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Early warning of tsunami from seismo-ionospheric fluctuation
after Japan’s March 11, 2011, M=9.0 Tohoku earthquake
using two-dimensional principal component analysis
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ABSTRACT

Two-dimensional principal component analysis (2DPCA) is imple-
mented to analyze the total electron content (TEC) anomalies after
Japan’s Tohoku earthquake that occurred at 05:46 on March 11, 2011
(UTC) (Mw=9). 2DPCA and TEC data processing were conducted just
after this devastating earthquake. Analysis results show an earthquake-
associated TEC anomaly near the epicenter that began at 05:47. This may
represent an extension of  the precursor of  the earthquake, to the precur-
sor of  China’s Wenchuan earthquake on May 12, 2008, detected by the
study of  Lin [2012], for which the data were obtained at a height of  150-
200 km by the FORMOSAT-3 satellite system. It is impossible that such
precursor caused by the acoustic shock waves. Another TEC anomaly near
the epicenter occurred at 05:53, and this initiated the propagation of  the
tsunami effect related to the ionosphere through the acoustic shock waves
from the epicenter. However, the TEC anomalies did not appear to be af-
fected by a contemporaneous geomagnetic storm and other non-earth-
quake effects. The propagation of  anomalous fluctuation could be an early
warning of  the tsunami for the regions far from the epicenter as it began
to propagate with the higher speed of  3960-4950 km/h than the tsunami
speed (720-800 km/h).

1. Introduction
Research into total electron content (TEC) anom-

alies associated with earthquakes has been greatly fa-
cilitated by the advent of  global positioning system
(GPS) technology, especially the number of  GPS satel-
lites and density of  ground receivers [Heki and Ping
2005, Otsuka et al. 2006, Kakinami et al. 2010, Liu et al.
2011, Matsumura et al. 2011, Saito et al. 2011a, Saito et
al. 2011b, Tsugawa et al. 2011, Khegai et al. 2013, Jin et
al. 2014]. A possible cause of  earthquake-related TEC
anomalies is acoustic gravity waves (AGWs). AGWs are
caused by vibrations at the solid-Earth’s surface and at
sea, resulting from earthquakes, meteor strikes and
even anthropogenic activity [Woulff  and McGetchin

