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HIGHLIGHTS

e DFA reveals precursory changes in the correlations between earthquake magnitudes.
e The origin of the entropy change before the M8.2 earthquake is investigated.
e DFA exponent minimizes just before the minimum of the M8.2 precursory entropy change.

ARTICLE INFO ABSTRACT

Article history: By employing Detrended Fluctuation Analysis (DFA), which has been established as a stan-
Received 24 June 2018 dard method to investigate long range correlations in nonstationary time series, we study
Received in revised form 6 September 2018 the temporal correlations between the magnitudes of the earthquakes that occurred before
Available online 22 November 2018 the recent deadly Mexico M8.2 earthquake on 7 September 2017 in Chiapas region. Our aim
Keywords: here is to shed light on the origin of the following precursory phenomenon found in our
Detrended Fluctuation Analysis previous publication (Sarlis et al., 2018): Upon considering the analysis of seismicity in the
Temporal correlations new time domain termed natural time, it was shown that the entropy change of seismicity
Natural time of seismicity under time reversal exhibited an important minimum almost 3 months before this major
Entropy change under time reversal earthquake. Here the application of DFA to earthquake magnitude time series reveals that

this minimum of the entropy change of seismicity is preceded as well as followed by
characteristic changes of temporal correlations between earthquake magnitudes, which
are quantified by the DFA exponent «. In particular, before this minimum the long range
correlations breakdown to an almost random behavior possibly turning to anticorrelation
(¢ < 0.5) while after the minimum (and before the major M8.2 earthquake) long range
correlations develop with an exponent « between 0.6 and 0.7.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Several studies by various authors [1-7] have shown that earthquakes exhibit complex correlations in time, space and
magnitude. The observed earthquake scaling laws (e.g., [8]) are widely accepted to indicate the existence of phenomena
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Fig. 1. (Color online) Map of Mexico showing 5 (out of 6) tectonic regions studied in natural time by Ramirez-Rojas and Flores-Marquez [17]: Chiapas (CH),
Oaxaca (0), Guerrero (G), Michoacan (M) and Jalisco-Colima (J). A sixth tectonic region, i.e., Baja California (BC) was also studied in Ref. [ 17] which is shown
in the inset.

closely associated with the proximity of the system to a critical point, e.g., [9]. Taking this view that earthquakes are critical
phenomena (where a mainshock is the new phase), the quantity by which one can identify the approach of a dynamical
system to the state of criticality is termed order parameter. This parameter can be defined in the frame of a new time domain
termed natural time and for the case of seismicity is [ 10] the quantity x; (which stands for the variance of natural time), as
explained in detail in Ref. [10] as well as in pp. 249-254 of Ref. [11]. Remarkably, on the basis of this new view of time, a
new method of the estimation of seismic risk, termed nowcasting approach [12-15], has been developed.

In a previous paper [16], upon analyzing the seismicity in natural time during the 6-year period 2012-2017 we showed
that the occurrence of the M8.2 earthquake on 7 September 2017, which is Mexico’s largest earthquake in more than a
century, should not be considered unexpected. This earthquake occurred in the Chiapas region (CH) where the probability
for the occurrence of an extreme event was found by natural time analysis to be the highest compared to five other tectonic
regions, i.e., Baja California (BC), Jalisco—Colima (J), Michoacan(M), Guerrero (G) and Oaxaca (O) of the Mexican Pacific Coast
(Fig. 1) in which the seismicity has been studied in natural time by Ramirez-Rojas and Flores-Marquez in Ref. [17] (the
selection of these areas is based on tectonic and geological grounds discussed in Ref. [17]).

Furthermore, in Chiapas region, the same analysis revealed that the entropy change AS under time reversal exhibited a
pronounced minimum on 14 June 2017, i.e., almost 3 months before the occurrence of this M8.2 earthquake. This reflects that
an extreme event was likely to take place in this region in view of the following point: When considering the Olami-Feder-
Christensen (OFC) model for earthquakes [ 18], which is probably [ 19] the most studied non-conservative, supposedly, self-
organized criticality (SOC) model (see also [20]), we found that the value of the entropy change under time reversal shows
a clear minimum [11] before a large avalanche which corresponds to a large earthquake. Subsequently, we showed [21]
that this precursory AS minimum on 14 June 2017 is accompanied also by precursory changes of the complexity measure
A defined [11,22] in natural time associated with the fluctuations of the entropy change under time reversal. In particular,
this complexity measure exhibited an abrupt increase approximately on 14 June 2017. Such a behavior of this complexity
measure has been found to appear when a complex system approaches the critical point (dynamic phase transition) as, for
example, is the case of an impending sudden cardiac death risk [23,24], see section 9.4 of Ref. [11].

