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A B S T R A C T

In view of the frequent occurrence of large earthquakes, researchers have been always looking for ways to study
and analyze these risky phenomena. Today, abnormal changes in ionosphere are taken as a means for this
purpose. This article concentrates on the application of the T2-Hotelling test for detecting significant changes in
the Total Electron Content (TEC) as an ionospheric parameter. The Global Ionosphere Maps (GIMs) are used for
this purpose. The basic assumption is that TECs are normally distributed. This has been analyzed by using ten
normality tests. Proposed method statistically analyzes the mean TEC changes using two samples of TECs. The
first or the reference sample is 30 days long. The second or the target sample which is a moving one in time is 4
days long. The method is applied to the entire globe and therefore is a global method in nature. TECs associated
with high solar and/or geomagnetic activity are not used when the reference sample is made. A sample of 12
earthquakes, occurred in 2010, with the moment magnitudes greater than 6 is used to analyze the efficiency of
the proposed method. For 75% of the earthquakes in this study, proposed method confirms the seismo-iono-
spheric anomalies some of which have been already reported in the other researches. The rest of the studied
quakes conform to the assertion that seismo-ionospheric anomalies might not be clearly visible even for some
large earthquakes.

1. Introduction

Earthquake is one of the most destructive and damaging natural
disaster. On average, annually an earthquake with the magnitude of
M 8.0 and fifteen with the magnitude of M 7.0 occur in the world (Le
et al., 2015). This leads to huge losses of life and property to the people
all around the world. Earthquake is a seismic geophysical phenomenon
including irregular, nonlinear and complex processes and that's why
there is no simple approach to predict its parameters (Akhoondzadeh
and Saradjian, 2011), notwithstanding the fact that seismic activities of
the Earth are effective on ionospheric parameters. Researchers have
reported abnormal ionosphere changes prior to large earthquake
(seismo-ionospheric anomalies). Alaska earthquake with the magnitude
of =Mw 9.3 and depth of 25 km, occurred on 28 March 1964, was the
first earthquake whose ionospheric changes were considered (Davies
and Baker, 1965; Leonard and Barnes, 1965). Following that, in many
studies the variations of ionospheric parameters have been discussed
for large earthquakes. The TEC data survey had a significant role in
discovery of seismo-ionospheric anomalies. Liu et al. (2001) used the
TEC obtained from GPS observations to study the ionospheric changes
in the Chi-Chi earthquake with the magnitude and depth of =Mw 7.7

and d=33 km, respectively. According to that study, TEC is con-
siderably reduced around the earthquake epicenter, one, three and four
days before it takes place (Liu et al., 2001). By investigating the TEC
parameters derived from a local tracking network, Liu et al. (2004)
show that for 16 out of 20 earthquakes with the magnitude of M 6 and
depth range of 1.7–280.4 km, TEC is substantially reduced in the
afternoon or evening of 1–5 days before the earthquake (Liu et al.,
2004). Subsequent to that research, other studies represented an unu-
sual increase or decrease in TEC before large earthquakes. Such
anomalies are either seen in an area near the epicenter of the earth-
quake or sometimes in the corresponding geomagnetic conjugate region
(Ho et al., 2013; Liu et al., 2009; Liu et al., 2011b; Su et al., 2013;
Ulukavak and Yalcinkaya, 2016; Xu et al., 2011; Zhao et al., 2008; Zhu
et al., 2014). Le et al. (2011) examined a sample of 736 earthquakes
with magnitude of M 6 and the depth range of not less than 40 km. To
investigate the ionospheric anomalies, the CODE TEC maps were used
in that research. They concluded that the incidence rate of anomaly a
few days before a large earthquake was higher than the other days and
more anomalies could be observed for earthquakes with higher mag-
nitude and lower depth (Le et al., 2011). Employing the GIMs Yao et al.
(2012a,b) asserted seismo-ionospheric features that were previously
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reported for ionospheric anomalies. They also reported on some ob-
served features such as: anomaly occurs frequently in the region near
the epicenter, however they observed that the maximum affected area
in the ionosphere does not coincide with the vertical projection of the
epicenter of the subsequent earthquake and the direction of this de-
viation does not follow a fixed rule. On the other hand, sometimes these
anomalies can also be seen in the geomagnetic conjugate region, but the
extent and probability of this is relatively less than the area near the
epicenter (Yao et al., 2012b).

