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Abstract Schumann resonance (SR) is an electromag-
netic resonance phenomenon in the Earth—ionosphere
cavity exited by global lightning activities when the
wavelength matches the circumference of the Earth, and
the lowest four peak frequencies of SR are about 8, 14, 20,
and 26 Hz. This article presents the new observational data
of SR in China. The observations of two horizontal mag-
netic components (Bns and Bgw) in the frequency band
range of 3-29 Hz at Yongsheng observatory (26.7°N,
100.8°E) in southwestern China were mainly analyzed. It is
found that the SR amplitudes at peak frequencies in Byg
and Bgw components all showed diurnal and seasonal
variations, and that the SR amplitude in Byg component is
always higher than that in Bgw component. Diurnal vari-
ation of SR amplitude around equinoxes and solstices in
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Bns component is related to active intervals of three global
thunderstorm centers, while SR amplitude in Bgw com-
ponent is the most significant at around 16 LT, corre-
sponding to Asian center. SR amplitudes both in Byg and
Bgw components increase in the rainy season from May to
September. In addition, the SR anomalies in association
with the 2011 Japan earthquake are exhibited. The anom-
alous effect was characterized by an increase in amplitude
at the lowest four SR modes beginning at 4 days before this
earthquake. Upon analyzing the wave interference between
the direct wave and disturbed wave scattered by localized
modification of lower ionosphere over the epicenter, Asian
and African thunderstorm centers are found to contribute to
anomalous effect observed at Yongsheng station. Modeling
results of SR regular and disturbed spectra at different local
times led to the similar conclusion.

Keywords Schumann resonance amplitude -
Thunderstorm center - Anomalous Schumann
resonance

1 Introduction

Schumann predicted an electromagnetic resonance in the
cavity formed by the Earth’s surface and its ionosphere
(Schumann 1952). Waves of certain frequencies generated
by lightning activities travel along the surface of the Earth
and become accentuated at about 8, 14, 20, and 26 Hz,
which are referred to as Schumann resonance (SR). The SR
amplitude and resonant frequencies change because of the
vertical extension of the waveguide and the modifying
conductivity of lower ionosphere, and they are also related
to the distance of observing stations from the sites of three
lightning centers which are the main source of SR
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(Nickolaenko and Hayakawa 2002; Schlegel and Fiillekrug
2002). Anomalous SR possibly associated with earthquake
was first reported by Hayakawa et al. (2005). They found
that amplitude of SR at the fourth mode increased, and the
fourth peak frequency shifted more than 1 Hz between Bng
(north—south component of magnetic field) and Bgw (east—
west component) before Chi-chi, Taiwan earthquake. Ohta
et al. (2006) carried out a further statistical study on the
relation between anomalous SR observed in Japan and
earthquakes in Taiwan during 6 years, and found a good
correlation between anomalous effects and earthquakes
which occurred on the land. Hayakawa et al. (2008) pre-
sented another case study of anomalous SR 3 days before
an earthquake in Taiwan occurred on December 26, 2006.

As for the mechanism of SR anomaly, some publications
suggested that it might be caused by the interference
between the direct path from American/African/Asian
thunderstorm source to the observatory and the disturbed
path scattered by the perturbation in the ionosphere (Ha-
yakawa et al. 2005; Ohta et al. 2006). Nickolaenko et al.
(2006) modeled the amplitude of SR changes when there
was a localized decrease in the lower ionosphere height
over the epicenter, and found that the modeling results
were qualitatively similar to the observations.

As SR is mainly used to monitor global lightning
activities, its application in earthquake science is a new
subject. The reports of anomalous SR associated with
earthquakes are still very few until now. This article will
present SR observation in China, and show some anoma-
lous effects which may be related to the 2011 Japan
earthquake. Finally, we discuss the mechanism of SR
anomalies and present modeling results to verify the pos-
sible effects on SR from different sources.

