4, 8, and 11 year intervals, in order to identify any longer
period. The periods here are: 31-34, 14-21, 8-9, and ~6.5 years.

The choice of the order (m) of the autoregressive process (or filter length) was
also checked for. For m = 7-64 the shift/split effect of some periods is shown in
Table III. Such diagrams clearly delineate the zones of instability and line spliting,
thus demonstrating how the region of stability varies with (m) and are also served
as a significance test of a period.

Applying Berryman’s criterion where m = 2N/In 2N, it was found that the best
stable region, where periods were persistent was for m = 20-40. For this region
of (m) the obtained periods for the whole record were: 2.3, 2.9, 3.6(=0.5), 4.5,
6.2(=0.5) and 15.3(%=1) years, which are almost similar to those found by ME,
FFT and PS methods. This is another test to ascertain a degree of significance to
the obtained periodicities.

(b) CONSTRUCTION OF A TYPE-CURVE

An attempt was made to smooth the present data using an increasing number of
cubic splines. The fortran program used, removes a percentage of the data points
before each smoothing and then calculates what is the residual between the
smoothed curve and the central points. The root mean square residual error of
all the removed points (called the cross validation mean square error CVMSE) is
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Fig. 5. The data of (Figure 1) evenspaced at 3 years interval.

calculated for the data column and then plotted against the number of knots.
This reveals the optimum number of knots required for smoothing (Clark and
Thompson, 1978; Xanthakis and Liritzis, 1989).

Figure 8 shows the plot of CVMSE against the knots for 88 years seismic data.
The result indicate a broad minimum at k = 27-42 for 10% removed points.
Similar results was obtained for 5% removed points.

Figure 9 shows the data fitted with a typical average cubic spline of K =30
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Fig. 7. The data of (Figure 1) evenspaced at 8 years interval.

knots, with a satisfactory resemblance to the original data. Such spectral smoothing
removes uncertain data (outliers) and following the significant periodic nature of
the variation may be considered as a type-curve, which represents the annual
seismic energy release variations. Spectrum analysis of this curve gave almost
similar periods to the obtained above, exept for the two very small ones, a result
of the smoothing.
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Fig. 8. Cross validation mean square error (CVMSE) for 10% of removed data points for the original
record. Note the broad minimum between Knots, k = 27-42.

3. Discussion of the Results

In Figures 4-7 we can see the data set evenspaced at intervals of 2, 3, 4, and §
years. These records exhibit a complex but periodic network of variations. Short-
periodic terms seem to overlap upon long-ones. For the whole record the Nyquist
frequency is given by

f=1/Dt=1/2 cycles/yr ; (2)

which implies that any period less than about 2 years is meaningless.

Similar for the other sub-periods, periods below the Nyquist frequency were
excluded. By inspection of the Figure 1 it becomes apparent the spiky character
of the variation. Pronounced and persistent periods (reinforced by the above two
tests, as well as by the significance test of PS method) are short: 2.3-3.5, 4.5, and
6.5 years and longer ones of 8-9, 14-20, and 31-34 years. In the evaluation of
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Fig. 9. Cubic spline of 30 knots (dot line) (B), fitting the original data (solid line) (A) of Fig. 1.

the obtained periods, one should bear in mind: (i) that the given for the analysis
magnitudes of the events are without variance and (ii) that the coefficient 1.5 in
the energy-magnitude formula is without variance too. Although these periods
exist their combination is of complex nature and difficult at present to forecast
the exact trend of the annual seismic energy release. We may nevertheless treat
these periods according to the following discussion employing other relevant works
and physical relationships.

It is very likely that if error bars were to be drawn around the energy-time
curve that take into account the above two effects and take into account also the
assumptions inherent to the methods of spectrum analysis used, then, one may
get a mean period from ME and FFT methods of analysis of around 4(%0.5)
years, for the first group of short periods. One may also argue that the 2.3 (though
at 95-99% significance level) and the 2.9 year periods (being close to the Nyquist
frequency) are artificial products of the methods (see previous section) and that
two periods of 3.6 (=95%) and the 4.4 years (99% for 5.7 = 0.7 yr), combined,
may provide the 4 years reported by Xanthakis (1989). However,the present
speculations will only be resolved with further work which is under development.
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The triggering mechanisms for earthquake prediction are not sufficiently known,
through several speculations there exist. Earthquakes can not yet be predicted
with complete certainty because we do not fully comprehend the mechanism that
produces them.