The background mechanism has been explained in terms of geo-
chemical and geophysical processes such as: the electric fields that are
produced by the compression of rocks near the center of an earthquake
(Parrot, 2017), unstable thermal anomalies generated by warm gasses
emanated through the rising fluids under the ground (Hayakawa and
Molchanov, 2002), earthquake-related electrical signals and EM emis-
sions due to rapid movements or fluctuating charge clouds produced
through the activation of positive holes and their attendant sound
waves (Freund, 2002), and emissions of radioactive gas or metallic ions,
such as radon, which leads to increasing potential at the Earth's surface
(Harrison et al., 2010; Pulinets et al., 2003). In a nutshell, Acoustic
Gravity Waves (AGW) produced by the Earth's crustal movements,
thermal anomalies and the dispersion of lithospheric gasses into the
atmosphere is one of the most accepted mechanisms in this respect
(Calais and Minster, 1995; Liperovsky et al., 2008; Liu et al., 2008;
Pertsev and Shalimov, 1996; Shalimov and Gokhberg, 1998; Zhao and
Hao, 2015). Dispersion of radioactive gasses together with the other
influencing parameters increase the electric potential and thereby the
electric conductance of the atmosphere near to the surface of the Earth.
These changes impacts the electric field of the E layer. Penetration of
the perturbed electric field into the ionosphere changes the electron
density there (Le et al., 2015).

Anomaly detector methods are usually based on the analysis of the
spatio-temporal variation of an ionospheric parameter. To this end, a
reference value; either the mean or median which is derived from a
sample of 15–30 days length (reference sample), is derived for the de-
sired parameter. The detection process is generally based on the com-
parison of the parameter values to the reference one. In case observed
anomalies can be interrelated to the location and the occurrence time of
an earthquake, the observed anomalies are regarded as sismo-iono-
pheric ones (Akhoondzadeh, 2013e; Li et al., 2016; Liu et al., 2000,
2006, 2009; Su et al., 2013; Zhu et al., 2014). Application of the clas-
sical and intelligent methods including Kalman filter, Artificial Neural
Network (ANN), Paticle Swarm Optimization (PSO), Auto-Regressive
Integrated (ARIMA), Fuzzy Logic (FL), Support vector machine (SVM)
and Genetic Algoritm (GA) have revealed strong potentials in time
series prediction, but time consuming dependce on linearity and size of
data (especially when the data is in global scale), complexity and non-
unique solution are numerated as some of their disadvantages
(Akhoondzadeh, 2011, 2012, 2013a, b, c, e, 2014; Hirooka et al., 2011;
Jyh-Woei, 2011; Lognonné et al., 2006).

Here, the anomaly detector method is based on the application of
the univariate T2-Hotelling test to GIMs (as a global scale data) and the
accepted characteristics for seismo-ionospheric anomalies. Through
this, detected variations in the TEC are assigned to certain earthquakes.
A sample of 12 large earthquakes distributed worldwide is used for this
purpose. The analysis start 15 days before every earthquake and it is
applied to all of the GIMs’ nodes. This implies that the method is ap-
plied 735840 times to the input data for each of the studied quakes. The
T2-Hotelling tests together with the adopted methodology for its ap-
plication are given in the next section of this paper. The data and the
studied earthquakes are described then in the third section of this re-
search. Finally, the implementation of results for every earthquake are
presented and discussed, separately.

2. Univariate two-sample T2-Hotelling test

T2-Hotelling test was first discussed in 1931 by Harold Hotelling at
a meeting of the Mathematical Association of America (Hotelling,
1992). This is a statistical test which examines the difference between
the mean of two samples. The method, which is the same as the Like-
lihood Ratio Test, remains unchanged if the observation unit changes.
Also, among all unbiased tests (tests whose power for all values of the
parameter is greater than or equal to the level of significance), the T2-
Hotelling is uniformly of the highest power (Srivastava and Carter,
1983).

