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Abstract. The Schumann resonance phenomenon has bees discussed in terms of the ELF radio wave scattered by a
monitored at Nakatsugawa (near Nagoya) in Japan since theonducting disturbance, which is likely to take place in the

beginning of 1999, and due to the occurance of a severeniddle atmosphere over Taiwan. Model computations show
earthquake (so-called Chi-chi earthquake) on 21 Septembehat the South American thunderstorms (Amazon basin) play
1999 in Taiwan we have examined our Schumann resonancthe leading role in maintaining radio signals, leading to the

data at Nakatsugawa during the entire year of 1999. We havanomaly in the Schumann resonance.

found a very anomalous effect in the Schumann resonance, .
. ) . .Keywords. lonosphere (lonospheric disturbances) — Elec-
possibly associated with two large land earthquakes (one i omagnetics (Wave propagation) — Meteorology and atmo-

the Chi-chi earthquake and another one on 2 November 199S heric dynamics (Lightning)
(Chia-yi earthquake) with a magnitude again greater than P y 9 9
6.0). Conspicuous effects are observed for the larger Chi-chi
earthquake, so that we summarize the characteristics for this
event. The anomaly is characterized mainly by the unusuall |ntroduction
increase in amplitude of the fourth Schumann resonance
mode and a significant frequency shift of its peak frequencyElectromagnetic phenomena associated with seismic activ-
(~1.0Hz) from the conventional value on tis magnetic ity have been extensively discussed, e.g. see the compre-
field component which is sensitive to the waves propagathensive monographs on these subjects by Hayakawa and
ing in the NS meridian plane. Anomalous Schumann resofujinawa (1994), Hayakawa (1999), and Hayakawa and
nance signals appeared from about one week to a few daysiolchanov (2002). Particularly intriguing are short-term
before the main shock. Secondly, the goniometric estimaelectromagnetic phenomena, which appear either as precur-
tion of the arrival angle of the anomalous signal is found to sory signatures or as effects around the earthquake date.
coincide with the Taiwan azimuth (the unresolved dual di- Recent'y, a lot of evidence on the presence of such
I‘eCtion indicateS tOWard South America). AlSO, the pu|Sedseismo_electromagnetic phenomena has accumu|ated_ We
signals, such as the Q-bursts, were simultaneously observeghye been using mainly two major methods of measure-
with the “carrier” frequency around the peak frequency of ment for those seismo-electromagnetic phenomena. The
the fourth Schumann resonance mode. The anomaly for theyst s the passive measurement of direct emanation of such
second event for the Chia-yi earthquake on 2 November hadeijsmogenic emissions in a wide frequency range from DC
much in common. But, most likely due to a small mag- to VHF. Convincing observational evidence, especially on
nitude, the anomaly appears one day before and lasts untihe seismo-ULF emissions, has been obtained for several
one day after the main shock, with the enhancement at thgsrge earthquakes (including the Spitak, Loma Prieta, and
fourth Schumann resonance mode being smaller in ampliGyam earthquakes)(e.g. Hayakawa et al., 2004; Hattori,
tude than the case of the Chi-chi earthquake. Yet, the othepgp4; Hayakawa and Hattori, 2004). Another is the ac-
CharaCteriStiCS, inCIUding the goniometric direction f|nd|ng tive (Or radio) probing of Seismo_perturbations tak|ng place
result, frequency shift, etc., are nearly the same. Althoughp, the atmosphere and ionosphere by means of radio trans-
the emphasis of the present study is made on experimentghitter signals; that is, these seimo-atmospheric and iono-
aspects, a possible generation mechanism for this anomalypheric perturbations are detected in the form of propagation
anomalies of transmitter signals in different frequency ranges
Correspondence tdvl. Hayakawa from VLF/LF to VHF. Many anomalies in the subiono-
(hayakawa@whistler.ee.uec.ac.jp) spheric VLF/LF have already been observed, which enabled
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The anomalous behaviour of the Schumann resonance signal
was observed in Japan, which seems to be associated with
the earthquakes in Taiwan. The Schmann resonance (SR) is a
natural global electromagnetic phenomenon excited by light-
300 - : ning discharges mainly in the tropical region (Nickolaenko
and Hayakawa, 2002). Natural oscillations are used in this
paper as a radio probe of the lower ionosphere, just like the

sub-ionospheric VLF/LF transmitter signals.
270

2 ULF/ELF observing system in Nakatsugawa, Japan
240 Our observatory is located at a very low-noise site in Nakat-
sugawa (geographic coordinates; 393\ 137.5 E), near
Nagoya in Japan. The three magnetic field compondhts (
(a) By and B;) in the ULF/ELF range have been continuously
measured since the beginning of 1999 at this observatory
by means of three orthogonal induction coil magnetome-
0 ters. The definition ofB, is given as follows. B, means
330 30 the geomagnetically NS component of the wave magnetic
4 field, which can be measured by the induction magnetometer
3% whose axis is aligned with the NS direction. So, the com-

300 60 ponent of B, is sensitive to the waves propagating in the

f;b EW direction. Then, theB, component is sensitive to the
waves propagating in the meridian plane. The waveform data
C;/g/% Jj? from each channel are digitized with a sampling frequency

WW Jf\]akatwgawa

270

of 100 Hz, and are saved on a hard disk every six hours. The
details of this ULF/ELF observing system has already been
extensively described in Ohta et al. (2001).

