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Key Points:

• We detected MSTID propagation decelerations only near the epicenter shortly be-
fore the 2019 Yamagata earthquake.

• We detected the reverse propagation of MSTID propagation only near the epicen-
ter shortly before the 2019 Tanegashima nearshore earthquake.

• We interpreted these phenomena from the unified physical framework.
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Abstract
In this study, we analyze the propagation of medium-scale traveling ionospheric distur-
bances (MSTIDs) immediately before earthquakes of M6 or greater magnitude that oc-
curred between 2019 and 2021. We apply Correlation analysis and band-pass filter to
TEC data obtained from the geostationary satellite QZS-3, and the results are compared
to confirm the consistency of the results. As a result of the observation, we found that
the propagation speed of MSTIDs decreased around the epicenter about 1 hour before
the 2019 Yamagata earthquake and we detected a reverse propagation of the small-scale
TID about 1 hour before the 2019 Tanegashima earthquake. These results are similar
to the deceleration of MSTID propagation observed just before the 2016 Kumamoto earth-
quake (Umeno et al., 2021), and we propose that this is a kind of pattern of ionospheric
anomalies just before the earthquake.

1 Introduction

The ionosphere is a region that extends from about 60 km to more than 1000 km
above the ground, where some atmospheric molecules are ionized and have a high den-
sity of free electrons. The motion of electrons in the ionosphere is influenced by various
natural phenomena, such as geomagnetic storms (Shagimuratov et al., 2002), solar flares
(Donnelly, 1976), volcanic eruptions (Igarashi et al., 1994), and earthquakes (Astafyeva
et al., 2011). Medium-Scale Traveling Ionospheric Disturbances (MSTIDs) are another
type of disturbances that frequently occurs in the ionosphere, having a period of about
15 to 60 minutes and a horizontal wavelength of several hundred kilometers. Their oc-
currence frequency and propagation direction depend significantly on the season and time
(Tsugawa et al., 2007; Otsuka et al., 2013).

Ionospheric anomalies before large earthquakes have been studied using various ob-
servation methods. The timescale also varies from a few days (Hayakawa et al., 1997;
Liu et al., 2001) to a few tens of minutes before the event. Among these, anomalies of
Total Electron Content (TEC) in the ionosphere has been reported ∼ 1 hour before the
large earthquakes (Heki, 2011; Iwata & Umeno, 2016, 2017; Goto et al., 2019; Umeno
et al., 2021; Heki, 2021). Heki observed positive anomalies of GPS-TEC about 40 min-
utes before the 2011 Tohoku-Oki earthquake(Heki, 2011). Besides, Iwata and Umeno 2016,
2017 reported a local TEC anomalies about 1 hour before the 2011 Tohoku-oki and 2016
Kumamoto-oki earthquakes by applying correlation analysis to GPS-TEC (Iwata & Umeno,
2016, 2017). On the other hand, re-analysis and rebuttal of Iwata and Umeno 2016, 2017
by Ikuta (Ikuta et al., 2021). In response to Ikuta (2021), Umeno et al. 2021 pointed out
that their analysis was based on statistical values, and that in fact the MSTID veloc-
ity decrease just before the Kumamoto earthquake was a dynamic anomaly, making their
counterargument off the mark. However, these objections by Umeno et al. 2021 were based
on GPS and were made for only 2016 Kumamoto earthquake.

In this study, we examine whether that analysis is correct in a more general sense
by (1) applying it to several different earthquakes other than the 2016 Kumamoto earth-
quake (2) using geostationary satellites (3) comparing CRA with another commonly used
analysis method (band-pass filter). Specifically, we investigate the relationship between
propagation velocities of MSTIDs and seismic activity in Japan, focusing on relatively
large-scale earthquakes occurring between 2019 and 2021. We utilize the geostationary
satellite of Japan’s Quasi-Zenith Satellite System (QZSS) called ”Michibiki,”. By using
the geostationary satellite, we can achieve higher-precision analysis due to the extended
duration of TEC observations at the same location.
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2 Methods

2.1 Correlation Analysis (CRA)

Correlation analysis is a signal processing technique used in the field of telecom-

munications to enhance the Signal-to-Noise (S/N) Ratio by examining the correlation

between signals (Iwata & Umeno, 2016). In Iwata and Umeno (2017), correlation anal-

ysis was applied to GPS-TEC data, and as a result, an increase in correlation values was

reported shortly before the occurrence of the 2016 Kumamoto earthquake. Below, we

present the algorithm for correlation analysis.

Step 1: Let tsample and ttest denote the lengths of sample data and test data (TEC)

for the central station (station 0) and its surrounding stations (the number of

surrounding stations is M).