Assuming that x x x, , ... ,11 12 1N1 and x x x, , ... ,21 22 2N2 are independent
normally distributed samples with parameters µ1, µ2 and 2 , i.e.
N µ( , )1

2 and N µ( , ),2
2 the univariate two-sample T2-Hotelling test

analyzes the null hypothesis =H µ µ: ¯ ¯0 1 2 against the alternative one,
H µ µ: ¯ ¯1 1 2. To perform this test the mean (xi) and standard deviation
(Si) of each sample is calculated using the following formula:
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Where = + = +f n n N N 21 2 1 2 is known as the degree of freedom.
The null hypothesis is rejected if and only if (Srivastava and Carter,
1983):
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Here, tf , /2 is the critical value derived from the Student's t-distribution,
is the significant level and F f1, , is the critical value derived from the

Fisher distribution. The basic assumption for T2-Hotelling test is that
the distribution of data must be normal.

In this study, the T2-Hotelling test is conducted at the confidence
levels of 99% and 95%. The critical value increases by increasing the
confidence level, if the samples’ sizes are held fixed. To reject the test at
a higher confidence level, the difference of the means should therefore
increase. In other words, the intensity of anomalies detected is higher at
the confidence level of 99% but, the anomalies are detected more fre-
quently when the confidence level is 0.95.

In order to analyze the TEC anomalies, here the closest grid point of
GIMs to the earthquake epicenter (test point) is firstly taken into ac-
count. The CODE GIM products for a time period of 45 days including
44 days before and the day of the earthquake are used for this purpose.
The first or the reference sample is constructed by stacking the values of
TEC at the test point. This is done for every 2 h epochs, i.e. 0 h, 2 h, 4 h,
…and 12 h.

The second or the target sample is constructed using the remaining
15 days (14 days before and the day of earthquake) in the form of four-
day intervals such that in the first step, it covers the 14th, 13th, 12th
and 11th days before the earthquake. Each time the hypothesis test is
run, the time period of the second sample is moved one day ahead. To
be more specific, when the test is run for the second time, the new
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sample is constructed by stacking the daily values of TEC at 13th, 12th,
11th and 10th days before the earthquake. Following this procedure,
for the last run of the test; the second sample includes the daily values
of TEC at 3rd, 2nd, 1st day before and the day of earthquake. Thus, the
target sample is a moving sample in time. Next, the test is run for the
other grid nodes. Based on the above discussion, the T2-Hotelling test is
repeated 144 times for every grid points of the GIMs. Each time the TEC
anomaly is analyzed, using a single sample group (the reference and
one of the target samples). The rejection of the null hypothesis confirms
that a remarkable difference exists between the mean TECs derived
from the reference and the corresponding target samples. Once a sig-
nificant variation is confirmed by this hypothesis test, using the same
method, variation of TEC is analyzed at the other grid points. This
provides an insight into the spatial distribution of TEC anomaly during
the time period of interest.

3. Earthquakes and input data

The time resolution of the applied GIMs is 2 h. Such maps model the
VTEC in a solar-geomagnetic reference frame. GIMs cover the latitudes
range of +87.5° to −87.5° and the longitudes range of +180° to
−180°. The spatial resolution of these models is 2.5° in latitude and 5°
in longitude. They are available to users at UNIBE (ftp://ftp.unibe.ch/
aiub/CODE). In this study, the geomagnetic indices of Kp and Dst , also
the solar radio flux index F10.7 are used as the required measures for
filtering the input data. Indices of Kp and F10.7 are available through
SPIDR1 and the Dst index is available through ISGI.2 To be more spe-
cific, days at which Kp 4 and/or Dst 40 are not taken into ac-
count. This study concentrates on the year 2010 because, solar activity
is low in this period of time. Moreover, the following criteria are used
for selecting the earthquakes:

1) The approximate radius of the area affected by an earthquake is
given by =R 10 M0.43 where R is the radius in km and M is the mo-
ment magnitude, respectively. This area is also known as the af-
fective preparation zone (Dobrovolsky et al., 1979). Considering the
grid size of GIMs (278 by 556 km), seismo-ionospheric anomalies of
earthquakes with the moment magnitude of 6 or more are expected
to be identified by such models. This criterion is also used in (Le
et al., 2011; Liu et al., 2009, 2010; Yao et al., 2012b; Zhu et al.,
2014).

