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Abstract

The measurements of very low frequency/low frequency (VLF/LF) signals at
the Petropavlovsk-Kamchatsky (PTK) and Yuzhno-Sakhalinsk (YSH) stations
in Russia and several observing stations in Japan were used for the analysis of
lower ionospheric perturbations in possible association with two earthquakes
(EQs) which occurred offshore the Pacific Ocean of Japan in November 2016.
The first EQ with M (magnitude) = 6.1 (depth 42 km) happened close to the
coast line on 11 November (UT). The second EQ was recorded in the sea on
21 November (UT) with M = 6.9 (depth 11 km) and they had a series of af-
tershocks with M up to 5.6. As for the long-range monitoring, the significant
negative nighttime amplitude decreases as propagation anomalies were found
for two subionospheric paths: NWC (Australia)-PTK and JJY (Fukushima,
Japan)-YSH during about a week, mainly before the first EQ. The anomalies
of signal in the path JJY-PTK were observed 4 - 5 days before the second EQ
and 3 days after it. Extensive analyses have been performed as well for these
two EQs by using the short-range monitoring of VLF data observed at all of
the seven VLF/LF stations in Japan in relation to the JJY signal. As related
with the 1st EQ, there were observed anomalies on the two paths of JJY-STU
(Suttsu) and JJY-NSB (Nakashibetsu) (both stations in Hokkaido) on 2 and 3
November. While, for the 2nd EQ clear anomalies have been observed on 14
and 15, and on 21 November at Ito station in Izu peninsula, Kamakura, To-
gane and Katsuura in Chiba. Taking into account the possible influence of
other factors which can produce perturbations in VLF/LF signals and also us-
ing control paths, we may conclude that observed anomalies were very likely
to be signatures of lower ionospheric perturbations caused by impending EQs.
Finally, we try to estimate the possible perturbation scale for both EQs.
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1. Introduction

There has been an enormous progress in the field of seismo-electromagnetics
(e.g., [1] [2]), and it is a general consensus that electromagnetic effects not only
in the lithosphere, but also in the atmosphere and ionosphere do appear prior to
an EQ. Especially, the ionospheric perturbations in the lower ionosphere [3] as
well as in the upper F region (e.g., [4]) are found to be statistically correlated
with earthquakes (EQs) with larger magnitude (M) and shallower depth. A few
hypotheses have been proposed so far on the mechanism of lithosphere-atmosphere-
ionosphere (LAI) coupling [1] [5] [6], but which mechanism is more plausible, is
still poorly understood because it would be difficult to give observational evi-
dence to any hypothesis because of the limited amount of observations and ex-
tensive further works are highly required for each hypothesis. Also, there have
been some attempts to infer what is happening in the lithosphere prior to an EQ
as the primary agent of LAI coupling. In addition to the conventional seismo-
logical model [1], Eftaxias et al (2017) [7] have proposed a four-stage model of
EQ generation in terms of fracture-induced electromagnetic emissions with
paying attention to criticality.

The use of subionospheric VLF/LF signals enables us to study extensively the
lower ionospheric perturbations, which is found to be very sensitive to the
pre-EQ effects. Hayakawa et al. (1996) [8] found the convincing evidence of io-
nospheric perturbation for the 1995 Kobe EQ. Since then, there have been pub-
lished a huge amount of papers on the VLF use for the study of ionospheric
perturbations [9]-[17].

There are two ways of research direction for any of seismo-electromagnetic
phenomena: Case and statistical study. Statistical studies on VLF propagation
anomalies have been done [3] [9] [10] [18] [19] [20], which have indicated a
close correlation between VLF propagation anomalies and EQs.

Though recognizing the importance of statistical studies, case studies still re-
main valuable, because we can obtain the detailed information on the ionos-
pheric perturbation and its association with other phenomena for different EQs.
Huge EQ events have been treated, including the 1995 Kobe EQ [8], the 2007
Niigata-chuetsu EQ [21] [22], the 2014 Sumatra EQ [23] [24], the 2011 Tohoku
EQ [25] [26].

The present paper will present VLF/LF results for the high seismic activity in
the Pacific Ocean side of Japan (presumably aftershocks of the 2011 Tohoku EQ)
in November of 2016, because an EQ with M~6 and a relatively large EQ with M
of 6.9 happened in the sea. Two EQs in November, 2016 have been treated in
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order to find out some precursory behavior in VLF data observed not only in
Russia, but also in Japan. A combination of those data seen from far away from
Russia (long-range monitoring) and observed at several stations in Japan (short-
range monitoring) must be of great importance in finding the structure of the

ionospheric perturbation.

