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Abstract. On 11 March 2011 at 14:46:23 LT, the 4th largest disturbances, ionospheric perturbations can be attributed to
earthquake ever recorded with a magnitude of 9.0 occurre@arthquakes. These anomalies usually happen in the D-layer,
near the northeast coast of Honshu in Japan (381822 E-layer, and F-layer and may be observed 1 to 10 days
142.369 E, Focal depth 29.0km). In order to acknowledge prior to the earthquake and continue a few days after it
the capabilities of Total Electron Content (TEC) ionospheric (Hayakawa and Molchanov, 2002; Pulinets and Boyarchuk,
precursor, in this study four methods including mean, me-2004; Molchanov and Hayakawa, 2008; Akhoondzadeh,
dian, wavelet transform, and Kalman filter have been applied2011). The effects of the pre-seismic activity on the iono-
to detect anomalous TEC variations concerning the Tohokisphere can be investigated using ionospheric electron density
earthquake. The duration of the TEC time series dataset isariations.

49 days at a time resolution of 2 h. All four methods detected ) o o

a considerable number of anomalous occurrences during 1 to lonosondes stations are an efficient means for monitoring
10 days prior to the earthquake in a period of high geomagpeak electron density in the F2-layer during seismic activ-
netic activities. In this study, geomagnetic indices (Dgs ity. But, the spatial and temporal resolutions of ionosondes
K,, A, andF10.7) were used to distinguish pre-earthquake measurements are rather limited and therefore it is difficult to
anomalies from the other anomalies related to the geomagestablish a systematic relationship between ionospheric dis-
netic and solar activities. A good agreement in results wadurbances and seismic occurrences. Currently, thousands of

found between the different app“ed anoma|y detection meth.GPS receivers are used to monitor the Earth’s Su_rface defor-
ods on TEC data. mations. Total Electron Content (TEC) data retrieved from

GPS measurements have made a considerable contribution
to the understanding of seismo-ionospheric variations (Liu
et al., 2004; Devi et al., 2008; Zhao et al., 2008). Liu et
1 Introduction al. (2004) statistically described the temporal parameters of
the seismo-ionospheric precursors detected during 1-5 days
Widespread studies concerning earthquake forecasting duprior to the earthquakes using TEC data for 20 major earth-
ing the last decades have resulted in the recognition of manguakes in Taiwan. Hypotheses exist to explain the seis-
earthquake precursors in the lithosphere, atmosphere analic electromagnetic mechanism based on geophysical and
ionosphere. Daily variations of the ionosphere are affectedyeochemical processes: — Direct electromagnetic wave pro-
by season, geographic location, thermospheric winds, traveuction in a wide band spectrum by compression of rocks
eling ionospheric disturbances, acoustic impulses to the atelose to earthquake epicenter could be likely related to piezo-
mosphere (such as those disturbances occurring after eartlelectric and tribo-electric effects (Parrot, 1995); — Rising flu-
quakes, tsunamis, volcanic explosions and nuclear exploids under the ground would lead to the emanation of warm
sions), tropospheric weather (such as major storms), gravgases (Hayakawa and Molchanov, 2002); — Activation of
ity waves over mountain ranges, and other unknown parampositive holes that can reach the ground surface (Freund,
eters. In the absence of significant solar and geomagneti2002); — Emission of radioactive gas or noble ions such as
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radon which changes air conductivity and leads to changeset Propulsion Laboratory (JPL). The GIM is constructed
of ionosphere potential (Pulinets et al., 2003); - Penetratiorfrom a 3 x 2.5° (Longitude, Latitude) grid with a time res-
of atmospheric gravity waves (AGW), which are induced by olution of 2h. GIM data are generated on a daily basis us-
the gas-water release from the earthquake preparatory zorieg data from about 150 GPS sites of the International GNSS
into the ionosphere (Molchanov and Hayakawa, 2008). PreService (IGS) and other institutions.

