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Abstract. The ELF observation at Moshiri (geographic coor- 1  Introduction
dinates: 44.29N, 142.2F E) in Hokkaido, Japan, was used

to find anomalous phenomena in the Schumann resonancgchumann resonance (SR) is the global electromagnetic phe-
band, possibly associated with a large earthquake (magninpmenon observed in the Earth — ionosphere cavity in the
tude of 7.8) in Taiwan on 26 December 2006. The Schu-g|F frequency band (Nickolaenko and Hayakawa, 2002).
mann resonance signal (fundamentatX), 8Hz; 2nd har- |t js excited by electromagnetic radiation from global light-
monic, 14 Hz, 3rd harmonic, 20 Hz, 4th, 26 Hz etc.) isknown ning discharges and is used for monitoring the thunder-
to be supported by electromagnetic radiation from the globakiorms worldwide (see e.g. Nickolaenko and Hayakawa,
thunderstorms, and the anomaly in this paper is characterizedno7; sekiguchi et al., 2008).

by an increase in intensity at frequencies from the third to

fourth Schumann resonance modes mainly inBlag, com- fundamental mode=1), 14 Hz =2), 20 Hz (=3), 26 Hz

ponentwith a minor Co”eSp‘?T‘d”'?g Increase in g com- (n=4), etc. Amplitudes of resonant oscillations vary by a fac-
ponent also. Spectral modification takes place only in the

; . tor of 2—3 during the day in response to the motion of global
interval of 21:00 UR1 h, which corresponds to the global | : Iy : :
lightning activity concentrated in America. While distor- lightning activity, while the peak frequencies change only by

tions were absent in other lightning-active UT intervals, in a few percents (Nickolaenko and Hayakawa, 2002). Thus,

. ) . the latter nature of SR enables us to use SR as a probe of the
g?éﬂ%l?gjrg %X?rggnol?gﬁ:g(:;lzﬂ;)h u?ﬁg:;g::]as& i';(_j lower ionosphere just like VLF/LF radio signals of fixed fre-
curred on 23 December three days prior to the main shock 1Ny (Hayakawa, 2007; Molchanov and Hayakawa, 2008).

The results observed were explained in terms of ELF radio AN @anomalous effect in SR band has been reported for

wave perturbation caused by the lower ionospheric deprest€ first time by Hayakawa et al. (2005), who have demon-

sion around the earthquake epicenter. The difference in thgtrated an abrupt enhancement around the fourth mode com-

path lengths between the direct radio wave from an active?in€d with a significant frequency shift (by more than 1 Hz)

global thunderstorm center and the wave scattered from thffOM its conventional value of 26Hz. The effect was de-

non-uniformity above Taiwan causes interference at highef€cted at Nakatsugawa near Nagoya in Japan, being as-
resonance modes, which is successful in explaining the obSociated with a large Chi-chi earthquake (EQ) in Taiwan.
servational data. Ohta et al. (2006) have further performed a statistical study

of anomalous spectra of SR collected at Nakatsugawa for
many Taiwan EQs, who have confirmed a clear relationship
between SR modifications and the seismic activity in Tai-
wan. An explanation has been suggested by Hayakawa et
al. (2005) that spectral modifications arise from the wave in-

Correspondence td¥l. Hayakawa terference between the direct radio wave arriving at an ob-
m (hayakawa@whistler.ee.uec.ac.jp) server from the global thunderstorms and the wave scattered
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The peak frequencies of power spectra of SR are 8 Hz (the



http://creativecommons.org/licenses/by/3.0/

1310 M. Hayakawa et al.: Seismogenic anomalous ELF phenomena

(a) Global map with the Moshiri observatory in the 2 EQ treated in this paper
center

A large EQ took place in Taiwan on 12:26 UT (21:26 LT)
on 26 December 2006. The geographic coordinates of its
epicenter were 22.00N and 120.48E, and the magnitude

of the main shock was 7.3 and the depth was 10 km. There
was also a strong aftershock at 12:40 UT on the same day,
with the magnitude M=5.6 and the depth of 10 km.

