Observation and Analysis of Anomalous Terrestrial
Diffraction as a Mechanism of Electromagnetic
Precursors of Earthquakes
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Key Points:

. Alow-noise high-sensitivity technique is proposed to observe anomalous radio
wave signals associated with earthquakes.

. Possible electromagnetic precursors of earthquakes have been detected by
observation networks placed near major tectonic lines.

. Large-scale numerical analysis has suggested that anomalous diffraction is the
mechanism of the electromagnetic precursors.
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Abstract

Detection of earthquake precursors has long been a controversial issue with
regard to its possibility and realizability. Here we present the detection of
electromagnetic anomalous signals before large earthquakes using an observation
network of very high frequency (VHF) radio wave receivers close to major tectonic
lines in Japan. The receivers are equipped with specifically designed narrowband
filters to suppress noises and to detect extremely weak signals. We detected different
types of electromagnetic anomalies before earthquakes around mountainous and
coastal regions, where presence of electric charges is anticipated on the surface
located in the middle of the radio wave paths near major tectonic lines in Japan. We
use numerical electromagnetic wave analysis to show that when electric charges are
present on a ground surface as a consequence of tectonic activity, the surface charges
interact strongly with radio waves and eventually cause strong diffraction of the radio
waves. The analysis was performed using the three-dimensional finite-difference time-
domain (3D-FDTD) method with digital elevation models of the actual geographical
landforms on a massively parallel supercomputer. The results confirm the consistent
mechanisms of the electromagnetic precursors, which explains the anomalous
electromagnetic signals observed by the authors before large earthquakes.
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1 Introduction &3

Electromagnetic signals could be enhanced and received at distant locations some
days or weeks before earthquakes. Researchers have tried to observe such electromagnetic
anomalies and precursors associated with earthquakes for more than 20 years (Kushida &
Kushida, 1998, 2002; Fujiwara et al., 2004; Moriya et al., 2005; Hayakawa et al., 2007;
Uyeda et al., 2009; Moriya et al., 2009, 2010; Freund, 2011; Yasuda et al., 2009; Bleier et al.,
2013). The observation of such anomalies has been difficult and unstable because they are
affected by geographical, atmospheric, ionospheric conditions and disturbed by
environmental noise of random nature. Various possible electromagnetic precursors have
been so far reported and a number of hypotheses have been proposed: i.e., ionospheric
perturbation by Kushida et al. (Kushida & Kushida, 1998, 2002) and Hayakawa et al.
(Hayakawa et al.,, 2007; Yasuda et al., 2009; Bleier et al., 2013), lithosphere-atmosphere-
ionosphere (LAI) coupling by Pilipenko et al. (Pilipenko et al., 2001), atmospheric
anomalies (Fujiwara et al.,, 2004), a bulk plasmon model (Kamogawa & Ohtsuki, 1999), and



chemical models (Enomoto & Hashimoto, 1990; Enomoto et al., 1997). All of these models
are inclusively possible, not exclusively, but difficult to explain the anomalous radio wave
phenomena comprehensively, especially in the very high frequency (VHF) band.
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On the other hand, the mechanism of the anomalous radiowave propagation has been
explained reasonably by the theory of the ground surface plasma wave appearing on the
surface of the Earth (Fujii, 2013, 2016). It has been experimentally shown that positive
electric charge carriers come out from the peroxy bond in oxidized minerals when rocks
are subjected to tectonic deviatoric stresses (Freund, 2000, 2002, 2011; Bleier et al., 2013),
and that such carriers can even move across the composite boundary of rocks along crustal
faults. Although it is still controversial, this fact could explain the possible presence of
electrostatic charges on the Earth’s surface associated with co-seismic or pre-seismic
activities. Another possibility is the change of ground resistivity with earthquakes (Rikitake
& Yamazaki, 1978) even at a distance of 1,000km from epicenters, which could be
supported by the theory that the size of the precursor deformation zone of earthquakes is
estimated by a simple formula as a function of its magnitude (Dobrovolsky et al., 1979).
Therefore, electric charges on the ground surface must play a role in seismic activity. In
general, if electric charges exist on a surface, then the charges are subjected to the force by

the external oscillating electric field. This is equivalent to the well-known surface plasmon
in optics induced by light on metal surfaces (Kittel, 1986; Raether, 1977, 1988; Fujii, 2014).

— T, BER T VA RDIEMA A = X LiF, HRICHNZHER 77 X<ikoD
HEERIC X > TABMNICHA S T w9 (Fujii 2013, 2016), FEERIIC I, HA0 3 Hbi%
DERGNEZ T2 &, BILEYIO_ALA X A2 O IEEMF Y ) 7HAME I NS
ZERRENTED (Freund 2000,2002,2011; Bleier etal. 2013). TNHDF v V7
. HGEBTE ICh > CREADEARRA A TEEIT 2 2 L X 2 EETT, COHEHEIL
I ORMD D D T 08, HIETEE)NICEIE I 2 IR O FE RS AET S AlRet: 2 i
B3 23DTL x5, ¥7-. Rikitake & Yamazaki (1978) 2MEfiiL 7z X 5 1c. B2 5
1000km HE4L 72 s < b HIER I X 2 iR IRITOZ LA 2 2 ARt H W £ 3, 2D
ZAbid, HEORIKEAIE O ¥ 4 X 2 ESBE OB L U CHEE T 2 B ool



B¢ & £ 3 (Dobrovolsky etal. 1979), L 728> T, HIFRICHFIET % Bl XI5 E) IC
FPOTEHELREHZR T LE2ONLE T,

In this paper, we present our observation results of anomalous radio wave signals that
strongly depend on the polarization and the propagation path of the wave. We then analyze
the propagation of the radio waves and show a possible mechanism of the anomalous
propagation and diffraction caused by an interaction between the radio wave and the
surface electric charges, which can be referred to as the terrestrial surface plasmon. This
paper does not deal with the fundamental mechanism of the earthquake itself, but rather
focuses on the possible electromagnetic phenomena on the Earth’s surface with electric
charges associated with earthquakes. The analysis was performed using the three-
dimensional finite-difference time-domain (3DFDTD) method (Yee, 1966; Taflove, 1995)
with the properties of the mobile electric charge carriers of the Drude dispersion model
(Taflove & Hagness, 2005; Fujii, 2013, 2016). The analysis method and the computational
code have been verified by comparison with the theoretical solutions of localized surface
plasmons on a metal sphere (Fujii, 2014). Several analyses have been carried out with
different landforms of irregular shapes in mountainous regions and coasts to show that the
electromagnetic interactions occur randomly and depend strongly on the topography of the
ground surface. The numerical results agree well with the observed polarized radio wave
signals.
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2 Radio Wave Observation Geometry and Equipment ZHiZ351) % #i7 & &

We observe radio waves from distant broadcast stations as shown in Figure 1 and in
Table 1. Since these radio signals are significantly weak, we have developed highly sensitive
low-noise measurement systems that employ super-narrow-band filters for significant
noise reduction, implemented over a network of distant observation sites (Fujii, 2023a).
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Figure 1. The map of broadcast and observation stations focused in this study as listed in Table 1

and the epicenter of the M7.4 Fukushima offshore earthquake (E141° 37°22",

N37°41°48” depth 57km) on Mar. 16, 2022 at 23:36:32.6 (JST) on the Pacific side of Japan. The
symbols of the black circle and the square are for the broadcast and observation stations, respectively.
White arrows indicate the radio wave paths, and the yellow circular regions indicate the possible
points of causing anomalous diffraction, which are Mt. Okuhotakadake, Atsumi Peninsula, and Itoigawa,
analyzed in the following sections. Thin black lines are the Median Tectonic Line and the Itoigawa-
Shizuoka Tectonic Line. Tokyo and Kyoto are shown for reference. The earthquakes in the
Kamikochi/Okuhotakadake region discussed later and listed in Table 2 occurred in the limited area
within approximately 10km distance of the black triangle near the center of the map.
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2.1 Noise Reduction by Super-Narrow-band Notch Filter and Observation System
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The radio wave observation system is composed of standard Yagi antennas of 3 to
6 elements in horizontal and/or vertical polarization depending on the allowable
facility as summarized in Table 1, and digital radio receivers AOR AR5001D and/or
AR2300, which are controlled by PCs. The radio wave is measured every 10s at the
Toyama and Yatsuo stations, and every 20s at the Iwata station. For stable detection of
earthquake precursors, effective noise reduction in the measurement system is
essential. Super-narrow-band notch (band-rejection) filters (Fujii, 2021) are inserted
between the antenna and the receiver to reduce unwanted intense radio waves from
nearby broadcast stations by more than 20dB from a typical -50dBm signal level down
to -70dBm, etc., allowing clear uninterrupted observation even in urban areas as
described in the following. Note that dBm is a unit of electric power in dB relative to
1mW reference power.
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Table 1.

