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ABSTRACT

This study reports on geomagnetic pulsations excited by traveling Rayleigh waves. The geomagnetic total intensity fields 
recorded using 12 magnetometers are utilized to examine seismo-magnetic pulsations induced by the 2011 M 9.0 Tohoku-oki 
earthquake. Geomagnetic data and seismograms from 4 co-located seismometers are examined and cross-compared to deter-
mine whether magnetic variations result changes in space weather or traveling Rayleigh waves. A 150 - 250 s band-pass filter 
was adopted to determine the arrival times and amplitudes of the seismo-magnetic pulsations. Seismo-magnetic pulsations 
with pronounced periods of about 200 s and amplitudes of 0.2 - 1.2 nT appear at distances ranging from 190 - 4600 km from 
the epicenter. Pulse speed of 3.8 km s-1 estimated from the epicentral distances and arrival times indicates that the seismo-mag-
netic pulsations were induced by Rayleigh waves produced by the Tohoku-oki earthquake. The seismo-magnetic pulsations 
constantly lag seismic wave pulses by about 6.3 minutes, confirming that ionospheric conductivity affects magnetic fields.
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1. INTRODUCTION

At 05:46:23 UT (universal time), 11 March 2011, a 
destructive M 9.0 earthquake (142.86°E, 38.10°N) occurred 
off the east coast of the Tohoku-oki region of Honshu, Japan. 
This earthquake was subsequently dubbed the Tohoku-oki 
earthquake by scientists (Hirose et al. 2011). The Centroid 
Moment Tensor analysis of the main shock indicates that the 
Tohoku-oki earthquake is the reverse fault type with strike 
203°, dip 10°, and rake 88° (also see Fig. 1; http://www.
globalcmt.org/). The significant co-seismic crustal displace-
ments associated with the 2011 Tohoku-oki earthquake were 
observed mainly at the eastern part of Japan (i.e., > ~139°E) 
and reported in many previous studies (Nishimura et al. 
2011; Ozawa et al. 2011; Simons et al. 2011; Lee 2012; Wei 
et al. 2012). Fujii et al. (2011) used 33 coastal tide gauges, 
offshore GPS wave gauges and bottom-pressure gauges to 
identify a large slip, more than 40 m along the trench axis. 
Great fault slips trigger intense seismic waves and dislocate 

the adjacent seabed, resulting in gigantic tsunami waves with 
heights as great as 1.9 m in the deep ocean (Simons et al. 
2011) and about 5 - 35 m near the Japan coastal region (Mae-
da et al. 2011; Mori et al. 2011; Goto et al. 2012; Lin et al. 
2012). The Tohoku-oki earthquake killed more than 10000 
people (Fujii et al. 2011). The intense co-seismic changes 
and gigantic tsunami caused maximum variations of 0.8 nT 
near the epicenter and rapid changes during the hours fol-
lowing the main shock in the geomagnetic field (Utada et al. 
2011). Intense variations in the ionosphere excited by Ray-
leigh waves and/or Tohoku-oki earthquake tsunamis were 
found through the total electron content (TEC) from dense 
GPS networks (Liu et al. 2011; Tsugawa et al. 2011; Huang 
et al. 2012; Kamogawa et al. 2012).

Magnetic pulsations can be directly excited by either 
radiated seismic waves (e.g., Breiner 1964; Eleman 1965; 
Iyemori et al. 1996; Tsegmed et al. 2000; Yamazaki 2012) 
or sudden vertical motion by the ocean floor (Iyemori et al. 
2005). Honkura et al. (2004) proposed that magnetic pulsa-
tions in either electric or magnetic fields could be triggered 
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by P wave (i.e., primary or pressure wave) arrivals. Ujihara 
et al. (2004) examined the effects by comparing measure-
ments from induction coils buried under the ground and 
hanging in the air. They observed that seismo-magnetic pul-
sations were instantly generated from induction coils buried 
in the ground. Yamazaki (2012) quantified the changes in 
geomagnetic field raised by Rayleigh waves located a sig-
nificant distance from earthquake epicenters through Max-
well’s equations. Magnetic pulsations directly induced from 
seismic waves can be observed in a wide frequency band 
from VLF to ULF using either 3-component magnetometers 
or magnetotelluric equipment within an epicentral distance 
of ~500 km. These pulsations are usually very tiny (~10-1 nT) 
and close in amplitude to the background noise (Johnston 
et al. 1981; Guglielmi et al. 2004). Guglielmi et al. (2004) 
used a polarization method against a noise background and 
recognized the seismo-magnetic pulsations accompanying 
Love waves propagated from a M 7.9 earthquake on 18 June 
2000. Iyemori et al. (2005) reported that magnetic pulsa-
tions with periods of about 30 and 216 s could be generated 
using an atmospheric pressure pulse due to sudden vertical 
motions of the ocean floor shortly after the 26 December 
2004 M 9.3 Sumatra-Andaman earthquake.

