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Abstract

Data analysis method (CRA, hereafter) to correlate multiple TEC anomaly
signals has detected pre-seismic anomalies before the 2011 Tohoku-Oki
earthquake (Iwata & Umeno 2016), the 2016 Kumamoto earthquake (Iwata &
Umeno 2017) and the 2016 Tainan earthquake (Goto et al 2019). However, a
critical argument said that those anomalies detected by CRA would not be
pre-seismic anomalies published by Journal of Geophysical Research-Space
Physics (126), 2021 (JGR-SP (126), hereafter). In this paper, we would point
out its incorrect use of statistical anomalies in evaluating CRA as the follow-
ing points: CRA is shown to increase the signal-to-noise ratio (SNR) to ampl-
ify pre-seismic TEC’s small anomaly signals with synchronizing and corre-
lating multiple GNSS receivers’ data. We proved again that pre-seismic ano-
malies certainly exist before the 2011 Tohoku-Oki earthquake and the 2016
Kumamoto earthquake with additional data analysis. In particular, as a tem-
poral anomaly, deceleration at propagation velocities of medium-scale trav-
eling ionospheric disturbances (MSTID, hereafter) before the 2016 Kuma-
moto earthquake captured by CRA (Iwata & Umeno 2017) is elucidated as
pre-seismic anomalies. Furthermore, we proposed a physical model to predict
that 35 m/s change at MSTID propagation velocities estimated by TEC’s CRA
requires 0.58 x 107 V/m electric field in the F Layer ionosphere. Contrary to
the claim with the incorrect use of statistical anomalies in JGR-SP (126),
TEC’s correlation anomalies detected by CRA (Iwata & Umeno 2016 and
Iwata & Umeno 2017) clearly provided supporting evidence that physical
pre-seismic anomalies really exist.
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1. Introduction

CorRelation Analysis (CRA, hereafter) is a general method to extract signal from
complicated noise in diverse kinds of signal processing. It can be distant to
merge radio signals of Quasars to lock and unlock digital communication as an
encryption tool, or is near to extract Wi-Fi signal from noise of home appliances
around people’s daily living. CRA to detect total electron content (TEC) anoma-
lies before large earthquakes is based on the very long baseline interferometry’s
concept and spreading spectrum communications technology. It has been im-
plemented to report in the references: 2016, Iwata & Umeno (hereafter I & U16)
[1], 2017, Iwata & Umeno (hereafter I & U17) [2], and 2019, Goto, et al, (he-
reafter Goto et al 2019) [3].

The existence of pre-seismic TEC anomalies before large earthquakes has been
debated until today (Heki 2011 [4], Kamogawa & Kakinami 2013 [5], Heki &
Enomoto 2013 [6], Masci et al. 2015 [7], Kelley et al 2017 [8], Muafiry & Heki
2020 [9], Eisenbeis & Occipinti 2021 [10]). Such debate for a decade is caused by
lacking of conclusive physical models to explain pre-seismic TEC anomalies.
Under such circumstances, CRA is sequentially targeted to extract pre-seismic
anomalies from the 2011 Tohoku Oki earthquake (Mw 9.0, depth 24 km), the
2016 Kumamoto earthquake (Mw 7.3, depth 12 km) and the 2016 Tainan earth-
quake (Mw 6.4, depth 14.6 km), respectively. Due to the energy preservation law,
every earthquake must have a preparatory physical process. Assume one factor
of its mechanism makes electromagnetic process be affected by Earth’s magnetic
field penetrating to the ionosphere, the signature can be detected with increasing
the signal-to-noise ratio in principle.

Recently, Ikuta, ef al [11] examined the results of I & U16 [1] and I & U17 [2]
by the statistical analysis and posed a question on CRA capability at detecting a
pre-seismic anomaly. One of the purposes of the present paper is to add conclu-
sive evidence to support that TEC correlation anomalies detected in I & U16 and I
& U17 are really pre-seismic anomalies with proposing a new physical model of
such pre-seismic TEC anomalies. Furthermore, we show that their analysis method
of CRA by [11] has fatal errors for judgement on CRA capability. Another purpose
of the present paper is to identify a new physical phenomenon “deceleration at the
propagation velocities of MSTID” as peculiar characteristics of pre-seismic TEC
anomaly phenomena, which is the first time observed by CRA (I & U17).

The general characteristics of CRA are introduced and why [11] has fatal er-
rors are explained in Section 2. Deceleration at the propagation velocities of

MSTID as a new phenomenon of pre-seismic ionospheric anomaly is discussed
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in Section 3. Three physical models showing this phenomenon are also pre-
sented. Model 1 predicts that 35 m/s change in deceleration at the propagation
velocities of MSTID detected requires 0.58 mV/m electric field in the F-Layer of
ionosphere. In Section 4, supportive data analysis of CRA to identify the decele-
ration at the propagation velocities of MSTID before the 2016 Kumamoto earth-
quake as a pre-seismic phenomenon is given. Discussion about the physical
model validity for deceleration at the propagation velocities of MSTID is then
presented in connection with CRA data analysis in Section 5. Finally, conclusion

is given in Section 6.

2 General Characteristics of CoRrelation Analysis (CRA)

To detect anomalies from GNSS (Global Navigation Satellite Systems) stations
before large earthquakes, CRA computes a correlation among abnormalities in
TEC (Total Electron Contents) observed at GNSS stations. The first step of CRA
is to choose a GNSS station to correlate [1]. Once we choose a central station,
M (2 1) surrounding stations, which are the nearest to the central station, can
be selected. One can number the central station and each surrounding station
from 0 to M, where the number 0 means the central station and the numbers 1
to M are allocated to the surrounding stations. Let X, be abnormalities of the
station 7 at time ¢ such as prediction errors computed from sample data at the
station Z Let ¢, be the time length of sample data for learning to predict which
were set to 2.0 hours in the CRA in [1] [2] [3].