List of the radio broadcast and observation sites focused in this paper. The polarization and

the number of elements of the Yagi antennas at the observation sites are shown in parentheses with

the form of (Polarization, Number of elements). Polarization notations H and V are for horizontal and

vertical linear polarizations, respectively. Height is that of antenna comprised of altitude above sea

level and approximate height of antenna facility. 80.9MHz is an unused frequency in Japan and is

monitored for comparison as discussed in the text.
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Observation sites:

Site Name (Pol., Elem.) | Longitude Latitude Height (m)
For Toyama/ Yatsuo:

Toyama City, Toyama Pref. (H,5) (V,6) | E137°11°13” | N36°41°38” 30
Yatsuo, Toyama City, Toyama Pref. (H,3) E137°07'51” | N36°37'10” 30

For Iwata:

Iwata City, Shizuoka Pref. (H,5 E137°49°20” | N34° 39’20 4
Broadcast sites:

Freq.(MHz) Power Site Name | Pol. | Longitude Latitude Height (m)
For Toyama/ Yatsuo:

80.9 0 W | (no broadcast) | — —
82.3 1 kW Niigata | H | E138°48’30” | N37°42’24” 600
88.3 100W lida | H | E137°52°21” | N35°27'33” 771
For Iwata:

78.9 3 kW Tsu | H | E136°26°01” | N34°43’57” 320
79.2 1 kW Shizuoka | H | E138°27°56” | N34° 58’27 300
80.9 0 W | (no broadcast) | — —




The frequency characteristics of the super-narrow-band notch filter used for the
Toyama observation station are shown in Figure 2 (a). The filter attenuates the radio
wave signals from nearby stations by —25dB each, and the rejection bandwidth is as
narrow as approximately 1MHz. Since the target signal from the Niigata broadcast
station at 82.3MHz is very close to the unwanted signal at 82.7MHz, the target signal is
also attenuated by approximately —11dB; this may unwillingly degrade the necessary
radio wave power. However, the third-order intermodulation caused in the amplifying
circuit of most receivers would have worse effects, which has been reduced by the
filters by more than —30dB. This results in the reduction of the noise floor under
-90dBm to -100dBm as shown in Figure 2 (b).
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Note that 80.9MHz is a frequency that is not used for broadcasting in Japan; it is
monitored in this study to see if broadband noise is observed simultaneously with
anomalous signals at different frequencies (Yoshida et al., 2006). The effect of the filter
is clearly seen when the filter was removed occasionally for maintenance on March 9,
2022, from 12:00 to 17:00, and the noise floor increased by 30dB to 40dB depending
on the frequency due to the nonlinear intermodulation effect. The reduction of the
third-order intermodulation noise is therefore considered critical and has a higher
priority than the slight loss of necessary signals; otherwise, the precursors are weak
and hidden behind the noise. Note also that different filters and receiver are used for
each observation system, even at the same site, depending on the directions of the
target broadcast stations. The 88.3MHz wave from lida is observed with a different
system than the 82.3MHz wave from Niigata, and therefore it is not shown in Figure 2,
whereas the noise reduction capability is in the same level.

7235, 80.9MHz I3 H A TIIHOEIZHT SN TOZRWERETH Y . ABFFET
. OB TREGE S L FRHZIREE S A APBRHISN D008 5 I a iR+ 5
Te IR STV ET (Yoshida etal, 2006), 2022 43 H 9 H 12:00 725
17:00 12T T, AT F U ADTEDIZT 4V R—REHIZE D S Sz BE. FERR
TEAHEZETIRIRIZ L0 | JEEEIZIS LT/ A X7 17 73 30dB 725 40dB L5 L &
Uiz, L7edio T, ZRIEZER ) A AORBIIMD THETH Y . OFNR0E
FroRAkLY bERINET, £ TRhRiIFEX FKMESRHEHE R, /A4 XD
HRIZENTLENWE T, £, B2 7 40 Z E2EMKS, R UERIMA TH -
Th, =5y FERDIBEROHANSECTHEHA I TND Z EICHIEENLE
TY, #H S D 88.3MHz JKI%, #ikHH D 82.3MHz # & (X572 52 A7 L TH
HENTEBY, ZOOR 2 IZITRENTWEEALR, /A XEEORDIZE T v
LT,

The super-narrow-band notch filter consists of a series capacitor of several pico-
farads and a high quality-factor (low-loss) inductance of approximately 1nH. The
inductance is formed by a short-circuited low-loss 12D-FB coaxial cable of 60cm to
70cm length, determined according to the frequency to be rejected, and has a quality-
factor of 25 to 30 at the VHF band. The circuit is shown in Figure 2 (c) for one unit

structure; for its use in actual observation, a necessary number of the unit structures
are cascaded as shown in Figure 2 (d). It should be noted that commercially available



inductors are mostly not applicable due to their much higher losses and lower quality
factors.
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The notch filters are used in all observation systems to attenuate unwanted radio
wave signals and reduce the noise floor; thus, it is not necessary to go to an
unpopulated district in search of an electromagnetically quiet environment for
observation. In addition, the coaxial cables connecting the antennas and receivers are
loaded with numerous ferrite cores to reduce the common-mode noise. The target
broadcast stations were chosen in such a way that their radio signals were significantly
weak but close to the limit of detection. The system was first operated for a certain
period of time to search for radio waves that carry anomalies under critical
propagation conditions.
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Figure 2. An example of the super-narrow-band notch filter implemented in one of the observation
systems in Toyama. (a) Frequency characteristics of the whole filter. Blue dotted lines show the
frequencies to be rejected i.e., 77.7MHz, 81.5MHz, 82.7MHz, and 90.2MHz for the Toyama station
(TYM), and the orange and red solid lines show the target frequencies to be observed at 80.9MHz and
82.3MHz, respectively. (88.3MHz wave from lida is observed by another system and is therefore not
shown here.) (b) Noise reduction effect of the filter; the filter was removed for occasional maintenance
on March 9th from 12:00 to 17:00, i.e., for the period of the high-level state of the step, otherwise the
filter was inserted. The height of the step is, therefore, the level of the achieved noise reduction. ”(H)”
refers to the antenna polarization as horizontal. (c) Unit circuit of the notch filter. (d) The appearance
of the whole filter. A total of 8 units are cascaded to reject 4 frequencies. The coaxial cables are rolled to
fit in a 25cm-wide, 30cm-long, and 10cm-high box.
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3 Observed Anomalous Radio Signals before Earthquakes and Numerical

Analysis 83l X W /- BRI O B EHEE 5 & BUEMRENT

In this paper, we show first some of the anomalous signals that we observed by the
above-mentioned system. In order to clarify the physical mechanism of the anomalous
radio wave propagation that is possibly related to earthquakes, we have performed large-
scale electromagnetic analyses using the FDTD method on a massively parallel
supercomputer with digital elevation models of the landforms. We have analyzed the effect
of landforms such as mountains, valleys, and coasts, with and without electric charge
carriers on the propagation of electromagnetic waves in air and on surfaces (Fujii, 2013,
2016, 2023b, 2024c). The computational resources used for the analyses were 64 nodes,
2304 CPU cores, 3 to 5TB of memory, and the wall time of 5 to 20 hours per job on a Cray
CS400 supercomputer.

AFWILTIE, ETARO T AT AL > TSN To N OO RFEE S EZRL
F9, HEIZEE L TV D REMED 2 R 72 T DA WURIR OWEER) A T = X b % B
SINNCT DI, HIBOT P2 NMEGET VAN LT, KB BRI 4 FDTD
EEAOCTRBBESIA— "—ar Ea—% ECERELE Lz, WE, B WRERE
DHIEH ., B F ¥ VT OFEIZ00 b6 2258% 6 LU TO BRI K&
ET B 2T LE L7 (Fujii, 2013, 2016, 2023b, 2024c) , A6 DT Sh
TRHR Y Y — A%, 64 /— R, 2304CPU =7, 3~5TBDOAEV, BLO1Va7dh
720 5~20 B O EITHRB TH Y . Cray CS400 A—/X—a L P a—Z TEiSNE L
7o

3.1 Mountainous Region of Japan Alps HZ 7 v 7 & [ L1 #ils,

In the region of Japan Alps, we had a series of earthquakes larger than M5 in
April - May, 2020, as listed in Table 2, near the Okuhotakadake peak (E137° 38’53
N36° 17°20" height 3189.5m), referred also to as Kamikochi region shown near the
center of Figure 1. Since approximately a year before the earthquakes, we observed a
series of anomalous signals; in the normal state, the signal level was below -100dBm,
but suddenly it increased by about 20dB and lasted for several hours or even longer and
returned to the previous signal level; they look like rectangular pulses with different
periods and heights, as shown by the arrows in Figure 3. A single rectangular pulse
signal was observed on December 30, 2016, as shown in Figure 3 (a), which may be due
to the possibility that the preparation phase of the earthquakes continues intermittently,
as earthquakes occur periodically in this particular region, including the group of small
events in 2018; the origin of this single anomaly has not yet been identified.