Step 2: At station i(= 0, 1, ...,M), approximate the sample data by a polynomial equa-

tion.

Step 3: Compute the prediction error Xi,t between the test data and the polynomial

prediction data approximated in Step 2.

Step 4: Take the correlation of Xi,t between the central station and the surrounding

stations as

C(T ) =
1

M ×N

M∑
i=1

N−1∑
j=0

X0,t+tsample+j∆t ·Xi,t+tsample+j∆t (1)

T = t+ tsample + ttest, (2)

where C(T ) is the TEC anomaly of the central station 0 at T .

Figure 1 depicts the propagation deceleration of MSTIDs (Medium-Scale Traveling Iono-
spheric Disturbances) immediately before the Kumamoto earthquake, as reported in Umeno
et al. 2021. It clearly illustrates the delayed arrival of waves presumed to be MSTIDs
about 40 minutes ∼ 1 hour before the earthquake. The band-pass filter is applied to the
polynomially detrended TEC to check the consistency of the CRA results and the dif-
ferences between the two methods.

2.2 Band-pass filter

Band-pass filter is a technique used in various fields to pass signals in a specific fre-
quency range and attenuate or block signals outside that range. TID can be observed
as periodic perturbations of TEC (Pedatella et al., 2010). We apply it to detrended TEC
data as a comparison to CRA in order to detect MSTID and its propagation.

–3–
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Figure 1. The MSTID propagation deceleration observed by correlation analysis about 40

minutes before the 2016 Kumamoto earthquake. The analysis utilizing GPS-17 with obser-

vation station 0087 as the central station are presented. The red lines in the left figure indi-

cate the times, t1, t2, and t3 (t1 < t2 < t3), corresponding to the maxima of C(t), where

∆T1 ≡ t2 − t1 < ∆T2 ≡ t3 − t2, clearly revealing the propagation deceleration.

3 Results

We focus on the direction and velocity of TID propagation immediately before the
earthquake. Table 1 shows the presence or absence of TID around the time of the earth-
quake (M≥6) in Japan. Since the ionosphere is greatly affected by magnetic storms as-
sociated with solar activity and other factors, earthquakes that were accompanied by in-
creased solar activity or magnetic storms around the time of the earthquake are excluded
from the analysis. In fact, we exclude the September 13, 2021 earthquake on Off the Coast
of Miyagi Prefecture from our analysis because solar activity was enhanced and the Dst
and Kp indices indicate the occurrence of a magnetic storm at the time of the earthquake.
We present below detailed results for the 2019 Yamagata and 2019 Tanegashima earth-
quakes, where significant anomalies were observed.

Table 1. Earthquakes with a magnitude of M6 or higher that have been analyzable using QZS-

3 between 2019 and 2021.

Date [UT] Epicentral location name Magnitude Depth Presence of TID Geomagnetic storm and solar activity

2019-01-08 Adjacent Sea of Tanegashima Island 6 30 km Small-scale TID quiet
2019-04-11 Off the Coast of Sanriku 6.2 5 km × quiet
2019-05-09 Hyuganada Sea 6.3 25 km ×(8h before) quiet
2019-06-18 Off the Coast of Yamagata Prefecture 6.7 14 km MSTID quiet
2019-07-27 Off the southeast Coast of Mie Prefecture 6.6 393 km × quiet
2019-08-28 Off the east Coast of Aomori Prefecture 6.1 21 km × quiet
2020-04-19 Off the Coast of Miyagi Prefecture 6.2 46 km × quiet
2020-05-03 Off the west Coast of Satsuma Peninsula 6.2 9 km × quiet
2020-06-24 Off the east Coast of Chiba Prefecture 6.1 36 km ×(4h before) quiet
2020-09-12 Off the Coast of Miyagi Prefecture 6.2 43 km × quiet
2020-12-20 Off the east Coast of Aomori Prefecture 6.5 43 km ×(12h before) quiet
2021-03-20 Off the Coast of Miyagi Prefecture 6.9 59 km × active
2021-09-13 Off the south Coast of Tokaido 6 385 km Small-scale TID quiet
2021-12-09 Adjacent Sea of Tokara Islands 6.1 14 km × quiet

The 2019 Yamagata earthquake, which occurred on June 18, 2019, at 13:22 UT,
was a relatively large earthquake with a magnitude of Mw 6.4 and a focal depth of 12
kilometers. Figure 2 (A) shows the spatial relationship between the epicenter of the 2019
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Yamagata earthquake and the positions of key GNSS stations. Figure 2 (B) shows time
series of C(t) obtained by applying correlation analysis to TEC near the epicenter just
before the earthquake. From approximately 2 hours before the earthquake, MSTIDs were
propagating in the southwest direction across Japan, and consistently propagating with
a uniform periodicity until around 12:00 UT. Conversely, approximately 1 hour before
the earthquake (around 12:20 UT), the peak of MSTIDs reaching the epicenter is delayed,
as inferred by comparing it with MSTIDs that had already arrived. By estimating the
deceleration time of MSTIDs from the C(t) of the 10 observation stations shown in Fig-
ure 2, the change in their velocity was determined to be ∆v = 30 m/s.