2. EQs Treated in This Paper

The seismic activity in the Pacific Ocean side of Japan is decreasing as a general
tendency after the 2011 Tohoku EQ, but sometimes we have rather strong EQs,
which are probably presumed to be aftershocks of the 2011 Tohoku EQ. Figure 1
illustrates the positions of two EQs in November, 2016; One EQ happened
off-shore of Miyagi prefecture, but close to the sea coast (geographic coordi-
nates: 38°27.8'N, 141°36.4'E) at 22:43:00.7 on 11 November (UT) (06:43:00.7 on
12 November (JST)), and was not so huge because its M was 6.1 (depth 10 km).
And the next large EQ took place well in the sea at the geographic location
(37.392°N, 141.403°E) at 20:59:49 UT on 21 November (05:59:49 JST on 22 No-
vember), which was rather strong enough to have an M of 6.9 and depth of 11
km. The EQ epicenter is close to the Japanese VLF transmitter, JJY (geographic
coordinates: 37.22°N, 140.51°E) in Fukushima (f = 40 kHz).

3. VLF/LF Equipment

The data from two Russian VLF/LF stations are treated in this paper: One is Pe-
tropavlovsk-Kamchatsky (abbreviated as PTK, 53.09°N, 158.55°E) and another

PTK
O, N

@ 11/11/2016

2@
21/11/2016

Figure 1. A map showing the position of receivers (PTK and YSH) and transmitter JJY
(40 kHz). The NWC transmitter (19.8 kHz) in Australia is beyond the bounds of the
figure. The epicenters of EQs are shown by brown circles. Filled ellipses show the
sensitivity zones (fifth Fresnel zone) of paths under analysis.
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is Yuzhno-Sakhalinsk (46.95°N, 142.75°E, abbreviated as YSH in Figure 1) (both
in Russia). All these stations are equipped with the identical receivers that regis-
ter simultaneously the amplitude and phase of MSK (minimum shift keying) and
ASK (amplitude shift keying) narrowband modulated signals in the frequency
range of 10 - 50 kHz from several transmitters in the world. The reception is
carried out by an electric rod antenna, which measures the vertical electric field
components of the subionospheric transmitter signals. We use a sampling fre-
quency of 20 s.

Nearly the same VLF/LF system has been employed at all observing stations in
Japan as shown in Figure 2. We can list the observing stations used for our
analysis; from north, Suttsu (STU) (42.80°N, 140.23°E), Nakashibetsu (NSB)
(43.54°N, 144.98°E), Imizu (IMZ) (36.79°N, 137.07°E), Ito (ITO) (35.00°N,
139.07°E), Kamakura (KMK) (35.31°N, 139.55°E), Togane (TGN) (35.50°N,
140.38°E), and Katsuura (KTU) (35.15°N, 140.31°E). Of course, at each station,
we normally detect five VLF/LF transmitter signals; two Japanese (JJY (40 kHz)
and JJI (22.2 kHz) in Miyazaki, Kyushu) and three foreign transmitters (NWC
(Australia, 19.8 kHz), NPM (Hawaii, 21.4 kHz) and NLK (Jim Creek, 24.8 kHz)).
Here we present only the VLF data related with the JJY transmitter.

Figure 2. VLF/LF observing stations (NSB, STU, IMZ, ITO, KMK, KTU, TGN) in Japan
and the JJY transmitter, and two EQs in the sea.
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4. VLF Data Analysis

There are a few conventional analysis methods: 1) terminator time method [8]
[20] and 2) nighttime fluctuation method [3] [9] [10] [11]. Both methods have
been used simultaneously in some recent papers such as dealing with the recent
2015 Nepal EQ by Maurya et al. (2016) [27].

In this paper we use the latter nighttime fluctuation method: we use a residual
signal of amplitude (dA(t)) calculated as the difference between the current sig-
nal (A(t)) and the monthly average signal (<A(t)>). The local nighttime is used
as LT (local time) = 20 h to 04 h, and the nighttime average value is used.