1976, Rothkaehl et al. 2004, Shinagawa et al. 2007]. The
data of  global ionospheric maps (GIMs) analyzed with
two-dimensional principal component analysis (2DPCA)
will be used to detect such anomalies. Tsugawa et al.
[2011] and Saito et al. [2011b] have investigate TEC maps
over Japan for this earthquake event and shown that the
TEC variation appeared approximately 7 minutes after
the earthquake occurrence. This scenario is reproduced
by computer simulations by Matsumura et al. [2011].
Effects of  tsunami on the ionosphere propagate from
the epicenter have been shown by Makela et al. [2011].
Occhipinti et al. [2011] describes the tsunami following
Mw=9 Tohoku earthquake that occurred at 05:46 UT
on March 11, 2011, produced internal gravity waves
into the neutral atmosphere and large disturbances in
the overlying ionospheric plasma while propagating
through the Pacific Ocean. Therefore the remote sens-
ing of  atmosphere and ionosphere can give new tools
for tsunami monitoring and detection. Liu et al. [2011]
describe fast propagating plasma disturbances as a type
of  Rayleigh waves [Yuen et al. 1969] quickly travel away
above the epicenter along the main island of  Japan with
a speed of  2.3-3.3 km/s, followed by circular ripples and
a tsunami speed of  about is 720-800 km/h. GPS users
with single-frequency receivers need ionospheric elec-
tron content information in order to achieve position-
ing accuracy similar to dual-frequency receivers. The
Global Differential GPS (GDGPS) System provides a
global real-time map of  ionospheric electron content.
These maps are also of  value in monitoring the effect
of  the ionosphere on radio signals, power grids, and on
space weather. The maps are derived using data from
the ~100 real-time GDGPS tracking sites. The inte-
grated electron density data along each receiver-GPS
satellite link is processed through a Kalman filter to pro-
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duce the global ionospheric TEC maps (GIM). The
maps are available from multiple GDGPS operation
centers (GOCs) as images, as text files containing the
gridded TEC values, and TEC is an integration of  the
plasma density from the height 150-450 km, or as a bi-
nary data stream containing the gridded TEC values.
TEC measured errors (biases), and their correction
using the Kalman filter, are described in the following
references: Wu and Bar-Sever [2005], Kechine et al.
[2004], Ouyang et al. [2008]. The GDGPS system is a
complete, highly accurate, and extremely robust real-
time GPS monitoring and augmentation system. Em-
ploying a large ground network of  real-time reference
receivers, innovative network architecture, and award-
winning real-time data processing software, the GDGPS
system provides decimetre (10 cm)-scale positioning ac-
curacy and subnanosecond-scale time transfer accuracy
on ground, in air, and in space, independent of  local in-
frastructure. A complete array of  real-time GPS state
information, environmental data, and ancillary prod-
ucts are available in support of  the most demanding
GPS augmentation operations - assisted GPS (A-GPS)
services, situational assessment, and environmental
monitoring - globally, uniformly, accurately, and reli-
ably. The largest real-time tracking network on the
ground is shown in Figure 1. The global TEC data were
real-time measured by the sensors in the GDGPS satel-
lites, and then they were sent back to this network,
therefore the spatial resolutions of  the original TEC
data would have 5.0 and 2.5 degrees in longitude and
latitude, respectively [Hernández-Pajares et al. 2009].
The estimated TEC data have been corrected for biases
during measurements of  dual-frequency delays of  GPS
signals e.g. carrier phase biases, satellite state correc-
tions, ionospheric delay and troposphere, which need
to be removed using ground-based post-processing soft-
ware [Mannucci et al. 1998, Raman and Garin 2005, Wu
and Bar-Sever 2005]. The GIMs contain vertical (VTEC),
which has been converted from the slant (STEC) at the
ionospheric pierce points as STEC=VTEC · ME + b + r,
where ME = 1/cos(i) is the mapping function, i is the

zenith angle of  GPS satellite at the single layer height of
the ionosphere, b and r are the instrument biases of  the
satellites and receivers, respectively. Then VTEC and
the instrument biases b and r are obtained by combin-
ing interpolation and least-square fitting procedure. For
details of  the method used to derive the VTEC from
GPS measurements, please refer to Mao [2007] and
Mao et al. [2008]. The estimated VTEC data (after pro-
cessing as stated above and later is named TEC in this
study) at 05:47, 05:53 and 06:47 (UTC) on March 11,
2011, are examined just after Tohoku earthquake that
occurred 05:46 UTC on March 11, 2011, at (38.322°N,
142.369°E) with a depth of  24.4 km during a contem-
poraneous geomagnetic storm. These estimated TEC
data are not interpolations and GIMs are used only for
observation. In this study, the estimated TEC data are
used to process and plot the eigenvalues shown Figures
4-6. For the reasons stated previously, building GIMs via
interpolation is beyond the scope of  this study and
therefore, artificial effects due to interpolation have
been avoided.

2. Method

2.1. 2DPCA
For 2DPCA, signals are represented by a matrix A

(the dimension of  n × m). Linear projection of  the form
is considered as followed [Sanguansat 2012],

y = Ax                                        (1)

Here x is an n dimensional project axis and y is the
projected feature of  signals on x called principal com-
ponent vector.

Sx = E(y − Ey)(y − Ey)T (2)

Here Sx is the covariance matrix of  the project fea-
ture vector.