AART V7 ZHI T, 2020 424 A6 5 HIZHT T, R21RENDH LD
(RS E O IITEA T (R 137 Ji£ 38 43 53 B, i 36 £ 17 2 20 B, @& &
3189.5m) ., EFEHIME C M5 DL EO—#OMER AL E L (1 OFRft
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FIRSNTOVET), THHOHEDK 1 FRiHNS, B E50%E6 L CEllls
NTWE L, BFOIRETIE, 5 1L-ULE-100dBm LLF T L, 225850
20dB ¥EIN L, ERFfE] & DT T L Bk L 72#% ., JtDE 5 L-ULIZRY £ LT,
TN6iE, M3 ITRSNDKRAID K D12, B Wi & &S 2R OHIE L AD X
TR EY. 2016 4212 J 30 HIZH DOV AESREEE L (K
3()ZM), L. ZOREOHEE TIIHENEBAICEAELTE Y, 2018 £0
INBURL R MR T 2 5 o0 . IR D HE( BERE S WA LS RE VW TV D FTREMEDN B D T2 D
HLILERAR, ZOR—DEFOFRITELEFHFESNLTVEEA,

Similar phenomena of such pulse anomalies have also been observed regarding
the pre-seismic radio wave propagation, and its statistical analysis was presented for
earthquakes in a mountainous area in Hokkaido, Japan (Moriya et al., 2010). In the case
of our observations, an association with earthquakes can also be inferred. In Figure
3(a), the times of the earthquakes are indicated by the stars. Interestingly, these
anomalous signals appear mostly in the vertical polarization (upper plots) and not in
the horizontal polarization (lower plots), while the polarization of the broadcast radio
wave is horizontal, which is difficult to explain by artificial noise and can be presumed
to be a natural phenomenon. More detailed anomalous signals for this case are shown
in Supporting Information (Fujii, 2024c) Section 3.1 Figures 27 to 29.

DD IV ARE ORPBGIL, HERERTO T 2 A BRI B LT H 8L
I TEY ., dLED LEHE TOHEIZOWT, ZOMFHT AR SN TN E
7~ (Moriya etal, 2010), FA7=HOBLHIDOLATH, Hi5E & OBE N HEN S 41 E
T K 3(@)Tix, HEOBAERIANEAN ORI TWET, BIRENEIZ, Zh
SORFEFIZEICEERE (EBE7my b)) TEiL, KERE (FEFa > )
TIRFEAEBRNEE A, —TF, BMEESND T VAR DREIIAKERE THY . =
DBIRZ NLHIR ) A A THIT 2 DIINEET, ARBIRTHLEEALNET,
IO —AIZBT S X EERIZR BEE B, MRS (Fujii, 2024¢) 5 3.1 HioX
27 05 29 ITRENTVET,

From these facts, it is presumed that the radio wave from lida is diffracted by the high
peaks of the Japan Alps and then reaches the observation station in Toyama. This
propagation path is obviously out of sight due to the high mountains in this region.
However, it is an interesting problem how radio waves propagate when electric charges
appear on the surface of the mountain peaks, which has been studied by the numerical
analysis in the following.

INHDOEENSL, BHEHNODOT VAWITAERT VT ADmIEIZ L > THEET L,
TORE OB EZE L SHEN SN ET, T OGEMRRERIT, Z oo mmny
2 DT=DIZH BNCHRAIMNCH Y £3, Lol IHEOKREICER BBNTZHEIC
FIUFWNED LD ITBWT 2 0FBEROCEETH Y . 2O TILL T CHE
fEFTIZ X > THFES TV ET,
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Figure 3. (a) Observed radio wave power in dBm for the wave propagation from lida to Toyama at
88.3MHz since 2017 till 2022 obtained by the authors; time data for the whole observation period are
plotted to show their long-term perspective. For more detailed signals, see (b) and (c), and their
descriptions below. Arrows indicate the time of occurrence of the anomalous rectangular-shaped
pulse signals. Large black stars indicate the time of the major earthquakes in Kamikochi district
ranging from M5 to M5.5 (JMA); some of which occurred in a particular short period are listed in
Table. 2. Small black stars show those of smaller earthquakes of M4.3 to M4.8 in the same district. A
medium white star shows a group of 49 small earthquakes of

M1.9 to M3.1 in the same district during the short period from November 23 to November 30, 2018.
After these major events, anomalous rectangular-shaped signals are rarely seen, except for short ones
lasting less than a few minutes. (b) Example of the observed signals expanded for 10 days from May 6
to May 16, 2019. (c) Another example of the period of 10 days from Dec. 2 to Dec. 12, 2019. The
anomalous rectangular-shaped pulses with sudden increase in their power levels are pointed by the
arrows in (b) and (c). For each sub-figure, the upper plot is the vertical polarization data and the
lower plot is the horizontal polarization data. The anomalous rectangular signals are mostly observed
for the vertical polarization. The data for the horizontal polarization exhibit some spike noises and
those possibly caused by sporadic E layers in ionosphere, and some very weak rectangular anomalies
are seen at the same time as those for the vertical polarization.

3. (a) 2017 4ED5 2022 4E £ T S B IL~M5#& 95 88.3MHz O 7 VA WIE
W En72E S (dBm), 7 — X IZEMORBHMK 2R <4270y b S
nNTWa, FEHRMEZTICZOVTIE, (b) B (o) 228, KENTRFE LB LA
FERBH SN’ E R LTS, K& 72 BE T @251 5 M5~M5.5 O F
FEEORZ 2T, NS RE TR CRA Lz M4.3~M4.8 O/NRIR 72 HUE D IRf
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Gz, HEIT 2018 45 11 H 23 H225 11 A 30 H ORICFEHEE TR 4 L- M1.9~
M3.1 O/NBUEHIERE (49 [B]) 2T, ZHODOEEA X2 ME, BB/ VLG BI3E
UL T ORI ZBRNCIZEAE RN o7, (b)2019 45 H 6 H~5 H 16 H
? 10 HEIZBI SN ZE 50O, (c)2019 412 A 2 H~12 A 12 B 10 HEIC
BRI SNIZE 505, BELER L AREERET —4% (EE7o v b)) TEICHE
M, KERET—% (FTEETm Y ) TREABDANAL 7 74 ZARREND,

Table 2. List of the major earthquakes in the Kamikochi/Okuhotakadake district discussed in this
section. They occurred in a limited area of approximately 10km distance near the center of Figure 1
(black triangle), and within a time period of about a month. Magnitude M is of JMA.

The maximum seismic intensity of Japan scale (Max SI) is also shown.

£2. KECEwm S,/ BEE EHX TRAE L FEAMEO—E, bk
M1oHRIRENTZRBEEZAOIEL . BXE 10km DANOFBETRAELZ-METH S,
BRI H ARKOEBEEBIZESS EREEZ T~T,

No. | Epicenter (Longi. Lati.) | M | Date | Time (JST) | depth | Max SI

1 | Nagano middle part 5.5 | April 23, 2020 13:44:22.1 | 3km 4
E137° 39’427
N 36° 13’307

2 | Nagano middle part 5.0 | April 23, 2020 13:57:55.1 | 5km 3
E137°39°00”
N 36° 14’06

3 | Nagano middle part 5.0 | April 26, 2020 02:22:49.4 | 6km 3
E137° 38’127
N 36° 15’06”

4 | Gifu Hida District 5.4 | May 19, 2020 13:12:58.1 | 7km 4
E137° 37427
N 36°17°00”

5 | Nagano middle part 5.3 | May 29, 2020 19:05:14.9 | 4km 4
E137° 38247
N 36° 1542
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3.1.1 Numerical Analysis Conditions #fi fift#T 5% £F

As shown in Figure 4, the size of the analysis region is chosen to be 860m from west to
east, 710m from south to north including the peak point at the origin of the analysis region,
and an altitude higher than 3070m up to 3240m i.e., 170m in height. The peak of the
mountain has an altitude of 3189.5m, and the gap between the peak and the upper boundary
of the analysis region is approximately 50m. The original digital elevation model (DEM) grid
has a resolution of about 5m, and finer grids of 0.2m resolution were obtained by spline
interpolation for the FDTD analysis. The boundaries of the analysis region were all set to be
the perfectly matched layer (PML) absorbing boundary of 50 layers and the reflection from
the boundary was minimized. For the whole mountain model, the relative dielectric
permittivity was set to ex= 6 and the electric conductivity ¢ = 1.0 x 10-3S/m. The
parametersof the Drude dispersion are plasma frequency f,' = 408 MHz and damping
frequency I' = 2w x 107 rad/s for the electrically charged ground (Fujii, 2016). The incident
wave has horizontal polarization of the Ez component, same as the real radio broadcast, and
the frequency is set to be 70MHz i.e. the wavelength is 4.3m in air. The incident wave is
entered in the x-direction from south to north so that it hits the peak of the mountain.