The crux of the CoRrelation Analysis (CRA) [1] is to compute a correlation

given by

=

1 M —1
C(T) = WZ 4 XO,t+ts+jAt 'Xi,t+ts+jAt (1)

T=t+t5+t,

test >

I
~.
Il

where N(>1) is the number of data in a Test Data during the time 7+7; to
t+itg+1t,,,
TEC data), test
is the time length of the Test Data (Prediction Period). I & Ul6 and I & U17 set

up that g =2.0[hours] and ¢, =0.25[hours]. The correlation value ({7) can

test

At is a sampling interval in the Test Data (usually 30 seconds for

tg is the time length of the Sample Data (Learning period) and ¢

be rewritten as:

1 = 1 M N-l B
( )=Nz 0,415+ jAt .[MZXi,tHSJrjAtJ = NZ XO,t+tS+jAt .XO,t+rS+jAta (2)

j=0 i=1 j=0
where
M
0,t+tg+ jAt = Z it+tg+jAt®
=1

Note that if M =1,
and X;:

((T) becomes just a normal correlation between X,

1 N-1
N Z XO,tthS +jAr Xl,t+t5 +jAL”
Jj=0

c(r)=
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Thus, from Equation (2), one can see that C{7) can capture a synchronized
temporal anomaly patterns correlated between X (a value at the central sta-
tion) and X, , (amean value of the values X, observed at the surrounding sta-
tions). If anomaly patterns of observational points are coherently periodic such
as medium-scale traveling disturbances (MSTIDs), (X7) also shows periodic
patterns with the same period. On the contrary, if anomaly patterns are cohe-
rently non-periodic irregular patterns, ({7) also shows a certain irregular pat-
tern. Thus, not only its value ({7), but also a temporal characteristics of C(T)
are vitally important to elucidate anomaly alert.

If Nis large, the following relation

N-1

Z XO,t+t5+jAt 'XO,tHs*J'A’ - O(W)

=0
holds for non-correlated noisy signals X, and X, from the central limit theorem

(CLT). Thus,

N-

1 1
( )=NZ 0,r+1g+jAr 0t+fs+/At=O(ﬁj_)o for N — oo. (3)

=0
On the contrary, for some coherent synchronized signals X, and X, due
to some anomaly phenomena, it is evident that

N-1 5
Z XO,t+tS+jAt 'Xo,t+tS+jAt = O(N)

J=0
Thus we can expect a higher (X 7) such that

1 A=l -
N z XO,HtS +jar” XO,t+t3+jAt = 0(1) >0 for N> 0, (4)

Jj=0

(7=

which clearly distinguishes a signal from noisy signals when N is sufficiently
large. An SNR or signal-to-noise ratio at this abnormality detector C{7) can be
measured by the ratio between the variances of signal and noise; thus the fol-

lowing general relation holds:

SNR = (0(—1))22 =O(N).
[O(Wﬂ

Thus, N is a key parameter of CRA to measure temporal correlations with
each temporal abnormalities, where N is regarded as the spreading factor in
spread spectrum technology [12] [13].

A pre-seismic ionospheric anomaly, if it exists, should be distinguished from
other space weather phenomena such as MSTID and high geomagnetic activity.
For the issue on distinction between ionospheric anomaly and MSTID by CRA,
the reference [11] argues that the 65 - 168 m/s MSTID propagation velocity
range in I & U17 as TEC pre-seismic anomaly is not abnormally low, as com-
pared to the statistics on the propagation velocities reported in the past. They
also concluded that TEC anomaly detected for the 2016 Kumamoto earthquake
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day reported in I & U17 was not a pre-seismic one. Referring [1] [2] [3], this
kind of anomaly on I & U17 is Not a statistical anomaly.

We would define it single event anomaly (focus on one time, one location, one
satellite and one sub-ionospheric track) of ({7) in CRA as follows. Suppose
anomalies occurred around specific area as earthquake’s characteristic. A single
event anomaly means an anomaly which is dependent on a specific set of event
characterized by time, location, satellite and sub-ionospheric point tracks of the
satellite. In Fig. 2 of Goto et al 19 [3], the TEC correlation anomalies observed
by different satellites (GPS17 and GPS28) before the 2016 Tainan earthquake,
are sharply different. C{7) of GPS 17 shows a strong anomaly (C{ 7) higher than
100) while CX7) of GPS28 shows no anomaly (C{7) less than 10) even at the
same GNSS stations (gais-wanc of Taiwan) at the same time period (17:00-20:00
UTC) on the earthquake day (Feb. 5., 2016). This means whether TEC pre-seismic
correlation anomalies can be detected or not are dependent on the SIP
(sub-ionospheric) track of the satellite. In this respect, the reference [11] is in-
correct because they calculated based on the statistics of ({7) with all kinds of
GNSS satellites used in their analysis. Such kind of statistical analysis confused
their judgement and rough use of CRA in [11] to argue the existence of pre-seismic
anomaly is inconclusive. TEC correlation anomalies detection depends on a
choice of satellite [3].

The reference [11] also performed CRA analysis towards the 2011 Toho-
ku-Oki earthquake on March 11, 2011 and the foreshock on March 9, 2011.
They also re-examined I & U16 based on the statistical anomaly distribution of
A 7). They reproduced CRA’s high correlation value on March 11 of I & U16
and further argued that the correlation values (X 7) were not so abnormally high
compared to the statistic of high (X 7) values such that C (T ) >25. (Fig. 2 of
[11]). Again, their logic of the argument in [11] is based on the simple criteria of
statistical anomaly values of all over Japan. Earth’s geomagnetic field strength on
Tohoku area (higher latitude) is higher than Kumamoto area, ionospheric ano-
malies computed by (X 7) of Kumamoto (lower latitude) tend to be higher than
Tohoku area (higher latitude). It is natural to provide different C{T) thresholds
at different latitude so the difference of the abnormality criteria of C{ 7) naturally
exist between the case of 2011 Tohoku-Oki earthquake and the case of the 2016
Kumamoto earthquake.