This research examines magnetic pulsations associated 
with variations in the ionospheric plasma density triggered 
by Rayleigh waves. A geomagnetic network of 12 stations 
equipped with continuous recording systems (GSM90F 
with 0.01 nT resolution) was constructed to monitor the 
changes in geomagnetic field in Taiwan (Yen et al. 2004, 
2009; Chen et al. 2009). The geomagnetic total intensity 
fields are computed and further utilized for comparison in 
this study. Geomagnetic total intensity field measurements 

with 1 Hz resolution at 12 stations: 1 in Taiwan (a refer-
ence station in Taiwan’s network), 4 in Japan, 3 in China, 
3 in Australia, and 1 in French Polynesia (see Fig. 1), were 
utilized to survey magnetic pulsations possibly triggered by 
the Tohoku-oki earthquake seismic waves. The pulse veloc-
ities derived from magnetic pulsation arrival times versus 
the epicentral distance are compared with multiple seismic 
waves using seismograms recorded at 8 stations. Measure-
ments from 4 co-located seismometers and magnetometers 
were employed to determine the time delay between seismic 
waves and the associated magnetic pulsations. The Fourier 
transform was further applied to find the frequency and am-
plitude of the triggered magnetic pulsations. The consistent 
lead times observed at various locations and distinct epicen-
tral distances allow us to have a better understanding of the 
possible magnetic pulsation causal mechanisms.

2. OBSERVED DATA

When magnetic total intensity data recorded by 12 
magnetometers during the Tohoku-oki earthquake are con-
cerned, two pronounced magnetic pulsations are observed: 
one with a long period of about 200 s and an amplitude of 
0.2 - 1.2 nT during 400 - 2200 s, and the other with a short 
period of about 40 s and an amplitude of < 1 nT at most sta-
tions during 1800 - 2200 s after the earthquake. The short 
period pulsations are synchronized and appear simultane-
ously at the 12 magnetic stations, suggesting that they are 
space weather related. By contrast, the occurrence (or ar-
rival) times of the long period pulsations are proportional 
to the distances from the epicenter to the magnetic stations. 
Note that a similar relation can be found in the seismic wave 

Fig. 1. Location of the magnetic stations, seismometers and the epicenter of the Tohoku-oki earthquake. Solid circles, blue solid triangles, and the 
star denote magnetic stations, seismometers and the epicenter of the Tohoku-oki earthquake, respectively.
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arrival times recorded by the 4 seismometers and their dis-
tances from the epicenter.

The Fourier transform is applied further to reveal and/or  
separate long period and short period magnetic pulsations 
in detail. Figure 2a reveals that the long period pulsation 
amplitudes deduced using a band-pass filter 150 - 250 s in 
period are inversely proportional to the epicentral distance. 
The magnetic pulsation and epicentral distance indicate a 
speed of 3.8 km s-1. Note that the enhanced amplitude and 
background noise are comparable at the 4 furthest stations. 
By contrast, Fig. 2b shows that the short period pulsation 
amplitudes deduced using a band-pass filter 20 - 60 s in 
period appeared simultaneously regardless of the epicen-
tral distance. The largest short period pulsation enhanced 
amplitude is observed at the PPT station far away from the 
Tohoku-oki earthquake. The short period pulsations are thus 
referred to as magnetic storm (Utada et al. 2011). A band-
pass filter 150 - 250 s in period was applied to seismograms 
recorded by 8 seismometers (Fig. 3). Filtered Rayleigh 
waves from the Tohoku-oki earthquake have a traveling 
speed of 3.8 km s-1. The filtered seismo-magnetic pulsations 
are generally observed following the arrival of the filtered 
seismograms with a delay of about 6.3 minutes. Variations 
in filtered seismo-magnetic pulsations and seismograms are 
consistent when the filtered seismograms are shifted with 

necessary modification in the time scale.