3 ELF observation in Japan

At the time of this EQ the ELF observatory at Nakatsug-
awa was out of service, where the SR anomaly was first ob-
served in association with the EQs in Taiwan (Hayakawa et
al., 2005; Ohta et al., 2006), and the ELF equipment there
was being upgraded at that time. However, the ELF station
was fortunately working good at another station at Moshiri,
Hokkaido. We use below the ELF data recorded there: the
waveforms of two orthogonal horizontal magnetic field com-
ponentsBys, Bpw (subscripts NS and EW mean north-south
and east-west, respectively) and of the vertical electric field
Ez. Monitoring with the sampling frequency of 4 kHz has
been continued since July 2004. Details of the ELF observa-
» ' tions at Moshiri are found in Ando et al. (2005) and Matsudo
MNP E et al. (2007).

4  Anomalous ELF effects observed at Moshiri

————= - Observer

Figure 1 depicts the global map with the origin at the obser-
: vatory of Moshiri. It shows three global thunderstorm cen-

Lﬂ ters in America, Africa, and Asia marked as ellipses with

TEQ letter S (source) inside. Lightning strokes of each center
b contribute to the SR signal at different times of day (Nick-

olaenko and Hayakawa, 2002) owing to the delay in maxima
of their activity. Asian thunderstorms play the dominant role

tions of three global thunderstorm centers in America, Africa, andaround UT=(&1)h, the global activity shifts to Africa at

Asia are shown as ellipses with letter S insi¢i®). The observatory UT:(15#1) h and to America_around (21)h. The naturf’il
and EQ epicenter in Taiwan. ELF radio signals tend to arrive at an observer from differ-

ent directions during the day (Nickolaenko and Hayakawa,
2002). The lower panel (Fig. 1b) indicates the geometry of
by the seismo-ionospheric perturbation. The plasma nonour observatory and the EQ epicenter in Taiwan.
uniformity occurs in the lower ionosphere positioned just Figure 2 shows dynamic spectra of horizontal magnetic
above the epicenter of a future EQ in Taiwan. field componentBy s (upper panel) an@gw (lower panel)
The present paper is a further development of the abovédor the particular interval UT=2t1h (when American
concept of unusual SR records associated with EQs. We ansource dominates) for the one-month period around the EQ
lyze the time period around a large EQ in Taiwan occurred ondate (the day of EQ is marked by the black box). Individual
26 December 2006. Our observation site is placed in Japagpectra corresponding to the relevant 2 h time intervals are
again, but not at Nakatsugawa (around the center of Honshipresented in Fig. 2 day after day. One may note in Fig. 2 that
the main island of Japan) as in previous studies (Hayakawa#he By intensity (lower panel) is considerably enhanced in
et al., 2005; Ohta et al., 2006). We use the ELF data fromthe frequency range above 10 Hz on 23 December being si-
an observatory at Moshiri in Hokkaido, the northern island multaneously depressed below 10 Hz. These deviations will
of Japan (geographic coordinates: 44.89142.22 E). be discussed later in a quantitative way.
In order to make this anomaly seen in Fig. 2 much more
convincing, we have performed the following signal analysis.

Fig. 1. Global map centered at the Moshiri observatdi) Posi-
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Fig. 3. Dynamic spectra of the field deviationsBys(f) and

Fig. 2. Extremely low frequency dynamic spectra for the time in- L
_ . . . ABgw (f) relevant to the time interval of UT=241 h. The upper
terval UT=2H1 h when the American thunderstorms dominate in anel shows deviations By s( £) and the lower is the\ By ()

the Earth — ionosphere cavity. The upper panel presents the pow& ) .
spectra of they s field component, and the bottom presents the Spectra. An anomaly on 23 December is seen as vertical red-brown

Brw spectra. The period covers from 18 November 2006 to thebars in the frequency above 10 Hz.