The trace of  Sx is defined;

J(x) = tr(Sx) (3)

tr(Sx)=tr{xT Gx}, where G=E[(A − EA)T (A − EA)].  (4)

The matrix G is called signal covariance matrix.
The vector x maximizing Equation (4) corresponds to
the largest (principal) eigenvalue of  G and is the largest
eigenvalue of  the most dominant component of  the
data and therefore represents the main characteristics
and thus the inhomogeneity of  the data is detected in
this study. 2DPCA can remove computing or artificial
errors when dealing with small sample signal size (SSS)
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Figure 1. The largest real-time tracking network on the ground (the
Global Differential GPS (GDGPS) System; from www.gdgps.net).
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(low-dimensional data) problem. Non-linear PCA and
PCA convert the one-dimensional data prior to the co-
variance matrix calculation. The covariance matrix of
the non-linear PCA and PCA is based on an input ma-
trix with dimensions of  m × n, which is reshaped from
one-dimensional data (length of  m multiplied by n). Re-
shaping the data will cause computing errors because
non-linear PCA and PCA are tools for handling one-di-
mensional data. Therefore, Lin’s study [2012], for which
the data were obtained at a height of  150-200 km by the
FORMOSAT-3 satellite system and the international
GNSS Service (IGS) had computing or artificial errors.
The FORMOSAT-3 satellite system has dense TEC data
and therefore, the computing or artificial errors should
be suppressed by the TEC anomalies related to the
earthquake. The TEC data used in this study were not
dense; however, 2DPCA can process such TEC data to
examine TEC anomalies related to the earthquake and
tsunami effects after the removal of  computing or arti-
ficial errors. Now backing to discuss the concept of
2DPCA, for 2DPCD, the spatial structure and informa-
tion cannot be well preserved due to some original in-
formation loss when inverting to original dimension
under the condition of  the matrix being small sample
size (SSS). Such information loss is called SSS problem.
However, the covariance matrix in 2DPCA is full rank for
a matrix of  low dimension. The curse of  dimensional-
ity and SSS problem (low-dimensional data problem)
can be avoided by 2DPCA. Therefore 2DPCA will be
performed to detect TEC anomaly related to Tohoku
earthquake due to the non-dense TEC data set.

2.2. Data processing
The estimated TEC data (after processing stated in

Section 1) are processed at 05:47, 05:53 and 06:47 (UTC)
in Figures 2-4 on March 11, 2011 (UTC). This global re-
gion is divided into 600 smaller areas, 12° in longitude
and 9° in latitude to detect more detailed TEC informa-
tion because the resolution of  the original TEC data for
this GPS system is 5.0 and 2.5 degrees in longitude and
latitude, respectively [Hernández-Pajares et al. 2009],
and therefore in each area at least 4 TEC data points are
taken (12/5=2.4, 9/2.5=3.6, the 2 and 2 TEC data are
taken in longitude and latitude, respectively. If  6 points
are taken, which are 2 and 3 points in longitude and lat-
itude, then more computing time is needed, however
the results are the same as using 4 TEC points). In any
place of  each smaller area (a grid) includes 4 TEC data
and thus 4 TEC data are taken to analyze. The 4 TEC
data must not have uniform distribution in each smaller
area (a grid). The 4 TEC data form a matrix A of  di-
mensions 2 × 2 in Equation (1) in Section 2.1. The ma-
trix belongs to the SSS data. Therefore the 2DPCA is

more suitable for SSS data. The TEC data are not uni-
formly distributed in each grid. It means that the TEC
data are not uniformly distributed in the geographical
coordinate. Four of  the TEC data in each grid are SSS
data (low-dimensional data), and 2DPCA is therefore
able to manage such data. Results showed an eigen-
value in any place within each grid (each grid is filled
with a uniform color for convenience). This study
therefore shows large eigenvalues near the epicenter at
05:47, 05:53, which spread out until at 06:47 (UTC) on
March 11, 2011.

3. Results
The first earthquake-related TEC anomaly with a

large eigenvalue near the epicenter began at 05:47 on
March 11, 2011 (UTC) shown in Figure 5. This anomaly
may be an extension of  precursor just before this earth-
quake that was the same as the precursor of  China’
Wenchuan earthquake on May 12, 2008, detected by

EARLY WARNING OF TSUNAMI OF TOHOKU EARTHQUAKE

Figure 2. GIM at 05:47 UTC on March 11, 2011.