5. Analysis Result

5.1. Long-Range Monitoring from Russian VLF Stations

As shown in Figure 1, Russian VLF stations are located away from the EQ epi-
centers in the Pacific Ocean side of Japan. However, as seen from Figure 1, the
ellipses show the sensitivity zones of the paths under analysis; to be more exact,
the fifth Fresnel zones of the great-circle paths. In Figure 1, we can see three
propagation paths; JJY-YSH, JJY-PTK and NWC-PTK and NWC-PTK (unfor-
tunately NWC is out of the figure).

Figure 3 illustrates the analysis results for three subionospheric propagation
paths (top panel: NWC-PTK, middle panel: JJY-YHS, and bottom panel,
JJY-PTK). In each panel, the horizontal dotted lines indicate the conventional
threshold of —20 (ot standard deviation), so that the filled areas highlight the
propagation anomalies in VLF signals. The x-axis indicates the days beginning
from the 1st of November, 2016 (in UT). The first panel suggests that there were
observed significant precursors on 5 and 8 November, several and three days
before the first M = 6.1 EQ, and also some after-effects. More enhanced anoma-
lies have been detected for the second panel, which take place on 2 and 3 No-
vember and 5 - 8 November for the propagation of JJY-YHS. However, no ano-
maly has been observed for the JJY-PTK propagation path.

As for the larger M = 6.9 EQ, it appears that there are no anomalies (as a de-
crease in nighttime amplitude) for both propagation paths of NWC-PTK and
JJY-YHS. However, we could observe a clear precursory anomaly (as shaded in
pink) a few days before the EQ and also an after-effect on 23 November. How-
ever, it is not clear whether the anomaly on 23 November is not an after-effect of

the main shock, but a precursor to an aftershock on 23 November.

5.2. Short-Range Monitoring on the Basis of Data from
Japanese Stations

Figure 4 is the summary of the VLF plots in which we can observe clear anoma-
lies from the all VLF stations. We illustrate the temporal evolutions of nighttime
VLF amplitude; from the top, 1) JJY-STU (Suttsu), 2) JJY-NSB (Nakashibetsu),
3) JJY-IMZ (Imizu, Toyama prefecture), 4) JJY-ITO (Ito in Izu peninsula), 5)
JJY-KMK (Kamakura), 6) JJY-TGN (Togane in Chiba prefecture), 7) JJY-KTU
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Figure 3. Results of the analysis for the subionospheric paths NWC-PTK, JJY-YSH and
JJY-PTK. The ordinate indicates the difference between the current amplitude of signal
and monthly mean averaged over night. The dotted horizontal lines show the —20 level
(o standard deviation). Axis X shows the days beginning from the 1st of November 2016
(in UT). Filled areas highlight the anomalies in signals, and arrows indicate the
occurrence of EQs.

(Katsuura, Chiba prefecture). It is found from Figure 4 that only two propaga-
tion paths of JJY-STU and JJY-NSB (northern part of the transmitter JJY) exhi-
bited significant propagation anomalies (as a decrease in the nighttime ampli-
tude) on 2 and 3 November, which are considered to be a precursor to the EQ
(6.1) on 11 November.
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Figure 4. Results of the analysis of subionospheric propagation anomalies associated with
the JJY transmitter. From the top, we list the results at the VLF stations (STU, NSB, IMZ,
ITO, KMK, TGN and KTU).

On the other hand, we move on to the main EQ event on 21 November. The
bottom five panels have indicated the presence of some anomalies. On the
JJY-IMZ path, there was observed an anomaly on 12 November, and the follow-
ing four paths of JJY-ITO, JJY-KMK, JJY-TGN and JJY-KTU all showed propa-
gation anomalies on a few days of 14 to 15 November, about one week before the
main shock. The propagation paths of JJY-ITO, JJY-KMK and JJY-TGN had a
propagation anomaly with the nighttime average amplitude exceeding —30 (o
standard deviation). These are all definite to be a precursor to the main shock on
21 November EQ. Additionally, only on a particular path of JJY-KMK, there
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were observed propagation anomalies on 21 November and on 23 and 24 No-

vember (probably this is an after-effect).

6. Comparison with Geomagnetic Activity

When reporting on the pre-EQ effect in VLF signals, we have to think of the
space weather effects. Figure 5 illustrates the temporal evolutions of different
space weather effects: From the top, X-ray observed on the GOES satellite, Dst
index of geomagnetic activity, high-energy electron and proton fluxes observed
on the GOES satellite, and the bottom refers to the atmospheric pressure in the
region close to the EQ epicenters. There occurred a small geomagnetic storm on
11 November, but it is a rather small one. Especially, just around the major
shock with M = 6.9 the magnetic activity is found to be very quiet. So that, the
VLF propagation anomalies reported in this paper are highly likely to be seis-

mogenic.