Considering such inconsistency, a threshold of C({7) can be computed by the
mean and the variance of its preceding non-earthquake days such as 12 days
[14]. The reference [11] also argued that the high values of ({7) of the 2011 To-
hoku-Oki earthquake may be attributed to the large Kp index and thus the ano-
maly detected (high ({7)) before the Tohoku-Oki earthquake) by CRA in I &
U16 may be due to high-geomagnetic activity (Kp = 5). We object the argu-
ment of [11] by giving a counter example on the non-earthquake days with low
C(T) value and large Kp index. Such days with low ({7) and large Kp (Kp = 5)
can be illustrated as March 1, 2011 and April 8, 2016, both of which are the
non-earthquake days (See Table 1). The days with (Kp = 5) have no abnormality
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in A7) as compared to the earthquake days (March 11, 2011 and April 15,
2016). In the data analysis for computing a mean value and the standard devia-
tion (sd) of C{7), the 12 consecutive days before the target date were used for
each day. In Table 1, data with low elevation angle (one hour from the begin-
ning and one hour to the end of TEC data observed) were discarded for CRA to
avoid high C{7) values due to the artificial anomaly by the low elevation angle.
Contrary to the claim of [11], a signature of large Kp index has no apparent rela-
tion with high ({7) of CRA which can detect synchronous anomaly with mul-
tiple GNSS stations while the high C{7) on 2011/03/11 and 2016/04/15 seems
to be related to the two large earthquakes (the 2011 Tohoku-Oki earthquake
and the 2016 Kumamoto earthquake), respectively. The high (X7) could be
considered as ionospheric pre-seismic anomalies as presented in I & U16 and
[14]. Through the above descriptions, we argue that the reference [11] has
several fatal errors with incorrect use of statistical anomalies for evaluating
CRA.

3. Deceleration of Propagation Velocities of MSTID and the
Physical Mechanism

In this section, a general relation between the deceleration at propagation ve-
locities in MSTID found in I & U17 and a predicted change of electric field
strength in the ionosphere is derived to provide a physical basis to cause the
anomaly patterns detected by CRA. Physical behavior of MSTID can be un-
derstood in terms of plasma physics (physics for ionized gases) [15]. Its physi-
cal origin of MSTID is known to be related to the Perkins instability of the io-
nosphere [16].

The equations of motion for electrons of mass m, and ions of mass m, in

the ionosphere are given by

nm, (aav: +(», .V)veJ

=nm,g—en,(E+v,xB)-Vp,—nmy,, (v,-v,)+ > R,

e e en

(5)

i

Table 1. Maximum values of ( 7) of some days with Large Kp index in 2011 and 2016.

GPS Max mean sd in past
Date (Station) Kp an (Ul;,';,axc) an 12 d:ys abnormality
2011/03/01 26 (0214) 5 4.076 5.158 1.986 2.863 0.730
2011/03/01 5(0214) 5 8203 4.742 1414 1.661 4.088
2011/03/11 26 (0214) 5 24.674 5.675 1.108 1.314 17.928
2016/04/08 6 (0087) 5 0912 17.1 0.528 1.066 0.359
2016/04/08 17 (0087) 5 3.974 15.567 0.932 1.439 2.113
2016/04/15 6 (0087) 4 98417 15.717 6.897 8.633 10.601
2016/04/15 17 (0087) 4 34.353 16.158 6.585 7.789 3.565
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nm, [%+(v, -V)vl.j

=nmg+eZn (E+v,xB)-Vp,—nmy, (v,—v,)-R, ZR

i in

(6)

J#i

where v, (v;) is the velocity of an electron (an ion i), Z, is the ion charge
number (multiples of ) of ion 4 n,(n;) is the number density of electrons
(ions 1), v,,(v,,) is the frequency of collisions between an electron (an ion i)
and neutral particles, Vp,(Vp,) is the gradient of pressure acting on electrons
(ions i), R, is the force per unit volume affected by collisions between elec-

trons and ions 4, R, is the force per unit volume affected by collisions between
ions 7and another kind of ions jand g the gravity force affected by the earth is
a vector per unit mass per unit volume. After summing Equation (5) and Z[
Equation (6), with ZiRie (in Equation (5)) + Zi_Rie (in Equation (6)) = 0

and 3 > R, =0,one can derive the plasma equation:

P nm (v, V)r. S (1Y),
_pg+.l><B Vp anl m(vt vn)’

where p(s n,m, +Zinimi) is the mass density, v(E (nemeve +Zinimiv,. )/p)
is the center of mass velocity, (— —e( Z Z,.n,.v,.) is the current density,
and p(=p,+p,) isthe pressure (plasma pressure). Here, by electrical neutrality

of plasma, » 1,7, =n, and we neglect the term —n,m,v,, (v, —v,) because the

e en

eB
electron cyclotron frequency €, =— is much greater than the collision fre-
m

e

quency v, and m, << m,. The layer of the ionosphere for considering MSTID

is the F-Layer with the 300 km height above the ground. One can assume that
ions in that layer are of one type, O for simplicity. Thus, p~nm, and v, =v

hold because m, < m, . Furthermore,

o, (5,9 + T, (3, Vv, ~ p 2

Dt

D
where Fv =—+(v-V)v. Accordingly, the final form of the equation motion
t

for ionized gas (ionosphere) above the 300 km is:

D
p;—pgﬂxlf Vp—nmy, (v,~v,). (7)

An ionospheric current j, perpendicular to Earth’s magnetic field line B

penetrating the ionosphere is given by
B
j.o=0,(E +v,xB)+0y, EX(EL +v,xB),

where E,| is an electric field vector perpendicular to B, v, is the mean ve-
locity vector of a gas of neutral particles, o, is the Pedersen conductivity

