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ABSTRACT

For two decades, many researchers have been claiming that pre-seis-
mic electromagnetic phenomena may be useful in short-term earthquake
prediction. Despite much effort, however, the relationship between anoma-
lous electromagnetic signals and earthquakes has not been proven. In this
paper, we examine LF- and VLF-range electromagnetic-pulse data accu-
mulated by Kyoto University since 1981, with special emphasis on the in-
fluence of lightning. Our data on electromagnetic pulses were compared
with available lightning data to evaluate the influence of lightning.

We examined how far lightning affects our observation system. Al-
though maximum distance varies with time and frequency ranges, it was
found our observation system is influenced by lightning as far away as about
250 km in the LF range and about 420 km in the VLF range. The alleged
“seismic’ electromagnetic signals, which were reported in previous studies,
were then re-examined with the view that lightning in the above ranges
could be a source of noise.

An increase in the number of the electromagnetic pulses was observed
50 minutes before the 17 January 1995 Hyogo-ken Nanbu earthquake. We
analyzed the continuous VLF electromagnetic waveforms at that time. We
classified the waveforms and compared them with the lightning data and
searched for the origin of each waveform. Most of the waveforms were ex-
plained by lightning activities.

Moreover, in the cases of other earthquakes, the observed electromag-
netic pulse anomalies may be considered as due to lightning. For the obser-
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vation of electromagnetic pulses in LF and VLF ranges, the application of
electromagnetic pulse anomalies to earthquake forecast requires a good
deal more effort to achieve convincible results and cannot be considered
promising.

(Key words: Seismo-electromagnetic phenomena, VLF electromagnetic
wave, Lightning)

1. INTRODUCTION

Since seismology started, prediction of earthquakes has always been an important re-
search subject. Substantial effort over many years has led to considerable progress being made
in the field of long-term prediction. We can estimate the possible occurrence of earthquakes
and their damage on a time scale of several years to decades. However, despite its extreme
importance, practical short-term earthquake prediction, on a time scale of hours to days, still
remains allusive. During the last two decades, however, many researchers have been claiming
that pre-seismic electromagnetic phenomena may be useful for short-term prediction.

Much research has been conducted on pre-seismic electromagnetic signals in various fre-
quency ranges [DC range (VAN method): Varotsos et al. (1984a, b) and Uyeda et al. (2000,
2002), ULF range: Fraser-Smith et al. (1990), Molchanov et al. (1992), and Kopytenko et al.
(1993), ELF range: Maki and Ogawa (1983) and Hata (1997), VLF range: Gokhberg et al.
(1979, 1982), Yoshino et al. (1985, 1997), and Yamada and Oike (1996), LF range: Oike and
Ogawa (1986) and Yamada and Oike (1996), HF range: Warwick et al. (1982), Maeda and
Tokimasa (1996), and Enomoto et al. (1997)].

Almost all of these reports only showed temporal correlations between ““seismic” electro-
magnetic signals and the occurrence of earthquakes. Though, Yoshino et al. (1985), Asada et al.
(2001), and Hattori (2004) detected that signals came from epicentral areas.

The relationship between these anomalous electromagnetic signals and earthquakes,
however, has not been proven and the nature of such signals is still not clear due to insufficient
observation data and theoretical background.

It seems that there are the following two basic unsolved problems in general. The first
problem is the difference in the characteristics of electromagnetic radiation observed in the
field and in the laboratory. Actually, electromagnetic emission associated with rock fracture is
a well known phenomenon (e.g., Yoshida and Ogawa 2004). Some mechanisms of electro-
magnetic radiation, such as the piezoelectric effect and electrokinetic effect, are suggested
(Nitsan 1977; Ishido and Mizutani 1981; Ogawa et al. 1985; Cress et al. 1987; Yoshida et al.
1997). According to these laboratory experiments, it is expected that the largest electromag-
netic radiation should be observed at the time of an earthquake when the largest stress change
occurs. However, no electromagnetic signal has been confirmed at the origin times of earthquakes.

The second one is the attenuation problem. Generally speaking, electromagnetic signals
cannot penetrate the earth’s crust deeply, and vice versa, the electromagnetic signals which are
generated at depth cannot reach the earth’s surface (“‘Skin depth” effect). When the conductivity
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of the earth’s crust is taken to be 10* S m ' (a typical value for dry granite), permittivity is
4 X 10" (=5%¢g,) Fm™, magnetic permeability is 47 X 107 H m ' and the frequency of
incident electromagnetic waves is 1 kHz, the skin depth is about 1.6 km. The skin depth is in
inverse proportion to the square root of the conductivity and the frequency. Thus, lower fre-
quency electromagnetic waves have more possibilities of reaching the earth’s surface.

Because of these two serious problems, we are not certain that the observed “so called”
seismic electromagnetic signals were truly causally related with earthquakes.

In this paper, we examine data of electromagnetic radiation, accumulated by Kyoto Uni-
versity over many years, in the LF and VLF ranges and discuss whether or not what the obser-
vation system observed was truly causally related with earthquakes.

2. REVIEW OF PREVIOUS STUDIES CONDUCTED AT KYOTO UNIVERSITY

At Kyoto University, “seismic” electromagnetic signals have been investigated since 1981.
After preliminary observations, continuous observations of electromagnetic pulses in the LF
range (163 kHz, since 1983) and VLF range (1 - 20 kHz, since 1987) have been conducted.
The observation system was installed at Uji station, Kyoto, Japan. The results of the observa-
tions were reported by Oike and Ogawa (1986), Oike and Murakami (1993), Oike et al. (1993),
Oike and Yamada (1994), Yamada and Oike (1996), and Yamada (1998). In this section, we
briefly review the results of these studies and point out some inherent problems.

Figure 1a is a block diagram of the observation system. The LF range sub-system uses a
radio receiver with a rod antenna as a sensor. A frequency of 163 kHz was chosen for the
observation. The AGC (Auto Gain Control) output of the receiver was amplified. The number
of amplified pulses with amplitude greater than a fixed threshold level was counted (Fig. 1b).
The counter could not separately count the successive pulses with intervals less than about
0.5 milliseconds.