3. DISCUSSION

Previous theoretical and observational works reported 
that Rayleigh wave propagation induces acoustic waves in 
the atmosphere and ionosphere by dynamic coupling (Lo-
gnonné et al. 1998; Artru et al. 2004; Liu et al. 2006, 2010; 
Occhipinti et al. 2010). Gravity waves generated by tsunami 
propagation also (and strongly) perturb the ionosphere (Rol-
land et al. 2010) and the direct acoustic wave from the epi-
center (Heki et al. 2006). Since the speeds of Rayleigh waves, 
internal gravity waves and direct acoustic waves range 
mainly from 3 - 4, 0.3 - 0.5, and 0.8 - 1.0 km s-1 (Heki et al. 
2006; Liu et al. 2011), respectively, seismo-magnetic pulsa-
tions with a horizontal speed of about 3.8 km s-1 reported in 
this study are related to neither the internal gravity wave nor 
the direct acoustic wave activated by the Tohoku-oki earth-
quake. Guglielmi et al. (2004) and Honkura et al. (2004) 
showed that the P and/or Love wave can trigger seismo-mag-
netic pulsations without a noticeable time delay. The propa-
gation speeds of P and Love/Rayleigh waves are generally  
5 - 6 and 2 - 4 km s-1 (Shearer 1999), respectively. Based on 
the relationship between the epicentral distances and occur-
rence times shown in Figs. 2 and 4, the magnetic pulsations 

(a) (b)

Fig. 2. Variations in magnetic pulsations at the 12 stations during the Tohoku-oki earthquake. The origin time is the occurrence of Tohoku-oki earth-
quake. The left (right) panel shows variations of the long (short) period magnetic pulsations deduced using a band-pass filter of 150 - 250 (20 - 60) s 
in period via the Fourier transform. The triangle denotes the first visible energy of long period (seismo-) magnetic pulsations.
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with a speed of about 3.8 km s-1 observed in this study are 
not related to the P waves from the Tohoku-oki earthquake. 
It has been known that Rayleigh and Love waves yield 
pronounced vertical and horizontal motions on the Earth’s 
surface, respectively. Based on the efficiency in triggering 
seismo-AGWs (acoustic gravity waves), the magnetic pul-
sations are induced by Rayleigh waves, which result mainly 
in the Earth’s surface vertical motion. Figure 4 shows that 
appearance of the long period magnetic pulsations with 
about 4-minute time delay follow the arrival of Rayleigh 
waves. This suggests that the long period pulsations are not 
directly/instantly excited by the ground motion due to the 
arrival of Rayleigh waves but induced by variations in the 
ionospheric plasma density triggered by Rayleigh waves via 
AGWs (acoustic waves, AWs in Rolland et al. 2011).

Francis (1973) reported that seismo-geomagnetic pul-
sations with long periods (> 240 s) could be caused by at-
mospheric pressure oscillation at altitudes of about 110 km 
due to a duct resonance of AGWs between the ground and 
lower ionosphere. Iyemori et al. (2005) report that the time 
lag of 12 minutes is consistent with the time necessary for 
an AGW to travel from the ground to the ionospheric E-
region (about 6 minutes, or 360 s) and reflect back to form a 
duct resonance. Although the pulsation period of about 200 s  
observed in this paper is somewhat similar to those reported 
in previous studies, the seismo-magnetic pulsations con-

stantly lag the seismic waves by about 6.3 minutes, which is 
very different from the time lag of 12 minutes reported by 
Iyemori et al. (2005). Therefore, the seismo-magnetic pul-
sations observed in this paper are unlikely to be related to 
duct resonance.