seismic electric field and its polarity cause the electrons in - stydies show that the irregularities in the electron concen-
the F-layer to penetrate to lower layers and therefore to cretration happen when the area on the ground surface occupied
ate anomaly in the ionospheric parameters. The thin layepy the anomalous field exceeds 200 km in diameter (Pulinets
of particles created before earthquakes due to ions radiatiogt a., 2003). However, the previous studies show that the lo-
from the earth has a main role in transferring the electric fieldcation of maximum intensity of the affected area in the iono-
to above atmosphere and then to the ionosphere. The pengphere does not coincide exactly with the vertical projection
tration of this electric field to the ionosphere was first an- of the epicenter of the impending earthquake and is shifted
alytically calculated by Park and Dejnakarintra (1973) andtowards the equator in high and middle latitudes (Pulinets et
then applied to the seismo-electromagnetic process by Kimy|  2003). Dobrovolsky formulated the radius of the affected
et al. (1994) and Pulinets et al. (2000). The vertical elec-area using the formul® = 10°43¥ whereR is the radius

tric field on the ground surface is transformed into an elec-of the earthquake preparation zone, afds the earthquake

tric field perpendicular to the geomagnetic field lines. This magnitude (Dobrovolsky et al., 1979).

zonal component leads to plasma density anomalies, which

are observed prior to the earthquake. (Namgaladze et al2';\nomalous area based on the Dobrovolsky formula is esti-

.2099)' In equatorlgl and_ low Iat|tu_des, TE.C measurementsinated as 7413km. Using reported geographic latitude and
indicate that the seismo-ionospheric variations lead to equa;,

torial anomalv intensification. It could be possibly caused ongitude concerning the earthquake’s epicenter, TEC values
! vl siication. -ou POSSIDly Caused ¢ o negrest grid point in GIM have been analyzed. Since
by an extra zonal electric field originated from the ground

tical electric (Pulinets. 2009). Th twal ohvsical h the location of the earthquake epicenter of Tohoku earth-
vertical elec ric ( UINets, < )- € aclual physical mec “quake is 38.322N, 142.369 E, and the nearest grid point
anism for generation of an ionospheric precursor to an earth:

ke | " K d f th hani to earthquake location in GIM is 37.5l, 14Q E, then the
quake IS currently unknown, and hone of these MechaniSmMg;qia e of the Tohoku earthquake location to the grid point
have been demonstrated to be reliable or strong enough t

. . ) ) % about 304.47 km, which makes the grid point data valid for
generate a disturbance to ionospheric electron density at thﬁue analysis

magnitudes observed. In this paper, applied methods deter-

mine the timing of ionospheric disturbances relative to the ]

earthquake time, independent of mechanism. In this study2-2 Geomagnetic data

the capabilities of the mean, median, wavelet transform, and

Kalman filter methods to detect the ionospheric TEC pertur-The ionospheric parameters are affected by solar geophysical

bations before the March 11, 2011 Tohoku earthquake areonditions and geomagnetic storms especially in the equato-

demonstrated. rial and polar regions. Also, auroral activity has an impor-
tant role in the mid-latitude ionosphere perturbations. The
ionosphere current and equatorial storm-time ring current

In the case of the Tohoku earthquake, the radius of the

2 Data in periods of solar-terrestrial disturbances produce signifi-
cant geomagnetic field disturbances. The parameters mea-
2.1 TECdata sured in such a way may display variations even in the ab-

sence of seismic activity making it difficult to separate pre-
Recently, the extending network of GPS receivers has geneseismic ionospheric phenomena from the ionospheric distur-
ated an increasing amount of data regarding the ionosphergances due to the solar-terrestrial activities (Ondoh, 2008).
state. TEC is the integrated number of the electrons withinTherefore, to discriminate the seismo-ionospheric perturba-
the block between the satellite and receiver or between twaions from geomagnetic disturbances, the geomagnetic in-
satellites. The GPS satellites transmit two frequencies ofdicesDg;, K ,, A, andF10.7 accessed through NOAAtp:
signals (i = 157542MHz and $ = 122760 MHz). The re-  //spider.ngdc.noaa.gphave been checked. TH¢, index
ceived GPS signals in ground stations contain many effectsnonitors the planetary activity on a worldwide scale while
such as ionosphere, troposphere, hardware, and random ete D index records the equatorial ring current variations
rors. The ionosphere, unlike the troposphere, is a dispersiv@Mayaud, 1980). The&"10.7 index represents a measure of
medium and its effects can be evaluated with measuremerdiffuse, nonradiative heating of the coronal plasma trapped
of the modulations on the carrier phases recorded by dualby magnetic fields over active regions, and is an excellent
frequency receivers (Sardon et al., 1994). indicator of overall solar activity levels. The ionospheric ef-
In this study, TEC variations have been analyzed usingfect of a geomagnetic storm has a global impact which is
Global lonospheric Map (GIM) data provided by the NASA observable all over the world, while the seismogenic effect is
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observed only by stations with a distance of less than 2000 _ x—M x—M 6

km from the potential epicenter (Pulinets et al., 2003). Xlow <X < Xhigh = —k< IOR k- Dx= IOR ©®)
Wherex, xnigh, xlow, M, IQR and Dx are the parameter