The VLF range sub-system uses a ball antenna as a sensor. It was a hollow metal ball with
a diameter of about 15 cm attached at the top of an 8-meter high insulated pole (Ogawa et al.
1966; Ogawa and Tanaka 1970; Ogawa 1973). It measured the vertical electric field between
the ball and the ground. The number of amplified pulses with amplitude exceeding a fixed
threshold was counted and recorded. In this system, continuous waveform of the VLF pulses
also could be observed as audio signals. Just before and after the 1995 Hyogo-ken Nanbu
earthquake, continuous waveform data of VLF electromagnetic pulses existed. This wave-
form data will be further discussed in detail in section 4.1.

Remarkable increase in the number of LF electromagnetic pulses was observed at Uji
station several days before large earthquakes such as the 1984 Western Nagano Prefecture
earthquake (Oike and Ogawa 1986). Oike and Murakami (1993) investigated the correlation
between the observed number of pulses and the occurrence of 10 shallow earthquakes with M
equal to or larger than 6, which occurred inland or under shallow sea with a water depth of
1000 m or less near Japan during the period from 1983 to 1991. Figure 2 shows the variation of
the LF pulses obtained by stacking the observations after lining them up with respect to the
origin time of each earthquake. The LF pulses start to increase at about three days before the
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origin time and decrease just before the origin time. Two peaks are seen two days before and
six days after the origin time. Similar variation in LF pulses was also seen in the case of the
1993 Hokkaido-Nansei-Oki earthquake (M 7.8) of 12 July 1993 [Fig.13 in Oike and Yamada
(1994)].

9 January 1995, eight days before the Hyogo-ken Nanbu earthquake, an increase in the
number of the electromagnetic pulses was observed in both of the LF and VLF ranges [Fig. 2
in Yamada and Oike (1996)]. The variation of the pulses before and after the earthquake was
different from those observed at other earthquakes (Fig. 2). Moreover, another increase in the
pulses started 50 minutes before the earthquake [Fig. 5 in Yamada and Oike (1996)].

However, these authors did not present quantitative accounts on the “remarkable increase”
in these reports. Another problem in their works is that there is a peak of the LF pulses six days
after the origin time (Fig. 2), but this peak was left untouched without any attempt to explain it.
This peak may have some significance in the general interpretation of the observation as will
be mentioned later (section 4.2).

The influence of lightning on electromagnetic observation is actually very large. Oike et al.
(1993) compared their data of the observed number of electromagnetic pulses with lightning
data near Uji station and they reported that the increase in the number of pulses was correlated
with lightning near Uji station. However, comparison between the observed pulses and far
away lightning was not examined at that time. Yamada and Oike (1999) found that there was
thunderbolt activity on 9 January 1995 from lightning data in the Kinki region. The lightning
was observed at Hamada Weather Station in Shimane Prefecture 50 minutes before the
earthquake. He suggested the possibility that the influence of lightning was significant in the
observed increase of pulses just before the 1995 Hyogo-ken Nanbu earthquake.

a) ROD ANTENNA b)
i | | 0.5 milli d
LF sub-system TI ReAcGeger Amplier H Counter|- milliseconds
¢not counted
BALL ANTENNA nu?n?:girndoiesgs -_ - - —— — - _— e — — threshold
VLF sub-system 1kHz HPFHZOkHz LPFH Ampifier HCounterl— T ? zero line
counted counted

Waveform
Recorder

Fig. 1. (a) The block diagram of the observation system. The LF sub-system and
VLF sub-system are unified [Oike and Ogawa (1986), Yamada (1998),
edited]. (b) The sketch of the system of the counter. If an amplified input
exceeds a fixed threshold level, it will be counted as a pulse. This counter
cannot separately count the successive pulses occurring with interval less
than 0.5 milliseconds.
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Fig. 2. The general tendency of the variation of the daily number of LF pulses
10 days before and 10 days after earthquakes. This figure was made by
stacking variations of the number of LF pulses observed before and after
10 earthquakes with M equal to or larger than 6 with centering at the
occurrence time of earthquakes [Oike and Murakami (1993), Oike and
Yamada (1994), edited].

3. RELATIONSHIP BETWEEN THE ELECTROMAGNETIC PULSE ANOMALIES
AND LIGHTNING

3.1 LF and VLF Observation Network in the Tokai and Kanto Regions

The previous studies included only one observation station, i.e., Uji station in Kyoto.
After the 1995 Hyogo-ken Nanbu earthquake, RIKEN initiated the International Frontier Re-
search Program on Earthquakes in October, 1996. This program was aimed at basic research
for earthquake prediction by utilizing electromagnetic methods (e.g., earth current) (Uyeda et al.
2000, 2002, 2004; Nagao et al. 2000). Our observation system was adopted in this program
and several observation systems were installed in the Tokai and Kanto regions. Figure 3 shows
the list of observation stations and their distribution. Observation stations, except Kyoto (KYT),
are basically earth current observation stations of the RIKEN project, and the data for LF and
VLF pulses were recorded at 10-second sampling and telemetered to Tokai University. The
five-year RIKEN International Frontier Research Program on Earthquakes was terminated on
March, 2002 and most of the observation stations were accordingly closed.
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370 latitude | longitude | Range Note
Kyoto o o[y On the roof of a building in Kyoto Univ.
Kyt |35:02927| 135.7828" |VLELF | g, 4io audio is observed in VLF range.
* ("Og(‘:‘\”) 36.2969° | 136.5409° | VLE,LF
o OGY agiwara
36 * T‘é'K Wy [ 35.9812° | 137.1883° | LF
HGW Hamaoka o o
(Ma) | 34.6258° | 138.1490°| LF
) TKO * CAP SRt | 34.9846° | 138.5196° | VLELF | On the roof of  building in Tokai Univ.
35 * "
KYT NIR T | 35.0852° | 138.9918° | VLELF
HMA Kozu Is. o o[y, . "
# SKN (KZ2) 34.1995° | 139.1545° | VLF,LF | Crashed by the landslide on July 4, 2000.
34° K72 K{éﬂ‘;‘,‘,“ 35.3442° | 139.9933° | VLF,LF | Radio audio is observed in VLF range.
TrSION | 36.0571° | 140.1263° | VLE.LF | Radio audio is observed in VLF range.
0 o 0 o o o O | Shikine Is. o o |y Moved from KZ2 on July 19, 2000.
135 136 137 138 139 140 141 (SKN) 34.3347°| 139.2100" | VLELF Affected strongly by the LORAN-C.

Fig. 3. The distribution of the observation stations.