beginning of February 2007. The EQ date is given by the black

box. show the spectra Bgw (f) and ABys(f) in order to find

out any EQ signature. Thus, (a) and (b) frames of Fig. 4 show

We have examined temporal evolutions of frequency spectrdhe power spectr#ygs and Bgw in quiet conditions, while
of two horizontal magnetic field componerts s andBgy  the (c) and (d) spectra show the anomalous signal. That is,
during one yeart6 months around the EQ on 26 December One may observe that deviations appear at frequencies above
2006. For each 2 h time interval for three lightning sources10Hz with an apparent enhancement at the 2nd and 3rd of
(America, Africa and Asia) of a given day, we estimate the SR modes on the anomalous day of 23 December. Modifi-
running average power spectrura(f)>) in the frequency  cation in theBy field component is also present, but it is
band of 2.5-40 Hz for that day. That is, the spectrum averless pronounced than that in tBgw field. Plots (e)—(h) of
aged overt15 days (total 31 days) just around the relevant Fig. 4 show deviations of power spectra from the monthly
day, is regarded as a reference spectrum for that day. Thefiunning average. The horizontal straight lines here depict
we make a difference between the frequency spectrum fotheo and 2 levels wherey is the standard deviation of the
this particular day (B(f)) and the corresponding running av- Power spectra in the 2.5-40 Hz frequency range for the whole
erage for this day<B(f)>), and we obtain the difference month period. These lines demonstrate the statistical signifi-
(residue)AB(f)=B(f) —<B(f) > for this day. cance of spectral anomaly. Modifications in the plots (g) and

We have examined all of the three ||ghtn|ng Sources(h) Substantia”y exceed therZeveI, and we must conclude
(America, Africa, Asia), and we have found that the re|evantthat this anomaly is far beyond the usual fluctuations of SR
difference (residue) spectt®Bzw (f) and ABys(f) show intensity. On the other hand, plots (e) and (f) illustrate the
no remarkable anomaly for other time intervals of African spectral deviations on 21 December, which never go out from
source (UT=15:1 h) and of Asian source (UT=8L h). Fig- the 2 threshold and must be attributed to customary fluctu-
ure 3 illustrates the dynamic spectra®dBys(f) (top) and ations caused by statistical nature of the global thunderstorm
ABgw (f) (bottom) for the UT interval of 2&1 h. A signif-  activity.
icant anomaly is clearly seen in Fig. 3 only when the global The spectral anomaly was apparent only in the UT in-
thunderstorm activity moves to America (UT=21h). terval of 2H-1 h, i.e. when American thunderstorms domi-

Figure 4 compares particular spectra of SR during normanate in the Earth — ionosphere cavity. In order to reconfirm
and abnormal days for the American source (UT£2h). this fact, Fig. 5 presents the corresponding difference spec-
Here, the blue lines in frames (a) and (b) dep|ct the powertra. Sim”arly obtained for other two intervals of UT=8 h
spectra observed on a quiet day of 21 December. Frames (&ﬁsian thunderstorms) and UT=25L h (African activity) on
and (d) refer to the day with anomaly on 23 December. Thethe same “active” day of 23 December. One may observe that
red lines in frames (a)—(d) depict the running mean spectral© anomaly is present in these UT sectors.
As already described before, these were averaged-busr
days around the dates of 21 and 23 December. Plots (e)—(h)
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5 Interpretation of anomalous ELF effects the observation is not complete, but we can conclude that the
frequency dependence in the top panel of Fig. 7 is consistent

Similarly to Hayakawa et al. (2005), we interpret the abnor-in general with the observation presented in Figs. 4c and 4d.

mal ELF radio signal as an interference of direct and scat-The discrepancy might arise from the following reasons:

tered radio waves. Figure 6 shows schematically the rela- ) ) o

tive location of the disturbance over Taiwan and the observer 1- computations refer to the vertical electric field compo-

at Moshiri together with parameters of propagation paths. nent, Wh|[e horizontal magnetic fields are measured in

Three global thunderstorm centers are shown: AstaN(O the experiment,

and 120 E), Africa (5°N and 10 E), and America (ON

and 50 W). It follows from the geometry of Fig. 6 that only

American thunderstorms are able to provide an anomaly in

the SR band. Owing to the path orientation, the major modi-

fications will occur in theBgy field with the corresponding 3. the characteristics of ionospheric modification by pre-

smaller effect on theys component, exactly as it was ob- seismic activity might deviate from that assumed in our

served in the experiment. model.