240 120
3 One year (1999) SR analysis and the Chi-chi earth-

(b) . quake in Taiwan

Figure 1 illustrates the relative location of our ULF/ELF ob-

Fig. 1. (a) Relative location of our ULF/ELF observatory in Nakat- Servatory (Nakatsugawa), Taiwan (where the Chi'(?hi earth-
sugawa and Taiwan in the form of world map with our ULF obser- quake took place), and thunderstorm-active regions like
vatory located at the origin. The thunderstorm-active region in AsiaSoutheast Asia and South America (Amazon). We under-

is the South-east Asia, which is close to the direction of Taiwanstand that the thunderstorm-active area in Southeast Asia is
from our ULF/ELF observatory, and South America (Amazon) is in located approximately in the direction of Taiwan from our
the opposite directionb) The enlarged map indicating the relative ULF/ELF observatory and also the American source (Ama-
location of Japan and Taiwan. zon) is nearly in the opposite direction.
Figure 2 is the complete summary of SR behavior dur-
ing the entire year of 1999. Four groups of earthquakes
Hayakawa et al. (1996); Molchanov and Hayakawa (1998)iin Taiwan (to be more exact, in and around Taiwan) took
Molchanov et al. (1998); Hayakawa et al. (2004); and place with the criterion of a magnitude greater than 5.0,
Hayakawa (2004) to study the morphological characteristicshased on the earthquake catalogue by the Japan Meteorog-
of seismo-ionospheric perturbations, as well as the genelcal Agency_ The first two earthquakes happened in May and
ation mechanism of such seismo-ionospheric perturbationsn June, had a magnitude smaller than 6.0 and they occurred
in terms of the lithosphere-atmosphere-ionosphere couplingn the sea near Taiwan. No changes in the SR phenom-
(Hayakawa et al., 2004). However, we do not think thatena have been detected for these two isolated earthquakes.
the number of convincing seismo-electromagnetic phenom-The third group corresponds to the Chi-chi earthquake and
ena is sufficient enough to persuade the seismologists wh@s aftershocks. The main shock of this Chi-chi earthquake
are still very skeptical about the presence of these seismorok place with its epicenter at the geographic coordinates
electromagnetic phenomena. (23.77 N, 120.98 E) and it happened at 2:47 JST (Japanese
In this paper we will present new records, which are com-Standard Time) on 21 September 1999. The magnitude was
pletely different from those already reported in the literature.extremely large at 7.6 and also the depth was very shallow
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(20km). The circle enclosing the three successive earth- Year : 1999
quakes indicates the occurrence of the earthquakes in the
land. Another anomaly in the SR phenomena was identified
for the last isolated earthquake on 2 November 1999 (Chia-yisch4
earthquake). The indication of the circles on Sch4 stands for @ -
the detection of the anomaly at the fourth SR mode, with no
effect on the third SR mode (Sch3). Sch3
Below we provide you with the detailed description of ®
the anomalous SR phenomena which are possibly associated
with this Chi-chi earthquake. Lastly, we show briefly some Eq 53| 52 64 63
details of the SR phenomena for the last earthquake. o IR T

4 Anomalous behaviors in SR phenomena observed at

1i/1 2/1 3/1 4/1 5/1 6/1 1/1 8/1 9/1 10/1 11/1 12/1
Nakatsugawa

Date

The SR resonance takes place in the Earth-ionosphere cagig. 2. One-year (1999) summary of SR observations in Nakat-
ity driven by electromagnetic radiations from lightning dis- sugawa and anomalous SR behaviors in possible association with
charges, which are concentrated in the tropical region (Nick-+two large land earthquakes in Taiwan. Dots on Sch4 mean that an
olaenko and Hayakawa, 2002). The fundamental frequencynomaly is taking place at the fourth SR mode, and no dots on Sch3
is f1~7.8 Hz (the first SR mode, n=1) and higher harmon- mean that there is no effect at the third SR mode. An earthquake
ics are located af>~13.9 (n=2), f3~20.0 (n=3), f4~26.0 w?th a circ!e indicates the _Iand eart_hquake, while an earthquake
(n=4Hz), etc. Of course, we know that the SR intensity without a circle means that it occurs in the sea.

(not only fundamental, but also higher modes) depends on
the source-observer distance. However, when an observer is o»
located at middle latitude (like in Japan), the fundamental
mode n=1 is known to be usually the strongest, and the in- .=
tensity is known to decrease with the mode number. We now
describe the anomalous SR behaviors which are likely to be =
associated with the Chi-chi earthquake.

4.1 Resonance structure

010

Figure 3 shows the temporal evolution of the SR intensity,
seen from the top to the bottom, the intensity at the funda-
mental (f1) and those at the harmonicg( f3 and f3), ob-
served at Nakatsugawa. The magnetic component used is

By, (measuring the magnetic field component in the EW di- ™ oy
rection, being sensitive to the waves propagating in the NS

direction (nearly in the magnetic meridian plane)). A very Fig. 3. Temporal evolution of the SR intensities (89) at the fun-
similar tendency has been confirmed for anotBgicompo-  damental ;) and higher harmonicsfg, f3 and f4) in September
nent, as well, so that it is not illustrated here. As is already1999- The intensities are the values integrated over a bandwidth of
known (Nickolaenko and Hayakawa, 2002; Sentman,1995):£2-5Hz at 8, 14, 20 and 25 Hz, respectively.