General zones or belts where earthquakes occur can be defined and viewed in
the broader context of sea floor spreading and plate tectonics. However, earth-
quakes are abrupt and sporadic in occurrence and this seems to be a basic difficulty
for prediction. Moreover the seismic energy release cannot, at present, be corre-
lated with some specific influencing factor. Perhaps the revealed synthesized pic-
ture of global seismic energy variations, which is consisted from a network of
different periods superposed one upon each other, may arise from specific periodic
triggering forces and may be a manifestation of the chaotic motion in the magne-
tohydrodynamical process in the Earth’s core (Xanthakis and Liritzis, 1991). A
physical reason remains to be found for the obtained periods, probably by reanalys-
ing shallow earthquakes of focal depths <30 Km i.e., in the crust, or different
data set.

In our endeavour to assess the obtained periodicities it was thought to refer to
periodicities in earthquake occurrences in other analyses. The 3.9 years periodicity
has been reported on analysis of earthquake occurrencies by using 7039 aftershocks
(1964-1972) apart from the solar and sidereal periods (Sadeh and Meidav, 1973).

Preliminary attribution of this period is given to a triggering source within the
solar system possibly due to changes in the direction of the mass distribution in
the solar system with a similar period. Xanthakis (1989) reported periodicities of
4 and 22 years for large earthquake occurrences (M = 6.8) for the period 1901-
1981. Xanthakis (1982) also claimed the existence of possible periodicities of
annually global seismic energy release (M = 7.9) for the period 1898-1971; these
are 4, 25, and 180 years (Shimshoni, 1984; Xanthakis, 1984). In particular, the 4
years period was of high significance (99%). The two periodic terms appeared
sporadically overlapping either in the same or in opposite phase forming a kind
of “network’ of sinusoidal waves with constant period and different amplitude.

It is also remarkable that a period of 34.5 years was found with ME analysis of
the length-of-day variation at Zo-se, China, a parameter which is the result of
Earth’s rotation (Wang ef al., 1982). The latter may well apply to periodic torques
which cause strain release in plate tectonics. Coincidentally a 35.2 years period
was also found for the geomagnetic index Ap (Fraser-Smith, 1972). Furthermore,
the luni-solar tidal forces of 18.6 years should be mentioned as a small but
contributing triggering factor, while the longest period of 30-35 years may be
related also, to the period of approximately 30 years elapsed before the librations
of the Moon (results of geometry of the Moon’s orbit) have brought all possible
areas of the Moon’s surface of 59% into view. Following the results of the spectral
analysis, an inspection in Figures 1-5 implies increased global seismic energy
release for the coming years (1985 onwards), with particular excesses probably at
regular intervals of 2.3-3.5 or 3(%=0.5), 6.5 £ 0.7, and 20 = 10 (90-95%) years.
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4. Conclusions

Maximum Entropy and Fast Fourier Transform methods of analysis as well as the
evenspacing technique revealed the possible existence of various fixed or variable
periodicities of 2.3-4, 5.5-6.5, 8-9, 14-20, and 31-34 years (their significance
being assessed by various preliminary tests). This indicates that the spectrum does
seem to represent a random sample from a normal distribution. The seismic energy
time-series (1898-1985) was analysed as a whole and in subrecords, while the
choice of the order of autoregressive process and its effect on the obtained period-
icities was checked for and the m = 20-40 was the stable region. The seismic data
were smoothed with appropriate cubic splines. Some artificial products of the
methods were identified (e.g., due to Pareto instead of Gaussian distribution,
assumptions regarding stochastic processes inside and outside the analysed record)
as possible sources of error.

The analysis indicates increased global seismic energy release from 1985 and
onwards and for, at least, 10 years later. The present work is of preliminary
nature. The consideration of the complex periodic nature of seismic energy release,
which appears as a network of fixed/variable periods, is an interesting problem
which warrants further investigation.

Greater attention, therefore, must be paid to temporal changes in studies of the
variability of seismic energy release as has been indicated by the present work.
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