Geometrical considerations indicate that the time of no-

2. point sources were used in the model, and the exact lo-
cation and the size of zone occupied by global thunder-
storms is unknown for the moment of measurements,

ticeable changes in resonance spectra must coincide with W?. I|st_ed obvious factgrs that might alter t_he .spectral
the period of American thunderstorms, i.e. UT=around 21 h modifications, but the major features of pre-seismic effects
' ‘detected experimentally are also present in the model. In

which also coincides with the measurements. A difference” " N
articular, significant changes of frequency spectra occur at

in the direct and scattered path lengths is the most importarﬁ_ h des in the SR f f 20
quantity for the wave interference: it controls the frequencies Igher resonance modes in the requency range from

where spectral modifications might take place. The relevant® 30Hz.
path difference was as follows: 0.23 Mm for Asian thunder-
storms, 2.4 Mm for African activity, and 5.7 Mm for Amer- g Summary and discussion
ican lightning strokes, as seen in Fig. 6. The longest path
difference corresponds to American sources, so that modifitn our previous study by Hayakawa et al. (2005), the
cations might occur in the SR band only around=#1L h. anomalous SR effects were recorded at the Nakatsugawa
Then we computed direct, scattered and the total verticabbservatory in possible association with EQs in Taiwan.
electric field components in the disturbed Earth — ionospheré'he anomaly was characterized by a narrow-banded nature
cavity when the global thunderstorms concentrate in one ofround the fourth resonance frequency in the form of a high
three centers shown in Fig. 6. When introducing an iono-sharp peak shifted from the regular 26 Hz frequency. While,
spheric perturbation associated with the seismic activity, wesignificantly different characteristics are presented in this pa-
located the depression above the future EQ focus, assumegkr, as based on the ELF observation at Moshiri, in associa-
that the lower ionosphere was reduced in height as a wholéion with an EQ again in Taiwan; that is, a bias at frequencies
by 20 km, accepted a Gaussian radial dependence of pertuabove 10Hz and in the frequency range of 20-30Hz. The
bation, and found the relevant localized modification of themodel ionospheric modification in this paper is exactly the
ELF field. The characteristic size of disturbance was cho-same as in Hayakawa et al. (2005), but the fundamental na-
sen to be 1000 km. Further details of the modeling the non+ture of the difference between this paper and previous paper
uniformity and ELF radio propagation might be found either by Hayakawa et al. (2005) is due to a much larger optical
in Appendix, in Hayakawa et al. (2005) or in Nickolaenko et path difference in the present paper.
al. (2006). Stimulated by the work by Hayakawa et al. (2005),
Figure 7 depicts the computed frequency spectra relevanBchekotov et al. (2007) have tried to find any effects in the
to separate thunderstorm centers of America (upper panelfLF data collected at Kamchatka. No similar signals as in
Africa (middle panel), and Asia (bottom penel). The thin Hayakawa et al. (2005) were detected there in the SR band,
lines here show the spectra of direct wave, i.e. SR expected ibut other peculiarities were found instead. That is, ELF
the uniform cavity with the given source position. The thick emissions appeared below the SR fundamental mode (8 Hz)
lines refer to the ionospheric non-uniformity over Taiwan. associated with local seismic activity. These seismogenic
Owing to small differences in the path lengths for African ULF/ELF emissions occupied the frequency band of 4-6 Hz
and Asian thunderstorms, substantial spectral changes occand were detected as an enhanced Phh/Pdd power spectra
well above the SR band in the frequency range above 30 Hzratio (The horizontal magnetic components were measured
A significant path difference for the American source pro- along (h) and across (d) the local magnetic meridian). An
vides modifications within the SR band, as is demonstrated inncrease in the ratio of Phh/Pdd was accompanied by a re-
Fig. 7. Thereis anincrease around 10 Hz, a decrease from 1@uction in the standard deviation of the orientation angle
to 20 Hz, and an enhancement from 20 to 30 Hz. Of coursepf the polarization ellipse. The area of these seismogenic
the agreement between our simple theoretical estimation anBLF modifications was estimated to be detected within a

Nat. Hazards Earth Syst. Sci., 8, 130316 2008 www.nat-hazards-earth-syst-sci.net/8/1309/2008/
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UT=21+1h
Regular spectra Anomalous spectra
(@) 20061221(8, ) (b) 20061221(8_,) (©)  20061223(8,) (d) 20061223(8,,)

Amplitude [nTAHZ]

dA [nTAHz]
o
(4]

Frequency [HZ] Frequency [Hz] Frequency [HZ] Frequency [HZ]

Fig. 4. Particular power spectra of ELF radio signal recorded in the time interval UX£2t. Panel¢a) and(b) show the spectrum a8y g

and Bgyw field components on a regular (undisturbed) day of 21 December. The red line is the monthly averaged power spectrum, while
the blue line is the spectrum of the particular day. Pa@land(d) present spectr&ys and Bgw on the disturbed day of 23 December.