2 Observatories and data acquisition

We established four observatories in Yunnan province,
southwestern China since 2010. They are located at Qiaojia
county (QJ: 26.9°N, 102.9°E), Tonghai county (TH: 24.1°N,
102.8°E), Yongsheng county (YS: 26.7°N, 100.8°E), and
Mangshi (MS: 24.4°N, 98.6°E). The detector consists of
three orthogonal search coils with a one-meter-long core,
which can measure three components of magnetic field (i.e.,
Bns (north—south) which is sensitive to the waves propa-
gating in EW direction, Bgw (east—west) which is sensitive
to the waves in the meridian plane, and B, (vertical)) in the
frequency range of 3-29 Hz with a sampling frequency of
100 Hz. Data acquisition at QJ, TH, and YS began from
August 2010, and MS began to provide data from December
2011. In this article, we mainly analyze SR variation char-
acteristics in the normal condition and during the Japan
earthquake in 2011. MS observatory was built at the end of
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2011, and it does not cover the period of 2011 Japan earth-
quake. We can use data from other three observatories, i.e.,
QJ, TH, and YS. However, because of some unknown local
interference, data from TH and QJ observatories are mostly
spoiled. Figure 1 presents corresponding spectra of one
day’srecord in 2011 from QJ, TH, and YS observatories. We
use the same method to obtain spectra for data of all the three
stations, and frequency resolution of these spectrum is about
0.1 Hz. One cannot discern various SR modes from the
spectra of both Byg and Bgw components at TH station from
Fig. lc, d. Although there are four clear SR modes in Bng
component at QJ station (see Fig. 1a), it is very difficult to
distinguish SR modes from spectrum of Bgy component at
QJ station (Fig. 1b). For spectrum recorded at YS station
(Fig. le, 1), itis easier to notice the lowest four SR modes in
two components. Hence, we just use the data recorded at YS
observatory with good continuity and relatively low noise in
this study.

3 Observational results

3.1 Background characteristics of SR amplitude at YS
observatory

Many articles showed that the amplitudes of different SR
modes presented diurnal and seasonal variations at differ-
ent observation sites all over the world (Price and Melni-
kov 2004; Roldugin et al. 2004; Rossi et al. 2007; Satori
and Zieger 1996; Sekiguchi et al. 2008; Sentman and
Fraser 1991). The diurnal variation of SR amplitude may
be related to dominant intervals of three global lightning
centers and local height of D region (Price and Melnikov
2004; Sentman and Fraser 1991). The seasonal variation of
SR may be correlated to the periodical enhancement of
thunderstorms in summer every year.

3.1.1 Diurnal variation of SR amplitude

Data analysis showed that SR amplitudes at the lowest four
peak frequencies both in Byg and Bgw components are found
to have a clear diurnal variation. We used SR data 2 days
before and after the equinoxes and solstices in 2011 to obtain
a diurnal variation of SR amplitude in four seasons. The first
SR mode is the most stable one. Figure 2 presents the
amplitudes of the first SR mode both in Bys and Bgw
components around spring and autumn equinoxes (Fig. 2a,
¢), and summer and winter solstices (Fig. 2b, d). The dash-
dotted lines with circles represent the Bys component and
the dash-dotted curves with asterisks the Bgy component. It
can be seen from the figures that in different seasons, the
shapes of diurnal variation of SR amplitude at YS obser-
vatory change significantly, and there are also different



Earthq Sci (2013) 26(2):137-145

139

(a) 2011/03/01 NS Power spectrum at QJ

N 30F 20
I ‘N
N o T
Q *
< 20 o
5 >
e 40 =
g 10 ‘o_
i 50 O
c K]
60 &
. i ; ; : =
0%:05 04:02 07:59 11:57 15:54 19:51 23:49
LT/HH:MM
(c) 2011/03/01 NS Power spectrum at TH
£ 30f E 20
25 N
= 30 F
O 20f o
3 w0 =
g. 15F =)
e
O 10F : N o))
l.t T — 50 o
5F *
00:05 04:02 07:59 11:57 15:54 19:51 23:49
LT/HH:MM
(e) 2011/03/01 NS Power spectrum at YS
N 30F 20
< N
> 80 F
s 20 N>
g -40 =
g =
[= 50 O
« k)
60 &
o : : : : : =
00:05 04:02 07:59 11:57 15:54 19:51 23:49