According to the previous studies, increase in LF pulses began to be observed from three
days before earthquakes (Fig. 2) (Oike and Murakami 1993). For comparison with previous
studies, similar analysis was performed in this study.

Figure 4 (left) is the list of earthquakes of My, equal to or larger than 6 which occurred
with a depth of 30 km or less in Japan and earthquakes of My, 5 or more which occurred with
a depth of 30 km or less near the observation network [32 - 38°N, 134 - 142°E, the rectangle
shown in Fig. 4 (right)] from April, 1997 to March, 2002. Earthquakes which occurred in the
sea area with water depth of 1000 m or more were excluded. Aftershocks and the Izu Islands
earthquake swarm accompanying the eruption of Miyake Island in 2000 are also excluded. It
is shown in the column “anomaly” in Fig. 4 (left) whether or not the number of LF pulses
increased within 3 days before earthquakes at the observation station nearest to the epicenter.
The epicentral distance to the nearest station is also shown in Fig. 4 (left). Because the absolute
criterion of: “increase of the number of pulses” was not given in Oike and Murakami (1993),
we also judged the increase by eye. Out of 20 earthquakes, the increase was barely recognized
for 7 events. In the distribution map of earthquakes [Fig. 4 (right)], these earthquakes are
depicted by solid circles. Figure 5 shows the variation in the LF pulses obtained by stacking
the 7 observations after lining them up with respect to the origin time of each earthquake in the
same way as Fig. 2.

It may be observed that the features are different from the result of Oike and Murakami
(1993) in Fig. 2 in several aspects. Figure 2 has two peaks on two days before and six days
after the earthquake, whereas Fig. 5 has three peaks on eight days before, three days before
and nine days after the earthquake. However, these results have a common tendency of in-
crease a few days before an earthquake, and decrease near the earthquake occurrence day.
Moreover, it seems that they both have a 5- to 8-day cycle. The possible significance of this
cycle will be mentioned later (section 4.2).
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45°

Origin Time (Local Time) | latitude | longitude | depth . nearest station [ .
(year muntd(a\ four min) | (degree) 1dcgarcc) (km) | My location (epicentral distance) | anomaly
1997 05 13 14 38 [ 31.945 [ 130305 | 9.2 | 6.4 | N W Kagoshima KYT (61km)

1997 05 22 08 11 34.226 | 139.225 [ 0.0 | 5.2 | Near Niijima KZ2 (7km)

1997 05 24 02 50 [ 34.497 [ 137.503 |23.1 | 6.0 | Ensyunada HMA (61km) | YES 40° O
1997 06 25 18 50 | 34.438 | 131.669 | 8.3 | 6.6 | Yamaguchi KYT (385km)

1998 04 22 20 32 [ 35.165 | 136.570 | 10.5 | 5.5 | Shiga Gifu Border KYT (70km)
1998 04 26 07 37 | 34.960 | 139.177 | 6.1 | 5.0 | EOfflzu Peninsula NIR (22km)
1998 05 03 11 09 [ 34.957 | 139.179 | 4.7 | 5.9 | E Offlzu Peninsula NIR (22km)
1998 07 01 02 22 [ 36.619 [ 137.918 | 8.8 | 5.0 | Northern Nagano HGW (96km) | YES I

1998 08 12 15 13 | 36234 | 137.631 | 2.8 | 5.0 | Hida Mountains HGW (49km) | YES Uu"cf ;"’ o .

1998 08 16 03 31 | 36.325 | 137.629 | 3.2 | 5.6 | Hida Mountains HGW (s5km) | YES o Xy *

1998 09 03 16 58 | 39.803 | 140.905 | 7.9 | 6.2 | Northern Iwate TSK (421km) ) O @O““WTKO s

1999 03 14 09 14 | 34.233 | 139.141 | 9.2 | 5.1 | Near Nijjima Kz2 @km) | vEs | 35 Pl **©

1999 03 16 16 43 | 35274 | 135934 | 11.6 | 5.2 | N'W Shiga KYT (25km) | YES O o, &,

1999 03 28 01 37 | 34.096 | 139.010 [14.0 | 5.2 | Near Niijima Kz2 (18km) | YES e

1999 11 07 03 34 | 36.056 | 135797 |15.0 | 5.0 | N'W OffKinki OGY (72km)

2000 06 07 06 16 | 36.823 | 135566 [21.3 | 6.2 | N'W Off Hokuriku | OGY (105km) OM7
2000 10 06 13 30 | 35271 | 133352 [ 9.0 | 7.3 | Westem Tottori KYT (224km) O O M6
2001 01 04 15 18 | 36.953 | 138772 [11.2 | 5.3 | Mid Niigata TSK (157km)

2001 03 31 06 09 | 36.819 | 139378 | 4.7 | 52 | N'W Gunma TSK (108km) 2300 O M5
3 R " e
2001 08 25 22 21 | 35.149 | 135.663 | 8.2 | 5.4 | Mid Kyoto KYT (16km) T T Taos e

Fig. 4. The list of earthqaukes which are used for analysis and the distribution of
earthquakes. A closed circle shows the epicenter of the earthquake which
was accompanied by an increase of LF pulses within three days before
the earthquake.

(number/day) :
LF (163kHz) Occurrence time of
25000 7 earthquakes (M=5)
20000
15000
10000 |
5000
0 T T T T T T T T T T T T T
-10 -8 -6 -4 -2 0 +2 +4 +6 +8 +10(Days)
occurrence time
before an earthquake after an earthquake

Fig. 5. The variation of the daily number of LF pulses 10 days before and 10 days
after earthquakes. This figure was made by the stacking of variations in
the number of LF pulses observed before and after 7 earthquakes (shown
in Fig. 4) with centering at the occurrence time of earthquakes.
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3.2 Comparison of Observed Electromagnetic Pulses with Lightning Data

Thunderbolt activity is the main source of natural electromagnetic noise in VLF and LF
ranges. Since pulse-like electric current flows at the time of lightning, electromagnetic waves
are produced in wide frequency ranges.