3 Methodology value, higher bound, lower bound, median value, interquar-

, i , . tile range, and differential of, respectively. For a given,
In this section, the mean, median, wavelet, and Kalman filtet,q \a1ues ofir and IQR have been calculated for the whole
methods which will be used in detection of preseismic TEC herigd of interest for any interval of 2 h. If an observed TEC
anomalies are explained. falls out of either the associated lower or higher bound, we
conclude with a confidence level of about 80-85% that a

3.1 Anomaly detection using mean lower or higher abnormal signal is detected (Liu et al., 2004).

Under the assumption of a normal distribution, the mean ancg 3 Anomalv detection using wavelet transformation
the standard deviation of data are utilized to construct their™" y 9

higher and lower bounds in order to separate seismic anomgy, thig study, to obtain the time variability of the main peri-

lies fro_m_the background of natural variations_. In calculation odicities, the wavelet transformation (Eq. 7) has been applied
of statistical parameters, the length of the period was selectegn the TEC time series of earthquakes

as about 49 days in order to avoid affects by the seasonal vari-

ations. The higher and lower bounds of the mentioned range +00
can be calculated using the following equations: (wf)(s. b) = 1 / Fow [ b1, @)
s s
Xhigh=un+kxo (1) —00
Where, s is the scaling factord is the location parameter,
Xlow = p —k x 0 ) W*is the complex conjugate of continuous wavelet function,
and f (x) is the time series under analysis. Due to the vari-
Xow < X < Xhigh = —k < X—U <k Dx= X— K 3) ab|I|t.y pattern.of data, the Daubechies 1-D wavglet has been
o o applied. In this study, 1-D wavelet transformation has been

Wherex, xhigh, Xiow, /4, o and Dx are the parameter value, applied for the whole period of interest for any interval of 2 h
higher bound, lower bound, mean value, standard deviationin local time (LT) to identify anomalies in the data. The low
and differential ofx, respectively. According to this, if the frequency seasonal components and high frequency noise
absolute value dbx would be greater thah, (| Dx| > k), the have been eliminated using the components of the wavelet
behavior of the relevant parametei (s regarded as anoma- transform. The high perturbations of TEC are then detectable
lous. Variations of the ionosphere parameters depend on by wavelet coefficients greater than a pre-defined threshold
cal time. Therefore, in calculation of TEC tpeando values ~ Value. Inthis studyy +2.5x o has been selected as an opti-
were evaluated over the total time interval of interest for eachmum threshold value to detect unusual values of the wavelet

period of 2 h in local time. coefficients. u ando are the mean and the standard devi-
ation parameters respectively. In quiet geomagnetic condi-
3.2 Anomaly detection using median tion (i.e. K, < 2.5, Dst> —20nt and4 , < 20), the wavelet

coefficients of TEC values greater thant- 2.5 x o are re-
Daily variations of the ionosphere depend on season, geogarded as anomaly values. Continuity in detected anomalies
graphic location, thermospheric winds, traveling ionosphericduring several hours in each day before earthquake indicates
disturbances, and other unknown parameters. The unknowghat observed anomalies with longer time periods are unusual

variations preclude the possibility of using methods based orand might be related to impending earthquake.
normal distribution of data. As the fluctuation of the iono-

spheric parameters very often does not follow a Gaussiar3.4 Anomaly detection using Kalman filter

probability function, some researchers (Liu et al., 2004; Pu-

linets and Boyarchuk, 2004) use the median value and th&alman filter is a recursive solution to optimize the described
interquartile. The median and the interquartile range of datesystems in the state space. This filter is a set of mathematics
are used to specify higher and lower bounds in order to dis€quations to optimize prediction equations using estimation
tinguish seismic anomalies from the background of naturalof state variables and minimization of error covariance. It
variations. The higher and lower bounds of the mentioneds suitable for the stationary as well as dynamic and linear

range can be calculated using the following equations: processes, and it can be applied for non-linear systems using
Taylor expansion equations. The filter has high capabilities