Liu et al. (2012) showed that sudden vertical motions 
on the Earth’s surface from the Rayleigh wave can effi-
ciently create/induce mechanical disturbances in the atmo-
sphere (i.e., seismo-AGWs) near the Earth’s surface. Davies 
(1990) showed that seismo-AGWs near the Earth’s surface 
can propagate into the ionosphere and interact with the ion-
ized gas. The conductivities in the ionosphere are functions 
of the electron density, collision frequency, etc. In middle 
latitudes, the Hall and Pedersen conductivities reach their 
peaks at about 110 km altitude in the ionospheric E-region 
(Kelley 2009). Therefore, transit seismo-AGWs can easily 
disturb the collision frequency, the conductivities and mod-
ify the associated currents in the E-region, which in turn 
instantly change and/or affect (with the speed of light) the 
magnetic fields on the Earth’s surface.

Liu and Sun (2011) examined ionograms recorded by 
3 Japanese ionosondes near the Tohoku-oki epicenter and 
found that the travel time of STIDs (Liu et al. 2011) induced 
by the seismo-AGWs from the ground to the lower iono-
sphere is about 240 s. The time delay of about 6.3 minutes 
in this study is close to the travel time of 4 minutes reported 

Fig. 3. Comparison between the filtered seismograms and seismo-
magnetic pulsations using a band-pass filter of 150 - 250 (20 - 60) s  
in period via the Fourier transform. The origin time is the occur-
rence of Tohoku-oki earthquake. The black lines denote the filtered 
seismograms recorded by 8 seismometers. The red lines show the 
filtered seismo-magnetic pulsations at 4 co-located magnetic sta-
tions. Note that the black dashed lines are the filtered seismograms 
shifted with necessary modification in the time scale. The scale and 
unit is in “counter” which vary seismometer by seismometer.

Fig. 4. Relationships between the epicentral distance and arrival 
(occurrence) times of Rayleigh waves (the magnetic pulsations). 
The black squares (circles) with the dashed line as a fitting curve 
are retrieved from seismograms (magnetic data). The solid symbols 
show the co-located stations for comparison. Note that the error bar 
in the time scale is given by the difference from the first visible to 
the maximum energies in the filtered data.
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by Liu and Sun (2011). In fact, these are both close to the 
6 minutes necessary for an acoustic wave to travel from the 
ground to the ionosphere (Iyemori et al. 2005). These agree-
ments suggest that the long period magnetic pulsations most 
likely result from seismo-AGWs triggered by Rayleigh 
waves near the Earth’s surface, which then propagate up-
wards into the ionosphere, thus modifying the conductivi-
ties and currents within it.

4. CONCLUSION

Seismo-magnetic pulsations lag the seismograph in 
time by about 6.3 minutes, with the dominant period about 
200 s and the seismo-magnetic pulsations triggered by seis-
mo-AGWs locally generated by traveling Rayleigh waves 
3.8 km s-1 below, which are unlikely related to direct acous-
tic waves from the epicenter. The traveling Rayleigh waves 
lift up or depress the Earth’s surface, modulate atmospheric 
pressure near the ground and excite acoustic waves which 
propagate upwards into the ionosphere where they disturb 
the ionospheric E-region conductivities and currents pro-
ducing seismo-magnetic pulsations with a time lag of about 
380 s (6.3 minutes). Due to the current induction the seis-
mo-magnetic pulsations will be simultaneously/instantly 
detected by a magnetometer located below.

Acknowledgements  The authors wish to thank Profs. Ti-
ger J. Y. Liu, Loren C. Chang at National Central Univer-
sity and C. H. Chen at National Chung Cheng University 
for useful suggestions and scientific editing. Magnetic data 
are retrieved from the Central Weather Bureau of Taiwan, 
China Earthquake Administration, World Data Center for 
Geomagnetism at Kyoto University and INTERMAGNET.