In Japan, each electric power company uses a lightning location system, such as LLP
system and LPATS because the cloud-to-ground lightning often cause power failure (Shindo
1998). In addition, Franklin Japan Corporation built the Japan Lightning Detection Network
(JLDN) and recorded lightning data in almost all of Japan. This data has been available since
June 1999. The lightning data contain the time, location, polarity, and the current amplitude of
the cloud-to-ground lightning. Figure 6 (left) shows the distribution pattern of lightning (plotted
as black dots) detected by the JLDN during one year from June 1999. The lightning is too
frequent (about 2.6 million data points collected in that year), so that only about one percent of
data is plotted. Figure 6 (right) shows the histogram of the amplitude of the lightning current
given in the lightning data from June, 1999 to March, 2001. The detection efficiency of JLDN
is over 90% for the summer negative lightning with current intensity over 5 kA and is 70% for
the winter positive lightning which is more difficult to detect (Ishii et al. 2001).

We can estimate the influence of lightning on our pulse observing system by investigating
which lightning is recorded in our system. Since the numbers for recorded lightning is far
greater than the number of pulses we record, it may be assumed that our system records only
stronger lightning noise. The strength, i.e., the amplitude of the electromagnetic pulse generated
by lightning is proportional to the lightning current, / (kA), and in inverse proportion to the
distance, D (km), from the lightning location to observation station in the case of far (but
within 1000 km) lightning. To be exact, the amplitude is proportional to 1/D 7 (near field term),
1/D? (mid field term) and 1/D (far field term). In this case, we focus on how far lightning
affects our observation system. Therefore, we define a simple parameter T =1 /D for evaluating
the importance of each lightning. Thus, it may be understood that our pulse observation system
is recording lightning pulses with T-values exceeding some threshold, 7.

First, we tentatively set a value for the threshold 7, and exclude the lightning with T less
than 7, from the lightning dataset, assuming the remaining lightning may correspond to the
pulses recorded by our observation system. If all of what our observation systems record are
lightning, the time series of the number of lightning with 7 larger than 7, and the time series of
the number of recorded electromagnetic pulses would be identical when proper 7, is chosen.
This 7, is the threshold defining the sensitivity of our observation system to lightning. In other
words, it represents “the lightning detection ability” of our observation system. In order to
search for a proper T,, the correspondence of lightning data to our records of LF and VLF
pulses is examined. For this purpose, variance reduction (Vr) between the two time series is
calculated by:

Y|f-a-gG. T)[
Vr=|1-- Zf(i)z x 100 ’ ()
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where f (i) is the number per 10 seconds (determined by the 10-sec sampling rate) of observed
pulses and g (i, T,) is the number per 10 seconds of lightning with T larger than T,, and a is a
constant. The variance reduction represents the fitting of £ (i) and g (i, T,). It is large when f (i)
and g (i, T,) have a good correlation. If all the pulses are of lightning origin and both time series
are complete, Vr, will be 100 with a = 1. The adjusting factor « is introduced to take care of the
systematic disparity in the numbers of recorded events in the two observation systems. Some
of the causes of disparity are as follows:

(1) Our observation system is sensitive to cloud-to-cloud lightning, whereas it is not recorded
in the lightning data.

(2) In the LF range, our system gives small numbers of pulses because some lightning has little
LF (163 kHz) component, whereas broad band records by the lightning monitoring do not
show such a tendency.

(3) The lightning data doesn’t cover areas out of the Japan region, whereas our system may be
affected by lightning from a wider area.

(4) As stated above, we do approximate calculations using only the far field term.

50
(1999/06/01-2000/05/31)

number of lightning

45° - «. 10° T .
h : : Iaverage (37 kA)
10° |
|
407 . I
10 |
|
3
35 10 |
|
|
10% |
309
|
10! |
|
25°
; 0 | |
1075 100 1000
125° 130° 135° 140° 145° 150° lightning current (kA)

Fig. 6. (Left) The distribution of lightning around Japan. The black dots show
the location of lightning during one year from June 1999. Lightning strikes
are so great that only about one percent of data is plotted. (Right) The
histogram of the amplitude of the lightning current given in the lightning
data from June, 1999 to March, 2001. The average lightning current is
about 37 kA.
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These problems of excess and deficiency of the lightning data relative to the pulse data are
imposed on the constant «a [i.e., @ < 1 means an excess of lightning data (e.g., problem 2) and
a > 1 means a deficiency of lightning data (e.g., problem 1 and 3)]. 7, and a are varied and the
variance reduction is calculated for various combinations of the values of T, and « to seek the
pair of T, and a which gives the largest value of the variance reduction, Vr.

Since propagation situations are different between daytime and nighttime, the best pair of
T, and a is also different between daytime and nighttime.

Variance reduction is normalized by the number of observed pulses. Thus, when the number
of observed pulses is small, a small difference between the number of lightning and recorded
pulses makes a large reduction in the variance reduction. As a matter of fact, the highest
variance reduction is very small (under 10 in many cases) in winter when there is less lightning
around Japan. Thus, we use the data in summer.

3.3 Result

Figure 7 shows the data for August, 1999. In the upper panel, the number of signals per 10
seconds is depicted. The red signal means the number of all lightning all around Japan given in
the company’s lightning data, while the black signal means the number at 7, (daytime: 0.1,
nighttime: 0.08) and a (daytime: 1.3, nighttime: 1.1) in the case of Kozu Island station (KZ2).
The lower panel shows the number per 10 seconds of VLF pulses recorded at KZ?2. The highest
variance reduction (Vr) is 45.2 in the daytime and 80.8 in the nighttime with these pairs of T,
and a. The number of lightning all around Japan shown in red has a general tendency similar to
the number of VLF pulses. Thus, the qualitative correspondence between the lightning and
observed pulses is clearly shown. The number of lightning at the best T, and a shown in black
has a nearly one-to-one correspondence to the number of VLF pulses. Thus, the quantitative
correspondence is also shown.

In the case of LF pulses, similarly, Fig. 8 shows the data for July, 2000. In the upper panel,
the number of signals per 10 seconds is depicted. The red signal indicates the number for all
lightning around Japan, while the black signal indicates the one at 7, (daytime: 0.17, nighttime:
0.133) and a (daytime: 0.55, nighttime: 0.5) in the case of Hamaoka station (HMA). The lower
panel shows the number per 10 seconds of LF pulses recorded at HMA. The highest variance
reduction (Vr) is 61.6 in the daytime and 46.8 in the nighttime with these pairs of 7, and a.

Although the sensitivity to lightning (or “detection ability”) differs with observation
stations, we used, for simplicity, the common value of T, as mentioned above and calculated
the rough values of the sensitivity (or detection hereafter) range, D, by the equation T =1/D.
Since the average value of the lightning current, /, is about 37 kA (calculated from the lightning
data from June, 1999 to March, 2001), the detection range is obtained as 463 km (VLF
nighttime), 370 km (VLF daytime), 278 km (LF nighttime), and 218 km (LF daytime). The
lightning generated within this range is recorded by our observation systems and affects our
observations as electromagnetic pulses.