Xhigh=M +k x IQR (4) in the determination of inner variables and simultaneously
solves state and measurement equations in order to reach

Xlow =M —k x IQR (5) optimized unobservable states. In other words, this method
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uses observed variableg; ( y, ..., y;) to estimate statex() Therefore at the beginning, the prediction process is done;
with minimum error. Depending on) filtering, prediction,  then it is corrected based on the observations and again pre-
and interpolation states are the cases as following definitionsliction process is repeated. If however, the state and mea-
(Haykin, 2001): Ifi =¢,i > t ori < t, this method is known surement equations are nonlinear (such as time series of
as filtering, prediction or interpolation, respectively. Equa- earthquake precursors), they could be changed into linear

tions @) and @) are state and measurement equations: equations using Taylor expansion which is called the ex-
tended Kalman filter. This is one of the striking character-

Xi41 = Fx; +w, (8)  istic of the Kalman filter (Haykin, 2001). In this study, the
extended Kalman filter has been used to improve its parame-

yi = Hx; +v; (9)  tersbyatraining process over the first half of total TEC data.
If the difference between the observed TEC valug and

w; andv, are white noise vector$(w): N(0,Q) and P(v): A

the predicted TEC valuéx, ) is greater than a pre-defined
threshold value (i.e.+2.5x o ;u ando are the mean and the
standard deviation parameters, respectively), the observed
TEC value in quiet geomagnetic condition (i€, <25,
Dst> —20 ntandA , < 20) is regarded as anomaly.

N(O,R). P and N are probability distribution function and
normal distribution function, respectivel@ andR are stan-

dard deviation parameterg: is the transition matrix taking
the statex; from timer to timer + 1. H is the measurement

matrix. If we suppose; is real state at time, then we can
A

define pre-estimation errog,( = x; —x; ), post-estimation
A

error ;" = x,—x;"), pre-error covariancg{” = E(e; e,”)),
and post-error covariance = E(e; ¢, )).

The main aim in the Kalman filter is estimation of
AN AN

4 Results and discussion

This case study is focused on an earthquake which occurred
near the northeast coast of Honshu in Japan with a magnitude
x;" (post-estimation of state) using linear integrationxpf of My, = 9.0 on 11 March 2011 at 05:46:23 UTC (UTC=LT-

A 9:00). The characteristics of the Tohoku earthquake accom-

(pre-estimation of state) and measured erjor{(H x,) as panied by its main foreshocks’ information can be found in

Eq. (10). Table 1.
A A A Figure 1a and b illustrates the variationskof andA , ge-
X =x +k(y — Hx;) (10) omagnetic indices, respectively, during the period of 1 Febru-

_ o _ ary to 21 March 2011. An asterisk indicates the earthquake
k; is the Kalman coefficient and must be defined based onthggme. The X-axis represents the days relative to the earth-
minimum of post-error covariance (Eq. 11). quake day. The Y-axis represents the local time. The high
geomagnetic activities are seen on 34 and 21 days before the
earthquake onset. The higti, values between 22:00 and

. . . 4:00 LT on 10 days before the earthquake and also between
Regarding the mentioned equations, the measuremen

. . . 00:00 and 14:00 LT on 9 days before the event can be inter-
would be reliable when covariance of measurement error is

close to zero. Kalman filter equations are classified into tWOpreted as high geomagnetic activities. -!mﬁ value re.zaches
_ . ot . : the values of 4, 4.5 and 5 between 02:00 and 06:00 LT, on
categories: (1) time update; time retrieval equations updat

. . he earthquake day and increases to a maximum value of 6.0
state and covariance matrixes based on the pre measurements ) ) ;
. rom 02:00 to 08:00 LT, 1 day after the main shock. Thg

(Egs. 12 and 13), (2) measurement update; measurement re- ! .
. . ) ; . value reaches the maximum value of 67, 8 h before the main
trieval equations are for feeding back time update effects in

. : shock. These unusual variations&f and A, indices from
the system and reaching towards an optimum state based Ofda before to 1 dav after the earthauake can hide pre- and
the measurements (Egs. 14, 15 and 16). y Y q P

post-seismic ionospheric anomalies.

ke=py H (Hpy HT + R)™* (11)