Figure 3. GIM at 05:53 UTC on March 11, 2011.

Figure 4. GIM at 06:47 UTC on March 11, 2011.



Lin’s study [2012] because the acoustic waves did not
generate on the seasurface propagate into the iono-
sphere at this time [Saito et al. 2011b, Tsugawa et al.
2011]. After 05:47, the precursor disappeared quickly
because it was slighter weaker than the TEC anom-
alous fluctuation caused by the tsunami effect (i.e., in
Figure 5, the smaller magnitude of  the eigenvalue near
the epicenter compared with the later eigenvalue fig-
ures). This TEC disturbance was caused by a different
mechanism to that responsible for the TEC anomaly,
which will be discussed later, i.e., they represent different
TEC effects. Therefore, these two TEC disturbances
(05:47, 05:53) were caused by different mechanisms for
which it is possible to have a short time lag. Moreover,
in Lin’s study [2012], the TEC data were obtained from
an integration of  the plasma density from the height
150-200 km by the FORMOSAT-3 satellite system, and
the P-Type effects disappeared quickly. The P-type ef-
fects should result in lower temporal and spatial TEC
variations caused by slow rock-cracking under stress as
compared to those caused by acoustic shock waves [Fre-
und 2003, Liu et al. 2011], and therefore, it could be de-
tected from the TEC data of  the FORMOSAT-3 satellite
system with low temporal and spatial resolution [Lin
2012]. The TEC variations of  the GDGPS system would
result in higher variations caused by acoustic shock
waves as indicated by the findings of  Liu et al. [2011].
However, in this case, such TEC variations may have
included some low temporal and spatial TEC varia-
tions at 05:47 (UT) on March 11, 2011, and therefore,
the P-type effects could be found by 2DPCA at this time.
The TEC data used in this study were obtained from the
GDGPS system and therefore, both TEC data anom-
alies are different. Both TEC anomalies, separated by
1-7 minutes, should be considered as isolated events for
which having a short time lag is reasonable. For com-
paring with other background noises, the global ionos-
pheric TEC data were examined using 2DPCA.
Through this examining, other TEC anomalies of  other
places (e.g. strong magnetic storm) and strong back-
ground noises resulted in small eigenvalues and thus a
lager eigenvalue of  2DPCA over the epicenter should
be a pattern of  earthquake-related TEC anomaly. It
means that the eigenvalues of  non-earthquake effects
have been suppressed by the eigenvalues of  the earth-
quake and tsunami effects. Therefore 2DPCA method
can distinguish an earthquake-related TEC anomaly
with a large eigenvalue from other TEC anomalies dur-
ing the examined time period. The reason to distin-
guish pattern of  earthquake-related TEC anomaly may
be from the technology of  2DPCA, which is suitable to
deal with low dimension TEC data, thereby pattern of
earthquake-related TEC anomaly was accidentally