2) Selected earthquakes are located in different latitudes.
3) The magnitude of the other earthquakes located in the area defined

by R is smaller than =M 6w .
4) GIMs are more reliable where the distribution of the Ionospheric

Pierce Point (IPPs) is large. Therefore, earthquakes located in such
areas are taken into account.

Based on these criteria, 12 earthquakes have been selected for this
research. The spatial distributions of these earthquakes together with
their faulting mechanism are given in Fig. 1. The focal mechanism and
other information of the given quakes are based on the CMT3 and
USGS4 data bases. Table 1 also provides an overview on the magnitude
and depth of these earthquakes. Although the above criteria reduces the
sample size of this study especially when it is compared to researches
such as (Le et al., 2011), but it benefits from the clear advantage that
the problem is analyzed within the entire globe. Therefore, from the
point of view of the mathematical statistics; the adopted sample is not
small. Moreover, earthquake is a seismic geophysical phenomenon in-
cluding irregular, nonlinear and complex processes and that's why there

is no simple approach to predict its parameters (Akhoondzadeh and
Saradjian, 2011). Simplifying the analysis of such a process is obviously
inevitable specially when a single parameter (the TEC variation in this
study for example) is used for this purpose. The applied criterions are
obviously supportive in this respect.

4. Numerical results and discussion

As explained in part 2, the basic assumption for the T2-Hotelling test
is that the distribution of data must be normal. To investigate this, ten
well-known normality tests (Kolmogorov-Smirnov in Limiting form (KS-
Lim), Stephens Method (KSeS), Marsaglia Method (KS-M), Lilliefors
(KS-L), Anderson-Darling (AD), Cramer-Von Mises (CvM), Shapiro-Wilk
(SW), Shapiro-Francia (SF), Jarque-Bera (JB) and DAgostino and
Pearson (DAP) tests) are used. The tests are applied to the input data in
every 2 h epochs, (i.e. 0 h, 2 h, 4 h, …and 12 h). Results corresponding
to the first epoch and the KS-L method is given in Fig. 2. According to
the obtained results the T2-Hotelling test can be applied to the TEC
data. Points in red illustrate the nodes for which the distribution of TEC
is not normal. Such nodes are usually located in the areas where the
distribution of the IPPs is low. In this study, we ignore such grid points
because; they do not fulfill the basic assumption required in the T2-
Hotelling test.

The T2-Hotelling test is firstly applied at the test point of every
earthquake. Table 3 and A1 to A11 report on the corresponding results.
Superscripts ‘†’ and ‘††’ are used to distinguish the time periods of sig-
nificant anomalies. They are also used to identify the confidence levels,
i.e. 95% and 99% respectively. After that the spatial distribution of the
TEC anomalies are studied for every earthquake during the time periods
in which significant TEC anomalies are detected in the previous step.
This is done for every sample group and within the entire globe, se-
parately. The anomalies that are detected by the T2-Hotelling test are
associated to a certain seismic event if the frequency of the observed
changes is high, they occur at the effective precursor manifestation
zone (and/or the corresponding geomagnetic conjugate region) and
they happen in a relevant period of time. These features have been
frequently observed when ionospheric changes are analyzed before a
large earthquake and therefore they are already regarded as the char-
acteristic features of seismo-ionospheric anomalies associated with
large earthquakes. Finally, sample pairs with significant anomalies are
distinguished next. These groups are given in bold (see Table 3 and A1
to A11). The spatial distribution of siesmo-ionospheric anomalies are
given in Fig. 3 and A1 to A8. In these figures, the time intervals for the
anomalies are similar to the related test points. Moreover, grids points
at which the RMS error of TECs is larger than the estimated TECs are
not considered at all. The magnetic equator and the two bands of en-
hanced electron densities that lie parallel to the magnetic equator,
centered at the geomagnetic latitudes of about± 20°, are also drawn.
The earthquake epicenter and its geomagnetic conjugate point are
marked with star and triangle, respectively.

Further details concerning the coordinates of the test points, the
time periods of analysis, time periods of geomagnetic activities (days
with high geomagnetic activity), the degree of freedom, critical values
in every T2-Hotelling test and the sample pairs for which a significant
seismo-ionospheric anomaly is seen are given in Table 2.