B4 \TRENTVD K DI, THEIROY A X3, P25 HIC 860m, M6 EIC
710m T, FFHT IR O ME%EA FRFIE 3070m 225 3240m O#FifH, T70bb
S 170m ICRE SN TWET, (HTHOMEIL 3189.5m T, [LUTH & fEHT IO LR & D
FIZITA 50m DERH Y £§, LDOT VX UEESET LV (DEM) O U v RGEX
#5m TH Y, FDTD fENT DI AT T A UAHIC L 5T 0.2m DT U » KA
OIVE L7, T ORI ~T, a8 (PML) WIUER & L TRE S,
BRI O ORGHIRANRICH A D E L, IHEERDET AT, HiFERIT =6,
BRAERT 0=1.0x1073S/m |[ZHEINE L7z, Drude 0D /NT A —X L, I X
~ JE W HK fp'= 408 MHz, JBRJE T = 2 x 107 rad/s T, A4 i Q7= HIZRIZ# T S h
F9 (Fujii, 2016), ASFEITERRD Z VA4 hik L[ U< Bz i OKFEREZ RS, 8
&ﬁimMm\oi@wh¢f®&5i4&n_@ﬁém1mi¢ UN b ey AR

(I > T x FactEA, HTEICENET S L5 I L TWET,

3.1.2 Numerical Results Z{iE T fif 5

The analysis results are shown in Figure 5. To distinguish the behavior of radio
waves for the cases with and without the surface charges, it is easily recognizable to
plot only the vertical component E). The vertical cross-section of the landform on which
the radio wave field will be plotted is shown in Figure 5(a). In these plots, the incident
wave is not included; only the scattered or diffracted wave in the vertical polarization is
observed. In the case where no earthquake is expected and there is no surface electric
charge, the radio wave is diffracted at the peak as a normal phenomenon and the wave
partially penetrates the ground as shown in Figure 5(b). In contrast, for the case where
crusts are stressed and electric surface charges appear on the peak, the radio wave is
strongly scattered and diffracted in random directions as shown in Figure 5(c); this is
considered to be the anomalous mountain diffraction caused by the peak covered with
surface electric charges.

FEATAE RITIK S IR ENTWET, HRICEMDBHDHH5E L RVEEDT Y
AW DZE KB D7, FBEMS By DA% 71y M52 ERbn g n
FETT, FUFEOERT ey SISO RER XX 5(@IR I TVE
T INHDTmy FTE, AFHRITEEN TR LT, EERE COHELE 7213
BT OHZPBH S TWES, HMENTRISH T, #IRIZEWLRWGE, 7Y
ﬁ&i@%@ﬁ%kbeEf@ﬁb — DY S HUTEN IR T DA 23X 5(b) I
RENTWET, TS L, IS 2= T CINTEICEM A LIZE S, 7
TAWITIR < BEL S A, X 5(c)l _/Téﬂ“bé o oA FmIcEFLEST, 2

-15-
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Figure 4. 3D model of the Okuhotakadake peak of 3189.5m altitude. The origin of the horizontal axes
is collocated with the peak. Altitude h is taken in the y-direction. The digital elevation model (DEM) is
publicized by the Geographical Survey Institute, Japan.

4. BEEEE (BE& 3189.5m) O =KILET /L, AFHIOFRIZILTHIZALE ST
5o B h iy BRI O TWVD, T VA MREET VIR E B L 5,
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Figure 5. FDTD analysis results of the vertical component |Ey| for the Okuhotakadake peak on the
vertical plane from the south to the north that includes the peak point. The incident wave is of
horizontal E; polarization. Altitude h is taken in the y-direction. (a) Vertical landform on the plan

e of the field plot, (b) without surface charge, and (c) with surface charge.

5. BRESEOIEEK S| Ey| D FDTD AR, FaH HALICm A O TEWTE T, AFHE DK
TR Ez Z RO BELEE 721X AR R ENTNWD, (@) 74—/ F7 ey FOFMEIZEIT S
MM, (b) REFEM 2 RWIGE OB, () REEMH 256 O < Bl - B S
o
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In Figure 6, similar effects are clearly observed in the horizontal plane at 3120m.
These results clearly show that the radio wave strongly interacts with the surface electric
charges; the strong field along the surface is considered to be the surface plasma wave or
the surface plasmon and they are induced around the peak and propagate downward along
the surface. They are partly scattered by surface roughness and re-radiate the radio waves,
which are diffracted again by the next lower peaks. Interestingly, the radio wave is
scattered toward various random directions in a beamlike form as clearly seen in Figure
6(c) compared to (b). This randomness in the scattering and diffraction would cause the
randomness in the ability to detect the anomalous signals at particular observation
locations, i.e., anomalies are detectable in some locations, but not in others, literally
randomly, as the electric charges on the ground surface vary according to the stress to the
crusts. The beam-like diffraction is a general phenomenon that is commonly seen in most
of our analyses; this could be a possible mechanism for an anti-symmetric behavior of the
observation results in Toyama and in Yatsuo, as discussed in the next section.

6 T, 3120m OACFE TH OGRS PAMHICHES L TVET, Zhb0
fERIE, 7 UA WA R OEM LRMSAMHAEENT 22 L 2R L TV ET, Hisk

"ot%w@ﬁi ﬁ%77xv&iti%ﬁ77X%/T%ék%z%m‘%m
OIRILTEE THE S, MR > TR H ML 3, 26 3EomicRko
*ﬂé LoTHEL S, T */ZL{EZ%:E%Z%# L. &l 1£ED\LUTETEUIEITE LEd, Bk
BN LT, Kl MERETHE, TUAENE—LRDOIETT X L7 RIC
ﬁﬁﬁLéﬂTb‘é OWPREIC RSN ET, ZOWELLE BT T & LHEIE, FeE OB
MR TRFEEZERLTELINE I NOT X A anl I L, ?”7262015 & %l
RTIEERFESRH S, O TIIRE S0 e 0 I BRM Hm~DJE]| FS
CTHIROBEMMPLEETDEDIELDLEEZE®RLET, 20— AJKIEIBT
& EDIEHT T RINICA LN DBIRTH Y . RO Cilgim s LD L o1, &l & /\
. COBIMGEIRIZI T D POSPRRI R BB D A RER AN = AL THH LB DBNET,

It is of particular importance to evaluate the quantitative agreement between the
observation and the numerical analysis. We assume the typical environmental
conditions for a broadcast radio wave with its source power Po=1kW, and it is observed
at a distance of r =100km. Then, the intensity (magnitude of the pointing vector or the
power flow per unit area) of the radio wave is estimated over a tentative sphere surface
of radius ras p = Po/4m r2~ 8 x 10~ W/m?2. In the numerical analysis, the electric field
strength of the incident wave is set to approximately 1V/m, and that of the diffracted
radio wave is typically 1% to 5% of the incident wave that is found in Figures 5 and 6. If
we assume that it is 1%, then the intensity of the diffracted wave will be p = 8 x 10-9 x
0.012=8 x 10-13W/m?2 = 8 x 10-19mW/m? (milli-watts per square meter). We also
assume that the effective antenna cross section for the Yagi antenna is of the order of a
= 1m?, then, the received power for the Yagi antenna is estimated to be P = ap = 8x10-10
mW, which is 10log P= 90dBm; this value is the receivable power when the anomalous
diffraction occurs, and is consistent with the received power for the observed
anomalous signals, typically ~-90dBm to -~100dBm as found in all the observation
results such as Figure 3, and Figure 7 in the later section.

B R & BAEAEAT O & B 72 — B2 d i+ 5 2 LIFFRCEE T, M
7 VAW DB RBRE M LT, #E T PO = 1kW, BLHIEHEE r = 100km %
RELET, ZoLE, FVFEDOBE (KA T 4T X7 FPLVORES, £t

iiﬂﬁﬁié‘bf_ D OEHOWEI) X, P r ORAEEK T ETp=P0/4mnr?~ 8 x
107°W/m? L BAES DIVET, AT Cld. ASHEOBESIRE A 1V/m (R E
LCHY, B L2 DA MOmMEITIEE ., AFKD 1% 5 5%RETT (K5
BLUOXK6 M), ZNE 1%EIRETDH L, EHFEOEEIZp=8x10""x0.012=
8x10W/m?=8x10"""mW/m? (CEHA—hL&HZVIV Ty ) LlehFE
T £lo, NKRT7 T FTOREMT o7 FWRfEE B L Z a=1m* L {ETH L. N
K7 o T CZEENDENEP=ap=8x10""mW & ﬁﬁ*% %ﬂi?’—o X
10logP=90dBm & 720 | REEITAHA L & ZICZEREREITHY . X3
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Figure 6. FDTD analysis results of vertical component |Ey| for the Okuhotakadake peak on the
horizontal plane at an altitude of 3120m, which is 69.5m down from the peak. The incident wave is of
horizontal E; polarization incoming from the south. (a) Configuration of the landform on the plane of
the field plot, (b) without surface charge, and (c) with surface charge.