the resonance frequency,( is very stable (for example, the

possible range iy is, at maximum, 0.15 Hz), but the reso-

nance frequencies in our case are found to exhibit much moréabout two weeks), which is very abnormal because the in-
significant shifts (we will show this later), so that the band- tensity atfs is normally much weaker than that at lowgr
width in Fig. 3 is taken to be rather large, such asth5Hz,  (n=1, 2, and 3) (Nickolaenko and Hayakawa, 2002). The in-
and the intensity integrated over this bandwidth is plotted integrated intensity afs is found to show a pronounced peak
Fig. 3. The unit of integrated intensity in the ordinate is the starting on 15 September and decaying for a few days, with
same for all resonance frequencies. The period covers onl§he next broad maximum with amplitude oscillation during
the month of September 1999, but we have to mention thathe period of 22 to 28 September. We pay our greatest atten-
the level before and after this month remains nearly the sam#on to fa, but Fig. 3 shows that considerable deviations are
as the background level at each resonance frequefigy ( also seen in the amplitudes of other lower-order modes.

It is very surprising that the integrated intensity fatis ex- Figure 4 illustrates the above temporal evolution for the
tremely enhanced as compared with thosefaf, and f3 sameB, component in a different form as the dynamic spec-
during the period of 15 September to the end of Septembetrum. The period is again the same, September 1999, and

005
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50.00 Hx, Lehta, September 11-18, 1999

25.00

Frequency[Hz]

60 -4 20 0 20
[dB]

Fig. 4. Temporal evolution of dynamic spectrum of the SR intensity
in September 1999. The intensity is indicated in color.

Datein September, 1999

Fig. 6. Corresponding dynamic spectra of the SR at the Lekhta

0 station (as a reference station) during the same September 1999.
(@
-5 @
I =2 normal condition) (LT=6 h-12 h), as observed by th&. and
\ B, components. One notices easily the enhancemeyi, at
-15 with a significant frequency shift on both components. For

comparison, we plot in Fig. 6 the corresponding SR phenom-

= ena observed at Lekhta (geographic coordinates; 6443
\W\&\ 33.97 E), Karelia, Russia during the same period. We can-

- o not find any significant anomalous behavior, especially in the
-0 fourth mode in Lekhta. The intensity is definitely decreas-
ing with increasing mode number and also the resonance fre-

T T T e o o e o guencies f,,) are found to be the conventional values. There
Frequenoy [Hz] is a narrow line just below 26 Hz, but it is apparently an arti-
o ficial noise.

()
sl 4.2 Shift in resonance frequencies, asymmetry in the reso-
nance frequency foB, and B, components and reso-

. i
(=5 nance intensity

Intensity [dB]

/\ We describe in more detail the anomalies in the SR. As is

-20 seenin Figs. 3, 4 and 5, the fourth harmornig)(is extremely
M enhanced in the dynamic spectra. We have measured the

frequency of the fourth harmonicf{) on the two horizon-

Intensity [dB]

» o A tal magnetic field component8{ and B,). As mentioned
before, one file has a duration of 6 h, so that we have in-
5 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ tegrated the intensity over 6 h only to find the frequency of

maximum intensity. Figure 7 illustrates this temporal varia-
tion of the frequency £4) on the two magnetic components
Fig. 5. Frequency spectra of SR on 10 September (normal condi{By and By) during the anomalous period of 15 September
tion) (a) and on 16 September (abnormal conditiom). The two  to the end of September. The abscissa of Fig. 7 indicates
magnetic components3¢ andBy) are shown. the date (e.g. 15 means 15 September) and there are four di-
visions in one day with file numbers 0, 1, 2 and 3 (e.g. 0
means 6-6 h LT, 1 means 612 h LT and so on). We con-
the frequency is in a range up to 50 Hz. The wave intensity istinue cover the same September 1999. We have to comment
indicated in the given color code. As seen from Fig. 4, the in-on the frequency resolution in estimating Fig. 7. We use the
tensity of higher harmonicsfg) is extremely enhanced from data length of 1,02410 ms (10s), so that the frequency
15 September to the end of September. Figure 5 illustratesesolution is 0.098 Hz and the time resolution is 10s. Fig-
the frequency spectra on two particular days; 10 Septembeure 7 indicates that the central resonance frequerigyi
(normal condition) (LT=6 h-12 h) and on 15 September (ab- changing from 25.4 Hz on 15 September to 25.2Hz on 21

Frequency [Hz]
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September for the magnetic compondit, while the cor- 2
responding resonance frequendg)(is found to be much

more stable than th8, behavior in such a way that the res- . ,-/\,-/\/\-/_\/\ A n,\/\/\ /\ /\/\

onance frequencyfy) is found to be just around 26.3 Hz. VIV '
As compared with the previous experimental findings, see et
Nickolaenko and Hayakawa (2002) and recent measurementsz * \=—=B [l

(Price and Melnikov, 2004), the resonance frequency for the

By, component is found to be significantly lower than the con- 5|
ventional value by 0.60.8 Hz. However, the resonance fre-
guency for theB, component is seen to be slightly (but sig-