REFERENCES

Artru, J., T. Farges, and P. Lognonné, 2004: Acoustic waves 
generated from seismic surface waves: Propagation 
properties determined from Doppler sounding observa-
tions and normal-mode modelling. Geophys. J. Int., 158, 
1067-1077, doi: 10.1111/j.1365-246X.2004.02377.x. 
[Link]

Breiner, S., 1964: Piezomagnetic effect at the time 
of local earthquakes. Nature, 202, 790-791, doi: 
10.1038/202790a0. [Link]

Chen, C. H., C. R. Lin, H. L. Chao, H. Y. Yen, J. Y. Liu, and 
Y. H. Yeh, 2009: Evaluation of the applicability of the 
Chapman-Miller method on variation of the geomag-
netic total intensity field in Taiwan from 1988 to 2007. 
Terr. Atmos. Ocean. Sci., 20, 799-806, doi: 10.3319/
TAO.2009.02.03.01(T). [Link]

Davies, K., 1990: Ionospheric Radio, IEE Electromagnet-
ic Waves Series, Vol. 31, Peter Peregrinus, London,  
580 pp.

Eleman, F., 1965: The response of magnetic instruments to 
earthquake waves. J. Geomagn. Geoelectr., 18, 43-72, 
doi: 10.5636/jgg.18.43. [Link]

Francis, S. H., 1973: Acoustic-gravity modes and large-
scale traveling ionospheric disturbances of a realistic, 
dissipative atmosphere. J. Geophys. Res., 78, 2278-
2301, doi: 10.1029/JA078i013p02278. [Link]

Fujii, Y., K. Satake, S. Sakai, M. Shinohara, and T. Kanaz-
awa, 2011: Tsunami source of the 2011 off the Pacific 
coast of Tohoku Earthquake. Earth Planets Space, 63, 
815-820, doi: 10.5047/eps.2011.06.010. [Link]

Goto, K., C. Ghagué-Goff, J. Goff, and B. Jaffe, 2012: The 
future of tsunami research following the 2011 Tohoku-
oki event. Sediment. Geol., 282, 1-13, doi: 10.1016/j.
sedgeo.2012.08.003. [Link]

Guglielmi, A. V., A. S. Potapov, and B. Tsegmed, 2004: On 
the excitation of magnetic signals by Love waves. Ann. 
Geophys., 47, 171-177, doi: 10.4401/ag-3269. [Link]

Heki, K., Y. Otsuka, N. Choosakul, N. Hemmakorn, T. 
Komolmis, and T. Maruyama, 2006: Detection of 
ruptures of Andaman fault segments in the 2004 
great Sumatra earthquake with coseismic ionospher-
ic disturbances. J. Geophys. Res., 111, B09313, doi: 
10.1029/2005JB004202. [Link]

Hirose, F., K. Miyaoka, N. Hayashimoto, T. Yamazaki, and 
M. Nakamura, 2011: Outline of the 2011 off the Pa-
cific coast of Tohoku Earthquake (Mw 9.0)-Seismicity: 
Foreshocks, mainshock, aftershocks, and induced ac-
tivity. Earth Planets Space, 63, 513-518, doi: 10.5047/
eps.2011.05.019. [Link]

Honkura, Y., H. Satoh, and N. Ujihara, 2004: Seismic dy-
namo effects associated with the M7.1 earthquake 
of 26 May 2003 off Miyagi Prefecture and the M6.4 
earthquake of 26 July 2003 in northern Miyagi Prefec-
ture, NE Japan. Earth Planets Space, 56, 109-114, doi: 
10.1186/BF03353395. [Link]

Huang, B. S., L. C. Kuo, S. J. Lee, and Y. C. Lai, 2012: 
Common observations for near-source ground motions 
and seismo-traveling ionosphere disturbances follow-
ing the 2011 off the Pacific coast of Tohoku Earth-
quake, Japan. Terr. Atmos. Ocean. Sci., 23, 237-245, 
doi: 10.3319/TAO.2011.10.27.01(AA). [Link]

Iyemori, T., T. Kamei, Y. Tanaka, M. Takeda, T. Hashimo-
to, T. Araki, T. Okamoto, K. Watanabe, N. Sumitomo, 
and N. Oshiman, 1996: Co-seismic geomagnetic varia-
tions observed at the 1995 Hyogoken-Nanbu earth-
quake. J. Geomagn. Geoelectr., 48, 1059-1070, doi: 
10.5636/jgg.48.1059. [Link]