B 6. BLFHEEOTE ST COEERS |Ey| @ FDTD fEMT#5 %, 3189.5m DOIZ & & £
BAEE S OTE S O/ HALIC 2> O TEE b T S 7= BRI O BELIE £ 72 12 mr
ZRLTWET, (a) BEIEO T 1~ MBTON D FHEOHIERE ., (b) 22 B AR 23720
LB O@BE ORI, () REEMBPTFET HHEGORBELSNT v & L FmicEgr
T 5,
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3.2 Pacific Coast of Central Japan &8 B & D KR

Next, we consider the anomalous radio wave propagation in the coastal regions.
As shown in Figure 7, one day before the Fukushima earthquake of M7.4 on March 16,
2022, we detected significantly clear radio wave signals of possible earthquake
precursors at two locations over 200km apart (Fujii, 2023a). For this event, the
anomalous signal at the Iwata observation station from the Tsu broadcast station
(fourth slot from above) was much larger than those at the Toyama (first slot) and
Yatsuo (second slot) stations, leading to the implication of earthquakes occurring near
the Pacific side rather than the Japan Sea (north) side. Eventually, about 15 hours after
the maximum of the anomalous signal, the Fukushima offshore earthquake occurred.
The epicenter for this event is shown in Figure 1. The anomalous signal from the
Shizuoka broadcast station to the Iwata observation station (third slot in Figure 7) also
exhibits moderate variation, which could be due to the influence of the nearby
Itoigawa-Shizuoka Tectonic Line. More examples of the anomalous signals are found in
Supporting Information (Fujii, 2024c) Sections 4.2.3 and 4.2.5.

KIZ, ML TORE 27 VAPERIOVWTELET, K7 ITRENT
WS K DIT, 2022 43 F 16 HIZHA LT-tEEih M7.4 OHIEED 1 HAETIC, 200km
VLB 72 2 70FT CHRERHIERRTIR E B A BN D 7 VARG SRS E L.

(Fujii, 2023a), Z DA X2 F T, XA LEHBIHE (Ehb 4FHDOA
7y b)) ~OREESR, FILEHRE (kLo y b)) NRBBRAE (2 #%FH
DAEy F) X0 HIEDMTRE < HED AR CEAD K0 SRR TR
AT DI LML TVE L, &S, ZORFEZOE—27 b 15 KffH
BICEBMTHENFAELE Lic, ZOMEOERMIIN 1 ITRSNTWET, EH
BRI U CRIABGE RN O ELNTRFEES (K703 FHDOAr Y ) b
BREOE&BHZRLTEY ., ZHUTk < o581 -F SRR O 8T L 5 ATReMEN
HYET, BREEZOSLRLH0T, MRFEH (Fuji, 2024c) O 4.2.3 Hik L O
5 4.2.5 filCRf STV ET,

It is very interesting to note that the variation of the anomalous signals for
Toyama (first slot) and Yatsuo (second slot) shows an anti-symmetric behavior; when
the signal increases in Toyama, the signal decreases in Yatsuo, and vice versa. Such
phenomena in a small district of only 10km distance is difficult to explain by
meteorological or ionospheric phenomena such as radio ducting and sporadic E
layers, but can be explained by anomalous diffraction due to surface electric charges
as discussed in the previous section; more details are found in (Fujii, 2024c) Section
4.2.4.

FEFICHRIRNZ Lz, Bl (REMoOAr Y b) ENRB QEHEBEOAR Y

F) TOREESOEBMIIFRRIREBZRLTHET, T72bb, BIITE
FRHMNT 5 &, NETIHEENEAD L, 20U s E-FAETT, O35 10km
D/INERFIKTZ DL D RBGDREET LD, FVFL T NRARTT 47
EJE LWL REHRPELBEHIFEHS THAT 2038 L <. Ailfi T S iz &
N, HROEMIZ KL 2 BF R T TE 9, FMIL (Fujii 2024c) D
424 BB SN TVET,

Note also that, in Figure 7, the observed signals show some smaller fluctuations even
after the main shock (e.g. March 17, 2022, at 00:00 in the second slot, and same day at 8:00
in the fourth slot, also smaller fluctuations in other plots). These post-cursor signals are
often seen in other cases as well, which can be attributed to the crustal activity in the
associated nearby regions, and to the other smaller earthquakes. More examples are found
in (Fujii, 2024c) Section 4.2.7. Although there are some uncertainties that are difficult to
fully describe, the significance in this case is that the major anomalies occurred almost
simultaneously. Long-term observation data are found again in (Fujii, 2024c) Section 4.2.6
and in Supporting Data Set-1 and 2 (Fujii, 2024a, 2024b) on the corresponding pages in
chronological order. It is also noteworthy that during the period of the Fukushima M7.4
earthquake in Figure 7, 80.9MHz signals did not show any particular variations either in
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Toyama, Yatsuo or in Iwata observation station, suggesting that no broadband noise was
observed; for the observation data, see (Fujii, 2024c) Section 4.2.3 Figures 6 to 9, and
related part.
E/N 7 Tlid, EFRBICO/NEREHPBA SN TND ZLITERLTLES

W OB 2022 43 A 17 HORFIC2 ZEHO A Y b, WA 8KHZ4BHD AT v b,
ZTOMDOT vy FTH/NSREHHRRONET), ZNHLORA M —H—F5 (&
55) 1Fhor—2Th L RS, BES 50 B HSiEE=o, Mo/ S 72l
BIZED2b0EEXONET, IHR2HBUTOWTIE (Fujii, 2024c¢) 5 4.2.7 HilZ5E#
SNTWET, BRIITHILENRWAREEEITZH Y T2, Z0r— A THEER
DI, FEAREEMIFIEMICRELZZ LT, EMANREHT— %1% (Fujii,
2024c) D 4.2.6 FiB X OMHET —F > 1 BLV 2 (Fujii, 2024a, 2024b) DXFIi
FTON—VICRERINECTHER SN TOET, 72, M7 IORSNTWDEE M7.4
BEOMM P, il VR, EBHOBIETIX 80.9MHz OfE SRRl ZENI R bh
FLOREE S A RFBR S ol Z E B ERICE L E T, BT —Z 1oV TiE

(Fujii, 2024c) D% 423 i, X6 1HX 9 BLUOBEH S EZ SR L T 7EE W,

3.2.1 Numerical Analysis Conditions #XfIEfE AT 5514

In the lower part of Figure 1, the landform near the radio wave path from Tsu to
Iwata is shown by white arrows. Along this radio wave path, there are some landforms
that can cause radio wave diffraction, such as high cliffs along the Pacific coast of
Atsumi peninsula. The numerical model of the coast including the cliff of several ten
meters in height is shown in Figure 8. The size of the analysis region is 1420m from
west to east, 600m from south to north, including a part of the Pacific Ocean. The total
height of the analysis region is 100m; the height above sea level is 96m, added with
the tentative 2m-deep sea water and 2m-thick sea bottom, which have little effect on
the analysis results.

1 O FETIE, #2 SBE~D 7 2 ORRIEANE DRI S VW RFITTR
INTVWET, TOT7VAKOREIKICIH > T, EELEORTFERFICH 5
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FLDOE X DEEZEDINFEOBIEE T MIZK 8 IR E N TV T, T O Y
A X%, D D E~ 1420m, F2> 5k~ 600m T, KVEO—#Hz HA TV E
T, MENTREIK O MRS X 13 100m T, K 96m I A TEEMICHEE 2m DK e
EX2m OWEPFREINTEY, IR FBIMERICIELACTEELE L T
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Figure 7. Comparison of the anomalous signals observed in Toyama, Yatsuo and Iwata around the
Fukushima offshore M7.4 earthquake on March 16, 2022. Star symbol shows the time of the
earthquake.

7. 2022 4E 3 H 16 HIZRHAE LB M7.4 HEOK 1 HEllcBl SR/
AW R F O, i, NE, BHOBMHAICK T A REEFESOMENRI AT
F9, B SN BEE OB, fEEPHERAR 15 FFfpfc e —27I1Z#ELEL
2o AWVVERENZ, Bl Sz T UM &R OB OBREZ R L TWET,

The relative dielectric permittivity was set to €x = 6 and the electrical conductivity o = 1.0
x 10-3S/m for the ground, and €~= 80, 0 = 4.0 S/m for the seawater. The parameters of the
Drude dispersion are f, = 408 MHz and I' = 2wx107 rad/s for the electrically charged ground
as in the previous analysis. The seawater was treated as a normal lossy conductive medium.
The grid size of the DEM is approximately 5m, and it was refined by the spline interpolation
to obtain the FDTD grid of 0.2m resolution. The analysis region is surrounded by 50 layers of
perfectly matched layer (PML) absorbing boundaries and was analyzed with the 70 MHz
incident radio wave from the west.