P phe (12) Figure 1c shows the variations @fs; geomagnetic index
! =1 during the period of 1 February to 21 March 2011. The ob-

served unusuaDg; values from 9 to 10 days and also 32

P =Fp  F'+0 (13)  to 34 days before the earthquake indicate the high geomag-
netic activities. It can be concluded that the detected per-

ke=p H (Hp; HT + R)™! (14)  turbations on TEC variations during these periods might not
be related to a seismic activity. Thes; value exceeds the

N A lower boundary value (i.e-20(nT)) at 16:00 LT, 1 day be-

X =x; +ke(ye—Hx;) (15) fore the earthquake and then gradually decreases and reaches
the minimum value of-76.5 (nT) at earthquake time. The

pi=1—-kH)p, (16) unusual variations oDg; values are seen to 1 day after the
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Table 1. Characteristics of the Tohoku earthquake and its main foreshocks (reporh itearthquake.usgs.gpv/

Date Time (LT) Geographic Magnitude Focal
Latitude, longitude &) depth (km)

9 March 2011 11:45:20.33 38.24,142.84E 7.3 32.0

10 March 2011 03:16:16.44 383N, 14243E 6.0 22.0

10 March 2011 06:24:01:68 38.30,142.8E 6.4 15.0

11 March 2011 14:46:24:12 383R|, 142.3PE 9.0 29.0

Kp index Ap index
6

34 -29 -24 -19 -14 9 4 1 6
Day relative to the Tohoku earthquake day

‘ Il\’

Fl
I

| I !
34 29 24 19 14
Day relative to the Tohoku earthquake day

34 29 24 18
Day relative to the Tnhoku earthquzke dzv

34 -29 24 -19 -14 -8
Day relative to the Tohoku earthquake day

F10.7 (SFU) index

o

Time (LT)
j ~
L]
T

o

-"

Fig. 1. Data of geomagnetic indices during the period of 1 February to 21 March 2011 showing variaii@n& gf (b) A, (c) Dstand(d)
F10.7. A black asterisk indicates the earthquake time. The X-axis represents the days relative to the earthquake day. The Y-axis represent:
the local time.

earthquake. This study examines the TEC variations durexplosion from behemoth sunspot 1166 around 23:23 UTC.
ing the period of Tohoku earthquake to find the pre-seismicThis continues the recent trend of increasing solar activity

anomalies in low geomagnetic activitie&K { < 2.5, Dst >
—20ntandA, < 20).

Figure 1d shows the variations of solar radio fluQ.7)
during the period of 1 February to 21 March 20J110.7 is
often expressed in SFU or solar flux units. Th#0.7 value

associated with our sun’s regular 11-yr cycle, and confirms
that solar cycle 24 is indeed heating up, as solar experts have
expected. Solar activity will continue to increase as the so-
lar cycle progresses toward solar maximum, expected in the
2013 time framelittp://spaceweather.com/

gradually increases from about 14 days before the earth- Inaddition, on 10 March 2011 around 06:30 UTC, a Coro-
guake and reaches the maximum value of 164.30 (SFU) omal Mass Ejection (CME) did strike the magnetic field of the
8 March 2011, which is 3 days before the event. High levelsearth. This was a result of an M3 flare that took place on
of sunspot activity lead to improved signal propagation on7 March 2011 which released the fastest CME since Septem-
higher frequency bands, although they also increase the leveer 2005.
els of solar noise and ionospheric disturbances. These effects Figure 2a shows TEC variations derived from GPS sta-
are caused by impact of the increased level of solar radiationtions close to the epicenter. These TEC data have been down-
on the ionosphere (Willson and Hudson, 1991). loaded via NASA JPL websitén(tp://iono.jpl.nasa.ggv By

After four years without any X-flares, the sun has pro- visual inspection (without performing analysis), unusual
duced two of the powerful blasts in less than one month,TEC values are clearly seen around the earthquake day, es-
one taking place on 19 February 2011, and the other takpecially between 3 days before to 1 day after the earthquake.
ing place on 9 March 2011. A solar flare is an intense burst When implementing the mean method, Dx which will be
of radiation coming from the release of magnetic energy ascalled DTEC here, is calculated using Eqg. (3). Figure 2b
sociated with sunspots. March 9th ended with a powerfulshows variations of DTEC during the period of 1 February
solar flare. Earth-orbiting satellites detected an X1.5-clasgo 21 March 2011 which is around the Tohoku earthquake
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TEC DTEC

n . | |
-29 24 -19 -14 9 4 1 E 24 -19 1
Day relative to the Tohoku earthquake day Day relative to the Tohoku earthquake day

TEC anomaly

-34 29 24 -18 14 E:] -4 1 6

34 29 24 -19 -14 E:] 4 1 ]
Day relative to the Tohoku earthquake day Day relative to the Tohoku earthquake day

Fig. 2. Results of analysis for the Tohoku earthquake shoWéngEC variations(b) DTEC variations after implementing the mean method,
(c) detected TEC anomalies using mean method without considering the geomagnetic conditiochdetedted TEC anomalies using mean
method during quiet geomagnetic conditions.