It is the scope of this paper to shed more light on the origin of the aforementioned precursory phenomenon that appeared
on 14 June 2017. In particular, we shall investigate whether this precursory phenomenon is associated with changes of
temporal correlations between earthquake magnitudes. This investigation is made here by employing Detrended Fluctuation
Analysis (DFA) which has been established as a standard method to study long range correlations in nonstationary time
series. The background of this method is shortly summarized in the next Section and the data analyzed are presented in
Section 3 along with a short description of the analysis. The results of the application of DFA to the earthquake magnitude
time series of the events that preceded the major M8.2 earthquake are presented in Section 4. Finally, our conclusions are
summarized in Section 5.

2. Detrended fluctuation analysis. Background

DFA [25-33] is a method that has been developed, as mentioned, to address the problem of accurately quantifying long
range correlations in non-stationary fluctuating signals. It has been applied to a multitude of cases including DNA [34],
human motor activity [35] and gait [36], cardiac dynamics [37-39], meteorology [40], climate temperature fluctuations [41],
solar incident flux [42]. Traditional methods such as power spectrum and autocorrelation analysis [43] are not suitable for
non-stationary signals [29,33].
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Fig. 2. (Color online) Plot of the a exponent of DFA versus the conventional time. Panels a, b, c, d, e, f, g, and h correspond to the sizes i =
1000, 1200, 1500, 2000, 2500, 3000, 3500 and 4000 events, respectively, when analyzing all earthquakes with M > 3.5. The vertical lines ending at circles
depict the earthquake magnitudes which are read in the right scale. The arrows indicate the dates at which a becomes smaller than 0.5 in the shorter
sizes. The cyan square with error bars depicts the mean value and the 95% confidence interval for the statistics of the exponent a obtained after randomly
shuffling the original magnitude time-series 10 times.
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DFA consists of the following steps: Starting with a signal u(k), where k = 1,2, ..., N, and N is the length of the signal,
the first step is to integrate u(k) and obtain

(k) =" [u() — ] (1)
j=1
where u stands for the mean
N
u= % u(j). (2)

We then divide the profile y(k) into boxes of equal length n. In each box, we fit y(k) using a polynomial function y,(k) which
represents the local trend in that box. Next, the profile y(k) is detrended by subtracting the local trend y;(k) in each box of
length n:

Ya(k) = y(k) — yn(k). (3)

Finally, the rms fluctuation for the integrated and detrended signal is calculated

The behavior of F(n) over a broad number of scales is obtained by repeating the aforementioned calculation of F(n) for varied
box length n. For scale invariant signals, we find:

F(n) oc n* (5)

where « is the scaling exponent. If « = 0.5, the signal is uncorrelated (white noise), while if « > 0.5 the signal is
correlated [29-33], i.e., exhibits long range correlations, while if « < 0.5 anticorrelated behavior occurs.

By employing DFA it was found [44-46] that long-Range correlations exist (with a signature of criticality) in the so
called seismic electric signals (SES) activities which are series of low frequency (<1 Hz) electric signals that precede
earthquakes [47-50] by a lead time ranging from a few weeks to 5.5 months [11]. These signals are emitted from the
preparation focal area of an earthquake [51] when the gradually increasing stress before the earthquake occurrence reaches
a critical value in which the electric dipoles formed due to point defects [52,53] exhibit cooperative orientation, thus a
transient electric signal emerges. DFA has been also employed for the study of seismic time series in various regions, e.g. see
Ref. [5] for the Italian territory. DFA studies of the long-term seismicity in Northern and Southern California were initially
focused on the regimes of stationary seismic activity and found that long range correlations exist [3,4] between earthquake
magnitudes with « = 0.6. Similar DFA studies of long-term seismicity were later [54,55] extended also to the seismic
data of Japan. In addition, nonextensive statistical mechanics pioneered by Tsallis [56,57] has been employed [55] in order
to investigate whether it can reproduce the observed seismic data fluctuations. In this framework, a generalization of the
Gutenbeng-Richter (G-R) law for seismicity has been offered (for details and relevant references see Section 6.5 of Ref. [11]
as well as Ref. [7]) and the investigation led to the following conclusions [11,55]: The results of the natural time analysis of
synthetic seismic data obtained from either the conventional G-R law or its nonextensive generalization, deviate markedly
from those of the real seismic data. On the other hand, if temporal correlations between earthquake magnitudes identified
by DFA, will be inserted to these synthetic seismic data, the results of natural time analysis agree well with those obtained
from the real seismic data.