RO HERIT eco =6, BXRIRERIT 0=1.0x1073S/m (ZFHE S, #EAKIZD
WTCIE €0=80, 6=4.0S/m |ZFXE ST E L7z, Drude 20D/ /NT A —H L, AIOENT
EABRIC, BATE O FIZK LT fp' =408 MHz, T'=2mx107 rad/s I[Zi%ESNLE L
7o WEKITEE OB EMEEBIE L L THbivE Lz, DEM (FY 2 UERGET V) O
7V RYA X3 5m THY ., A7 T A UHEIZ L > TFDTD 7Y v K% 0.2m Offf
BTN UE L, MTiEEl, 50 Eoee 808 (PML) WIEISUIPHEN Th
V. WG D 70MHz O AS T DA P CRHT AT OILE LTz,

3.2.2 Numerical Results Zfifi fi##r id 5=

In the analysis results, for the case where electric charges are present on the
surface, it was found that polarization-dependent anomalous diffraction of radio waves
can occur (Fujii, 2023b), which is shown in Figure 9; due to the complicated landform,
the scattered and diffracted radio waves form many narrow beams and radiate in
random directions, which is clearly seen in (c) compared to the result in (b). In
particular, due to the high cliff that runs for long distance along the Pacific coast, it is
presumed that horizontally polarized waves are scattered and diffracted, which are all
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superimposed, and the enhanced wave reaches the observation site. These results
suggest the physical mechanism of the anomalous radio wave signals caused by the
interaction between the surface charges and radio waves.

FEFTHE R Cld, HIRITEMPFET 256, REIRAFEORT 727 VAW DR
W RETZZ b £ L (Fujii, 2023b), ZHUIX 9 IRENTWD KD
2. BHERRHIE O, BELEB L ORI SN 7 VAN EE ORI B — A E AL
L, U HARFANCHS SVET, ZiuE, (b)DOFEER & Hlg L7 (¢) TR AL
HIVET, K. KFEERREITH > TR MWEIZ XD . KR O A BELE &
QREHFTL, ENERTRTERY A > Tl SNBSS BET 5 L HEE
ENFET, INOHORRIZ, MIREWE T UAWOMAEERAICI-TH &R &N
DRE IR T VAWEF O A T = AL E B L TWET,
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Figure 8. The 3D analysis configuration of a south coastline of Atsumi Peninsula indicated in Figure 1.
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Figure 9. FDTD analysis results of the coastline of Atsumi Peninsula on the horizontal plane at an
altitude of 56m above sea level. The incident wave is of horizontal Ex polarization radiated from the
west, and horizontal Ezcomponent is plotted. (a) Horizontal landform on the plane of the field plot, (b)
Without surface charge, and (c) With surface charge.

X 9. BEEOUEEMITISIT 5 FDTD M#NTHE S, MEHR 56m OKEE _ECOMAT, A&t
BV 2 & it S KRS Ex C©. KRR Ez liyn 7 e v & Tnwb, (@) 7
=V R7my bOKTEIZET 21, (b) REEFSRVEA. () REEWFSH D

%Elo

-25-



3.3 Japan Sea North Coast of Central Japan F3f HA ® H A #EHEE

We also consider the radio wave propagation in the coastal region on the Japan-

Sea side near the [toigawa district in Figure 1, where anomalous signals are often
observed. As shown in Figure 7, radio wave observation data for Toyama (first slot) and
those for Yatsuo (second slot) have typical characteristics of anti-symmetric behavior
and simultaneous fluctuation. For more examples, see Supporting Information (Fujii,
2024c) Section 4.2.3. These anomalies are difficult to explain by meteorological and
ionospheric phenomena, whereas they can be explained by the anomalous diffraction at
electrically charged ground surfaces.

Fro, M1LITRESNTWD KIS, SREJIHIAS T oo B AN A U2 35 1
57 VA WDIRIIZ OV T b EL Li@“ C OHIECTIR, BB B AR BLI
SNTVET, M7 IS T0DH L0112, Bl (REMOAT v ) BIUINE

QFEBRORAB Y ) OFVAEBIMT — 2 1%, BAIE 7R SOFRI) 72 258 & [RIRFA
BOBMERLTVET, S6RLEIZHONTIE, M2 ® (Fuji, 2024c) DOF
423 HizZRLTSZE N, ZhHDRFL, KAEHROEMBEI S TIIHiH»
LWTTR, BMEHOCHR TORELREYNCL > THATLZ N TEET,

The radio wave path for this district is from Niigata to Toyama, which is
approximately 180km apart along a coastline and beyond the line of sight due to the
curvature of the ocean surface. However, there is a landform of a steep mountain in the
very vicinity of the Japan Sea, which is in the Itoigawa district that can cause diffraction of
the radio wave by the cliff-like landform. Moreover, the radio wave path crosses the
[toigawa-Shizuoka Tectonic Line, along which the stress-induced electric charges may have
a relatively high mobility and appear on the nearby ground.

ZOHILTO T VAW OREITHIR O E INE TT, #EFRICI > TH 180km
N TR Y | MEOMBOTZDITHRAMIH Y 3, Ll EZIKH& e S N AP
FNHIXIZIZR LWL OERH Y . ZORO X 2 72 N7 A ORI %2 5] X i
_?“T EVEDR DV i?‘ S HIT, T VAT ORI -F A E R 2 B - “Cio‘

. ZORERITIE © TRINZ K > T S i A iy @ W a2 £5 5 |
Fﬁ@ﬂﬁi‘% JFJLZ)T EMEDND D 7,

3.3.1 Numerical Analysis Conditions £ fIEf#AT 551

The mountainous landform has been extracted from the Itoigawa district as shown in
Figure 10, and the propagation and diffraction of the radio wave have been analyzed for
this region. The size of the analysis region was 650m from west to east, 300m from south to
north. The height above sea level is 190m, and below the sea level is tentatively set as 2m-
deep sea water and 2m-thick sea bottom, which has only little effect on the analysis, so that
the total height is 194m.

B 10 2R SN TWD LI, SAJIHIC) & I EHE 2 i S4v, 2 o Huic
B D7 VWD & BT SHvE Lz, SO R & Sk, 6263~
650m, FE72>5 b~ 300m T¥, ML EIE 190m TH Y | EE FIEEENICES 2m
DK LIRS 2m DMK E L TRIESNTEY | BITICHE 22 BTT L A LR,
BRFOE 1 194m L7 > THET,

The material parameters are the same as in the previous section, €x=6, ¢ = 1.0 x 103
S/m for the ground, and €~ = 80, 0 = 4.0 S/m for the seawater. The parameters of the Drude
dispersion are f,' = 408 MHz, and I = 27 x 106 rad/s for the electrically charged ground.
Seawater is always assumed to be a normal non-Drude lossy conductive medium. These are
typical analysis conditions used for other cases of anomalous radio wave diffraction by
landforms (Fujii, 2013, 2016, 2023b).

MBS T A =2 IO ERICTH Y, HFEITK LT eo=6, 6=1.0x10*S/m,
EAKIZK L CiX eco =80, 0=4.0S/m T9, Drude D/ /N7 A —F (%, Bz
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(% LT fp’ =408 MHz, T =2m x 10°rad/s T9, /KL 2@ DIE Drude L D1H
KMEEME L L TRESNTNET, Znbid, #HBICED2RE R T VA KOE T %
FENT S 2 oD or — ATl &2 TR e AT S5 ©3 (Fujii, 2013, 2016, 2023b)

The incident wave is chosen to be 70 MHz with the horizontally polarized Ex-
component radiated from east to west, from the rectangular source region from x = 30 m to
270 m, and from y = 112.4 m to 180.3 m, which simulates the actual radio wave path from
the broadcast station in Niigata City.

AHHBE 70 MHz T, B B VIS S 4L 2 K AR Ex By 2@ Tk Lz, =
L, x=30m 2°5 270 m, y=1124m 75 180.3 m ORI OEE ML) S i S
NWTHEY ., FRTHOBERNODFEBEDZ DA WK EZ S I 2L — L THET,

3.3.2 Numerical Results $fif & Hr #d 55

This analysis region has a large steep mountainous landform, and the steep and
rugged slopes are close to the sea, a part of which is shown on the horizontal cross
section of the landform in Figure 11(a). Under normal conditions, the radio wave is
blocked by the mountainous landform and only a very weak signal reaches the
observation point. This is shown in Figure 11(b) and its expansion (c). However, when
electric charges are present, the radio wave is diffracted along the slope and propagates
around to reach the other side behind the mountain, which appears imperceptibly in
Figure 11(d) because the diffracted wave has the same polarization as the incident
wave and is dominated by much stronger incident field; the diffracted wave is clearer in
the expanded plot in (e). This phenomenon of diffraction allows the horizontally
polarized wave to reach the observation site in Toyama.