caught. The TEC data after 05:47 were examined by
2DPCA. Another earthquake-associated TEC anomaly
(occurring simultaneously with the tsunami effects on
the ionosphere at 05:53 initiated the propagation of  an
anomalous fluctuation through the acoustic shock
waves from the epicenter (Figure 6). After about 1 hour,
this anomalous fluctuation spread out in a similar way
to the propagated effects of  the tsunami on the iono-
sphere (from the epicenter at 36° longitude and 45° lat-
itude, as shown in Figure 7). The types of  TEC
variations represented by the principal (largest) eigen-
values were TEC large disturbances, such as those in
the study of  Liu et al. [2011]. Another interesting aspect
of  this study is that the Dst index (Figure 8) indicates a
geomagnetic storm for this time period [Hamilton et
al. 1988, Mukherjee 1999, Elsner and Kavlakov 2001,
Plotnikov and Barkova 2007]. Studies of  earthquake re-
lated TEC anomalies often completely discount days
when geomagnetic storms occur because such storms
are believed to distort TEC analysis profiles. However,
in this case the TEC anomalies were detected regard-
less of  the geomagnetic storm and other background
noises, which resulted in small eigenvalues. The princi-
ple eigenvalues shown in this study could represent the
inhomogeneity of  the TEC within an area of  12° lon-
gitude and 9° latitude, which is why TEC variations
with a spatial scale size of  several hundred kilometres
are picked up. TEC variations caused by geomagnetic
disturbances and other non-earthquake effects could be
smaller than the TEC anomalies related to both earth-
quake and tsunami effects on the ionosphere. A large
eigenvalue indicates the patterns of the tsunami effect
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Figure 5. The figure gives a color-coded scale of  the magnitudes of
principal eigenvalues corresponding to Figure 2. The color within a
grid denotes the magnitude of  assigned principal eigenvalues, respec-
tively. Note it resulted in an eigenvalue in any place of  each grid. How-
ever, for convenience to show, each grid was filled with a uniform
color. This study has shown large eigenvalue near the epicenter.
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and earthquake-related TEC anomalies, and these pat-
terns may represent the types of  certain particular spa-
tial TEC frequencies or characteristics that were detected
by the 2DPCA. It is worth mentioning that if  artificial
effects caused by 2DPCA really occurred and then the
computing errors of  the 600 eigenvalues (Figures 5, 6
and 7) will have almost the same magnitudes, thus the
larger eigenvalues could also show a relation to the
earthquake and tsunami effects.

4. Discussion
2DPCA was able to detect a TEC anomaly related

to the earthquake that began at 05:47 near the epicen-
ter, which is considered to possibly be an extension of
the precursor of  this earthquake which may be the
same as stark p-type semiconductor effects [Lin 2012].
After this TEC anomaly disappeared, a TEC anomaly at
05:53 initiated the propagation of  an anomalous fluc-
tuation and propagated the effects of  the tsunami on
the ionosphere through the acoustic shock waves from
the epicenter. As stated previously, one reason should
be acoustic shock waves. This anomaly resembled what
one would expect from rising acoustic shock waves be-

cause of  strong motion. As discussed in the introduc-
tion, Earth’s atmosphere could act as a natural amplifier
due to declining atmospheric density with height. A
large earthquake, such as this earthquake, was charac-
terized by many fine vibrations at the Earth’s surface
which could produce a vertical stark acoustic pressure
wave of  great amplitude by the time it reached the ion-
osphere. Such a description could possibly represent the
concentrated energy of  an acoustic shock wave with
fast speed being formed in the lower atmosphere after
the earthquake traveling up into the ionosphere to
cause the anomalous fluctuation near the epicenter.
This anomalous fluctuation could be an early warning
for the regions far from the epicenter when this anom-
alous fluctuation beginning to propagate as a type of
Rayleigh waves. As stated in Section 3, this anomalous
fluctuation spread out around the region of  TEC
anomaly after 1 h in Figure 4. When 1° is about 110 km
and then the propagating speed of  this anomalous fluc-
tuation is about 3960-4950 km/h (1.1-1.3 km/s) during
the examined time period. Chen et al.’s study [2011] de-
scribed the anomalous fluctuation propagate with the
speed of  3600-6120 km/h (1-1.7 km/s) for the same
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Figure 6. The figure gives a color-coded scale of  the magnitudes of
principal eigenvalues corresponding to Figure 3.

Figure 7. The figure gives a color-coded scale of  the magnitudes of
principal eigenvalues corresponding to Figure 4.