LT/HH:MM

Frequency/Hz Frequency/Hz

Frequency/Hz

(b) 2011/03/01 EW Power spectrum at QJ

3of I I 20
N
20f- | i %0 <~3:‘:
| -40 E
10[ I i -50 E’
i v
60 ©
o . : i . ; 2
00:05 04:02 07:59 11:57 15:54 19:51 23:49
LT/HH:MM
(d) 2011/03/01 EW Power spectrum at TH
sop - ; 1 20 o
N
-30 i:I
20 o
=
40 5
e
10p H 0 D
f £
60 2
0%:05 04:02 07:59 11:57 15:54 19:51 23:49
LT/HH:MM
(f) 2011/03/01 EW Power spectrum at YS
sof 20
25 N
30 T
20 o
=
15k 40 5
e
10f 50
L x
® 60 2

0
00:05

04:02

07:59

11:57

15:54

19:51

23:49

LT/HH:MM

Fig. 1 Power spectra recorded at three stations in China to compare data qualities from different observatories: a, b spectra of Byns and Bgw
components from QJ station; ¢, d spectra from TH station; and e, f results from YS station

variation characteristics in Byg and Bgyw components, such
as in winter (Fig. 2d) when the diurnal shapes are nearly in
opposite phases in these two components. The amplitude of
SR in Byng component is stronger than that in Bgw compo-
nent in all seasons, which may be caused by an approximate
East—-West direction distribution of three lightning centers
relative to this observatory. In Bgyw component, the SR
amplitude shows the maximum values in four diurnal curves
in four seasons around 16 LT (Beijing Standard Time),
corresponding to 08 UT. While the first SR mode amplitude
in Bns component shows two or three peaks in a day, such as
at 03-05 LT, 16-18 LT, and 21-23 LT, respectively, as
shown in Fig. 2a, which corresponds to 19-21 UT, 08-10
UT, and 13-15 UT. Because Asian, African, and American
thunderstorm centers play their dominant roles, respec-
tively, in the intervals of 08:00 UT & 1 h, 15:00 UT £ 1 h,
and 21:00 UT £ 1 h (Hayakawa et al. 2008; Nickolaenko
and Hayakawa 2002). Three intervals of intense amplitude
in Bys component were well related to active intervals of
three thunderstorm centers. On the other hand, the peak local
time with the increasing amplitude in Bgy component was
just in accordance with Asian thunderstorm center. The
change in diurnal variations of SR demonstrates that the

lightning centers play an important role in the observations
in four seasons.

3.1.2 Seasonal variation of SR amplitude

Another background feature is seasonal variation in SR.
Figure 3 presents power spectra in Bys and Bgw compo-
nents in a whole year of 2011. The abscissa is the date, and
the ordinate is frequency. The color represents SR power
spectral density (PSD). The SR-PSD values both in Bys
and Bgw components changed acutely from May to Sep-
tember, and more stably from October to April. This may
be related to the seasonal variation of lightning activities
mainly from three global lightning centers during May to
September. Besides, there are also many impulses occur-
ring during May to September, which may be correlated to
those local lightning events during rainy days.

3.2 Anomalous effect possibly related to 2011 Japan
earthquake

On 11 March 2011, there took place a significant earth-
quake in Japan with magnitude of 9.0. The earthquake and
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(a) Amplitude of First SR Mode Around March 21st, 2011
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Fig. 2 Amplitude of the first SR mode both in Bys and Bgyw components around equinoxes and solstices. Dashed lines with circles represent the
results of Bys component, and dashed lines with asterisk represent the amplitude of Bgyw component
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Fig. 3 Power spectra in Bygs and Bgw components in 2011. a,
b Represent results of Bys and Bgyw components, respectively

consequent tsunami brought great losses. In this part, We
have selected the data 15 days before and 5 days after the
earthquake to distinguish anomalous effects possibly rela-
ted to Ms9.0 Earthquake (epicenter: 38.297°N, 142.372°E)
near the east coast of Honshu, Japan on 11 March 2011.
The results show that SR in Bys and Bgw components
presented different features in the aspect of anomalous
effects. Bgw component gave us a clear picture of
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anomalous SR phenomena, which were characterized by
increase in amplitude of the lowest four SR modes. Fig-
ure 4 displays daily power spectrum 5 days before and
1 day after the earthquake during March 6-12. The
amplitude of the lowest four SR modes began to increase
4 days before the earthquake (March 7, see Fig. 4b). And
this continued to the day of the earthquake (March 11, see
Fig. 4f). Then it recovered to the usual intensity after the
earthquake (March 12, see Fig. 4g). We did not find any
similar anomalous effects in Byg component.