Z DOFFFTREIIC 1T RIE 2 LEHTE2 5 0 . L WRHE 2 ISERE L T E 3,
ZD—#IIK 11 @) DHIEOAERIH IR ST 3, BEOKETIR, 794
BIFIERZIC Lo TEL N, T HWESOAPBIIBMAIC/HEE £ 9, Z4EX
1bL)BLTZDOHERK(QITREINTWET, LirL, BHBEET 286G, 7Y
APNIRAICIB > T L. Lo ERICE VAL TEEL £ 325, K 11(d) T,
[ 2 ASHE & F CIRIE 2D, 1323 0 10 AR ICE RS T nw b0, %
DT E A LBV DL A, BHTEIFIEAM ()T X VIR S LTwnE 3,
COREIFERIC XY KHREOEPE OB AICEES 2 Z L 23 A[REL 5 D
E D
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Figure 10. 3D analysis configuration of a coastline along the northern west sea (Japan Sea) side of
Japan near Itoigawa City. Altitude h is in the y-direction. the original digital elevation model of
approximately 5m resolution publicized by the Geographical Survey Institute, Japan.
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Figure 11.FDTD analysis results of the coastline along the Japan-Sea side of Japan on the horizontal
plane at an altitude of 112.4m above sea level. The incident wave is of horizontal

Expolarization radiated from the east, and the same horizontal Ex-component is plotted. (a)
Configuration of the landform on the horizontal plane at an altitude of 112.4m. (b) Without surface
charge, the white rectangular part of the wave propagation is expanded in (c). (c) Without surface
charge, the white rectangular part of (b) expanded. (d) With surface charge, the white rectangular part
of the wave propagation is expanded in (e). (e) With surface charge, the white rectangular part of (d)
expanded.
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4 Discussions #%%

We have observed some anomalous radio wave signals before medium and large
earthquakes as shown in the previous sections of this paper and in the Supporting
Information (Fujii, 2024c). For all the radio waves that show such anomalous signals,
we have noticed some common properties regarding the path of the wave: (i) the
distance of the radio wave path is slightly beyond the line of sight, and it is not too far
and not too close, (ii) there is a possible diffraction point in the middle of the path, for
which, if diffraction occurs, the radio wave can reach the observation site, (iii) there is
also a major tectonic line nearby, and the radio wave crosses it over or propagates near
it. Conversely, if the above conditions are not satisfied, anomalous signals will not
appear or will appear only weakly. Therefore, it is reasonable to consider that the
anomalous signals were observed as a variation from the normal state of mountain
diffraction, which has been well-studied in the past (Barsis & Kirby, 1961).

ARG L OO L OHEEHR (Fujii, 2024c) (RSN TWD LS, P
@%;Uﬁﬁﬁﬁﬂ%@%’m<oﬂ®£ﬁﬁﬁyﬁ&hﬁ%ﬁﬂbibto_M
LORFEFEZRTTRTDOT VAPWITONT, w<0ﬂ® ST AL S iRy -iE =
%Li L7z, (i) 7 VA WD ITHIR D DT 2T SMAlZ ETEFITE R

L (i) AR O RN E T 3 F AT D ATRENMED B 5 i&/ﬁ R z%) B AR IE
7 */2”&73 BLHIM I B TE D, (i) B ICFEERWBHRLAH Y . 704 ENZ
NEBEI D0, FFZ0ELS ZEHRL TS, #IT, 2D OFRMENT S 72
w%u\A hﬁiﬁn@w# FFIHBNDZT T, LEeB-T, Zih
A B L, MBS SN TE 2@ O LEHrOREN S D2 E LT
ﬁﬂéhkk%ié@#Véfﬁ‘mmm&mmywm)

The above properties are seen in Figure 1 and understood by the coordinates in
Table 1; the approximate distances between the broadcast and observation stations are
150km from lida to Toyama, 130km from Tsu to Iwata, and 180km from Niigata to
Toyama, all apparently beyond the line of sight of the radio wave due to the curvature of
the Earth and/or the mountains in between. The distance from Shizuoka to Iwata is
68km, which is relatively shorter than the other distances, but still beyond the line of
sight due to the mountains, and the radio wave could be influenced by the nearby
Itoigawa-Shizuoka Tectonic Line. The electromagnetic field analyses have confirmed
that when the electric charges appear on the ground surface, they interact with radio
waves propagating near the ground, and that the interaction causes anomalous
diffraction of the radio wave, as suggested also numerically and theoretically (Fuijii,
2013, 2016), which supports the above common properties (i) to (iii). The behavior of
the interaction varies depending on the landform, e.g., whether it is of mountain or
coast.

FROFETK LICR O, R 1 OFEENSHMEINE T, Hakm & Bl
DOEOFE L Z ORI, M2 5% ILE T 150km, &ﬂ%”mif1%M1%?

BOLEILETI80km THY ., WINHHEROERCFDOMDILA DIZDIZT Y
ﬁﬁ@ﬁﬁ%ﬁ%@i#o%ﬁﬁgﬁmifiewmf oo BEEE X v i3V T
. A DOTOITEIRE LTRSS Z AL <@mJHﬁH%Lﬁ

%ﬁ*i“%x DR DH D T, aﬁﬁﬁzﬂﬁ%ﬁ Lo T, MIRICEMBEETD
k\%hﬂﬁﬁﬁﬁ%ﬁmfé?vi&kﬁﬂﬁmb T DMBEAERMR T VAW D
BEREFZSIEEIT I ERMRINTWET, Zid, FiEME ORI
BRI ENTWAIEY T3 (Fujii, 2013,2016), = OFASERAOZFEENL, (LE
FENE WS T L > TR F9,

In mountains, as the surface charges are induced and repel each other, moving toward
the peak and accumulating there, the interaction with radio waves continues for a certain
period of time depending on the amount of charges generated by the crustal activity.
Anomalous signals thus form a rectangular-shaped pulses with a high potential state for
the corresponding lifetime of the charges. This agrees with the similar pulse signals
observed in the mountainous region in Hokkaido, Japan (Moriya et al., 2010). If the peak of
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the mountain has at least an area comparable to the wavelength of the radio wave, i.e. only
a few meters, then it would act as an antenna and re-radiate waves of vertical polarization,
i.e., basically perpendicular to the ground surface near the peak. This scenario is supported
by our numerical results.

I T, #HIREMPFTEINTAEWVIIKFE L, WIHIZH» > TEBEIL TE
ZICEBEND 2D, HIBIEBNC L > TER SN DEMORIE LT, TV LD
AR —EHEkE £, 2ok, REESIIEWEMREEZR SR VLA
LTS, BROFMIIKIELET, i, ABEEO L EHECB S -
BRIV AE R &~ L ET (Moriyaetal,2010), IUTEN 7 A O EIZILHETT
LEME, DEVDOTIEA— ML THHIUL, ENLT o7& LTHREL ., [LTEfRS

ORI L TUIFEEL, BEFROBEZB/EHTLZ L2 Ed, ZovT)
U A, B D OBMEMIT RIS L > TSRS TV ET,

In contrast, along coasts, surface charges may flow away through the conductive part
of the ground or through the seawater, rather than accumulating in one place like the case
for a mountain peak. Then the lifetime of such surface charges would be shorter than that
on the mountain peaks, and the electric charges would appear and disappear as quickly as
they are generated by crustal activity. Thus, the anomalous signals may have a different
time variation of the fluctuation compared to that of the rectangular pulses. As briefly
mentioned in Sections 3.2 and 3.3, the typical landform of cliffs can cause the anomalous
diffraction of the horizontally polarized wave, which is enhanced by the tens of kilometers
of coastal landform and then reaches the observation site.