Similar to the other researches (Akhoondzadeh, 2013d; Alcay, 2016;
He and Heki, 2016; Li et al., 2016; Liu et al., 2009; Liu et al., 2006; Liu
et al., 2000; Liu et al., 2004; Nenovski et al., 2015; Oikonomou et al.;
Pulinets and Boyarchuk, 2004; Su et al., 2013; Yao et al., 2012a; Yiyan
et al., 2009; Zhu et al., 2013; Zhu et al., 2014) in this study a reference
value is used for detecting the TEC anomalies. Here, this value is the
mean TEC for the reference sample. The reference value is always de-
pendent on the reference sample. For example, whether the abnormal
changes in TECs due to the high solar and/or geomagnetic activity are
filtered when the reference sample is made, impacts the estimated re-
ference value. As the result, the comparison of our results to those that

1 Space Physics Interactive Data Resource (http://spidr.ngdc.noaa.gov/spidr).
2 International Service of Geomagnetic Indices (http://isgi.unistra.fr).
3 http://globalcmt.org.
4 http://earthquake.usgs.gov/earthquakes.
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Fig. 1. Distribution of selected earthquakes and the IPP positions. Beach balls illustrate the focal mechanism of each quake.

Table 1
Magnitude and depth of selected earthquakes.

Earthquake Haiti Drake Passage Chile Indonesia Turkey Honshu Mexico Bio-Bio Ecuador New Zealand Kerman Bonin

Magnitude (Mw) 7.0 6.3 8.8 6.8 6.1 6.5 7.2 6.6 7.1 7.0 6.7 7.4
(km)Depth 13 5 22.9 26 12 32 10 22 206.7 12 12 14

Fig. 2. Result of the Lilliefors test for the first epoch. Points are rejected in the test.
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are reported in other researches is not a straight forward process.
Nevertheless, among the 12 earthquakes of this study, Haiti is a highly
cited one whose anomaly has been confirmed by many researches.
Therefore, we have also tried to compare ours to the existing results for
this earthquake: By using the global ionospheric maps, Liu et al.
(2011a,b) reported on remarkable changes in TEC one day before the
Haiti earthquake. Such anomalies were observed at the vicinity of the
earthquake epicenter and its geomagnetic conjugate region (Liu et al.,
2011a). These anomalies were later confirmed in (Akhoondzadeh and
Saradjian, 2011; Sarkar et al., 2012; Singh et al., 2010; Yao et al.,
2012b). Seismo-ionospheric changes derived from the analysis of the
sample pairs in this study, i.e. the reference and the 12th target sample
which starts from January 9 and ends at January 12; are also compa-
tible with such results. Tables 3 and 4 report on the obtained results.

Table 3 reports on the t-statistic values and the time periods of seismo-
ionospheric anomalies. Table 4 gives the contribution of the daily TEC
anomalies at the test point of this earthquake during the time period of
the 12th target sample. The time periods in which significant TEC
changes are observed, have been given in bold. Based on these results,
significant TEC changes are seen at 6–12 UT and 20–24 UT. Moreover
during this period of time, the contribution of TEC changes is higher in
the January 11.

The effective precursor manifestation zone which we have derived
from the analysis of TEC data using the T2-Hotelling test also conforms
to the similar area which is reported in (Liu et al., 2011a) Fig. 3 illus-
trates this zone based on the results of the current study. Similar results
as reported in Liu et al. (2011a,b) is reproduced in Fig. 4 for further
comparisons.

Table 2
A brief overview on the input data of this research. TEC data for the time periods given in bold have been excluded from the reference sample. Sample groups and the
critical values are given for the confidence levels separately.