Iyemori, T., M. Nose, D. Han, Y. Gao, M. Hashizume, N. 
Choosakul, H. Shinagawa, Y. Tanaka, M. Utsugi, A. 
Saito, H. McCreadie, Y. Odagi, and F. Yang, 2005: 
Geomagnetic pulsations caused by the Sumatra earth-
quake on December 26, 2004. Geophys. Res. Lett., 32, 
L20807, doi: 10.1029/2005GL024083. [Link]

http://dx.doi.org/10.1111/j.1365-246X.2004.02377.x
http://dx.doi.org/10.1038/202790a0
http://dx.doi.org/10.3319/TAO.2009.02.03.01(T)
http://dx.doi.org/10.5636/jgg.18.43
http://dx.doi.org/10.1029/JA078i013p02278
http://dx.doi.org/10.5047/eps.2011.06.010
http://dx.doi.org/10.1016/j.sedgeo.2012.08.003
http://dx.doi.org/10.4401/ag-3269
http://dx.doi.org/10.1029/2005JB004202
http://dx.doi.org/10.5047/eps.2011.05.019
http://dx.doi.org/10.1186/BF03353395
http://dx.doi.org/10.3319/TAO.2011.10.27.01(AA)
http://dx.doi.org/10.5636/jgg.48.1059
http://dx.doi.org/10.1029/2005GL024083


Yen et al.100

Johnston, M. J. S., R. J. Mueller, and V. Keller, 1981: Pre-
seismic and coseismic magnetic field measurements 
near the Coyote Lake, California, earthquake of August 
6, 1979. J. Geophys. Res., 86, 921-926, doi: 10.1029/
JB086iB02p00921. [Link]

Kamogawa, M., Y. Kakinami, S. Watanabe, J. Y. Liu, and 
Y. Watanabe, 2012:  Seismo-tsunamigenic ionospheric 
hole triggered by M 9.0 2011 off the Pacific coast of 
Tohoku earthquake. Terr. Atmos. Ocean. Sci., 23, 327-
331, doi: 10.3319/TAO.2011.11.14.01(AA). [Link]

Kelley, M. C., 2009: The Earth’s Ionosphere: Plasma Phys-
ics & Electrodynamics, 2nd edition, Academic Press, 
San. Diego, CA, 576 pp.

Lee, S. J., 2012: Rupture process of the 2011 Tohoku-Oki 
earthquake based upon joint source inversion of tele-
seismic and GPS data. Terr. Atmos. Ocean. Sci., 23, 
1-7, doi: 10.3319/TAO.2011.07.11.01(T). [Link]

Lin, A., R. Ikuta, and G. Rao, 2012: Tsunami run-up as-
sociated with co-seismic thrust slip produced by the 
2011 Mw 9.0 off Pacific Coast of Tohoku earthquake, 
Japan. Earth Planet. Sci. Lett., 337-338, 121-132, doi: 
10.1016/j.epsl.2012.04.047. [Link]

Liu, J. Y. and Y. Y. Sun, 2011: Seismo-traveling ionospher-
ic disturbances of ionograms observed during the 2011 
Mw 9.0 Tohoku Earthquake. Earth Planets Space, 63, 
897-902, doi: 10.5047/eps.2011.05.017. [Link]

Liu, J. Y., Y. B. Tsai, S. W. Chen, C. P. Lee, Y. C. Chen, 
H. Y. Yen, W. Y. Chang, and C. Liu, 2006: Giant 
ionospheric disturbances excited by the M9.3 Sumatra 
earthquake of 26 December 2004. Geophys. Res. Lett., 
33, L02103, doi: 10.1029/2005GL023963. [Link]

Liu, J. Y., H. F. Tsai, C. H. Lin, M. Kamogawa, Y. I. Chen, 
C. H. Lin, B. S. Huang, S. B. Yu, and Y. H. Yeh, 2010: 
Coseismic ionospheric disturbances triggered by the 
Chi-Chi earthquake. J. Geophys. Res., 115, A08303, 
doi: 10.1029/2009JA014943. [Link]