VinQi VenQe
vo+ Qv+

computed by o, z%[

J and o, is the Hall current
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nel OF o’
conductivity computed by o, =— - = 17]. In the F-Layer
pempuedy o, <] oo o ’

ionosphere 300 km over the earth, o, > o, . Thus one can assume that

J. =0, (E, +v,xB). The obtained equation of motion for a velocity v, per-

pendicular to the geomagnetic field B is:

Dy e | v, v, Q,
Ty T e LRSI
\%
_ﬂ_vm ("u _an)'
nm,

Propagation v, of MSTID is essentially a macroscopically stationary drift
motion of an ionized gas (not electrons). Thus, the propagation velocity of MSTID

satisfies the continuity equation for an incompressible fluid:

D
Py (pv)=0 with Voy=0= 22 2% g
ot Dt Dt

Therefore, we get the propagation velocity of MSTID which is the perpendi-
cular to B by the following formula:

g e Qi VenQe (Vp)
szan+V_’:+ﬁ Vi2n+Qi2+Viﬂ(an+Qi> (El+anB)XB_W. ®

Suppose an electric field E, is changed as E, - E —AE | . Such a change
in E, also changes the propagation velocity of MSTID as v, v, —4v,

where
av =S| 2 Vel g B 9)
mi Vi" + Qi Vin (Vezn + Q: ) B

Finally, one can obtain:

B Q. Q
Op AE e i Vens2e AEL ~ LAEL (10)
m.Q

Av, = =— +
fl il 2 2 2 2
nm;v,, m v, +Q v, (Ven +Q, )

(i)

which is the causal relation between the deceleration at propagation velocities of
MSTID (Av, ) and AE |, a sudden change of electric field in the ionosphere.

Namely, a sudden change in the opposite direction (in the eastward direction
at the midnight, see Figure 1.) causes deceleration at MSTID’s propagation veloci-
ties (Model 1). Here assume that Q, ~100 rad-s™' for quantitative validation of
the model. Note that e=1.602x10""C, m, = 1.673x107 kg, m, = 16m,. In
this case, Av, =35m-s' change with the deceleration at propagation veloci-
ties in MSTID requires AE, =0.58x107° N-C™' =0.58 mV/m change in the F
Layer of the ionosphere. Thus, even a small change in electric field in the F layer
can be measured by a macroscopic data estimation of deceleration at propaga-
tion velocities of MSTID. In other words, even a fairly small change in the elec-
tric field strength can be measured by amplification effect with the propagation
velocity of MSTID by the following formula:
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a= Av, =Const.=i=5.9848><104m-C-s’1-N’1 ~6x10* T,
AE Q

1 mse;

where a is an amplification factor between Av, and AFE, and can be re-
garded as a constant parameter. Interestingly, 35 m-s™' change in the propaga-
tion velocities of MSTID requires 0.58 x 107> N-C™ electric field lines at 300km
height is almost consistent with Kelley et al 2017’s estimation [8] such that an
ExB/B* drift of 12 m-s for the dislocation of electrons observed with TEC
and its 3D-tomography analysis by Heki et al. [4] [9] [18] requires 0.5 x 107
N-C™ electric field lines at the base of ionosphere, although the above two esti-
mation methods are fotally different. Responsible components of plasma in MSTID
propagation are jons as p~mn, in the F region while [4] and [8] consider a
model of electron dislocations due to an E x B/B* drift in the E region.

Other physical models responsible for MSTID’s deceleration at propagation
velocities can be attributed to a reduction of Pedersen conductivity o, such as
o, >0,—Ac, by

_Ao,B

Av, = E, (Model 2) (11)
nmyv,,

or an increase in ion densityas n, = n, + An, with An, >0 by

An.B Vp), An, An.B
el EL+( f)i ~_2PT7 B (Model 3) (12)
ni mivin ni my, ni mivin

i in

Av, =

where we discard the term of the gradient of pressure during the time scale of
preservation of the MSTID periodic stripe structure. Oyama et al. 2019 [19] ob-
served the reduction of the Pedersen conductivity prior to the 2011 Toho-
ku-oki earthquake, which is consistent with Model 2 (the former theory on a
reduction of Perdersen conductivity of the F region). They observed the en-
hancement of O" by DMSP satellites prior to the 2011 Tohoku-Oki earth-
quake, which is also consistent with Model 3 (the latter theory on an increase
of ion density) [19]. Figure 1 summarizes the three physical models presented
here where MSTID in the nighttime hour of the mid-latitude northern he-
misphere is assumed.

It should be pointed out that among the three models presented here, Model 1 is
most suitable for explaining the deceleration of propagation velocities in MSTID be-
cause the time scale of a sudden change in electric field in the ionosphere in Model 1
is comparable to the time scale (1 - 2 hours) for the observed deceleration of propa-
gation velocities in MSTID by CRA while other models (Model 2 and Model 3) must
have longer time scales to cause change in the reduction of the Pedersen conductivity
in the ionosphere (Model 2) or the increase of ion density in the ionosphere (Model

3) to compare with Model 1 (the electric field change model).

4. Evidence for Deceleration of Propagation Velocities at
MSTID before the 2016 Kumamoto Earthquake

We analyzed GNSS data obtained by GEONET and then converted them to get
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MODEL 1
E Electric Field
L >
(Westward) -AE,
MSTID? (Eastward)
vy)

B
V,'<V, (Downward)
MSTID

(Southward)
V1)

MODEL 2
E Ped Cond
L 0, = 0y — Ao,
» = %p (3
(Westward) (Ag, > 0)
MSTID
V)
MSTID V' <V, (Downward)
(Southward)
V1)

MODEL 3

lon Density
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V)
B
MSTID V' <V, (Downward)
(Southward)

(V1)

EARTH

Figure 1. Physical models for deceleration at propagation velocities of MSTID. Three physical models of explain deceleration at
propagation velocities with MSTID are depicted. What are depicted here is the case of the mid-latitude northern hemisphere in

the nighttime. The southward direction of MSTID propagation is crude approximation for simplicity of presentation. In reality,

the nighttime propagation of MSTID on the mid-latitude northern hemisphere is southwestward direction while the daytime
propagation of MSTID on the mid-latitude northern hemisphere is southward. The three physical models have their different

time-scale in changing corresponding physical variables.