Earthquake Coordinate of test point Study period Periods of high geomagnetic activities f Critical values Sample pairs

99% 95% 99% 95%

Haiti N W.17. 5 , 75 29 Nov-12 Jan – 32 2.738 2.037 5, 12 12
Drake Passage S W.57. 5 , 65 4 Dec-17 Jan – 32 2.738 2.037 6, 7 6
Chile S W35 , 75 14 Jan-27 Feb 20 Jan, 2,15,16,17 Feb 30 2.750 2.042 – –
Indonesia S E5 , 100 20 Jan- 5 marc 20 Jan, 2,15,16,17 Feb 27 2.771 2.052 – –
Turkey N E40 , 40 23 Jan- 8 marc 2, 15, 16, 17 Feb 28 2.763 2.048 1, 3, 4, 6, 12 3, 4, 6
Honshu N E.37. 5 , 140 29 Jan-14 Marc 2, 15,16,17 Feb 28 2.763 2.048 10, 11, 12 10
Mexico N W.32. 5 , 115 19 Feb-4 Apr – 32 2.738 2.037 8 –
Bio-Bio S W.37. 5 , 75 31 May-14 July 31 May- 1, 4,29, 30 June- 14 July 28 2.763 2.048 9 8
Ecuador S W.2. 5 , 75 28 July-12 Aug 29, 30 June- 14, 15, 27, 28 July- 3, 4, 5 Aug 26 2.779 2.056 8, 9 8, 9
New Zealand S E.42. 5 , 170 21 July- 3Sep 27, 28 July-3, 4, 5, 24, 25 Aug 27 2.771 2.052 – 3
Kerman N E.27. 5 , 60 6 Nov-20 Dec 11, 12, 27 Nov 29 2.756 2.045 1 –
Bonin N E.27. 5 , 145 7 Nov- 21 Dec 11, 12, 27 Nov 29 2.756 2.045 – –

Table 3
The Haiti earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Table 4
The contribution of the daily TEC anomalies and time periods of significant TEC changes.
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Fig. 3. The spatial distribution of seismo-ionospheric anomalies for the Haiti earthquake.

Fig. 4. The effective precursor manifestation zone for the Haiti earthquake (Liu et al., 2011a). Locations of the 30 day extreme enhancement (maximum) repeatedly
appear at various time points on the local day of 11 January 2010 in Haiti. The number of the repeat time point is noted on top of each panel. The solid and open start
symbols denote the epicenter and its conjugate point.
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4.1. Some remarks on the other earthquakes

For 75% of the studied earthquakes, proposed method confirms the
seismo-ionospheric anomalies that have been already reported in the
other researches. The rest of the studied quakes conform to the asser-
tion that seismo-ionospheric anomalies might not be clearly visible
even for some large earthquakes (Le et al., 2015) For example, although
significant disturbances have been discovered in the electric and geo-
magnetic fields as well as the electron density in ionosphere in advance
of the Chile earthquake (Ho et al., 2013; Liu et al., 2011b) Yao et al.
(2012b) see no remarkable changes in the TEC data when the GIMs are
used. On contrary to Yao et al. (2012b); He and Heki (2016) report on
abnormal variation in TEC 20–40min before this earthquake. Similar to
Yao et al. (2012b); by using TEC data, we do not detect seismo-iono-
spheric anomaly for this earthquake.

5. Conclusions

Today, the TEC anomaly is used as a measure for detecting iono-
spheric changes associated with some of the large earthquakes. Since
1970, many researchers have reported on seismo-ionospheric anoma-
lies. Nevertheless, it is not still possible to certainly assign such varia-
tions to a specific earthquake. This is because; ionosphere by itself has
significant variations from one day to another (Afraimovich et al.,
2004; Le et al., 2013, 2015; Masci and Thomas, 2014; Masci et al.,

2015; Thomas et al., 2012). Albeit it is still difficult to assign the ob-
served changes to a certain quake, characteristics such as the frequency
of the observed anomalies, their position as well as the corresponding
time period are considered as the features that are frequently seen when
ionospheric changes are analyzed before a large earthquake. This paper
applies the T2-Hotelling test for analyzing the TEC variations and their
association with large earthquakes. Detected anomalies are related to a
certain seismic event if and only if they are associated with the char-
acteristics mentioned above. Earthquake is a seismic geophysical phe-
nomenon including irregular, nonlinear and complex processes and
that's why there is no simple approach to predict its parameters. Sim-
plifying the analysis of such a process is obviously inevitable specially
when a single parameter (the TEC variation in this study for example) is
used for this purpose. Although the requirements and assumptions in
the proposed method limits the sample size of this research to 12
earthquakes, they are definitely supportive in this respect. For every
earthquake, the proposed method is applied to the entire globe. As the
result using the proposed method, it is possible to explore both the
temporal and the spatial variations in TEC in global scale. For 75% of
the earthquakes in this study, proposed method confirms the seismo-
ionospheric anomalies have been already reported in the other re-
searches. The rest of the studied quakes confirm the assertion that
seismo-ionospheric anomalies might not be clearly visible even for
some of the large earthquakes.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jastp.2019.01.010.