Figure 8. This figure shows the Dst indices in March 2011 (World Data Center for Geomagnetism, Kyoto).



earthquake. Therefore the result in this study should be
reasonable. Moreover, some studies had different re-
sults that the propagation velocity of  the TEC distur-
bances from the epicenter was quite larger e.g. Liu et al.
[2011] describe fast propagating plasma disturbances as
a type of  Rayleigh waves [Yuen et al. 1969] quickly
travel away above the epicenter along the main island
of  Japan with a speed of  2.3-3.3 km/s. However, they
used another data source. The tsunami arrived with the
speed being about 720-800 km/h at the far regions very
slower than such anomalous fluctuation propagated.
Through this study, the TEC fluctuation propagation
could be as an early warning of  the tsunami caused by
this earthquake. Please note that it resulted in an eigen-
value at any place within each grid (the largest eigen-
value locations were surely near the epicenter and spread
out from the epicenter). However, for convenience, each
grid was filled with uniform color. This study has shown
many square regions that are presented only for con-
venience. The aim of  this paper was to compute the
propagation of  the anomalous fluctuation with its speed
of  3600-6120 km/h, and it was not focused on the shape
of  the propagating anomalous fluctuation.

5. Conclusion
2DPCA had the advantage to detect the TEC anom-

alies related to the March 11, 2011, Tohoku earthquake.
Results have shown that a local ranging TEC anomaly
may be an extension of  the precursor of  this earth-
quake and that another TEC anomaly at 05:53 began
the propagation of  the effects of  the tsunami on the
ionosphere through the acoustic shock waves from the
epicenter. The TEC anomaly could be a TEC anom-
alous fluctuation with the speed being 3960-4950 km/h.
The anomalous fluctuation could be an early warning
of  the tsunami for far regions because the anomalous
fluctuation propagating speed was fast than the speed
of  tsunami with about 720-800 km/h.

Acknowledgements. The author is grateful to NASA’s Global
Differential GPS (GDGPS) System for the useful references data.
The author is gratefully mourning the death of  the Japanese in this
earthquake on March 11, 2011.

References
Chen, C.H., A. Saito, C.H. Lin, J.Y. Liu, H.F. Tsai, T.

Tsugawa, Y. Otsuka, M. Nishioka and M. Matsumura
(2011). Long-distance propagation of  ionospheric
disturbance generated by the 2011 off  the Pacific
coast of  Tohoku earthquake, Earth Planets Space,
63, 881-884.

Elsner, J.B., and S.P. Kavlakov (2001). Hurricane inten-
sity changes associated with geomagnetic variation,
Atmos. Sci. Lett.; doi:10.1006/asle.2001.0040.

Freund, F.T. (2003). Rocks that crackle and sparkle and
glow strange pre-earthquake phenomena, J. Sci. Ex-
plor., 17 (1), 37-71.

Hamilton, D.C., G. Gloeckler, F.M. Ipavich, W. Stude-
mann, B.Wilken and G. Kremser (1988). Ring cur-
rent development during the great geomagnetic
storm of  February 1986, J. Geophys. Res., 93, 14343-
14355.

Heki, K., and J.S. Ping (2005). Directivity and apparent
velocity of  the coseismic ionospheric disturbances
observed with a dense GPS array, Earth Planet. Sci.
Lett., 236, 845-855.

Hernández-Pajares, M., J.M. Juan, J. Sanz, R. Orus, A.
Garcia-Rigo, J. Feltens, A. Komjathy, S.C. Schaer and
A. Krankowski (2009). The IGS VTEC maps: a reli-
able source of  ionospheric information since 1998,
J. Geod., 83, 263-275; doi:10.1007/s00190-008-0266-1.

Jin, S.G., R. Jin and J.H. Li (2014). Pattern and evolution
of  Seismo-ionospheric disturbances following the
2011 Tohoku earthquakes from GPS observations, J.
Geophys. Res. Space Physics, 119, 7914-7927; doi:10.
1002/2014JA019825.

Kakinami, Y., J.Y. Liu, L.C. Tsai and K.I. Oyama (2010).
Ionospheric electron content anomalies detected by
a FORMOSAT-3/COSMIC empirical model before
and after the Wenchuan earthquake, Int. J. Remote
Sens., 31, 3571-3578.