TEC anomaly

29 24 19 A4 8 4 1 . Dy e me E 1
Day relative to the Tohoku earthquake day Day relative to the Tohoku earthquake day
TEC anomaly

25

34 -29 24 -19 14 8 4 1 6
Day relative to the Tohoku earthquake day

Fig. 3. Results of analysis for the Tohoku earthquake using median metap®TEC variations,(b) detected TEC anomalies without
considering the geomagnetic conditions &odetected TEC anomalies during quiet geomagnetic conditions.

date. Figure 2c shows detected TEC anomalies using meagrator to construct the anomaly map (Fig. 2d). The TEC
method based ofDTEC| > 2.5. The noticeable anomalies value exceeds the higher bound-{ 2.5 x o), 3 days prior

are clearly seen from 4 days before to 1 day after the earthto the earthquake at 12:00 LT with the value of 7.26 % of
quake. The TEC anomaly reaches the maximum valughe higher bound. It had also been reached to its maximum
(i.e. DTEC=3.0569) at earthquake time. This anomaly co-value (i.e. 37.81%) at 14:00 LT on the same date (Fig. 2d).
incides with the minimum observelds; value at earthquake It should be noted that the main foreshock with a magnitude
time. Then to distinguish pre-earthquake anomalies fromof M,, = 7.3 has been happened-at2:00 LT, 3 days before
the other anomalies related to the geomagnetic activities, thtéhe event (Table 1) and it coincides with the highest unusual
four conditions of[ DTEC| > 2.5, K, < 2.5, Dgt> —20nt TEC variations observed prior to earthquake. It is seen that
and A, < 20 respectively, are jointly used using AND op-
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Approximation (A1) Approximation (A1) anomaly

-29 24 -19 -14 9 4 -29 24 -19 -14 -9 -4 1 6
Day relative to the Tohoku earthquake day Day relative to the Tohoku earthquake day

Approximation (A1) anomaly
300

B[4 29 24 19 -4 L] -4 1
Day relative to the Tohoku earthquake day

Fig. 4. Results of analysis for the Tohoku earthquake using the approximation coefficients of the wavelet transform (agfieq,
variations after executing the methdtd) detected TEC anomalies without considering the geomagnetic conditior(s)ashetected TEC
anomalies during quiet geomagnetic conditions.

Detail (D1) Detail {D1) anomaly

£ | {40
30
20

[ | 1

i g

-20
U ] 30
40

L . I . . L L L

34 -29 -24 -19 -14 £l 4 1 6
Day relative to the Toheku earthquake day 4 28 24 19 M 9 4

Day relative to the Tohoku earthquake day

Detail (D1) anomaly
35

30
25

(]
Time (LT}

23

B4 20 24 19 M4 4 4 1 6
Day relative to the Tohoku earthquake day

Fig. 5. Results of analysis for the Tohoku earthquake using the detail coefficients of the wavelet transform (agie@, variations after
executing the methodb) detected TEC anomalies without considering the geomagnetic conditior{s)atetected TEC anomalies during
quiet geomagnetic conditions.

the other detected anomalies in Fig. 2c have been masked B¥¢hen considering the geomagnetic indices, Fig. 3c shows
high geomagnetic activities. the TEC anomaly map during quiet geomagnetic conditions.
After executing the median method, Fig. 3a shows vari-In other words, anomalous TEC values are only depicted at
ations of DTEC calculated using Eq. (6), during the periodtimes when|DTEC]| > 2.5, K, < 2.5, Dgt> —20(nT) and
of 1 February to 21 March 2011. Disturbances in DTEC Ap < 20. Figure 3c illustrates that an increase (67.29 %) in
variations from 3 days to 1 day after the earthquake can bd EC is clearly observed at 14:00 LT, 3 days before the earth-
clearly seen. Figure 3b illustrates the unusual DTEC val-uake. Variations of TEC clearly exceed the higher bound
ues based on{DTEC| > 2.5. The DTEC value reaches (M +2.5xIQR) of the order of 32.07 % at 14:00 LT, 2 days
the maximum value (DTEC=2.7547) at earthquake time.Pefore the earthquake.