Slant TEC data to perform CRA as I & Ul6 and I & U17. We selected the 15
GNSS stations located in Kyushu Island in Japan as the central stations (See
Figure S1.) and set the same parameter as M =30 asI & Ul6 and I & Ul7.
Figure 2 and Figure 3 show that MSTID deceleration at propagation velocities

is clearly seen. On the earthquake day, the half periods A7} and A7, of the
MSTID one cyclic period became widen as A7, < AT, while the MSTID main-

tains the spatial periodic stripe structure with the wavelength A . See Figure S2

and Figure S3 for the MSTID spatial structures on the corresponding days.

are obtained as:

Thus, the averaged values of Table 2 over 15 stations depicted in Figure S1

AT,

AT, =0.203 hour, AT, = 0.302 hour, 7 = (A—le =0.617.

2

The wavelength A of MSTID around 15:50 (UTC) on April 15, 2016 is esti-

mated as A =157400m by CRA with all the GNSS stations in Japan (See Fig-
ure S2). Thus, we obtain the propagation velocities of MSTID:

v(before) = L_ =107.69m-s™, v(after) =
2AT,

1

Av = v(before ) — v (after) :%

A_ =7239m-s.

2

A deceleration Av at MSTID propagation velocities is finally obtained by

1 1

e :35.3 m'Sil.
AT AT,

On the contrary, the data on April 13, 2016, where the usual MSTID was identi-

fied by I & U17 shows the opposite sign: no deceleration at propagation velocities
in MSTID is observed. As can be seen in Table S1, Figure 4 & Figure 5, the half

AT,
periods A7, and A7, on April 13, 2016 are almost same as y=—=-~1.

AT,
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2016/04/15 Central Station ID:0087 GPS17 Kp:4

40
35 A 'Y
30 A
25 4
20 A ”

15 A

10p

.\.. oee

15.00 15.25 15,50 15.75 16.00 16.25 16.50 16.75
time(UTC)

Figure 2. Correlation values (0087) before the 2016 Kumamoto earthquake The vertical axis shows the

correlation (1 7) and the horizontal one the time # (UTC). The black line indicates the exact time 16:25

(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times

t,t,,1,,(t, <1, <t;) when (I7) has extremal values. Because 0< AT, =1, -1, <AT, =t, —1,, a decelera-

tion at propagation velocity of MSTID is clarified. The GNSS station 0087 (Koga, Fukuoka Prefecture)

is used as the central station and the GPS satellite PRN17 is selected for the analysis.

2016/04/15 Central Station ID:0089 GPS17 Kp:4

40
35
30 7 3
25

20 A

C(t)

15 A

°
°
°
°
°
°
°
°
°
[ ) ° o
°
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°
°
°
°
°

°
L]
[
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[
L]
[ ]
[ ]
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Figure 3. Correlation values (0089) before the 2016 Kumamoto earthquake on April 15, 2016. The ver-
tical axis shows the correlation (X7) and the horizontal one the time ¢ (UTC). The black line indicates
the exact time 16:25 (UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the
times #,,,t,,(f, <t,<t,) when (X7) has extremal values. Because 0<AT,=t,—, <AT,=t,—t,, a
deceleration at propagation velocity of MSTID is clarified. The GNSS station 0089 is used as the central
station and the GPS satellite PRN17 is selected for the analysis.
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Table 2. Half periods of MSTID on April 15, 2016 estimated by CRA.

AT
Station A7, (hour) A7, (hour) Ratio 7[5 AT‘J t, (UTC) ¢ (UTC) ¢ (UTC)

2

0087 0.192 0.283 0.676 15.358 15.550 15.833
0089 0.233 0.317 0.737 15.258 15.492 15.808
0451 0.200 0.292 0.686 15.367 15.567 15.858
0452 0.217 0.325 0.667 15.292 15.508 15.833
0453 0.208 0.292 0.714 15.383 15.592 15.883
0685 0.183 0.308 0.595 15.308 15.492 15.800
0687 0.200 0.308 0.649 15.292 15.492 16.800
0688 0.208 0.308 0.676 15.333 15.541 15.850
0710 0.233 0.317 0.737 15.283 15.517 15.833
0771 0.208 0.292 0.7143 15.400 15.608 15.900
1060 0.183 0.300 0.611 15.300 15.483 15.783
1062 0.200 0.292 0.686 15.392 15.592 15.883
1063 0.200 0.308 0.649 15.325 15.525 15.833
1064 0.233 0.325 0.718 15.233 15.467 15.791
1069 0.150 0.267 0.563 15.200 15.350 15.617

2016/04/13 Central Station ID:0087 GPS17 Kp:5

140 A

8 .Q. A

120 4
100 A

80 A

C(t)

60 1

40 /‘ /\

°V\',T'\'

15.00 15.25 15,50 15.75 16.00 16.25 16.50 16.75
time(UTC)

Figure 4. Correlation values (0087) on April 13, 2016. The vertical axis shows the correlation ({7) and
the horizontal one the time # (UTC). The blue lines indicate the times 1,,1,,,,(1, <t, <t,) when (Q(7)
has extremal values. Because AT, =t,—t, ~AT, =t —t,, a deceleration of propagation velocity of

MSTID is not detected. We used the pair of the GNSS station 0087 as a central station and GPS satellite
PRN17.
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2016/04/13 Central Station 1D:0089 GPS17 Kp:5
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Figure 5. Correlation values (0089) on April 13, 2016. The vertical axis shows the correlation ({7) and
the horizontal one the time ¢ (UTC). The blue lines indicate the times tl,tz,t3,(t1 <t, < t3) when ((7)

has extremal values. Because AT =t,—t ~AT,=t,—t,, a deceleration of propagation velocity of

MSTID is not detected. We used the pair of the GNSS station 0089 as a central station and GPS satellite
PRN17.