The red line is the monthly averaged power spectrum, and the blue line is the spectrum of the particular dage)Pémelepict spectral
differencesA By s and ABgw on the quiet (21 December) and disturbed (23 December) days. The standard deviatidrthe 2 level

are indicated by horizontal straight lines.

few hundred kilometers from the future EQ epicenter. Ohtaradio signals. The major field source was the lightning activ-
et al. (2001) had already observed at Nakatsugawa (Japaiity in America as is evidenced by the major effect By
similar seismogenic ULF/ELF emissions possibly associatedand the signals were modified by reflections from the iono-
with the great Chi-chi EQ in Taiwan. The emissions coveredspheric non-uniformity caused by the pre-seismic activity in
a wide frequency band, up to a few tens of Hz, although theTaiwan. Computed modifications of SR spectra agree with
frequency spectrum was not examined thoroughly. the observations. No distinct effect was observed when thun-
An anomaly described in the present study takes placed.erStormS _concentrat_e i_n Asian and African s_ectors, in con-
above the SR fundamental frequency, and we do not addressslstence with the prediction of the model. Besides, the model

here the modifications present at frequencies below 1Hz a n:lgzatig Sb?:;: tﬁ; thaethclcc)a r:]s'?he?ftf)é?eiféeecéeit Zggz’ﬁgcd'(?_s
seenin Fig. 4. “High frequency” modifications can hardly be w Zsl P gth di W '

explained in terms of generation of the wide-banded eIectro—flfahcetraerf‘grzcvigegggcslhg dnealti; ;Ta agfn;?razr:?glae"vtizzr?:;rcrizs-.
magnetic noises directly by a seismic source just like it was nted here might be r nabl epx lained by model cpm-
suggested for the ULF band (Fraser-Smith et al., 1990; Kopy-Se ed here mg casonaoly exp y el co

tenko et al., 1993; Hayakawa et al., 1996). The reason is thareutations, and both of them indicate a realistic modification

the skin-depth at the higher SR modes excludes any poss?f the lower ionosphere (a depression) above the center of

lity of rface signal pr jon through the ground'V™r® EQ:
e i T0 conclude he paper, we I h sy and e
mention that the ELF noise corresponding to the anomalytlons of our results in comparison with published data by
observed on 7 December 2006 (see Fig. 3) was composed (Hayakawa etal. (2005) and Ohta et al. (2006).
many frequent pulses. However, the seismic origin of these6 1 Similarity
impulses seems dubious. '

It looks reasonable to attribute the anomalies detected irSpectral anomalies in the SR band are observed in Japan in
this paper to changes in the lower ionosphere above the futurassociation with seismic activity in Taiwan.
EQ focus and to the interference of direct and scattered ELF Modifications tend to occur at higher SR modes.

www.nat-hazards-earth-syst-sci.net/8/1309/2008/ Nat. Hazards Earth Syst. Sci., 8313)2008
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2006.12.23 Precursor spectra
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Fig. 5. Power spectra on the anomalous day of 23 December 2006, recorded in the time intervalslBiT@eSt plots) and UT=1%1h
(right plots). Panelga){d) show correspondingly the spectBa;s and Bgy for UT=8+1 (Asian source) and H51 h (African source).
The red line is the monthly averaged power spectrum, while the blue line is the spectrum of particular dayefpdhiihow the spectral
differencesA By g and A Bgyw for UT=8+1h and 151 h, correspondingly. Horizontal lines indicate levelgradind the 2.

Spectral modifications at Moshiri have a clear precursory
' character. They occurred three days prior to the main shock
American and were absent afterwards (In this context, they look simi-
Source lar to the ULF precursors of Spitak, Loma-Prieta and Guam
EQs).

Anomalous signals at Moshiri occupy a wide frequency
band, while anomalies reported before had a narrow-band
nature.