Kechine, M.O., C.C.J.M. Tiberius, H. van der Marel
(2004). Real-time Kinematic Positioning with NASA’s
Global Differential GPS System, GNSS Conference,
St. Petersburg, Russia.

Khegai, V.V., A.D. Legen’ka and V.P. Kim (2013). Anom-
alous variations in the foF2 critical frequency above
Japan prior to the earthquake of  March 9, 2011, Ge-
omagn. Aeronomy, 53 (4), 529-533; doi:10.1134/S00
16793213040099.

Lin, J.W. (2012). Potential reasons for ionospheric anom-
alies immediately prior to China’s Wenchuan earth-
quake on 12 May 2008 detected by nonlinear principal
component analysis, Int. J. Appl. Earth. Obs. Geoinf.,
14, 178-191.

Liu, J.Y., C.H. Chen, C.H. Lin, H.F. Tsai, C.H. Chen and
M. Kamogawa (2011). Ionospheric disturbances trig-
gered by the 11 March 2011 M9.0 Tohoku earth-
quake, J. Geophys. Res., 116, A06319; doi:10.1029/
2011JA016761.

Makela, J.J., P. Lognonné, H. Hébert, T. Gehrels, L. Rol-
land, S. Allgeyer, A. Kherani, G. Occhipinti, E.
Astafyeva, P. Coïsson, A. Loevenbruck, E. Clévédé,
M.C. Kelley and J. Lamouroux (2011). Imaging and
modeling the ionospheric airglow response over
Hawaii to the tsunami generated by the Tohoku
earthquake of  11 March 2011, Geophys. Res. Lett.,

JYH-WOEI LIN

6



7

38, L00G02; doi:10.1029/2011GL047860.
Mannucci, A.J., B.D. Wilson, D.N. Yuan, C.H. Ho, U.J.

Lindqwister and T.F. Runge (1998). A global map-
ping technique for GPS-derived ionospheric total
electron content measurements, Radio Sci., 33 (3),
565-582.

Mao, T. (2007). Nowcasting and Modeling the Ionos-
pheric TEC from the Observation of  GPS Network,
Ph.D Thesis, Institute of  Geology and Geophysics,
Chinese Academy of  Sciences.

Mao, T., W. Wan, X. Yue., L. Sun., B. Zhao and J. Guo
(2008). An empirical orthogonal function model of
total electron content over China, Radio Sci.;
doi:10.1029/2007RS003629.

Matsumura, M., A. Saito, T. Iyemori, H. Shinagawa, T.
Tsugawa, Y. Otsuka, M. Nishioka and C.H. Chen
(2011). Numerical simulations of  atmospheric waves
excited by the 2011 off  the Pacific coast of  Tohoku
earthquake, Earth Planets Space, 63, 885-889.

Mukherjee, G.K. (1999). Storm-associated Variations of
[OI] 630.0 nm Emissions from Low Latitudes, Terr.
Atmos. Ocean. Sci., 10 (1), 265-276.

Occhipinti, G., P. Coisson, J.J. Makela and S. Allgeyer
(2011). Three-dimensional numerical modeling of
tsunami-related internal gravity waves in the Hawai-
ian atmosphere, Earth Planets Space, 63, 847-851.

Otsuka, Y., N. Kotake, T. Tsugawa, K. Shiokawa, T.
Ogawa, Effendy, S. Saito, M. Kawamura, T. Maru-
yama, N. Hemmakorn and T. Komolmis (2006).
GPS detection of  total electron content variations
over Indonesia and Thailand following the 26 De-
cember 2004 earthquake, Earth Planets Space, 58,
159-165.

Ouyang, G., J. Wang, J. Wang and D. Cole (2008).
Analysis on Temporal-Spatial Variations of  Aus-
tralian TEC, International Association of  Geodesy
Symposia, 133 (4), 751-758; doi:10.1007/978-3-540-
85426-5_86.