www.nat-hazards-earth-syst-sci.net/12/1453/2012/ Nat. Hazards Earth Syst. Sci., 12, 14882 2012



1460 M. Akhoondzadeh: Anomalous TEC variations associated with the powerful Tohoku earthquake

DTEC TEC anomaly
3 { II 4 10
TH I i 5

1 B -10

34 -28 -24 19 14 k] -4 1 6 -29 -24 -19 14 -] <4
Day relative to the Tohoku earthquake day Day relative to the Tohoku earthquake day

TEC anomaly
12

10
o s
=

[e]3 :
E
=

4

2

34 20 24 19 4 4 4 1

Day relative to the Tohoku earthquake day

6

Fig. 6. Results of analysis for the Tohoku earthquake using the Kalman filter me@iathe differences between observed and predicted
TEC values,(b) detected TEC anomalies without considering the geomagnetic conditiongc)ametected TEC anomalies during quiet
geomagnetic conditions.

Table 2. Detected anomalies in quiet geomagnetic conditions for the Tohoku earthquake using the mean, median, wavelet and Kalman filter

methods. Day shows the number of days before the earthquake. Value is calculatedby00x (|Dx| — k) /k.

Mean Median Wavelet Wavelet Kalman filter
(Approximation) (Detail)

Day Time (LT) Value(%) Day Time (LT) Value(%) Day Time(LT) Value(%) Day Time(LT) Value(%) Day Time(LT) Value (%)

2 14:00 5.43 3 14:00 67.30 1 12:00 16 3 14:00 12 3 14:00 15.75
3 12:00 7.26 1 12:00 12.8 3 16:00 42 3 16:00 112.33
3 14:00 31.81 2 12:00 16 8 14:00 1.28

2 14:00 12.8

3 12:00 9.2

3 14:00 22

3 16:00 1.6

4 12:00 19.2

4 14:00 22

4 16:00 16

5 12:00 4

5 14:00 8.8

6 12:00 4

6 14:00 8.8

8 12:00 2

8 14:00 11.4

By applying Daubechies 1-D wavelet transform, Fig. 4ato 22 % above the threshold value 3 days prior to the event at
represents the variations of the approximations coefficientd4:00 LT (Fig. 4c).
during the period of 1 February to 21 March 2011. Figure 4b

. . Figure 5a represents the variations of detail coefficients
clearly shows TEC anomalies detected using wavelet trans; o
. from 1 February to 21 March 2011. The striking unusual
formation from 8 days before to 7 days after the earthquake, . :
The peak of anomaly reaches the value of 25.80 % above th\e/a”altlons are seen on 23, 24, 33, and 34 days before the
b y ) €arthquake that could not be related to the forthcoming earth-

threshold value at earthquake time. When taking geomag uake. But the unusual variations during 4 days before to

netic indices to consideration, some detected anomalies ar day after the earthquake are considerable. Figure 5b illus-

masked by high geomagnetic activities (Fig. 4c). The "® trates the disturbances of detail coefficient variations with-
sulted anomaly map using the wavelet transform represent(s)ut taking the high geomagnetic activities conditions into ac-
an anomaly by the order of 19.2% at 12:00 LT, 3 days be- g gng 9

fore the event and also another anomaly (16 %) at 12:00 L_l_coun_t. The anomaly map r_esult_ed using deta||_coeff_|c_|ents of
1 day prior to the earthquake. The peak of anomaly reachegpplled wavelet transform in quiet geomagnetic activity rep-
' resents an anomaly by the order of 12 % at 14:00 LT and also
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another anomaly (42 %) at 16:00 LT, 3 days prior to earth-the TEC ionospheric anomalies and the occurrence of large

quake (Fig. 5¢). earthquakes. However, in this study, only the pre-seismic
Figure 6a shows the differences between the predicted EC anomalies in geomagnetic quiet periods have been con-

TEC values using the Kalman filter method and the observedsidered.

TEC values during the 14 days before to 10 days after the

earthquake. Half of data has been used for training theacknowledgementsThe author would like to acknowledge the
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