Through the remarkable difference between the deceleration of MSTID on the
earthquake day (April 15, 2016) and non-deceleration of MSTID on April 13,
2016 as is also seen in Figure S2 and Figure S3, one can consider a deceleration
at propagation velocities at MSTID is the characteristics of preseismic pheno-
mena because it is extremely difficult to find such a deceleration at MSTID
propagation velocity on the usual MSTIDs [20]. The other twenty six figures,
Figures S4-S29 also support that a deceleration of propagation velocities of
MSTID occurred on the earthquake day while such a deceleration was not ob-
served on the non-earthquake day. We conclude here that the TEC’s correlation
analysis presented here shows the deceleration at propagation velocities of
MSTID and its physical existence on the deceleration of MSTID propagation

velocities before the 2016 Kumamoto earthquake is conclusive.

5. Discussion

We have shown that MSTID, a typical space weather phenomenon is deeply related
to pre-seismic ionospheric anomaly identified as a deceleration in propagation ve-
locity of MSTID before large earthquakes. Similar interrelation between space
weather phenomena such as geomagnetic storms and preseismic atmospheric
and ionospheric anomalies is also reported [21].

For the issue on distinction between ionospheric anomaly and MSTID, the

reference [11] argues that the 65 - 168 m/s MSTID propagation velocity range
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firstly reported in I & U17 as TEC preseismic anomaly is not abnormally low as
compared to the statistics on the propagation velocities reported in the past [20]
and Ikuta ef al concluded that TEC anomaly detected for the 2016 earthquake
day reported in I & Ul7 is not a preseismic one. We argue that this kind of
anomaly reported on I & U17 is Not a statistical anomaly but a single event
anomaly (focus on both space and time duration) whose definition is given in
Section 2. Here, with additional data analysis with the half periods of MSTID
obtained by CRA in the preceding section, we have shown that a deceleration in
MSTID propagation velocities before the 2016 Kumamoto earthquake on April
15, 2016 has certainly occurred as pre-seismic anomaly behavior as reported by I
& U17 (See Figure 2 of I & U17) and that the reduction of propagation velocities
of MSTID as originally reported by I & U17 has been further clarified in com-
parison with the normal propagation velocity case of MSTID on April 13, 2016
(See Table S1 and Figures S17-S29). To explain this phenomenon, we have
provided three physical models (Models 1-3) of abnormal deceleration in MSTID
propagation velocities before large earthquakes. Interestingly, our estimation of
0.58 mV/m electric field requirement in the F-Layer ionosphere for 35 m/s dece-
leration of MSTID propagation velocities is almost consistent with Kelley’s esti-
mation of 0.5 mV/m electric field requirement at the base of ionosphere for dis-
locations of electrons firstly claimed by Heki [4] [8] [9] [18]. The 10* times am-
plification effect with a measurement of MSITD propagation velocities eluci-
dated in Section 3 is comparable with the amplification effect of CRA in in-
creasing signal-to-noise-ratio introduced in Section 2. An electric field of 0.58
mV/m of the F-Layer ionosphere is not detectable in practice, which means a
high capability potential of ionospheric anomaly detection with TEC’s CRA.
There are also another two physical models (Models 2-3) explaining deceleration
of MSTID propagation velocities. Models 2-3 (decrease in the Pedersen conduc-
tivity and increase in ion densities) are also consistent with DMSP satellite data
of direct observations on O* prior to the 2011 Tohoku-Oki earthquake by [19].
With these physical models, we clarify that abnormality as deceleration at
MSTID propagation velocities detected on the 2016 Kumamoto earthquake day
is a conclusive physical process caused by a sudden change of some physical pa-
rameters before the earthquake. Note here that there is still missing link such as
LAI (Lithosphere-Atmosphere-Ionosphere) coupling models [22] [23] to fill a
gap of the whole preparatory process of earthquake. Concerning the 2011 To-
hoku-Oki earthquake, various ionospheric anomaly phenomena have been re-
ported so far [1] [4] [18] [19] [24] [25]. Mizuno & Takashima 2013 [24], and
Igarashi et al, 2020 [25] observed some physical anomalies before the earth-
quake by direct measurement of physical parameters such as current in air and
oblique ionograms between Wakkanai and Kokubunji in Japan, respectively.
They indicated supportive and significant physical evidence on the existence of
certain abnormal pre-seismic phenomena before the 2011 Tohoku-Oki earth-

quake. How to prove the pre-seismic anomalies related to high ({7)? To provide
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a physical model causing ionospheric anomaly such as the deceleration in
MSTID propagation velocity before the large earthquakes may be one of the

answers.

6. Conclusions

We have shown that contrary to the claim by [11] which is shown to have mul-
tiple fatal errors in the judgement of capability of detecting TEC pre-seismic
anomalies with the incorrect use of statistical anomaly, TEC’s correlation ano-
malies detected by I & U16 and I & U17 clearly provided supporting evidence
that physical pre-seismic anomalies really exist before the two large earthquakes
(the 2011 Tohoku-Oki earthquake and the 2016 Kumamoto earthquake), respec-
tively.

Here we declare that the abnormality criteria should be taken by an AND op-
eration of various abnormality sensing detectors such as the low propagation
velocity of MSTID and the low anomalous area rates as discussed in I & U17
while [11] considered these abnormality conditions separately. One important
finding of the present study is that space weather phenomena such as MSTID are
related to pre-seismic anomalies as confirmed by the CRA results. We also de-
duced a significant amplification effect in the method of CRA for detecting TEC
pre-seismic anomalies and give a plausible physical model of observed decelera-
tion in MSTID propagation velocity detected before the 2016 Kumamoto earth-
quake by CRA. The model validity of proposed physical models (Models 1-3)
and the universality of the new phenomena of deceleration in MSTID propa-
gation velocity towards other large earthquakes elucidated as an ionospheric
pre-seismic anomaly with the physical models are left as a future study to be in-

vestigated.
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Supporting Information

Supporting Information Section are composed of twenty-nine Figures and one
Table that help readers understand the manuscript better.