Liu, J. Y., C. H. Chen, C. H. Lin, H. F. Tsai, C. H. Chen, 
and M. Kamogawa, 2011: Ionospheric disturbanc-
es triggered by the 11 March 2011 M9.0 Tohoku 
earthquake. J. Geophys. Res., 116, A06319, doi: 
10.1029/2011JA016761. [Link]

Liu, J. Y., Y. Y. Sun, H. F. Tsai, and C. H. Lin, 2012: 
Seismo-traveling ionospheric disturbances triggered 
by the 12 May 2008 M 8.0 Wenchuan Earthquake. 
Terr. Atmos. Ocean. Sci., 23, 9-15, doi: 10.3319/
TAO.2011.08.03.01(T). [Link]

Lognonné, P., E. Clévédé, and H. Kanamori, 1998: Compu-
tation of seismograms and atmospheric oscillations by 
normal-mode summation for a spherical earth model 
with realistic atmosphere. Geophys. J. Int., 135, 388-
406, doi: 10.1046/j.1365-246X.1998.00665.x. [Link]

Maeda, T., T. Furumura, S. Sakai, and M. Shinohara, 2011: 
Significant tsunami observed at ocean-bottom pressure 
gauges during the 2011 off the Pacific coast of Tohoku 

Earthquake. Earth Planets Space, 63, 803-808, doi: 
10.5047/eps.2011.06.005. [Link]

Mori, N., T. Takahashi, T. Yasuda, and H. Yanagisawa, 
2011: Survey of 2011 Tohoku earthquake tsunami in-
undation and run-up. Geophys. Res. Lett., 38, L00G14, 
doi: 10.1029/2011GL049210. [Link]

Nishimura, T., H. Munekane, and H. Yarai, 2011: The 2011 
off the Pacific coast of Tohoku Earthquake and its af-
tershocks observed by GEONET. Earth Planets Space, 
63, 631-636, doi: 10.5047/eps.2011.06.025. [Link]

Occhipinti, G., P. Dorey, T. Farges, and P. Lognonné, 
2010: Nostradamus: The radar that wanted to be a 
seismometer. Geophys. Res. Lett., 37, L18104, doi: 
10.1029/2010GL044009. [Link]

Ozawa, S., T. Nishimura, H. Suito, T. Kobayashi, M. Tobita, 
and T. Imakiire, 2011: Coseismic and postseismic slip 
of the 2011 magnitude-9 Tohoku-Oki earthquake. Na-
ture, 475, 373-376, doi: 10.1038/nature10227. [Link]

Rolland, L. M., G. Occhipinti, P. Lognonné, and A. Loeven-
bruck, 2010: Ionospheric gravity waves detected off-
shore Hawaii after tsunamis. Geophys. Res. Lett., 37, 
L17101, doi: 10.1029/2010GL044479. [Link]

Rolland, L. M., P. Lognonné, E. Astafyeva, E. A. Kherani, 
N. Kobayashi, M. Mann, and H. Munekane, 2011: 
The resonant response of the ionosphere imaged after 
the 2011 off the Pacific coast of Tohoku Earthquake. 
Earth Planets Space, 63, 853-857, doi: 10.5047/
eps.2011.06.020. [Link]

Shearer, P. M., 1999: Introduction to Seismology, Cam-
bridge University Press, Cambridge, UK, 260 pp.

Simons, M., S. E. Minson, A. Sladen, F. Ortega, J. Jiang, 
S. E. Owen, L. Meng, J. P. Ampuero, S. Wei, R. Chu, 
D. V. Helmberger, H. Kanamori, E. Hetland, A. W. 
Moore, and F. H. Webb, 2011: The 2011 magnitude 
9.0 Tohoku-Oki earthquake: Mosaicking the mega-
thrust from seconds to centuries. Science, 332, 1421-
1425, doi: 10.1126/science.1206731. [Link]

Tsegmed, B., A. V. Guglielmi, and A. S. Potapov, 2000: Ap-
plication of the polarization method to the observation 
of seismomagnetic waves produced by strong earth-
quakes. Izvestiya Phys. Solid Earth, 36, 1021-1030.