25

nificantly) different from the conventional value by +0.3 Hz v
(+ means higher than the conventional value).
The B, component in Fig. 7 is reflecting the wave activ- ~ 2ss!bodindondobonbond bbb bbb Lo
Ity propégatlng In the NS d|rect|0n (nearly In the magnetlc 9/15 9/16 9/17 9/18 9/19 9/20 9/21 9/2;53/23 9/24 9/25 9/26 9/27 9/28 9/29 9/3(
meridian plane), that is, thiB, component seems to be very
sensitive to the nearest Asian thunderstorm activity. It is ob-Fig. 7. Detailed temporal evolutions of the fourth resonance fre-
vious that the diurnal variation of the resonance frequencyduency (f4) on the two magnetic antennas(and By ) during the
for the B, component exhibits a very clear diurnal variation Same September.
in such a way that we expect a minimum for the file num-
bers 1 or 2; that LT=612h or 12hk-18h (corresponding
to the Asian thunderstorm activity), and a maximum aroundPhase difference between the componeitsand B, (with
midnight in LT (larger source-observer distance (for Ameri- By as the reference, —B.), indicating that the occurrence
can and African sources) by considering that the resonanc!%"d'mber is well peaked around Qsuggesting the linear po-
frequency is closely related to the source-observer distancifization). This phase information enables us to adopt the
for the three sources (Nickolaenko and Hayakawa, zooz)principle of the goniometer to estimate the azimuthal direc-
This experimental diurnal variation is likely to be consistent tion for the waves. Figure 8b is the result, which means that
with the theoretical expectation as given in Nickolaenko andthe waves are coming from the azimuth of 214th a rather
Hayakawa (2002). Here we have to comment on the diurwide distribution. This central direction is close to the di-
nal variation for anotheB, component (which is sensitive rection of Taiwan (239 and that of the Asian thunderstorm
to the waves propagating mainly in the EW direction). A Source region and the American source (Amazon), as is seen
close inspection of Fig. 7 indicates that tRg component from Fig. 1.
in Fig. 7 seems to show the similar diurnal variation as for ~Figures 9a and b are the corresponding direction finding
the B, component, but much less pronounced than for theresults for theB, component. Figure 9a is the occurrence
B, components. Altogether these suggest that the abnormdlistogram of the phase difference betwagnand By (with
behaviors, as presented in this paper, are fundamentally sugB. as the references, —B,), which indicates a broad distri-
posed to be closely related to the thunderstorm activity in thebution with a peak around60°. Even in this situation we
tropical region. perform the goniometric finding, and the result is illustrated
How about the diurnal variation of the intensity Atfor ~ in Fig. 9b, which indicates-90° (measured eastward from
both magnetic components? A|th0ugh not shown as a figuret,he north). Probably there must be a significant polarization
we have found that the diurnal variation of the intensity is not €fTor in the estimation of azimuth in Fig. 9b (as is suggested

Frequency [H.

~
o
2

so significant for both magnetic componens (@and B,). in Hayakawa (1995)) because of a significant departure of
This seems to be consistent with the previous experimentaihe phase difference fron? OHowever, the source in Fig. 9b
findings (Nickolaenko and Hayakawa, 2002). might be American (Amazon).

4.3 Direction finding results 4.4 Associated ELF transients and ULF emissons

Because of the significant difference in the central frequen-One notices the presence of ELF transients (Q bursts) in
cies of SR atfs on the two magnetic components, the go- Fig. 4, which indicates the pulsive noises (or pulsive spectra)
niometer direction finding is performed for each componentsuperimposed on the enhanced SRfafrom 15 Septem-
(Bx or By). When we perform the goniometric direction ber to the end of September. The occurrence of simultane-
finding to the SR phenomena anomaly observed forBhe ous ELF transients is observed during the same period of
component, we first estimate the maximum intensity on theenhanced SR intensity a4 from 15 September to the end
By, component with the previously-mentioned frequency ev-of September. Normal Q-bursts are known to have the main
ery 10 s and we perform the goniometric direction finding asfrequency of oscillations just around strongest fundamental
is given in Hayakawa (1995) at those frequencies in a rangeesonance frequency (Ogawa et al., 1967; Nickolaenko and
from 25.1 to 26.0 Hz by using the radio Bf andB, compo-  Hayakawa, 2002), which is the simple manifestation of the
nents. Figure 8a illustrates the occurrence histograms of thenost preferred Earth-ionosphere propagation condition. The
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Fig. 8. (a) Occurrence histogram of the phase difference in a fre-
quency range of 25:426.0 Hz (with B, component as the refer-
ence) andb) the occurrence histogram of the obtained arrival di-
rection (measured from north to east).

Fig. 9. The same as Fig. 8, expect for tilBg component in the
frequency range of 26.2—26.7 Hz.

September, which may suggest the peak on 22—26 September
main frequency of our ELF transients in Fig. 4 is clearly not is closely associated with this aftershock. Of course, there
at f1, but just around theg. Again, we have performed the may be a possibility that this broad peak might be the after-
goniometric direction finding for those ELF transients, and effect of the Chi-chi earthquake. We cannot say which inter-
we have found that the azimuthal direction of those ELF tran-pretation may be plausible. However, it seems more likely by
sients is mainly distributed around 23#hich is the direc- the description of the anomalous SR event for another large
tion toward Taiwan). Figure 4 indicates, as well, the presenceearthquake in Taiwan (as already shown in Fig. 2) that the
of the associated ULF transients which have already beeffirst peak may be related to the Chi-chi earthquake and the
extensively discussed for this Chi-chi earthquake by Ohta esecond broad peak, its aftershock.

al. (2001). Here we have to comment on the anomalous SR phenom-

ena in possible association with the earthquake on 2 Novem-
4.5 Repeatability ber 1999 (Chia-yi earthquake), as is already shown in Fig. 2.