Figure S1 shows the locations of the fifteen GNSS stations used for TEC Co-
Relation Analysis (CRA) on April 13, 2021, and April 15, 2021 (the day of main
shock of the 2016 Kumamoto earthquake).

Figure S2 and Figure S3 show the correlation values at all the GNSS stations
in Japan before the 2016 Kumamoto earthquake on 2016/04/15 (UTC) and on
2016/0413 (UTC), respectively.

Figures S4-S16 show the correlation values for each different central station
before the 2016 Kumamoto earthquake on April 15, 2016 (UTC).

Figures S17-S29 show the correlation values for each different central station
on April 13,2016 (UTC).

Table S1 shows the list of the half periods of MSTID on April 13, 2016, esti-
mated by CRA.
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Figure S1. Location of the 15 selected GNSS stations for CRA.
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Figure S2. Correlation values at all the GNSS stations in Japan before the 2016 Kumamoto earthquake on
2016/04/15. We used every GNSS station as a central station and mapped the results into the Japan map. The GPS
satellite PRN 17 is used here. The black x marks represents the epicenter. The earthquake occurrence time is 16:25
UTC on April 15, 2016 and the time 15:50 in the figure corresponds to 35 minutes before the main shock.
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Figure S3. Correlation values at all the GNSS stations in Japan at 16:00 (UTC) on 2016/04/13. No earthquakes oc-

curred on the day while MSTID was observed. We used every GNSS station as a central station and mapped the re-
sults onto the Japan map. The GPS satellite PRN17 is used here.
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Figure S4. Correlation values before the 2016 Kumamoto earthquake (0451) on April 15, 2016. The vertical axis
shows the correlation ({7) and the horizontal one the time ¢ (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times #,,z,,,,(¢, <1, <t,) when

A7) has extremal values. Because 0<AT, =t, -1, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 0451 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S5. Correlation values before the 2016 Kumamoto earthquake (0452) on April 15, 2016. The vertical axis

shows the correlation ({7) and the horizontal one the time # (UTC). The black line indicates the exact time 16:25

(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times #,,z,,,,(¢, <t, <t,) when

A7) has extremal values. Because 0<AT, =t, -1, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 0452 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S6. Correlation values before the 2016 Kumamoto earthquake (0453) on April 15, 2016. The vertical axis
shows the correlation (7) and the horizontal one the time ¢ (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times #,,z,,,,(¢, <1, <t,) when
A7) has extremal values. Because 0<AT, =t, -1, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 0453 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S7. Correlation values before the 2016 Kumamoto earthquake (0685) on April 15, 2016. The vertical axis
shows the correlation ({7) and the horizontal one the time ¢ (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times #,,z,,,,(¢, <t, <t,) when
A7) has extremal values. Because 0<AT, =t, -1, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 0685 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S8. Correlation values before the 2016 Kumamoto earthquake (0687) on April 15, 2016. The vertical axis
shows the correlation (1 7) and the horizontal one the time ¢ (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times ,7,,t,,(¢, <t, <f,) when
A7) has extremal values. Because 0<AT =t, -t <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 0687 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S9. Correlation values before the 2016 Kumamoto earthquake (0688) on April 15, 2016. The vertical axis
shows the correlation ({7) and the horizontal one the time # (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times ,,7,,,,(¢, <t, <f,) when
A7) has extremal values. Because 0<AT =t, —t, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 0688 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure $10. Correlation values before the 2016 Kumamoto earthquake (0710) on April 15, 2016. The vertical axis
shows the correlation ({7) and the horizontal one the time ¢ (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times #,,z,,,,(¢, <1, <t,) when
A7) has extremal values. Because 0<AT, =t, -1, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 0710 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S11. Correlation values before the 2016 Kumamoto earthquake (0711) on April 15, 2016. The vertical axis
shows the correlation ({7) and the horizontal one the time ¢ (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times ,,7,,t,,(¢, <t, <t,) when
A7) has extremal values. Because 0<AT =t, —t, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 0711 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S12. Correlation values before the 2016 Kumamoto earthquake (1060) on April 15, 2016. The vertical axis
shows the correlation ({7) and the horizontal one the time # (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times ,,7,,t,,(¢, <t, <f,) when
A7) has extremal values. Because 0<AT =t, —t, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 1060 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S13. Correlation values before the 2016 Kumamoto earthquake (1062) on April 15, 2016. The vertical axis
shows the correlation (1 7) and the horizontal one the time ¢ (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times #,,z,,,,(¢, <t, <t,) when
A7) has extremal values. Because 0<AT, =t, -1, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 1062 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S14. Correlation values before the 2016 Kumamoto earthquake (1063) on April 15, 2016. The vertical axis
shows the correlation ({7) and the horizontal one the time ¢ (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times #,,z,,t,,(¢, <1, <t,) when
A7) has extremal values. Because 0<AT, =t, -1, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 1063 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S15. Correlation values before the 2016 Kumamoto earthquake (1064) on April 15, 2016. The vertical axis
shows the correlation (7) and the horizontal one the time ¢ (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times ,,7,,t,,(¢, <t, <f,) when
A7) has extremal values. Because 0< AT =t, —t, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 1064 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S16. Correlation values before the 2016 Kumamoto earthquake (1069) on April 15, 2016. The vertical axis
shows the correlation (' 7) and the horizontal one the time # (UTC). The black line indicates the exact time 16:25
(UTC) when the 2016 Kumamoto earthquake occurred. The blue lines indicate the times ,,7,,,,(¢, <t, <f,) when
A7) has extremal values. Because 0<AT =t, —t, <AT, =t, —t,, a deceleration at propagation velocity of MSTID is
clarified. The GNSS station 1069 is used as the central station and the GPS satellite PRN17 is selected for the analysis.
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Figure S17. Correlation values (0451) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time ¢ (UTC). The blue lines indicate the times tl,tz,tB,(tl <t < t3) when (A7) has extremal values.
Because AT =t,—t ~ AT, =t —t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 0451 as a central station and GPS satellite PRN17.