Figure 9 shows the detection range of lightning in the case of Uji station. Figure 6 (right)
shows that there are a number of lightning which exceed 100 kA. Therefore, a lot of lightning
out of this range is also recorded.
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4. RELATIONSHIP BETWEEN ELECTROMAGNETIC PULSES AND EARTH-
QUAKES (A CASE STUDY)

4.1 The 1995 Hyogo-Ken Nanbu Earthquake

As mentioned in section 2, we observed two seismic electromagnetic anomalies in the
case of the 1995 Hyogo-ken Nanbu earthquake. One is the increase in the number of electro-
magnetic pulses observed on 9 January 1995, eight days before the earthquake, and the other is
the increase observed 50 minutes before the earthquake (Yamada and Oike 1996).

Nagao et al. (2002) compared the results of the observations of electromagnetic phenomena
before and after the 1995 Hyogo-ken Nanbu earthquake reported by several researchers, in-
cluding us, with the lightning data provided by all electric power companies in Japan. There
was lightning activity on 9 January 1995 and it is suspected to have influenced observations
[Fig. 1 in Nagao et al. (2002)]. Yamada and Oike (1999) also showed the influence of lightning
on the observation at the same earthquake by using lightning data in the Kinki region. According
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Red:Lightning all around Japan
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Fig. 7. The number per 10 seconds of lightning all around Japan (shown in red),
the number per 10 seconds of lightning selected by T, (daytime: 0.1,
nighttime: 0.08) and a (daytime: 1.3, nighttime: 1.1) (shown in black)
and the number per 10 seconds of VLF pulses observed at KZ2 (Kozu
Island). The data are for August, 1999.
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Fig. 8. The number per 10 seconds of lightning all around Japan (shown in red),
the number per 10 seconds of lightning selected by 7, (daytime: 0.17,
nighttime: 0.133) and «a (daytime: 0.55, nighttime: 0.5) (shown in black)
and the number per 10 seconds of LF pulses observed at HMA (Hamaoka).
The data are for July, 2000.
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to the results of section 3, the lightning in the Kinki region certainly influences the observation
system at Uji, supporting Nagao et al. (2002) and Yamada and Oike (1999). Since thunder-
storms cause increases in the number of electromagnetic pulses, it seems difficult to affirm
that the increase in the number of the electromagnetic pulses during this period was really
related to the earthquake.

4.1.1 The Waveform Analysis

Another increase in the number of electromagnetic pulses was observed just before the
Hyogo-ken Nanbu earthquake. During this period, continuous electric field waveforms of VLF
pulses were recorded as audio signals by a video tape recorder. The waveforms were recorded
from 04:50 to 10:03 on 17 January 1995 (local time). Since the origin time of the earthquake
was 05:46:51, it is a record from one hour before and four hours after the earthquake. These
waveforms were shown in Yamada and Oike (1996) but the origins of the pulses were not fully
analyzed. In Izutsu and Oike (2003), the origins of these pulses were investigated by a method
used in the field of atmospherics.

According to the lightning data provided by Kansai Electric Power Co., Inc., there was no
lightning in the Kinki region during this period. However, as mentioned in section 3, this
observation would have been affected by far lightning also. Therefore, we examined the data
of the lightning location systems of electric power companies. The electromagnetic pulses
recorded simultaneously with lightning considered to be of lightening in origin. Although the
available lightning data did not cover all the concerned region, thunderstorms were recorded
for this period at least in Shimane Prefecture and off the coast of Kochi Prefecture (Fig. 16 as
shown later). Continuous waveforms were recorded with a sampling rate of 500 kHz. The
electromagnetic pulses with amplitude exceeding the threshold, set to eliminate the background
noise, triggered the waveform recorder. Over 400 waveforms were picked up from the con-
tinuous record.

In atmospherics, waveforms are classified by their shapes, assuming dependence on their
possible origins. We also classified observed waveforms into several types mainly based on
previous studies (e.g., Kimpara 1956; Sao 1981) and investigated the origin of each type. We
show, in the following, the results with figures of observed examples.

Ionospheric reflection type (Fig. 10): A large pulse appears first and then pulse-like
peaks follow with almost constant interval. These peaks are considered to have been generated
by multiple reflections between the earth and the ionosphere, and the difference in propaga-
tion path turns into the difference in arrival time (Fig. 10b). It is known that this type of waves
is more often observed from near lightning than other types (Sao 1981). By using the time
intervals of peaks, the propagation distances from the source can be calculated (Sao 1981).
Figure 10c is the histogram of the calculated propagation distances of the ionospheric reflection
type waveforms recorded in the morning of 17 January 1995. We found the nearest source of
the waves was located at a distance of about 200 - 300 km. This distance is comparable to the
distance from the locations of lightning in Shimane Prefecture and off Kochi to the observation
station. There was no waveform of this type with a propagation distance of 80 km, which is the
distance from the epicenter to the station.
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Fig. 10. (a) Examples of ionospheric reflection type waveform. Arrows show the
peaks made from the multiple reflections between the earth and the
ionosphere. They were observed at 04:58:04 and 05:42:53 and identified
by comparison with lightning data, attributable to lightning. (b) The sketch
of the multiple reflections between the earth and the ionosphere [Sao
(1981), edited]. (c) The histogram of the propagation distance of iono-
spheric reflection type waveform. There was no waveform of ionospheric
reflection type from the area around the epicenter.

Comparing with the lightning data, both waveforms shown in Figs. 10al and a2 were
identified as generated by lightning. It was concluded that all the waveforms of this type were
originated by lightning.

Dispersion type (Fig. 11): Waveforms showing dispersive character were classified to
this type. This type was found to consist of three sub-types as shown in Figs. 11a, b, and c. All
of these types indicate that they travel in the earth-ionosphere waveguide mode. In the frequency
domain, there is a minimum in the power spectrum at about 1.6 - 1.8 kHz. This is interpreted
as the cut-off frequency for the ionospheric height of 90 km.