The most important and exciting point for this earthquake is
Now we want to add one more important point for this that the anomaly is taking place again in the fourth resonance
anomalous SR phenomena,; repeatability of this anomaly. Alimode. Figure 10 illustrates the dynamic spectra one day be-
though Fig. 3 indicates that the intensity variation~afy fore the earthquake (i.e. 1 November 1999, 6:00-18:00 JST).
with a peak on 15 September and with decaying for a fewWe summarize the SR anomaly which is probably associated
days might be associated with the Chi-chi earthquake, wewith this earthquake. The enhancement of the SR intensity at
find an additional broad peak on 22 September to 26 Septenthe fourth resonance mode is found to occur one day before
ber (a little complicated, but seeming to be one event) in thisthe earthquake and it lasts for two days. The highest inten-
figure. An aftershock of the Chi-chi earthquake is known to sity was observed about 14 h before the earthquake. But the
have taken place nearly at the same place at 8:53 JST on 46tensity and duration of this anomaly is likely to be much
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o

smaller than those for the Chi-chi earthquake, which might s
be related to its much smaller magnitude. Other character-
istics (goniometric direction finding result, frequency shift,

etc.) are found to be nearly the same as those for the Chi-chi

£
B
g
g
w
earthquake.

1
6 12:00

5 Summary of the anomalous SR behavior, possible as-
sociation with the Chi-chi earthquake and discussion
on the generation mechanism

Frequency [HZz]

We can summarize the anomalous SR behaviors observed at
Nakatsugawa prior to two large earthquakes which took place
in Taiwan in September and November, 1999.

Fig. 10. Dynamic spectra of the SR at Nakatsugawa one day be-
fore the earthquake (2 November 1999) (i.e. 1 November 1999,

fourth mode ¢ fs) for the Chi-chi earthquake is en- JST=6:OO—18:OO),_ in Whl(_:h one notices an_anomaly in the fourth
resonance mode in possible association with the earthquake on 2

hanced at Nakatsugawa during the period from 15November 1999
September to the end of September 1999. Also, there '
is an enormous asymmetry in the resonance frequency

(fa) for both magnetic components, and B,. The

B, component (sensitive to the wave coming from the

1. Unlike the usual situation of SR, the intensity of the

as given in Nickolaenko and Hayakawa (2002). Additional
S - observational facts in support of this natural noise effect are
NS direction) andB, as well exhibit the enhancement at (1) the B, component (also on thi, component, but not so
fa bl‘,'t the exact resonance frequency forﬁ;mompo- prominent) exhibits a typical diurnal variation in resonance
nent is about 1 Hz lower than_ the conventional value Offrequency at- f; and @) the direction finding for the emis-
26'.0 Hz, and the cor_respondmg value for another Magdsion at~ f4 for the B, component shows that it is directed in-
r?etlc componentl;) is Sl'ght,ly hllgher than the conven- cidentally toward the direction of Taiwan and also the direc-
tional value by +0.3 Hz. This kind of SR anomaly Was o, of America. The first observational fact is strongly indi-
not seenin Lekhta, wherg the SR characteristics are eXéating that the source of this anomaly is likely to be the global
actly in the normal condition. thunderstorm-active region in Southeast Asia and America,
2. The arrival azimuth for the SR wave around 25.2 Hz yvhich is observationally supported by the 2nd.direction find—
mainly for theB, componentis found to be25(°, very N9 resqlt. Therefore, we can cgnclude that this anomaly is a
close to the direction of Taiwan, while that for the SR €@l typical SR phenomenon with anomalous behaviors.
wave at 26 Hz mainly for th@, component, is found to The next problem is whether this anomaly in SR phenom-
be directed forward South America (or Amazon). ena is really associated with the Chi-chi earthquake or not.
The first point is that this anomaly in SR is taking place
3. Another important finding is the simultaneous occur- pefore the Chi-chi earthquake, which is not so convincing
rence of ELF transients, but their frequency is just as a precursory effect of an earthquake. Of course, it may
around fa, very similar to the Q-burst as observed by pe possible for us to think it just as a coincidence. How-
Ogawa et al. (1967). The direction finding for those ever, we have shown the repeatability of this kind of SR
ELF transients indicates that their azimuth is exaCtIy in anoma|y again for another b|g earthquake in Taiwan. This
the direction of Taiwan. would lend us some more convincing support to our suppo-
oo sition that those anomalies are the consequence of the big
This kind of rare case was also observed for another large,, hquakes. Some other big earthquakes in Japan have pro-
(Chia-yi) earthquake in Taiwan (in November 1999) with ;e similar behaviour (of course, not exactly the same, but
characteristics similar to the Chi-chi case. the higher harmonics had some abnormal behaviors), which
will be our next paper, no effect was completely confirmed at
Lekhta (Karelia, Russia). Further, smaller earthquakes with
magnitudes less than 6.0 had no effect on the SR, as shown in
First, we have to discuss whether this kind of unusual behavFig. 2, which may be an additional support that the anoma-
ior in SR is a natural phenomenon or not, and whether thidous SR phenomena might be earthquake-related.
anomaly is related to the Chi-chi earthquake. Assuming that ELF transients or bursts have been observed during the pe-
this is a kind of artificial noise (like train noise), the emis- riod of 15 September to the end of September when anoma-
sion line must then be much narrower than our event. The Qous SR phenomena were detected. Also, we have found a lot
factor of the fourth resonancgy) in our case is of the order of ULF/ELF (mainly in the frequency range less than 10 Hz)
of ~10, which is a further indication of natural phenomenon, in association with the ELF transients, which is clearly seen
though this value is nearly twice the conventional SR valuein Fig. 4. The main frequency of ELF transients or Q bursts