Appendix A

Fig. A1. The spatial distribution of seismo-ionospheric anomalies for the Drake Passage earthquake.
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Fig. A2. The spatial distribution of seismo-ionospheric anomalies for the Turkey earthquake.
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Fig. A3. The spatial distribution of seismo-ionospheric anomalies for the Honshu earthquake.

Fig. A4. The spatial distribution of seismo-ionospheric anomalies for the Mexico earthquake
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Fig. A5. The spatial distribution of seismo-ionospheric anomalies for the Bio-Bio earthquake.

Fig. A6. The spatial distribution of seismo-ionospheric anomalies for the Ecuador earthquake.

Fig. A7. The spatial distribution of seismo-ionospheric anomalies for the New Zealand earthquake.
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Fig. A8. The spatial distribution of seismo-ionospheric anomalies for the Kerman earthquake.

Table. A1
The Drake Passage earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Table. A2
The Chile earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Sample group Days 0–2 2–4 4–6 6–8 8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24

1 13–16 Feb 1.141 2.786†† 3.106†† 3.199†† 3.128†† 2.396† 0.417 0.928 2.727† 1.074 0.417 0.405
2 14–17 Feb 1.213 2.666† 2.357† 2.348† 2.325† 1.134 0.759 0.681 2.628† 1.449 1.014 0.822
3 15–18 Feb 1.799 3.616†† 2.812†† 2.536† 2.370† 0.488 1.054 0.626 2.438† 1.822 1.203 1.093
4 16–19 Feb 1.454 2.469† 1.981 1.522 1.585 0.645 1.574 0.147 1.486 2.026 1.371 1.068
5 17–20 Feb 0.468 0.870 0.937 0.288 0.853 1.076 1.878 0.203 0.824 2.167† 2.685† 1.793
6 18–21 Feb 0.101 0.267 0.590 0.109 0.767 0.895 2.124† 0.258 0.685 2.188† 3.463†† 2.371†

7 19–22 Feb 0.404 0.719 0.126 0.116 0.704 0.895 2.211† 0.333 0.463 1.512 3.716†† 2.840††

8 20–23 Feb 0.531 0.036 0.453 0.310 1.134 0.552 2.143† 0.515 1.134 1.450 3.242†† 2.292†

9 21–24 Feb 0.173 0.497 0.037 0.025 0.997 0.355 1.868 0.515 1.134 1.048 2.667† 2.239†

10 22–25 Feb 0.722 0.695 0.226 0.371 0.192 0.873 1.836 0.533 1.280 1.239 2.503† 1.875
11 23–26 Feb 0.675 0.695 0.381 1.090 0.372 0.798 1.967 0.665 0.837 1.070 1.947 1.218
12 24–27 Feb 0.267 1.429 1.456 2.565† 1.447 1.895 2.760†† 1.066 0.015 1.100 2.011 1.093

Z. Sadeghi, M. Mashhadi-Hossainali Journal of Atmospheric and Solar-Terrestrial Physics 185 (2019) 7–21

17



Table. A3
The Indonesia earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Sample group Days 0–2 2–4 4–6 6–8 8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24

1 19–22 Feb 1.344 1.228 3.428†† 2.857†† 3.259†† 3.171†† 2.354† 2.957†† 2.678† 2.679† 2.056† 1.931
2 20–23 Feb 1.376 1.289 3.070†† 2.528† 2.777†† 2.321† 1.764 2.063† 1.860 2.176† 1.855 1.749
3 21–24 Feb 1.570 1.841 3.378†† 2.670† 2.738† 2.553† 1.867 2.557† 2.658† 2.779†† 2.012 2.112†

4 22–25 Feb 2.154† 2.675† 3.673†† 2.690† 2.288† 1.904 1.457 2.033 1.719 1.570 1.722 2.547†