The classification of the three sub-types was made according to the ratio of PL and PH,
where PL and PH stand for the maximum in the power spectrum below and above the cut-off
frequency shown in Fig. 11. The three sub-types are quasi-sinusoidal type [PL is smaller than
PH (Fig. 11a)], slow tail type [PL is larger than PH (Fig. 11b)] and intermediate type [PL is as
large as PH (Fig. 11¢)].

According to the studies of electromagnetic waves generated by lightning, their wave-
forms change with the propagation distance as illustrated in Fig. 12. The waveforms observed
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in near field show ionospheric reflection type. As the distance of propagation increases, they
become intermediate type and finally quasi-sinusoidal type after propagating more than 3000 km
(Schonland et al. 1940). In other words, a quasi-sinusoidal type wave was generated far away
from the observation station, which is considered far beyond the detection range of earthquake
related signals.

The slow tail type was demonstrated to be the zero-th mode wave of waveguide propagation
and it was suggested to be the output of a pulse inputted over 1000 km away in the ELF range
(Wait 1970). Hepburn (1957) showed that the slow tail type wave can be generated also when
the electric pulse current is composed of components with frequencies under 1 kHz. Since our
observed intermediate type also had a low frequency component (about 1 kHz), it was inferred
that the intermediate type may also appear when the source electric pulse current had a lower
frequency component.

Irregular high frequency type (Fig. 13): The waveform of this type is characterized by
a high frequency component with about 10 kHz superposed on the baseline, which often fluc-
tuates irregularly during 1 - 5 milliseconds.

Checking with the lightning data, the irregular high frequency type was often found to
occur just before lightning (one millisecond - one second before). The ionospheric reflection
type waveform was observed about 60 milliseconds after the waveform shown in Fig. 13a and
the intermediate type waveform was observed about 25 milliseconds after the waveform shown
in Fig. 13b. Small amplitude and short period waveforms of irregular high frequency type
occurred just before other waveforms as shown in Fig. 10a2. Irregular high frequency type

a) Quasi-sinusoidal type b) Slow tail type ¢) Intermediate type
—1a)05:14:00 _|b) 04:58:47 —1¢€) 05:48:01
Wa\‘/ef(n}m : ‘ - ‘ ‘ ~|[Waveform ~[Waveform
T T T T T T T R L RARAS AARE R RN AN L e AN L LR A L e
1 23 45 6 7 8 910 1 23 4 5 6 7 8. .91 01 2 3 4 5 6 7 -9 10
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e cut-off - frequency - frequency
E frequency
E Power Spectrum : : : ] Power Spectrum ] Power Spectrum
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Fig. 11. Examples of observed waveforms and power spectrums of the dispersion
type: (a) Quasi-sinusoidal type; (b) Slow tail type; and (c) Intermediate
type. These pulses are waveguide mode waves between the earth and the
ionosphere. The power spectrum has a minimum at the cut-off frequency
(arrows). These three types were classified according to the ratio of PL.
and PH, the maximal powers below and above the cut-off frequency.
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was observed intermittently when the lightning activity was high. The waves of the irregular
high frequency type are considered as originating from lightning activities such as leader strokes
and discharges in the clouds (Sao 1981).

Artificial noise: Large pulses appear at regular intervals of 16.67 milliseconds which is
the cycle time of 60 Hz. Each pulse attenuates without vibration. Although most of this type
was too small to trigger the recorder, some pulses had amplitude large enough to trigger it.
This happened many times during our five hour observation. Waves of this type were most
likely generated by nearby artificial sources.

Other type (Fig. 14): Figure 14 shows the large fluctuations observed when the seismic
S wave arrived at the observation station. The electromagnetic waves which exceeded the
threshold were observed 80 or more times in 10 seconds following the S wave arrival. Figure 14b
is the enlargement of the head portion of these fluctuations. Figure 14c is the enlargement of
the portion A of Fig. 14b. Their waveforms were very unique and not similar to any other
types. These waveforms have many more pulses and contain much higher frequencies than the
S wave. Since these waveforms were never observed even if we shook the antenna and obser-
vation system, these waves were not generated by shaking due to the S wave. Although there
was a large aftershock (M; 5.4) at 07:38 and many other aftershocks during the five hour
observation, waves of this type were not observed at the times of any aftershocks. The reason
for this behavior is unknown. Electromagnetic changes accompanying seismic waves are re-
ported by other observations (Iyemori et al. 1996; Nagao et al. 2000; Honkura et al. 2000,
2002). These changes can be considered as induced by ground tremors or the piezoelectric
effect near the observation station. However, the behavior we observed is difficult to explain
by the same mechanism and the possibility that the waves we observed were noises emitted
from the destruction of electric appliances and electric power failure induced by the main shock
cannot be excluded. At the origin time of the earthquake, 05:46:51, no remarkable signals were
recorded.

Artificial noise excluded, a total of 417 waveforms recorded during the five hours of
observation is classified as follows:

82 waveforms simultaneous with S wave arrival,
80 ionospheric reflection types,

8 quasi-sinusoidal types,

49 slow tail types,

114 intermediate types, and

84 irregular high frequency types.

Figure 15 is the histogram of the occurrences of each type. Between 04:50 and 10:03 on
January 17, lightning activities in Shimane Prefecture and off the coast of Kochi Prefecture
were reported. The time of the lightning activity is depicted at the uppermost part of the figure.
Many waveforms were recorded when lightning activities were reported, but some waveforms
were not.

By identifying the reported times of lightning, 23 pulses were correlated with well located
lightning with certainty. Of these pulses, 9 were from Kochi Prefecture and 14 were from Shimane
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Prefecture (Fig. 16). The distance to the observation station was nearly the same (280 km from
Kochi and 320 km from Shimane Prefectures).

There were many more lightning strikes with unidentified locations in the lightning data.
Comparing the times of such un-located lightning and recorded electromagnetic pulses, we

a) Fluctuations recorded with S wave (05:47:00 - 05:47:30)

(second)

b) The head waveforms of the fluctuations recorded with S wave

| <i>

0 10 20 30 40 50 60 70 80
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¢) The enlargement of the period A in Fig.14b
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Fig. 14. (a) The large fluctuations observed at 05:47:16, i.e., the time when the S
wave arrived at the observation station. 82 irregular pulses triggered the
recording system continuously during about 10 seconds. (b) The head
portion of the large fluctuations recorded at the time of S wave arrival.
(c) The enlargement of the period A of Fig. 14b. These waveforms re-
sembled no other types.
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found 131 pulses correspond to un-located lightning. The waveforms of these pulses were
ionospheric reflection type, slow tail type and intermediate type. As shown above, the total
number of ionospheric reflection type, slow tail type and intermediate type waves was 243.
Therefore, a half of these pulses can be considered as lightning in origin. The other half were
not correlatable with lightning data. However, as stated above, the lightning data of the electric
power companies did not cover all the concerned region and did not contain all the lightning.
Therefore, many observed pulses of similar waveform could have been generated by un-located
lightning.