In order to confirm that the above anomalous effect is
unique in our observation, we have checked daily spectrum
in the same period with Japan earthquake in 2012 and
2013. The daily spectra both in Bng and Bgw components
are more affected by local interferences and lightning
activities, and we do not find increased amplitude in these
two components with same intervals in 2012 and 2013 of
pending Japan earthquake. To some extent, this can prove
that the anomalous phenomenon is not an ordinary varia-
tion of SR, which may correlates to the Japan earthquake.

4 Discussion

We have established four SR observatories in the south-
western China since 2010, and we have presented the SR
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Fig. 4 Daily power spectra in Bgyw component 5 days before and 1 day after the 2011 Japan earthquake. SR amplitude increased 4 days before

(March 7), and this continued to March 11

data from one observatory of Yongsheng (YS). Some
preliminary results on the diurnal and seasonal variations
of SR observation at YS are obtained, but further detailed
analyses based on a much longer period are highly required
in the future. However, it seems that we are successful in
finding out a SR anomaly in possible association with the
2011 Japan earthquake. So we will try to discuss the
mechanism of this SR anomaly in the following.

4.1 Geometry of radio propagation

According to a hypothesis published by Hayakawa et al.
(2005), the difference in propagation length between the
direct path from any thunderstorm center to the observatory
and the disturbed path scattered by the perturbation in the
ionosphere over the epicenter is the main cause of wave
interference, which manifested in the increased SR
amplitude. We tested whether this hypothesis is reasonable
even in our case. At first, the position of three thunderstorm
centers was defined, referred to an equation published by

Nickolaenko et al. (1998), which gives the varying coor-
dinates of three centers with seasons. We calculated
coordinates of three centers in March, and obtained the
coordinates of American center at 19°S and 70°W, African
center located at 5°S and 20°E, and Asian center at 2.5°N
and 120°E, respectively.

We assumed that there was a disturbance in the iono-
sphere over the epicenter, and we calculated the great-
circle distance of three centers, YS observatory and the
disturbance. Figure 5 presents their relative positions. In
the case of the Asian source, the direct path from Asian
source to the observatory is 3.4 Mm, and the disturbed path
from the Asian source to the disturbance, then to the
observatory is 8.7 Mm. The difference of these two paths is
5.3 Mm. The maximum effect of interference is expected
when the difference is equal to half of the wavelength.
Then we got the wavelength was 10.6 Mm. As the wave-
length at the first SR mode is 40 Mm, the above wave-
length corresponded to 40/10.6 = 3.8 ~ 4 mode number,
which was approximately at 26 Hz.
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Applying the same method to American and African
source, we attained the direct path from American source
to the observatory was 18.8 Mm, and the disturbed path
was 20.3 Mm. The difference of these two paths was
1.5 Mm. The corresponding mode number was 40/
(2*1.5) ~ 13. Similarly analyzing the African source to
obtain the direct path and disturbed path, we got the cor-
responding SR mode number being 2.5.

The results illustrate that the mode number obtained
from Asian and African center are reasonable, but the
interference mode number for the American center is too
large and undetectable for our observatory. Moreover, it is
noted that the disturbance is positioned behind the obser-
vatory along the propagation path of African Source-
Observatory, and the effect of such a backscattering is
pronounced at ELF observation (Nickolaenko and Hayak-
awa 2002). Another source, Asian source, is the closest one
to the observatory, located nearly in the NS direction rel-
ative to the observatory, while the most significant ampli-
tude in Bgw component was detected in the SR experiment
at YS station (see Fig. 4). Through above analysis, it can be
concluded that African and Asian thunderstorm centers
mainly contribute to this anomalous effect by the wave
interference between direct paths from these two centers to
the observatory and disturbed paths scattered by the iono-
spheric perturbation over the epicenter.

4.2 Computational results

We try to give computational results of SR regular and
disturbed spectra in this part. Details on the model can be
found in Nickolaenko et al. (2006). We use the regular
Mushtak—Williams knee model (regular conductivity pro-
file of the lower ionosphere based on the SR data). The
particular knee model was introduced by Mushtak and
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Williams (2002), and its application to the SR computa-
tions was described by Williams et al. (2006). Seismogenic
modifications of conductivity profile and relevant modifi-
cations in the SR records were addressed by Hayakawa
et al. (2005) and Nickolaenko et al. (2006).