5 23–26 Feb 3.043†† 3.003†† 3.459†† 2.716† 2.199† 1.644 0.707 1.058 0.902 1.473 1.699 2.732†

6 24–27 Feb 3.470†† 3.217†† 4.029†† 2.946†† 2.511† 2.115† 0.478 1.087 1.175 1.135 0.947 2.093†

7 25–28 Feb 2.784†† 3.034†† 4.175†† 2.657† 1.925 1.226 0.040 0.450 0.410 0.279 0.807 1.943
8 26 Feb-1 Mar 2.649† 3.202†† 4.476†† 2.603† 1.937 1.393 0.140 0.070 0.410 0.934 0.851 1.641
9 27 Feb-2 Mar 2.179† 2.816†† 4.532†† 2.564† 1.926 1.657 0.054 0.023 0.767 1.073 0.563 1.113
10 28 Feb-3 Mar 1.872 2.576† 4.553†† 2.646† 2.290† 1.738 0.243 0.125 1.168 1.979 0.875 1.426
11 1–4 Mar 2.232† 2.629† 4.331†† 2.639† 3.059†† 2.838†† 0.441 0.031 1.555 3.102†† 0.682 1.089
12 2–5 Mar 1.994 2.270† 3.920†† 2.584† 3.166†† 2.963†† 0.521 0.249 1.304 2.497† 0.408 1.338

Table. A4
The Turkey earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Table. A5
The Honshu earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.
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Table. A6
The Mexico earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Table. A7
The Bio-Bio earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Table. A8
The Ecuador earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Z. Sadeghi, M. Mashhadi-Hossainali Journal of Atmospheric and Solar-Terrestrial Physics 185 (2019) 7–21

19



Table. A9
The New Zealand earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Table. A10
The Kerman earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Table. A11
The Bonin Island earthquake, the t-statistic values and the time periods of seismo-ionospheric anomalies. Time intervals are in UT.

Sample group Days 0–2 2–4 4–6 6–8 8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24

1 7–10 Dec 1.283 0.969 0.971 0.513 0.562 1.673 0.918 0.098 1.904 0.702 1.125 2.624†

2 8–11 Dec 1.990 0.945 0.799 0.002 1.319 2.811†† 2.137† 0.451 2.634† 1.302 1.601 3.074††

3 9–12 Dec 2.164† 1.055 0.807 0.138 1.689 3.918†† 3.417†† 1.513 3.446†† 2.447† 1.331 4.285††

4 10–13 Dec 3.097†† 0.138 0.631 1.150 2.527† 4.853†† 4.654†† 3.303†† 4.230†† 3.491†† 2.016 5.449††

5 11–14 Dec 4.074†† 1.205 1.912 1.781 2.314† 4.789†† 5.038†† 3.812†† 5.197†† 4.110†† 2.855†† 5.523††

6 12–15 Dec 3.795†† 1.462 2.116† 1.547 2.079† 4.241†† 6.348†† 5.764†† 6.449†† 5.670†† 4.440†† 6.766††

7 13–16 Dec 3.906†† 1.900 2.687† 2.299† 2.841†† 4.746†† 8.059†† 8.478†† 8.749†† 9.739†† 8.167†† 8.629††

8 14–17 Dec 4.136†† 2.007 2.898†† 3.180†† 3.179†† 4.725†† 8.201†† 8.345†† 9.208†† 9.820†† 9.243†† 8.947††

9 15–18 Dec 4.260†† 2.140† 3.650†† 4.359†† 3.990†† 5.257†† 8.417†† 8.570†† 9.208†† 10.165†† 8.880†† 9.233††

10 16–19 Dec 4.683†† 2.849†† 4.289†† 5.902†† 5.708†† 6.989†† 8.950†† 8.258†† 10.398†† 11.268†† 9.433†† 9.644††

11 17–20 Dec 6.378†† 4.306†† 4.841†† 6.231†† 5.597†† 7.032†† 9.014†† 8.841†† 9.923†† 12.119†† 9.756†† 9.991††

12 18–21 Dec 5.701†† 3.634†† 4.832†† 5.545†† 5.471†† 6.879†† 9.055†† 8.891†† 9.416†† 11.836†† 9.715†† 10.330††
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