Yamada and Oike (1999) suggested a possibility that there were seismic electromagnetic
waveforms occurring just before the 1995 Hyogo-ken Nanbu earthquake. However, as a result
of the present inspection, this possibility appears to be questionable: The quasi-sinusoidal type
waveform, propagated from 3000 km or more, could not be related to the earthquake. The
ionospheric reflection type, slow tail type, intermediate type, and irregular high frequency
type waveforms were found to have been generated by lightning activities in Shimane Prefecture,
Kochi Prefecture and other places far from the epicenter. The pulses observed at the S wave
arrival time were considered to be generated near the observation station. Considering the
results of the present analysis, it seems most probable that we caught no seismic electromag-
netic signal from the epicenter just before the earthquake, and the increase in the number of
pulses was caused by the lightning activities elsewhere.

4.2 Other Earthquakes

In section 3, the relationship between the increase in the number of the electromagnetic
pulses and lightning was investigated. It was found that both the lightning within 200 - 300 km
of the observation station, and the more distant lightning with large amplitude generate ob-
servable electromagnetic pulses. Actually, in past reports, a striking possibility has been pos-
tulated that the lightning was the cause of the increase in the number of the electromagnetic
pulses before and after earthquakes (Oike et al. 1993; Yamada and Oike 1999).

In both Figs. 2 and 5, an increase in the number of the LF pulses is seen before an earth-
quake and also seen after an earthquake. It seems that they both have 5- to 8-day cycles. The
cycle of the high and low atmospheric pressures is also about one week. Therefore, there is a
possibility that the recorded increase of the pulses was solely caused by thunderbolt activities
accompanying the passage of low atmospheric pressure.

Since the lightning location system was not established in the 1980s, thunderbolt activity
in a wide area from western Japan to mid Japan was investigated only through the publications
of the Japan Meteorological Agency [Japan Meteorological Agency (1983 - 2002)]. For example,
in the case of the 12 July 1993 Hokkaido-Nansei-Oki earthquake (M; 7.8) [See Fig.13 in Oike
and Yamada (1994)], a low pressure system passed through the Sea of Japan and the front
stagnated on July 9. There were thick fog, heavy rain, and lightning in the area of the Sea of
Japan’s coast from July 10 to 15 (two days before and three days after the earthquake) when
the increase was observed.

As aresult of investigating all these cases, it became clear that rainfall and lightning were
almost always reported in the area from western Japan to mid Japan when the number of
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pulses increased. We could not find any case where such an increase was observed before and
after earthquakes without thunderbolt activity.

Of course, it cannot be said that all increases in the number of pulses were caused by
lightning, but it can be said that almost all of them are caused by lightning. Even if there were
seismic electromagnetic signals in our observation data, it has been difficult to demonstrate its
existence convincingly probably because they were much smaller than the effects of the
lightning.

4.3 Score of the Past Observation

In Oike and Murakami (1993), a remarkable increase in the number of LF pulses was
observed in 7 out of 10 earthquakes as mentioned previously. However, the “remarkable in-
crease” was not clearly defined by them. Therefore, we introduced an objective criterion and
examined the possibility of applying this observation system to short-term earthquake
forecasting.

We defined the anomaly as the “case when the number of LF pulses exceeded the average
by more than 20, where ( g*) is the variance. However, the average as well as the variance of
lightning changes with local time and season, so that a reference state had to be obtained for
each hour of the day of each month using the whole period of observation, i.e., 14 years from
1983 to 1996.

As a result of being able to judge the anomaly on a monthly and hourly basis, strong
seasonal and hourly dependence are clearly seen. The target earthquakes are shallow (30-km
or less) earthquakes with M equal to or larger than 6 which have epicenters inland or beneath
shallow seas of water depth 1000 m or less near Japan. The epicenters of which are near the Uji
station (32 - 38°N, 134 - 142°E) during the period from January, 1983 to March, 1996. There
were 68 such earthquakes. Among them, 22 earthquakes showed the above defined anomalies
within 48 hours before earthquakes. The hit rate (the ratio of earthquakes with the anomalies to
all earthquakes) is 22/68. However, there were 771 anomalies (successive anomalies are counted
as 1 anomaly). Therefore, if an alarm is issued on each anomaly, the success rate (the ratio of
earthquakes with anomaly to the anomalies) would be 22/771. This ratio is obviously too low
for any practical forecasting. The 771 anomalies over approximately 14 years mean that there
was about one anomaly every week. This once per week cycle seems to be coincident with the
cycle of the passage of low atmospheric pressure as mentioned in the previous section. The 22
out of 68 earthquakes occurred within 48 hours after an anomaly. However, these anomalies
occurred almost every week so that if an earthquake occurred randomly, the probability of an
earthquake occurring within 48 hours (2 days) after an anomaly is 2/7 (0.2857), which is close
to 22/68 (0.3235). Thus, the results of this observation were not significant from the viewpoint
of earthquake forecasting.

5. DISCUSSION

We have quantitatively shown that most of the increases in the number of LF and VLF
electromagnetic pulses are generated by lightning. Although all the recorded electromagnetic
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pulses have not been identified with lightning, it has been shown that the influence of lightning
is almost exclusive at least in the LF and VLF ranges.