6 Discussion and interpretation
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is known to be the fundamental frequency of SR (Ogawa et
al., 1967; Nickolaemko and Hayakawa, 2002). The gener-
ation of ULF emission has already been confirmed by Ohta
et al. (2001) to have the goniometric direction toward Tai-
Observer wan. This might indicate an additional noise source in Tai-
wan, which may be the precursory to the Chi-chi earthquake.

How to explain various characteristics of the anomaly de-
scribed in this paper, is poorly understood, so that we propose
one possible hypothesis. The two important points of the SR
anomaly andX) the fourth resonance is extremely enhanced
for the B, component and?] a significant shift of the order
of a little less than 1.0 Hz for th8, component. When tak-
ing into account different properties, the source for the SR
anomaly is highly likely to be the thunderstorm in the South-
east Asia or in the South America (Amazon region). We
initially assume that the ionosphere (or in the atmosphere)
above the epicenter of the Chi-chi earthquake is perturbed,
(a) ASIA (Indonesia) acting as a scatterer (or a reflector). We then think about three

possible thunderstorm centers in Asia, Africa and America.
The configurations for a direct path and the path scattered at
Taiwan for those three sources are summarized in Fig. 11. In
the case of the Asian source (Fig. 11a), the source-observer
distance is 5.5 Mm, and the path difference between this di-
rect path and the path scattered at Taiwan is about 0.4 Mm.
The maximum effect (strongest wave interference effect) is
expected when this path difference is equal® (A: wave-
length). Then we obtain=0.8 Mm. Sincer=40 Mm at the

first SR mode, the above wavelength is found to correspond
to the 40/0.8=50 mode number, or to the frequency of ap-
proximately 300Hz. So, Asia is the poorest candidate for

Observer strong wave interference atf;.

We move on to the next source of Africa (Fig. 11b);
source-observer distance=13 Mm, and the path difference be-
tween the direct path and that scattered at Taiwan is 2.15 Mm.
(b) AFRICA The maximum effect is reached when the path difference is

equal tor/2 and hence.=4Mm. This means that the above
wavelength corresponds to the 40/4=10 mode number, or to
the frequency of about 60 Hz. So, Africa is found to be not
good, but not so bad either. The last source of America is
American Source considered (Fig. 11c); the source-observer distance=19 Mm
and the path difference between the direct path and the path
scattered at (or reflected from) Taiwan=4 Mm. We can expect
the maximum wave interference effect when this path differ-
ence isA/2, so thathi=8 Mm. This wavelength is found to
correspond to the 40/8=5 mode number, or to the frequency
of approximately 32 Hz. In this sense, the American source
(Amazon) is found to be the most reasonable candidate for
the source position. Fortunately, the direction (azimuth) of
Taiwan is nearly in the same direction to the Amazon, so that
we can think of a very simple situation. The observer re-
(C) AMERICA ceives both the direct signal from the American source and
the signal reflected from the ionospheric perturbation located
Fig. 11. Three thunderstorm region&@) Asia (Indonesia),(b) at Taiwan, as is seen is Fig. 11c.
Africa and(c) America (Amazon) and the configurations of the di-  We try to give some computations for this situation. We
rect path and that scattered at Taiwan are given for each source. treat the scattering of the primary SR wave by a localized
ionospheric disturbance. For simplicity, we consider the
vertical electric field component because its orientation is

Disturbance

Source in Asia

Source Africa

Disturbance

Observer
2x2.0 Mm

Disturbance
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Table 1. Coordinates, distances to the observer, and geometricaWhere
parameters of the model. Qi=v (v +1) P,[cos(r — ;)] P,[cos(r —y)]

Thunderstorm Asia Africa America

center

Coordinates ON, 120E 5 N,10°PE (P N,50°W where P! (cos9) is the associated Legendre functignis

the angular distance from the observer to disturbanpge,

distance (in Mm) ?s the_ distan_ce from the _disturbance to the _given source
in Asia, Africa, or America. The geometrical param-

i 0.95 0.96 0.89 . o . .
cos ) 0.76 0.52 0.43 eter of differentiation is found from the following rela-
Mi ' ' e tion, M:%-’)f:s'”efCOSV"'CgiSn"‘;*S'”V" 0% (see Nickolaenko
and Hayakawa, 2002). We suppose that the ionospheric

modification locally changes the propagation parameter

8C?=s (1—%@) =—i%Z (k, propagation constant of free
space andZ, the change in surface impedance) (Nicko-
laenko, 1994), and this latter has a symmetric “Gaussian”

angular distribution:

cosg —1
d? '

— MPL[cos(r —y;)] Pl[cos(r —y )] (4)

Source-observer 2.7 12.0 17.2

North | Pole

Observer o7

5 C2= AC%exp ( (5)
ai HereACf is the maximum disturbancg, is the angular dis-
Sounce-1 tance from the center of ionospheric modification to the point
of integration, and/ is the characteristic size of the modifi-
cation. One readily obtains the following formula after in-
Y1 tegrating Eq. (3) in the above case of a compact, localized
Scatterer non-uniformity:

_Ez_]‘rdz ACE-Q,‘
Fig. 12. Configuration of our scattering problem. " E1 2 sin(mv) P,[cos(r —6 )]

We use the following model in our computations. The

independent of the mutual positions of the field source, ob-OPServer is located at Nakatsugawa, Japan (334&nd
server and disturbance. The vertical electric field is a sum oft37-3 E). The disturbance is placed over Taiwan whose ge-

the direct (primary) £1) and scatteredH>) waves: ographic coordinates are 24 and 122 E, and its character-
istic sized corresponds to 1000 knal€7/20). We suppose

E=E1+ E>. @) that one of three global thunderstorm centers drives the SR

The direct (or primary) wave is defined simply by the signal. The coordinates and relevant parameters of geometry

formula (Egs. (4.16) and (4.18) in Nickolaenko and are listed in Table 1. In our computations at lower ELF SR
Hayakawa (2002). frequencies for the possible earthquake disturbance we for-

M) iv (v +1) P, [cOS(r — 6))] mally increaseq the disturbaqce of the cpmplex cosine by a
AhaZe - e . (2) factor of (40fr) in our comparison, by using the value used
_ _ at the frequency of 75 Hz (Pappert, 1988).C2=2R, . C2.
Here is the wave angular frequency/(w) is the source  rpe factorr, was introduced for interpretations of the night-
current momenty(w) is the propagation constant depend- e gisturbances observed experimentally in the ELF signal
ing on the frequencyy, the ionospheric heigha, the Earth's g5 the US Navy transmitter (Wisconsin Test Facility), and
radius and the, dielectric constant of free space. Here we jio \41ue is R,—0.13617-i-10.6949 (see Nickolaenko and
use the linear frequency dependend)=(f - 2)/6-i-1/70 5y akawa, 2002). We must keep in mind that the amplitude
(Nickolaenko and Hayakawa, 2002), (cost) isthe Legen- ¢ the disturbance does not play a key role now. We try to
dre function, and the angular distar&teacquires the values  ogiapjish whether a localized disturbance over Taiwan might
91,.92, or 03, corlresponc'jmg to the sources placed in Asia, produce an effect similar to that observed experimentally. We
Africa and America in Fig. 11. Figure 12 shows the geom- 554 hope to see the impact of the source position on the re-
etry of this scattering problem. It is convenient to introduce sulting field modifications. The particular value of distur-
individual_fractionql contr_ib_utions fror_n the ionospheric dis- 5nce and relevant type of ionospheric modification (whether
turbance into the field arriving from different sources: this is a change in the effective height, or in the effective sur-
E> [siné dody Q;8 Cv2 face impedance) might be found later in a detailed compari-
B = E1 4 sintv P,[cos(r —6 )] ) son of special computational and measured data. It is also

(6)

E1(w) =
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1B(1)| E(Dlau _ depicts the data computed for the Asian source. One may see
Lol ) | Disturbedls Americs that the undisturbed field has a minimum around the 20-Hz
ASE\ G ool i f . Therefore, the relevant peak appeared in the left
Sl \,__ o 'I-\\ R L requency. . , p pp r
i . oI\ T frame for the Asian source. The spectra show that this source
| H America ° T i might produce a noticeable disturbance only around the sec-
' / 2 [Africa ] ond SR mode. The right-hand side plots of Fig. 13 indicate
Ll : If:’\ ‘-_ o Saiurbed that only American thunderstorms are well positioned, caus-
04 2\‘ A N VN ing a two-fold increase in the spectral amplitude at frequen-
A o2 i cies aroundfs, as was already qualitatively described before.
2 e vlave Asa ] The non-uniformity over Taiwan cannot increase the ampli-
sl | O_SA\A g tudes of the waves arriving from other global thunderstorm
A | ANESVE centers. As the possible conclusion, the presence of an iono-
, 0o} 1 T~ \,_g.'“ S spheric perturbation over Taiwan and the wave interference
A R between the direct wave and that scattered from the iono-
Frequency Hz Frequency Hz

spheric perturbation at Taiwan, act together as a frequency
Fio. 13. Left | sh h tational " the f filter, which should be multiplied with the conventional SR
'g. Lo, Lell panel shows fhe computationa’ results on e fre- frequency spectrum in which the intensity is decreasing with

quency dependence for three thunderstorm centers. The right panel™ ™. . . N
indicates the frequency dependences of the vertical electric field ex‘t-‘ahe increase in mode number. This hypothesis is likely to ac-

pected at our observatory for three sources (from the top to the botcount for the major two pomts _Of Pur discovery (an Eanhance-
tom; America, Africa and Asia). A thin line refers to the direct Ment at~ f4 and a possible shift irfs). As seen in Fig. 13,
wave without the effect of ionospheric perturbation, while a thick the seismo-ionospheric perturbation is likely to influence the
line, the corresponding result for the disturbed case (with the ionodower harmonic as well, but we will not discuss this in any
spheric perturbation over Taiwan). detalil.
As the global lightning activity drifts around the planet

during the day, a question arises: “Why is the increase in the

Regular _ Disturbed field amplitude observed all through the day?” The drifting

T 22 : activity must produce the effect varying in time. The contro-

g 20 :; versy might be resolved in the following way. Long-term SR

gu 5 observations in the horizontal magnetic field indicate that the

T ® natural signal is a sum of two components: one of them is sta-
6 12 18 24 30 36 42 -14 ble in time, forming a “podium” for the time-varying signal;

see, e.g. SR records presented in Price and Melnikov (2004).
Fig. 14. Model dynamic spectrum of SR when a disturbance We also know that there are two components; correspond-
abruptly appears over Taiwan (at UT=12h) ingly the non-polarized and polarized signals (Nickolaenko