Figure 3 (A) presents the temporal distribution of C(t) using approximately 1300
electron reference points across Japan, with distance in the southwest direction relative
to a reference line on the vertical axis. MSTIDs were observable around the time of the
earthquake occurrence. Moreover, the variations in MSTID velocity (changes in slope)
are evident (as can be seen from Figure 3 (C)), and the estimated magnitude of this change
is approximately 50 to 80 m/s. On the other hand, as shown in Figure 3 (B), the band-
pass filter could not detect any obvious propagation deceleration of MSTID. This may
be due to the inability to set the appropriate band to pass through the TID before and
after deceleration.

Figure 2. (A) The epicenter of the 2019 Yamagata earthquake (×), the positions of the 10

observation stations used for analysis (blue circles), and the Sub-Ionospheric Points (SIPs) rela-

tive to QZS-3 (red circles). (B) Temporal evolution of Total Electron Content (TEC) correlation

values, denoted as C(t), at ten observation stations equipped with QZS-3 SIPs in the vicinity

of the epicenter of the 2019 Yamagata earthquake. The black line represents the earthquake

occurrence time. Red lines indicate the times, t1, t2, and t3 (t1 < t2 < t3), corresponding to

the maxima of C(t), where ∆T1 ≡ t2 − t1 < ∆T2 ≡ t3 − t2, clearly revealing the propagation

deceleration.

–5–



manuscript submitted to Enter journal name here

Figure 3. (A) A heatmap of TEC correlation values, C(t), just before the 2019 Yamagata

earthquake. The vertical axis represents the distance between each observation station and the

SIP relative to QZS-3, orthogonal to the direction of MSTID propagation. (B) A heatmap of

filterd TEC with band [12min, 20min] just before the 2019 Yamagata earthquake. The vertical

axis represents the distance between each observation station and the SIP relative to QZS-3,

orthogonal to the direction of MSTID propagation. (C) Time evolution of TEC correlation C(t)

near the epicenter just before the Yamagata earthquake
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For the 2019 Tanegashima nearshore earthquake, MSTIDs did not occur just be-
fore the earthquake, but small-scale disturbances were propagating in the southwest di-
rection. Figure 4 (A) is a heatmap of TEC correlation values, C(t), just before the 2019
Tanegashima earthquake. The small-scale TID propagating in the southwest direction
was observed between 10:00UT and 11:00UT. After 11:30UT (approximately 1 hour be-
fore the earthquake), it started propagating in the northeast direction, indicating the re-
verse propagation. The change in propagation velocity of small-scale TID is estimated
to be approximately 650-700 m/s. Figure 4 (B) similarly shows the results of the band-
pass filter. Unlike the case of the 2019 Yamagata earthquake (Figure 4 (B)), it can be
seen that the band-pass filter was also able to detect propagation anomalies (velocity changes).
The reason for this may be that while the direction was reversed before and after the
velocity change, the magnitudes of the velocities were relatively close, so there was a band
that could detect the TID before and after the change. These results suggest that CRA
is a more versatile method for detecting velocity changes of TID. This property will also
be important in the implementation of real-time observations.

Figure 4. (A) A heatmap of TEC correlation values, C(t), just before the 2019 Tanegashima

earthquake. The vertical axis represents the distance between each observation station and the

QZS-3 SIP, orthogonal to the direction of MSTID propagation. (B) A heatmap of filterd TEC

with band [12min, 20min] just before the 2019 Tanegashima earthquake. The vertical axis repre-

sents the distance between each observation station and the SIP relative to QZS-3, orthogonal to

the direction TID propagation.
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4 Discussion

In Umeno et al. 2021, the relationship between the north-south velocity change ∆v
(positive for northward motion) of MSTIDs and the variation in the east-west electric
field ∆E (positive for eastward direction) in the ionosphere is derived from plasma equa-
tions as shown in Equation (3):

∆v

∆E
=

e

miΩi
≃ 6× 104 T−1 (3)