DOI: 10.4236/0jer.2021.104008 130 Open Journal of Earthquake Research


https://doi.org/10.4236/ojer.2021.104008

.. - A Self-archived copy in . DT
» #B j( ? Kyoto University Research Information Repository R“fngm"Eﬂf\]Ai {[
KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp |

Kyoto University Research Information Repository

K. Umeno et al.

2016/04/13 Central Station ID:0452 GPS17 Kp:5

140 A

120 A [ A
100 A

80 A

C(t)

40 A

(]
° °
° : °. °
° o| ® N
[ ] Y °
° ° ° ¢
° °
° °
° ¢ ®
60 A e ° [ ] ) °
° ° °
[ ) : ° [ )
° N ° ..
. B ° .
° °
® ° ° %
[ °

22 \/ ...\i' .:v v\

15.00 15.25 15.50 15.75 16.00 16.25 16.50 16.75
time(UTC)

Figure S18. Correlation values (0452) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time # (UTC). The blue lines indicate the times t],tz,t3,(tl <t < t3) when ({7) has extremal values.

Because AT, =t,—t, ~ AT, =t,—t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 0452 as a central station and GPS satellite PRN17.
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Figure S19. Correlation values (0453) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time # (UTC). The blue lines indicate the times tl,tz,t3,(t1 <t < t3) when ({7) has extremal values.

Because AT, =t,—t, ~ AT, =t,—t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 0453 as a central station and GPS satellite PRN17.
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Figure S20. Correlation values (0685) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time # (UTC). The blue lines indicate the times ¢,,1,,t,,(1, <t, <t,) when ({7) has extremal values.

Because AT, =t,—t, ~ AT, =t,—t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 0685 as a central station and GPS satellite PRN17.
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Figure S21. Correlation values (0687) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time ¢ (UTC). The blue lines indicate the times tl,tz,t3,(t1 <t < t3) when (A7) has extremal values.
Because AT =t,—t ~AT,=t, —t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 0687 as a central station and GPS satellite PRN17.
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Figure S22. Correlation values (0688) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time ¢ (UTC). The blue lines indicate the times ¢,,1,,t,,(1, <#, <t,) when ((7) has extremal values.

Because AT =t,—t ~ AT, =t, —t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 0688 as a central station and GPS satellite PRN17.
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Figure S23. Correlation values (0710) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time ¢ (UTC). The blue lines indicate the times tl,tz,t3,(t1 <t < t3) when (A7) has extremal values.
Because AT =t,—t ~ AT, =t —t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 0710 as a central station and GPS satellite PRN17.
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Figure S24. Correlation values (0771) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time # (UTC). The blue lines indicate the times ¢,,1,,t,,(1, <t, <t,) when ({7) has extremal values.
Because AT, =t,—t, ~ AT, =t,—t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 0771 as a central station and GPS satellite PRN17.
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Figure S25. Correlation values (1060) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time # (UTC). The blue lines indicate the times t,,tz,t3,(tI <t < t3) when ({7) has extremal values.
Because AT, =t,—t, ~ AT, =t,—t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 1060 as a central station and GPS satellite PRN17.
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Figure S26. Correlation values (1062) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time # (UTC). The blue lines indicate the times t,,tz,t3,(tI <t < t3) when ({7) has extremal values.

Because AT, =t,—t, ~ AT, =t,—t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 1062 as a central station and GPS satellite PRN17.
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Figure S27. Correlation values (1063) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time ¢ (UTC). The blue lines indicate the times ¢, ,tz,tS,(tl <t < t3) when ({7) has extremal val-

ues. Because AT =t, -t ~ AT, =t,—t,, a deceleration of propagation velocity of MSTID is not detected. We used
the pair of the GNSS station 1063 as a central station and GPS satellite PRN17.
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Figure S28. Correlation values (1064) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time # (UTC). The blue lines indicate the times ¢,,1,,t,,(1, <t, <t,) when ({7) has extremal values.
Because AT, =t,—t, ~ AT, =t,—t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 1064 as a central station and GPS satellite PRN17.
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Figure S§29. Correlation values (1069) on April 13, 2016. The vertical axis shows the correlation (X 7) and the hori-
zontal one the time ¢ (UTC). The blue lines indicate the times 1,,1,,t,,(1, <, <t,) when ((7) has extremal values.
Because AT =t,—t ~AT,=t, —t,, a deceleration of propagation velocity of MSTID is not detected. We used the
pair of the GNSS station 1069 as a central station and GPS satellite PRN17.
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Table S1. Half periods of MSTIDs on April 13, 2016 estimated by CRA.

. AT,
Station A7, (hour) A7, (hour) Ratio 7(5 AT‘] t (UTC) ¢ (UTC) ¢, (UTC)

2

0087 0.167 0.183 0.909 15.883 16.050 16.233
0089 0.175 0.192 0.913 15.875 16.050 16.242
0451 0.158 0.192 0.826 15.908 16.067 16.258
0452 0.175 0.183 0.955 15.867 16.042 16.225
0453 0.175 0.192 0.913 15.925 16.100 16.292
0685 0.175 0.192 0.913 15.842 16.017 16.208
0687 0.167 0.192 0.870 15.850 16.017 16.208
0688 0.167 0.192 0.870 15.900 16.067 16.258
0710 0.175 0.200 0.875 15.900 16.075 16.275
0771 0.158 0.200 0.792 15.933 16.092 16.292
1060 0.175 0.183 0.955 15.825 16.000 16.183
1062 0.158 0.200 0.792 15917 16.075 16.275
1063 0.175 0.192 0.913 15.867 16.042 16.233
1064 0.183 0.192 0.957 15.833 16.017 16.208
1069 0.175 0.192 0.913 15.950 16.125 16.317
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