In the case of other studies, i.e., studies in the different frequency ranges, we can also
point out the possible importance of the influence of lightning. Possible seismic electromag-
netic signals were reportedly observed on 9 January 1995, eight days before the 1995 Hyogo-ken
Nanbu earthquake. However, Yamada and Oike (1999) and Nagao et al. (2002) suggested that
the possible influence of lightning on some of these observations cannot be ruled out with con-
fidence. This study shows that their suggestion was correct as far as LF- and VLF-pulse observa-
tion is concerned. Possible seismic electromagnetic signals 50 minutes before the Hyogo-ken
Nanbu earthquake were observed by Fujinawa and Takahashi (1995), Maeda and Tokimasa
(1996), and Hata (1997). Hata (1997) observed a three-component geomagnetic field at a fre-
quency of 223 Hz at Usami in Izu. Fujinawa and Takahashi (1995) observed a variation in the
underground electric field at 1 - 9 kHz by using the casing pipes of boreholes as antennas at
Hasaki in Ibaragi Prefecture. Both Usami and Hasaki are more than 400 km east of the epicenter
and 700 km from Shimane and Kochi Prefectures. It is doubtful if these observations made so
far away from Shimane and Kochi Prefectures were heavily influenced by the same lightning
activities. It is equally or even more doubtful if the supposedly much weaker seismic signals
were observed at these places. During their observation of electromagnetic waves from the
Planet Jupiter by a radio interferometer, Maeda and Tokimasa observed anomalous 22.2 MHz
waves at Nishi-Harima Astronomical Observatory located at distance of 77 km from the
epicenter. The Observatory was even closer than Uji to the lightning activities in Shimane
Prefecture and off Kochi Prefecture. However, they found that the anomalous signals prob-
ably came from the direction of the fault that caused the earthquake, there is a possibility that
their system using an interferometer in the MHz range could have been more immune to
lightning.

Yoshino (1997) reported a continuous increase in the noise level of MF radio broadcast
near the epicenter just before the 1995 Hyogo-ken Nanbu earthquake. Hayakawa et al. (1996)
and Kushida and Kushida (1998, 2002) reported the anomaly of electromagnetic wave propa-
gation before the Hyogo-ken Nanbu earthquake at a frequency of VLF and VHF, respectively.
These anomalies are hard to explain by lightning. These propagation anomalies would affect
our observation system as a change of a variance reduction between the observed pulses and
lightning which we calculate in section 3.2. However, we cannot discuss these directly be-
cause of our approximate calculation of variance reduction and the quality of lightning data at
that time.

Now, which frequency range is best to find seismic electromagnetic wave signals?

The intensity of the electric field generated by lightning is largest in the VLF range at a
distance of 10 km from lightning location, and decreases with increasing frequency. The signal-
to-noise ratio is lowered by the noise generated by lightning in VLF and LF ranges. In the
observation of the number of electromagnetic pulses, we can estimate the number of noises
generated by lightning by using the method described in section 3. However, we cannot know
the exact location and lightning currents of all lightning. Cloud-to-cloud discharge and leader
strokes which are not recorded in the lightning data also affect observations. The complete



Jun Izutsu 945

removal of the influence of lightning is impossible at present and thus the observations in VLF
and LF ranges are not very suitable for earthquake forecasting purposes.

Recently, to remove the influence of lightning, Asada et al. (2001) and Tsutsui (2005)
adopted direction search and identification by waveform. They reported the possibility of the
existence of VLF pulses transmitting from an epicenter before an earthquake. Observation in
the VLF range is very important and should be continued regardless of the effort required.

Moreover, electromagnetic waves in radio interferometer VHF ranges are not reflected by
the ionosphere and do not propagate at large distances. Thus, the influence of far lightning
becomes smaller with frequency, suggesting that observation in the VHF range may be more
suitable from the viewpoint of mitigating the influence of lightning. Artificial noises also need
to be considered. In high frequency ranges, there are influences from electromagnetic waves
for broadcasting and communication. By choosing a proper observation frequency, we may be
able to minimize the influence of such artificial noise.

However, absorption in the earth of electromagnetic waves increases with frequency. High
frequency electromagnetic waves cannot be expected to rise to the surface from deep under-
ground. Therefore, a lower frequency range is favorable to observe seismic electromagnetic
wave signals generated underground albeit that the higher frequency range is more favorable
for avoiding lightning noise. These are conflicting factors.

Although observations of seismic electromagnetic wave signals have been made using
various methods and various frequency ranges, the calibration between different observation
systems and comparison of results have not been carried out sufficiently. A well coordinated
simultaneous broad-band observation in a dense network covering a wide-area together with a
much improved lightning location system should be the key to raising seismo-electromagnetic
science to a convincing level.

As aresult of this analysis, we found most of the increases in the number of LF and VLF
electromagnetic pulses before earthquakes were generated by lightning. Be that as it mayj, it
seems that there is some relationship between weather (lightning) and earthquakes. Recently,
some research has been performed about the relationship between lightning and earthquakes
(Ouzounov et al. 2000). Avagimov et al. (2004) reported that high-energy electromagnetic
pulses emitted by a magneto-hydrodynamic (MHD) generator influenced the seismicity in the
area of northern Tien Shan. This work suggested that the large current triggered earthquakes.

There was no lightning location data when the observations started and lightning data has
improved. Now we can reference lightning data around Japan by a proper lightning detection
system. Oike and Yamada (1994) mentioned that the number of electromagnetic pulses would
increase if an earthquake triggers lightning or lightning triggers an earthquake. Evidently, it is
still necessary to pursue further study about the relationship between the lightning and
earthquakes.

6. CONCLUSIONS

We have investigated the influence of lightning on the observation of electromagnetic
pulses in this thesis. The main results of this study are:
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(1) A close statistical relationship between observed electromagnetic pulses and lightning has
been established by using the number of the electromagnetic pulses observed by our Tokai
observation network and the lightning data provided by the Japan Lightning Detection
Network.

(2) Lightning activity within about 250 km in the LF range and about 420 km in the VLF range
were the major sources of pulses observed by our measuring system.

(3) For increased electromagnetic pulses just before the 1995 Hyogo-ken Nanbu earthquake,
the continuous VLF waveforms recorded from 50 minutes before the earthquake indicated
that most of the waveforms were generated by lightning. For other earthquakes also, the
increase in the number of electromagnetic pulses may be considered as due to lightning
because the passage of low atmospheric pressure and lightning activities were reported
within a distance of about 250 km from the observation station almost always when the
increase was observed. Even if the seismic electromagnetic signals really existed, they
would have been much weaker than those of lightning and difficult to identify (e.g., Asada
et al. 2001).

(4) The results of the electromagnetic observation at our Uji station have been re-examined
from the viewpoint of earthquake forecasting. The success rate is very low and hit rate is
not significant and thus the application of our observation in the VLF and LF ranges to
short-term earthquake forecasting cannot be considered promising.

(5) Broad-band and wide-area observations, with thorough monitoring of lightning, should be
attempted in future electromagnetic study for earthquake forecasting.
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