THUCK LT, IR Tl MROEFIIILED X 5 I —EHffcEHI LD T
372 <, i OB EMEE 0K A 08 U CiiiLE 2 WREMEDN & 1 iﬁ‘o Zoge, H
KEMOFMTINTETOZNLY EL 20 BEMITHEEENIC L > TERSh D &
AR, T<IZBNATHEATLENWET, Ledio T, BEESORMEENL, HF
FIVAD GO EITRIR D AREMED B Y £, 5 3.2 Hid JUNE 3.3 Hi TR HLICR N2 X
T, EOMA R II AR O R 2Bz S I L, ZhidchFe A—
FZ DT DRI X - TR S v, £ OREBIIMAICEZE L 3,

The time period of the possible precursors is years before the earthquakes for our
case of the mountainous region of the Japan Alps, while it is only a few days for the case of
the coasts of the Atsumi Peninsula and Itoigawa district. This difference is considered to be
the difference in the phase of the earthquake; in the preparation phase, which could be a
long continuous process before the final failure of the crust, stress is applied to the crusts
and elastic potential energy accumulates there; after such a period, immediately before the
failure, there could be a foreshock stage, which also varies from a few tens of minutes to a
few days, and we can observe a short-term precursor (Dobrovolsky et al., 1989). This
scenario varies due to the difference in the crustal properties of the epicentral regions and
the rate of stress accumulation on the crust. This will influence the temporal synchrony
between the precursors and the occurrence of earthquakes, which can vary greatly
depending on the crustal structure and the geology and geography where the precursors
are observed. Therefore, the knowledge of the electrical or electromagnetic behavior of the
particular site, obtained through long-term observations, would elucidate the typical
causality between precursors and earthquakes.

HART V7 2 NHEHIR OS5 HIJJEEE%ﬁ ST D HRITHER OBEERNIC D= D

DI L, BEERA)IHIX DR BEOTEARTTY, ZOEWE, H
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ki, EH2BREZ B CEONZHDOTH Y, BiJkESE & HE DK R % 4 H
SN TAEZOIHESEDSTL X 9,
5 Conclusions 53

Various possible electrical precursors have been detected by electromagnetic wave
observation in the central part of Japan. Such anomalous phenomena are generally subtle
and vague. However, with our network observation systems and sophisticated noise
reduction filters, stable detection of the anomalous signals has been realized. In this paper,
the mechanism of the electromagnetic precursors has been proposed and verified by
theoretical and numerical analyses of the electromagnetic wave propagation near the
surface of the Earth.

AARDH IR T, BB L > TS E I E RO H 5 BRI 2ATIKEL

ot sh TVnEd, 2085 REFEHZTRMWITHY TREAK T, LaL,
MlebDxy b= BT AT DEGER ) A XERT 4 V220D Z LT, 5
WA T OLZE LIZBH NI L E L, R Tik, #iEkEmir < TOEBBRRIC
B9 % BlamRY R L OEUERIBEITIC & > T, BHEATED A D =X L2RKE L, MEEL %
L7z,

We have considered the following particular ground surfaces where we observed
possible electromagnetic precursors of earthquakes: (a) a peak of Mt. Okuhotakadake,
close to an epicenter in Kamikochi district, (b) a coastline of the Atsumi Peninsula with
random cliffs near the Median Tectonic Line, and (c) a coastline of [toigawa with steep
mountain slopes near the Itoigawa-Shizuoka Tectonic Line. From the extensive analysis of
these landforms, it has been highly possible that the dominant mechanism of the
electromagnetic precursors is the anomalous diffraction by charged ground surfaces; these
landforms block the line-of-sight paths of the radio wave propagation, whereas the
diffraction of the radio wave by the electric charges on the ground causes significant
scattering and re-radiation of the radio wave, which can be detected as precursors at
observation sites.

FT=HiZ, AT OREDHIFRIZISW T, HIE D ATRENMED & 2 EREATIEBIS 4 811
LE L7z (a) Mttt X O RPIS TV BAES & O UTE, (b) H R IERWE < I2H 5 R
FHBDT o F DIREND DUMEEMR. (¢) KRMA)-FR ISR < ORI 7R (LHE R 2 FF
DR DUEFERR, T O OIS 2 INF 2T 72 6 . BHEATIEB G O FE /g A
A= AL0E, HE LICHRIC LD RERET CTh 5 FTREMNIEF ITEmWZ L3RS
ELl, INHOHIBIL, T VAW OEMEER ORI Y £9725, MROEMIC X
57 VAWDETA, T VAW 2 RIEICHGEL L, BRS S8 S B R THIK
LTS DTT,

We have demonstrated the stable low-noise observation method, physical
mechanism, and numerical analysis of the electromagnetic precursors of earthquakes,
which had been extremely controversial and difficult to clarify for a long time. Now, a
highly feasible method for monitoring the underground crustal activity and detecting
potential earthquake precursors are suggested in terms of where to locate the
observation stations and which broadcast stations to choose; i.e., choose the
transmitting and observing stations so that the radio wave path is only slightly beyond
the line of sight and that the radio wave path crosses a major tectonic line or an
expected epicentral zone. Conversely, without fulfilling these conditions, the detection
of earthquake precursors would be difficult. We propose the above guidelines to
continue monitoring the underground crustal activity, and eventually clarify the
correlation property between electromagnetic anomalies and earthquakes.

FT=Bid, BWREFEEICHEmO & 720 | MRDNEE L 2o 72 R O BREATIE
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Data of earthquakes from the searching service by the Japan Meteorological

Agency (JMA) available at https://www.data.jma.go.jp/svd/eqdb/data/shindo/ index.html (JMA-
EQ, n.d.). Precipitation and temperature data from JMA at
https://www.data.jma.go.jp/obd/stats/etrn/ (JMA-Weather, n.d.). lonograms from the National
Institute of Communication Technologies (NICT), Japan at https:// wdc.nict.go.jp (NICT, n.d.).
Geomagnetic field data from JMA Kakioka Magnetic Observatory, 2013, Kakioka
geomagnetic field 1-minute digital data in IAGA-2002 format [dataset], Kakioka Magnetic
Observatory Digital Data Service, doi:10.48682/186bd.3f000, available at

http://www .kakioka-jma.go.jp/obsdata/metadata (JMA-GM, n.d.).

R[ET (JMA) OBV —EANLISTE HHIET —# 13,
https://www.data.jma.go.jp/svd/eqdb/data/shindo/index.html (2% ¥ 3 (JMA-EQ. 4
i), [RITOREKER LORIRT —# 13,
https://www.data.jma.go.jp/obd/stats/etrn/ 7> 5 T X £7 (JMA-Weather, A
i) BAOENLIEHBREBIRIERT (NICT) oD A 47 77 A,
https://wdc.nict.go.jp TAFA[HETT (NICT, FEARFE) ., KGYT - Hifi ] s S BLRFT
DO T — 1%, 2013 £F, 1AGA-2002 TERD 1 T DTF VI NT =2 [F—4
Ty M TRESNATEY . MEMESBIETT P2V T — 2= 200
doi:10.48682/186bd.3f000 TAFFHETI, http://www.kakioka-
jma.go.jp/obsdata/metadata THEFR TE £ 9 (JMA-GM, A5,

Supporting Information, including detailed radio wave observation data, is
originally available in an institutional repository site at http://www3.u-
toyama.ac .jp/densou01/Supportlnfo 20240819.pdf, and also in the multiple resource
repository site ZENODO for the findable, accessible, interoperable and reusable (FAIR)
capability (Fujii, 2024c).

M2 T DA WBN T — 2 2GR RIE, BILRFEOMEEY KD Y
%4 & (http://www3.u-toyama.ac.jp/densou01/Supportinfo20240819.pdf) I &L O\,
MR AIRE, 77 B A WRE, AHEEM Al6E, A AIEE (FAIR) 7Z2PERE A feft4 54
B}V =AYV KT hUHA k ZENODO I CTAB SN TWE T (Fujii, 2024¢),

Long-term radio wave data and various environmental data integrated into time-
synchronized comparison diagrams are originally available in an institutional repository
site at http://www3.u-toyama.ac.jp/densou01/SupportDataSet] 20240819.pdf and
http://www3.u-toyama.ac.jp/densou01/SupportDataSet2 20240819.pdf, and also in the
multiple resource repository site ZENODO (Fujii, 2024a, 2024b).

BRI 7 AT — 20, RRIITRM SN HEMICHE S-S TS ER
BRIRT — 213, BIURFOMEEY R MU P A K (http://www3.u-
toyama.ac.jp/densou01/SupportDataSet1 20240819.pdf 33 I OF http://www3.u-
toyama.ac.jp/densou01/SupportDataSet2 20240819.pdf) I L O, EHE DOV YV —R UK
2 R UHA k ZENODO THBA SV TWE T (Fujii, 20244, 2024b) .

Figures were made with Gnuplot version 5.2.8 available under Copyright by T.
Williams, and C. Kelley at http://www.gnuplot.info (Williams & Kelley, n.d.).

%, T Williams 3 X8 C. Kelley (2 & 2 1EHED & & THRLE LTV S
Gnuplot /N— =3 2 5.2.8 Zfi ] L TIER S 4L E L7z, http://www.gnuplot.info TA
FAHECT (Williams & Kelley, - 5) .

The map was created using the open-source software QGIS version 3.22.5, available at
https://www.qgis.org, and map tiles from the Geographical Survey Institute (GSI), Japan.
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