Source in Africa

Observer

Disturbance

3.2 Mm Appendix A

2.43 Mm . . .
We used the following model in our computations. We treat

the vertical electric field for simplicity. The primary radio
Fig. 6. Relative position of three global thunderstorm centers, the'Vave E1) arnve; at an observer together with the wave scat-
ELF observatory at Moshiri, and the ionospheric disturbance overt€r€d by a localized ionospheric disturbance walig)(so

Taiwan. The optical lengths are shown of the direct and scatteredhat the total field £) is a sum of these two waves.
propagation paths.

Source in Asia

E=E1+ E> (A1)

.The' arrival angle” of mo difying factor agrees with the The direct wave is found from Nickolaenko and Hayakawa
direction toward the EQ epicenter. (2002)

6.2 Distinctions M(w) iv v+21) P,[cos(zr —0 g)]

Eqi(w) = -
. e 4 ha? sin
Effects observed at Moshiri were short-term modifications, are @ T

which were detected only on one day and in a narrow UTwherew=2xf is the circular frequency () is the source
interval of 241 h. current momenty(w) is the propagation constarit,is the

. (A2)
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The knee altitude Hxneg=55km and the frequency
Fxnee=10Hz, as seen in Fig. A1. This means that at the
altitude of 55 km the displacement current of 10 Hz is equal
to the conduction current. The profile has different height
scales;=8.3km andz,=2.9 km below and above the knee
altitude, respectively.

The magnetic (upper) characteristic height{) and its

height scale are given by,
Fig. 7. Regular or undisturbed (black line) and disturbed (red line)

amplitude spectra of£; (f)| field component computed for thun- T
derstorms concentrated at America (upper plot), Africa (middle Hy = Hyp — sy In (f_) - iES‘M
MP

plot), or Asia (lower plot). 1 !
sm=cmp+ By <? - %> ; (A4)

Frequency Hz

ionospheric heightg is the Earth’s radiuss is the dielec-
tric constant of free spaceé, (cos) is the Legendre func- where the upper height parameters are left unchanged by
tion, anddy is the angular source — observer distance. Thethe disturbance: Hy p=96.5km, ¢y p=4km, f)p=8Hz,
function of v(f) is pertinent to the regular ionospheric pro- By=20km.
file, which is defined by the standard equations (Nickolaenko In the ionospheric depression due to the pre-seismic effect
and Hayakawa, 2002),_:_%+ %1+ (kaS,)? (k: free space shown in Fig. A1, only a single parameter varies, i.e. the knee
height, and it becomes equal x p=35 km. In other words,

only the lower part of profile goes down by 20 km as the
whole, as seen in Fig. Al.

The disturbed electric height is similar to Eq. (3) with a
new knee heightg p only:

propagation constant)Sf:Z—"g (Hy and Hg are the ELF
wave reflection height for magnetic and electric fields, re-
spectively), andC2=1—S52. The subscript D of such as,
indicates the disturbed ionospheric profile.

According to Williams et al. (2006), the electric (lower)
characteristic heightHr) in the knee model of ionospheric

conductivity profile is found from the following equation. Hgp = Hkp + gqIn < KNEE) +0.5(sa — 5»)
f Finee |
HEg (f) = Hknee + 6 In 2 +0.5(sa — s») Inl1+ <_>
KNEE f
2
Inj1 Finee NEy _1 ( FRNEE
A R + +i| 0= (s = sptant (= (A5)

www.nat-hazards-earth-syst-sci.net/8/1309/2008/ Nat. Hazards Earth Syst. Sci., 83132008
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The disturbed complex sine and cosine functions are equal t6raser-Smith, A. C., Bernardi, A., McGill, P. R., Ladd, M. E., Helli-
S%D::_:;) and C%Dzl—SED, so that a change of the com- well, R. A, and Villard Jr., O. G.: Low frequency magnetic field
plex cosine propagation parametenié’g:CE—CfD. measurements near the epicenter of the Loma-Prieta earthquake,

The relevant field modification is expressed through an ef- Geophys. Res. Lett,, 17, 1465-1468, 1990.

. T 12 g2 . Hayakawa, M., Ohta, K., Nickolaenko, A. P., and Ando, Y.:
‘f‘eF:tlve Ch:ingelZ:idCV d .Of t_he surface mped@nce (the Anomalous effect in Schumann resonance phenomena observed
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