Here, e represents the elementary charge, mi is the ion mass, and Ωi is the ion cy-
clotron angular frequency. Based on the results in Section 3, the deceleration of MSTIDs
just before the 2019 Yamagata earthquake ranges from 30 to 80 m/s. From Equation (3),
it can be inferred that ∆E varies from a minimum of 0.50 mV/m to a maximum of 1.33
mV/m in the eastward direction. In Umeno et al. 2021, the required electric field change
for ionospheric anomalies (MSTID propagation deceleration) just before the 2016 Ku-
mamoto earthquake was estimated to be approximately 0.58 mV/m, which is almost the
same estimation by Kelley et al. 2017 and Heki 2021 for the variation in the ionospheric
electric field required for ionospheric anomalies just before the 2011 Tohoku offshore earth-
quake to be 0.5 mV/m (Kelley et al., 2017; Heki, 2021). The estimated range of 0.50 to
1.33 mV/m in this study is consistent with these results.

Next, we discuss propagation deceleration and reverse by using the model presented
in Equation (3). A type of MSTID propagation anomaly varies based on the magnitude
relationship between the steady-state velocity of MSTID (v) and the velocity change (∆v).
We infer that in the case of the Yamagata earthquake, v > ∆v, which means that TID
propagation deceleration occurred, while in the case of the Tanegashima earthquake, v <
∆v, which means that propagation was reversed. Therefore, propagation deceleration
and reverse propagation are two manifestations of the same phenomenon and can be ex-
plained using a unified physical model.

Finally, table 2 summarizes the presence of TID and its propagation anomalies im-
mediately before the earthquakes to be analyzed. MSTIDs were observed only for the
2019 Yamagata earthquake that occurred on June 18, 2019 and the deceleration of MSTID
propagation velocity were observed near the epicenter 1 hour before the earthquake. Sim-
ilar results were obtained for the Off the south Coast of Tokaido earthquake in 2021, where
the velocity of the small-scale TID had decreased before the earthquake. On the other
hand, no MSTID propagation anomaly was observed for any of the earthquakes shown
in Table 1 (the 2019 Hyuganada Sea, the 2020 Off the east Coast of Chiba Prefecture,
the 2020 Off the east Coast of Aomori Prefecture), where MSTIDs had been observed
until several hours before the earthquake. Taking into account that the earthquakes for
which propagation anomalies have been observed in previous studies and in this study
commonly found propagation anomalies about 1 hour before the earthquake, there would
be a limited window of the occurrence of the preseismic anomalies of TID propagation.

Table 2. The MSTID propagation anomalies just before earthquakes with a magnitude of M6

or higher that have been analyzable using QZS-3 between 2019 and 2021.

Date [UT] Epicentral location name M Depth Presence of MSTID Propagation anomaly ∆v ∆E Anomaly time

2019-01-08 Adjacent Sea of Tanegashima Island 6 30 km Small-scale Reverse propagation 650.0m/s 10.8mV/m 1h before
2019-06-18 Off the Coast of Yamagata Prefecture 6.7 14 km ⃝ Deceleration 30.0 m/s 0.50mV/m 1h before
2021-09-13 Off the south Coast of Tokaido 6 385 km Small-scale Deceleration 107.0 m/s 1.78mV/m 1h before
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5 Conclusion

Before the present work, TID propagation velocity changes shortly before large earth-
quakes were only reported in the single event (the 2016 Kumamoto earthquake). Here
we conclude that this dynamic anomaly observed in the single event is not just a type
of anomaly pattern but a general anomaly to be applied to other earthquakes, support-
ing the validity of the rebuttal analysis by Umeno et al. 2021 towards the Ikuta et al.
2021 as follows. We detected TID propagation velocity changes on a common timescale
of about 1 hour before the earthquake in several earthquakes of M6 or greater, includ-
ing the 2019 Yamagata earthquake. Among all the earthquakes with M≥6 during 2019-
2021 around Japan, which we analyzed with the geostationary satellite QZS-3 here, anoma-
lies were necessarily observed in all the types of earthquakes for which TID occurred near
the epicenter within 1 hour of occurrence. These results suggest that dynamic changes
in TID propagation velocity are related to the earthquakes, caused by unknown prepa-
ration process of the earthquakes and could be the candidate of precursors of the earth-
quakes with M≥6 based on the causal physical mechanism discussed in the previous sec-
tion as proposed by Umeno et al. 2021. Furthermore, we estimate the magnitude of the
ionospheric electric field required to cause these ionospheric anomalies and find it con-
sistent with the results from the 2016 Kumamoto earthquake. In these analyses, we com-
pared CRA and band-pass filter results and found that CRA is a more versatile method
for detecting TID velocity changes. Future work includes analysis of earthquakes world-
wide, implementation of real-time observations, and elucidation of physical mechanisms.
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