Furthermore, by applying DFA to the earthquake magnitude time series in Japan it was found [58] that the minimum
of the fluctuations of the order parameter of seismicity observed before a M > 7.8 earthquake appears when long range
correlations prevail (@ > 0.5). Such a minimum emerges simultaneously with the initiation of an SES activity [59]. This
minimum is also preceded by a stage in which DFA reveals a clear anti-correlated behavior (¢ < 0.5) between earthquake
magnitudes as well as followed by another stage in which long range correlations breakdown to an almost random behavior
turning to anticorrelation (¢ < 0.5) [58]. Note that such minima of the fluctuations of the order parameter of seismicity
have been observed [60,61] before all shallow earthquakes with M > 7.6 in Japan during the 27 year period from 1 January
1984 to 11 March 2011, the date of Tohoku earthquake occurrence.

3. Data and analysis

The seismic data we analyzed refer to the Chiapas region, discussed in the second paragraph of the Introduction,
(i.e., where the M8.2 earthquake occurred) covering an almost six year period, i.e., from 1 January 2012 until 20 October
2017, and come from the seismic catalog of the National Seismic Service (SSN) of the Universidad Nacional Auténoma de
México (www.ssn.unam.mx) To assure catalog completeness a magnitude threshold, i.e., M > 3.5, has been imposed. In
addition, a magnitude threshold M > 4.0 has been also employed in order to assure that the results obtained are not affected
by the value of the magnitude threshold chosen.


http://www.ssn.unam.mx
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Fig. 3. (Color online) Plot of the a exponent of DFA versus the conventional time. Panels a, b, ¢, d, e, f, g, and h correspond to the sizes i =
250, 300, 375, 500, 625, 750, 875 and 1000 events, respectively, when analyzing all earthquakes with M > 4.0. The vertical lines ending at circles depict
the earthquake magnitudes which are read in the right scale. The arrow in panel (a) indicates the date at which a becomes smaller than 0.5 at all sizes. The
cyan square with error bars depicts the mean value and the 95% confidence interval for the statistics of the exponent a obtained after randomly shuffling
the original magnitude time-series 10 times.

Concerning the calculation procedure, a window of length i (= number of successive events) is sliding, each time by
one event, through the whole time series comprising of L events in total and the corresponding earthquake magnitudes,
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e.g., {(Mjtn,n = 1,2,...,1i} for the jth window starting from the j 4 1 event of the catalog,j = 0, 1, ..., L — i, have been
analyzed by DFA as described in the preceding Section for N = i. The corresponding exponent « of the DFA is attributed
to the next M,y ‘target’ earthquake (cf. when we are interested on the prediction of a target earthquake, we are focusing
only on its previous events). As for the values of the window lengths i chosen, they are more or less comparable with those
used in Ref. [16] and their selection could be summarized as follows: Since L ~ 11, 500 earthquakes (M > 3.5) occurred
in the Chiapas region from 1 January 2012 until the occurrence of the M8.2 earthquake on 7 September 2017, we find an
average of around 170 earthquakes per month. (This number of earthquakes becomes smaller by a factor of 4 if we adopt,
instead of M > 3.5, the magnitude threshold M > 4.0.) The smallest length of the time window, hereafter simply called
size, employed is i ~ 103 events (for M > 3.5) since it corresponds to the number of events that occurs in a time period
around the maximum lead time of SES activities which, as mentioned, is 5.5 months. The value of the smallest size becomes
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smaller, i.e., i = 250, if we alternatively consider the magnitude threshold M > 4.0. As for the longest size (for M > 3.5) we
employ the value i = 4000 events since it corresponds to the average number of events that occur in around 2 year period
and in addition there is a widespread belief that the earthquake preparation process may start years before the occurrence
of large earthquakes of magnitude 8 or larger (e.g., see Ref. [62]).