7. Conclusions

The ionospheric perturbations in possible association with a high seismic activi-
ty in November, 2016, have been investigated with the use of our Japan-Pacific
(Russian) VLF/LF network. Two EQs (with the last one having magnitude of
6.9) happened: the 1st EQ close to the sea coast, and the 2nd E, in the sea, Pacific
Ocean side of Japan. The important point of this paper is the simultaneous use
of long-range and short-range VLF monitoring. We have to summarize the VLF
findings for two EQs in the Pacific ocean of Japan.

1) As for the November 11 EQ, there were observed clear propagation anoma-
lies on the propagation paths of NWC-PTK, JJY-YHS, JJY-STU and JJY-NSB.
The VLF data on propagation anomalies on 2 and 3 November are quite similar
to all paths (JJY-STU, JJY-NSB, and JJY-YHS).
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Figure 5. From top to bottom: X-rays, Dst index of magnetic activity, high energy
electron fluxes, proton bursts and atmospheric pressure in the region close to the
epicenters of EQs.
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2) As for the 2nd large EQ, the VLF stations located south of the transmitter,
JJY, could succeed in detecting propagation anomalies on the paths (JJY-IMZ,
JJY-ITO, JJY-KMK, and JJY-KTU). The temporal behavior for the JJY-PTK is
found to be similar to that of JJY-KMK. However, no responses have been de-
tected on other propagation paths.

3) The lead time for the 1st event close to the seacoast is about 10 days, while
that for the second offshore event is only a few days.

The simultaneous use of long- and short-range monitoring enabled us to
think of the important role of the Fresnel zone in finding the lower ionospheric
perturbations. Depending on the relative position of great-circle paths (and
Fresnel zones) and EQ epicenter, the propagation paths of JJY-YHS, JJY-STU
and JJY-NSB showed clear precursors to the 1st EQ because it was located
off-shore Miyagi Prefecture. Additionally, we could detect the anomaly on
NWC-PTK. Then, the 2nd EQ with bigger magnitude happened offshore in the
sea, but relatively close to the transmitter of JJY. In correspondence with this po-
sition of the EQ epicenter, all of the VLF stations south of the transmitter (IMZ,
ITO, KMK, TGN and KTU) showed clear signatures of precursory ionospheric
perturbation, along with the propagation of JJY-PTK.

Asano and Hayakawa (2017) [28] have tried to compare the observational
VLF amplitude with the wave-hop theoretical amplitude estimation by changing
the reflection heights of 1 hop and 2 hop sky waves for the relevant propagation
path, in order to investigate the detailed spatio-temporal evolution of the prop-
erties of ionospheric perturbation for the recent 2016 Kumamoto EQ. By using
the similar wave-hop computations (details will be published elsewhere), Figure 6

illustrates the area of perturbation (with the VLF reflection height being lowered

Figure 6. Inference of perturbed regions of the two EQs. Green means the expected area
of perturbation for thelst EQ, while the purple one refers to that for the 2nd sea EQ.
These areas are considered to be the region with the lower VLF reflection height is
lowered by 8 km.
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by 8 km) for each of the two EQs. The upper green refers to the 1st EQ, while the
lower purple one corresponds to the 2nd sea EQ. For both areas we are not sure
about the boundary especially in the ocean side because the VLF data are not
available. The distance of the long axis is estimated to be nearly the same, about
170 - 200 km for both of the EQs. Any formulas indicating the EQ preparation
zone (e.g., [29]) suggest that the size of EQ preparation zone is about twice for
the 2nd stronger EQ (bottom EQ in Figure 6) as compared to the 1st EQ (above
EQ in Figure 6) because of a difference in their Ms, but the observational fact in
Figure 6 is in sharp contrast to this expectation. This may suggest that the prep-
aration zone for an EQ happening in the sea is likely to be much smaller than
that for a land EQ when those Ms are the same. We have experienced such an
impression for the 2011 Tohoku EQ, because the perturbation area seems to be
surprisingly small even though its M is surprisingly large [25]. This may be an
important point of the role of sea water when discussing the lithosphere-ionosphere

coupling mechanism for EQ in the sea (subduction).
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