The model supposes that the earthquake causes a local
decrease of height of the lower ionosphere, and ELF
propagation scattered by this modification. The maximum
modification is centered over the epicenter, and the dis-
turbance is axially symmetric and varies with the radius as
the Gaussian curve of a given scale diameter
D (D = 2,000 km). The distinction of the disturbed profile
from the regular one is that the ‘knee height’ is 55.0 km in
the regular model and 35.0 km in the disturbed one. Except
the 20 km height depression, all other parameters of the
profile remain unchanged.

Figure 6 depicts the computation results of three frames
corresponding to three point sources of global thunder-
storm activity, i.e., 2.5°N and 120°E (Asia), 5°S and 20°E
(Africa), 19°S and 70°W (America). Each frame shows two
power spectra of Ez (vertical electric field) component in
the frequency of SR band. The black lines represent the
power spectra in the regular Earth—ionosphere cavity. The
dash-dotted curves show the modified one due to localized
ionosphere disturbance.

The upper frame in Fig. 6 corresponds to the Asian
thunderstorm center. The disturbed spectrum intensified at
three lowest SR modes. Amplitude in SR spectra may
increase about 20 %. The middle frame in Fig. 6 displays
spectra for African thunderstorm center, which shows that
the disturbed spectrum increase about 30 % at the second
SR mode relative to the regular one. The third frame shows
that the disturbed spectrum for American center increases
at the second, third and fourth modes. Because three cen-
ters contribute to different SR modes, the computational
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results do not present a persuasive argument which thun-
derstorm center is dominant.

Twenty-four maps of global distribution of lighting
activity were constructed for particular hours (UT) by
using the data of Optical Transient Detector (OTD)
(Christian et al. 2003; Nickolaenko et al. 2006), and used
three leading hour maps corresponding to Asian, African
and American thunderstorm centers as a more realistic
source models to obtain the SR regular and disturbed
spectra. Figure 7 showed this result, and the upper frame
corresponded to the time when the Asian thunderstorms
dominate in the global activity. The middle and bottom
frame showed the results for African center and American
center, respectively. We noted that the disturbed spectra
increased almost at the lowest four SR modes except the
first SR mode for American source.

Figure 7, which is based on a more realistic source
model, demonstrated that the localized disturbance over
Japan earthquake led to the interference effect which
modified the intensity of all lowest four SR modes for the
Asian and African source. This is consistent with the
analysis of radio propagation geometry (see Sect. 4.1).

As for the possible perturbations in the lower iono-
sphere, Hayakawa et al. (2012) have already found a clear
ionospheric perturbation prior to the Japan earthquake.
Similar perturbation in the upper ionosphere has been
found by Akhoondzadeh, (2012) and Zolotov et al. (2012),
who have found anomalies in GPS TEC within the time
interval of 1-3 days before the earthquake after excluding
the effects from geomagnetic storms and solar activity.

5 Conclusions

In the present study, we used the new observing SR data in
China, and analyzed the diurnal and seasonal variations of
SR amplitude at YS observatory. Our study exemplified
that increased amplitude of SR had a clear association with
2011 Japan earthquake. SR is mainly used in lightning
research, but its recent application in earthquake science
may bring a new and perspective tool in the field of seismo-
electromagnetics. The main conclusions of our research are
as follows:

(a) SR amplitude in Bys component is larger than that in
Bgw component. SR in Bgw component is most
sensitive to signals from Asian center and SR in Byg
component is in good response to three centers.
Amplitude of SR both in Bgw and Bys components
presents seasonal variation.

(b) We found that SR amplitude increased at the lowest
four modes several days before 2011 Japan earth-
quake. Through calculating the direct path from three
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thunderstorm centers to the observatory and disturbed
path scattered by perturbation in the ionosphere, it
suggested that Asian and African thunderstorm cen-
ters may contribute to this anomalous effect. Model-
ing results by using more realistic sources were more
similar to the observations featured by increase in
amplitude at the lowest four SR modes than the
results by using three point sources.

A new case of anomalous SR effect related to the large
earthquake was presented with new observations in China.
This complements the earthquake case study database of
anomalous SR. With accumulating of our observations, a
statistical study on as many as earthquakes has to be per-
formed in the future. We look forward to repeatability of
anomalous SR, or the cause of different features of
anomalous SR, and improved hypothesis to explain
observed results.
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