4. Results and discussion

Fig.2 a, b, ¢, d, e, f, g and h depict, for M > 3.5 the values of the exponent « of DFA versus the conventional time for the
sizes i = 1000, 1200, 1500, 2000, 2500, 3000, 3500 and 4000 events, respectively.

Afirstinspection of the eight sizes depicted in this figure shows that the value of the exponent « becomes smaller than 0.5
in a few dates (these cases are marked with the two arrows in Fig. 2a) only in the shorter sizes, i.e., i = 1000, 1200 and 1500
events (M > 3.5). For the sake of comparison, we now present in Fig. 3 the results obtained when the magnitude threshold
isM > 4.0 in a similar fashion as we plotted the corresponding results when we considered M > 3.5 in Fig. 2. In particular,
in Fig. 3 we plot these « values versus the conventional time. A close inspection of Fig. 3 reveals that at all sizes only at the
date marked with a thick arrow the value of the & exponent becomes smaller than 0.5 (i.e., anticorrelated behavior) almost
simultaneously with the thicker arrow in Fig. 2. To better visualize this phenomenon the six year results of Figs. 2 and 3 are
compiled in Figs. 4a and 5a, respectively. In order to have an appreciably better view, excerpts of Figs. 4a and 5a are shown
in Figs. 4b and 5b, respectively, in an expanded scale for the five shorter sizes out of the eight. They present the results only
during the period after 1 March 2016, i.e., only almost one and a half year before the M8.2 earthquake. A close inspection of
Fig. 4b reveals that at least during the first few months the « values lie between 0.65 and 0.7, but afterwards they gradually
diminish. In other words, the « values start to gradually diminish around one year before the M8.2 earthquake occurrence.
Quite interestingly, the minima of these « values lying very close to @ ~ 0.5 (except of the size i = 1200 events which
shows @ < 0.5) occur just before 14 June 2017, which is approximately the date of the pronounced entropy change under
time-reversal reported in Ref. [ 16]. Similar conclusions can be drawn more or less from an inspection of Fig. 5b except of
the following point: The minimum of the « values in Fig. 5b seems to become lower than 0.5, thus the behavior before the
AS minimum seems to be anticorrelated. This can be better visualized in Fig. 6 where for M > 4.0 we compile one of the
shorter sizes, i.e., i = 500 events, with two of the longer sizes, i.e., 750 and 1000 events. Obviously, before 14 June 2017 the
results for the shorter size (red) show o < 0.5, i.e., anti-correlation, while the results for the longer sizes (green and blue,
respectively) lead to « values close to 0.5. Furthermore, we note that both Figs. 4b and 5b (as well as Fig. 6) clearly show that
just after 14 June 2017 the « values increase lying between 0.6 and 0.7 thus long-range temporal correlations develop.

5. Summary and conclusions

In our previous publication [ 16] by employing natural time analysis of seismicity in the Chiapas region we found that the
entropy change AS of the seismicity under time reversal exhibited a clear minimum on 14 June 2017. This signaled that a
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major event was going to occur in this region, as actually happened almost three months later upon the occurrence of the
M8.2 earthquake on 7 September 2017.

Here, we shed light on the origin of this minimum by demonstrating that it is accompanied by the appearance of
characteristic changes of temporal correlations between earthquake magnitudes. In particular, upon applying DFA to the
earthquake magnitude time series by using sliding natural time windows comprising a number of seismic events that occur
within periods of the order of several months, we find that the value of the corresponding DFA exponent « exhibits the
following changes: Before the AS minimum on 14 June 2017, the exponent « starts to exhibit a gradual decrease from
a ~ 0.6 down to around « < 0.5, thus the long-range temporal correlations between earthquake magnitudes breakdown
to an almost random behavior possibly turning to anticorrelation. After the AS minimum and before the M8.2 earthquake
occurrence on 7 September 2017, the exponent « increases to values between 0.6 and 0.7, thus showing that long-range
temporal correlations between earthquake magnitudes develop. This is consistent with an earlier finding [58,59] that when
an SES activity appears, with a lead time from a few weeks to 5.5 months before a major earthquake, long-range temporal
correlations develop between earthquake magnitudes.
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