. et al., 2004). The time varying polarized part is associated

with the electromagnetic radiation from the compact light-

ning activity. The stable podium or non-polarized component
clear that the implication of an increas&j factor simply  originates from the “background” thunderstorms that cover
raised the effect, so that a problem could happen with validitythe whole globe: they occur everywhere and at any time.
of the perturbation theory method employed in our computa-Pulsed signals from such strokes arrive at an observer along
tions. The results of computations are shown in Fig. 13. Thethe azimuth, ranging from O tor2r, and merge into a non-
left frame of Fig. 13 illustrates the frequency dependence ofcoherent depolarized noise. Thus, we may accept that any
the dimensionless field disturbance, see Eq. (6), computethunderstorm center “works” all through the day, with activ-
for the sources located in Asia, Africa, and America. Oneity increasing by 30-50% during the local afternoon hours,
may see that the highest relative disturbance is connected teo that the amplitude of SR never decreases substantially dur-
the Asian source and is observed around the 20-Hz frequencing the day.
(third SR mode). The plots in the left frame of Fig. 13 pro- The SR background signals permanently arrive at the
vide the “general picture” of the wave scattering, and one hadNakatsugawa observatory from all directions during the
to remember that the functio®(f)| may become large not whole day, However, the “podium” signals coming from the
only when the scattered field (denominator) is large, but alscAmerican thunderstorms are reflected and enhanced by the
when the direct wave is small, e.g. at the nodal distance. Thisonospheric irregularity located over Taiwan. Thus, the field
latter instance exactly the case for the source in Asia; see thenhancement by the non-uniformity is observed all through
lower frame in the right column of the plots in Fig. 13. The the day in the vicinity of the fourth SR mode with minor am-
right plots in Fig. 13 show the spectra of the sole direct waveplitude variations.
(no ionospheric disturbance) shown in a black line with cor-  Figure 14 demonstrates the model dynamic spectrum com-
responding spectra in the presence of the modification, givemuted for two successive days. The time UT is shown on the
in a red line marked as “Disturbed”. The lowest right frame abscissa in hours, the frequency is plotted on the ordinate in
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Hz, and the logarithm of the field intensity is shown by ink- M is the magnitude (Ruzhin and Depeuva, 1996). This yields
ing. (do you mean shading?) The scale bar is given on thdR ~2000km for the magnitude of the Chi-chi earthquake
right side of the figure. Horizontal dashed grid lines indicate (M=7.6), which means that seismo-atmospheric and seismo-
the usual positions of SR peaks in the spectrum. Vertical gridonospheric perturbations have the spatial scale of, at least,
lines mark the 6-h intervals. The record of two days durationone Mm. These perturbations seem to be ready to reflect the
was modeled. There is no ionospheric perturbation duringELF waves just around the epicenter of the Chi-chi earth-
the first 12 h in the model dynamic spectrum, and regular di-quake (in Taiwan) to be observed at the observatory. Liu et
urnal variations are present there with SR peaks observed ad. (2000) have studied thgF2 for this Chi-chi earthquake,

a regular succession of horizontal lines. The form of spec-and have found that the precursors appeare@ days prior
trum abruptly changes after the ionosphere is modified oveto this earthquake in the form of the recordggF2 decrease
Taiwan (the choice of disturbance parameters is describetielow its associated lower bound. This means that some kind
below). The parts of the maps are marked as “regular” ancbf anomaly is surely occurring in the ionosphere. Of course,
“disturbed”. As one may see, the general behavior found exthe generation mechanism of seismo-ionospheric perturba-
perimentally is pertinent to our model computations. The oc-tions is not well established, but Hayakawa et al. (2004) have
currence of Q bursts gf is apparently due to the enhanced suggested a few possible mechanisms.

propagation characteristics atfs4 because of the presence  Lastly, we comment on the geomagnetic activity during
of seismo-ionospheric perturbations at Taiwan. The sourcehe relevant period, because it may be possible that the geo-
is the same as the SR, but from a giant lightning in America.magnetic activity may influence the SR anomaly. Though not

We here comment on why no significant effect at Lekhtashown as a figure, the geomagnetic activity is not severely
was observed. The geometry of the direct and reflected pathdisturbed, so that the present SR anomaly is likely to have
toward Lekhta indicates that there is no such lucky situationnothing to do with the geomagnetic activity.

(as given in this paper): no backscatter. The theory (Nick- Finally, we can suggest the lithospheric source. Kulchit-

olaenko and Hayakawa, 2002) indicates that at ELF onlysky et al. (2004) have performed the detailed computations
the overhead disturbance or a backscattering from a nearbgf ULF/ELF waves in the complicated lithospheric structure.

disturbance may produce a noticeable effect. In this senséVe have to try to find any resonance effects in the litho-

Lekhta is a remote place and we expect no backscatteringpheric waveguide (or cavity).

signal.
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