Plotnikov, I.Ya., and E.S. Barkova (2007). Advances in
space research nonlinear dependence of  Dst and AE
indices on the electric field of  magnetic clouds, Terr.
Atmos. Ocean. Sci., 40 (12), 1858-1862.

Raman, S., and L. Garin (2005). Performance Evalua-
tion of  Global Differential GPS (GDGPS) for Single
Frequency C/A Code Receivers, SiRF Technology,
Inc.

Rothkaehl, H., N. Izohkina, N. Prutensky, S. Pulinets,
M. Parrot, G. Lizunov, J. Blecki, I. Stanislawska
(2004). Ionospheric disturbances generated by dif-
ferent natural processes and by human activity in
Earth plasma environment, Annals of  Geophysics,
47 (2/3), Supplement.

Saito, A., T. Tsugawa, Y. Otsuka, M. Nishioka, T. Iye-

mori, M. Matsumura, S. Saito, C.H. Chen, Y. Goi
and N.Choosakul (2011a). Acoustic resonance and
plasma depletion detected by GPS total electron
content observation after the 2011 Tohoku earth-
quake, Earth Planets Space, 63, 863-867.

Saito, T., Y. Ito, D. Inazu and R. Hino (2011b). Tsunami
source of  the 2011 Tohoku-Oki earthquake, Japan:
Inversion analysis based on dispersive tsunami sim-
ulations, Geophys. Res. Lett., 38, L00G19; doi:10.10
29/2011GL049089.

Sanguansat, P. (2012). Principal Component Analysis,
Published by InTech, Rijeka, Croatia, 300 pp.

Shinagawa, H., T. Iyemori, S. Saito and T. Maruyama
(2007). A numerical simulation of  ionospheric and
atmospheric variations associated with the Sumatra
earthquake on December 26, 2004, Earth Planets
Space, 59, 1015-1026.

Tsugawa, T., A. Saito, Y. Otsuka, M. Nishioka, T.
Maruyama, H. Kato, T. Nagatsuma and K.T. Murata
(2011). Ionospheric disturbances detected by GPS
total electron content observation after the 2011 off
the Pacific coast of  Tohoku earthquake, Earth Plan-
ets Space, 63, 875-879.

Woulff, G., and T.R. McGetchin (1976). Acoustic Noise
from Volcanoes: Theory and Experiment, Geophys.
J. Roy. Astr. S., 45, 601-616.

Wu, S., and Y. Bar-Sever (2005). Real-Time Sub-cm Dif-
ferential Orbit Determination of  Two Low-Earth
Orbiters with GPS Bias Fixing Jet Propulsion Labo-
ratory, California Institute of  Technology, TX, USA,
September 2005.

Yuen, P.C., P.F. Weaver, R.K. Suzuki and A.S. Furumoto
(1969). Continuous, Traveling Coupling between
Seismic Waves and the Ionosphere Evident in May
1968 Japan Earthquake Data, J. Geophys. Res., 74
(9), 2256-2264.

Corresponding author: Jyh-Woei Lin,
National Cheng Kung University, Department of  Earth Science,
Tainan, Taiwan; email: pgjwl1966@gmail.com.

© 2015 by the Istituto Nazionale di Geofisica e Vulcanologia. All
rights reserved.

EARLY WARNING OF TSUNAMI OF TOHOKU EARTHQUAKE



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /AndaleMono
    /Apple-Chancery
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /CapitalsRegular
    /Charcoal
    /Chicago
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /GadgetRegular
    /Geneva
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /HelveticaInserat-Roman
    /HoeflerText-Black
    /HoeflerText-BlackItalic
    /HoeflerText-Italic
    /HoeflerText-Ornaments
    /HoeflerText-Regular
    /Impact
    /Monaco
    /NewYork
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /Palatino-Roman
    /SandRegular
    /Skia-Regular
    /Symbol
    /TechnoRegular
    /TextileRegular
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.10000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.10000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.08250
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /ITA <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