Tsugawa, T., A. Saito, Y. Otsuka, M. Nishioka, T. Maruy-
ama, H. Kato, T. Nagatsuma, and K. T. Murata, 2011: 
Ionospheric disturbances detected by GPS total elec-
tron content observation after the 2011 off the Pacific 
coast of Tohoku Earthquake. Earth Planets Space, 63, 
875-879, doi: 10.5047/eps.2011.06.035. [Link]

Ujihara, N., Y. Honkura, and Y. Ogawa, 2004: Electric and 
magnetic field variations arising from the seismic dy-
namo effect for aftershocks of the M7.1 earthquake of 
26 May 2003 off Miyagi Prefecture, NE Japan. Earth 
Planets Space, 56, 115-123, doi: 10.1186/BF03353396. 
[Link]

Utada, H., H. Shimizu, T. Ogawa, T. Maeda, T. Furumura, 

http://dx.doi.org/10.1029/JB086iB02p00921
http://dx.doi.org/10.3319/TAO.2011.11.14.01(AA)
http://dx.doi.org/10.3319/TAO.2011.07.11.01(T)
http://dx.doi.org/10.1016/j.epsl.2012.04.047
http://dx.doi.org/10.5047/eps.2011.05.017
http://dx.doi.org/10.1029/2005GL023963
http://dx.doi.org/10.1029/2009JA014943
http://dx.doi.org/10.1029/2011JA016761
http://dx.doi.org/10.3319/TAO.2011.08.03.01(T)
http://dx.doi.org/10.1046/j.1365-246X.1998.00665.x
http://dx.doi.org/10.5047/eps.2011.06.005
http://dx.doi.org/10.1029/2011GL049210
http://dx.doi.org/10.5047/eps.2011.06.025
http://dx.doi.org/10.1029/2010GL044009
http://dx.doi.org/10.1038/nature10227
http://dx.doi.org/10.1029/2010GL044479
http://dx.doi.org/10.5047/eps.2011.06.020
http://dx.doi.org/10.1126/science.1206731
http://dx.doi.org/10.5047/eps.2011.06.035
http://dx.doi.org/10.1186/BF03353396


Seismo-Geomagnetic Pulsations Triggered by Rayleigh Waves 101

T. Yamamoto, N. Yamazaki, Y. Yoshitake, and S. Na-
gamachi, 2011: Geomagnetic field changes in response 
to the 2011 off the Pacific Coast of Tohoku Earthquake 
and Tsunami. Earth Planet. Sci. Lett., 311, 11-27, doi: 
10.1016/j.epsl.2011.09.036. [Link]

Wei, S., R. Graves, D. Helmberger, J. P. Avouac, and J. 
Jiang, 2012: Sources of shaking and flooding during 
the Tohoku-Oki earthquake: A mixture of rupture 
styles. Earth Planet. Sci. Lett., 333-334, 91-100, doi: 
10.1016/j.epsl.2012.04.006. [Link]

Yamazaki, K., 2012: Estimation of temporal variations in 
the magnetic field arising from the motional induction 

that accompanies seismic waves at a large distance 
from the epicentre. Geophys. J. Int., 190, 1393-1403, 
doi: 10.1111/j.1365-246X.2012.05586.x. [Link]

Yen, H. Y., C. H. Chen, Y. H. Yeh, J. Y. Liu, C. R. Lin, 
and Y. B. Tsai, 2004: Geomagnetic fluctuations during 
the 1999 Chi-Chi earthquake in Taiwan. Earth Planets 
Space, 56, 39-45, doi: 10.1186/BF03352489. [Link]

Yen, H. Y., C. H. Chen, H. H. Hsieh, C. R. Lin, Y. H. Yeh, 
Y. B. Tsai, J. Y. Liu, G. K. Yu, and Y. R. Chen, 2009: 
Magnetic survey of Taiwan and its preliminary inter-
pretations. Terr. Atmos. Ocean. Sci., 20, 309-314, doi: 
10.3319/TAO.2008.04.08.01(T). [Link]

http://dx.doi.org/10.1016/j.epsl.2011.09.036
http://dx.doi.org/10.1016/j.epsl.2012.04.006
http://dx.doi.org/10.1111/j.1365-246X.2012.05586.x
http://dx.doi.org/10.1186/BF03352489
http://dx.doi.org/10.3319/TAO.2008.04.08.01(T)

