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Ionospheric disturbances detected by GPS total electron content observation
after the 2011 off the Pacific coast of Tohoku Earthquake
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All the details of ionospheric disturbances following the 2011 Tohoku Earthquake were first revealed by the
high-resolution GPS total electron content observation in Japan. The initial ionospheric disturbance appeared as
sudden depletions following small impulsive TEC enhancements ~7 minutes after the earthquake onset, near the
epicenter. Then, concentric waves appeared to propagate in the radial direction with a velocity of 138-3,457 m/s.
Zonally-extended enhancements of the TEC also appeared in the west of Japan. In the vicinity of the epicenter,
short-period oscillations with a period of ~4 minutes were observed. This paper focuses on the concentric
waves. The concentric pattern indicates that they had a point source. The center of these structures, termed
the “ionospheric epicenter”, was located about 170 km from the epicenter in the southeast direction. According
to the propagation characteristics, these concentric waves could be caused by atmospheric waves classified into
three types: acoustic waves generated from a propagating Rayleigh wave, acoustic waves from the ionospheric
epicenter, and atmospheric gravity waves from the ionospheric epicenter. The amplitude of the concentric waves
was not uniform and was dependent on the azimuth of their propagation direction, which could not be explained
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by previously-proposed theory.
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1. Introduction

Various kinds of ionospheric disturbances following
strong earthquakes have been studied for several decades
(e.g., Davies and Baker, 1965). The vertical crustal move-
ment during an earthquake causes the displacement of the
atmosphere on the Earth’s surface and excites atmospheric
waves which propagate up to the thermosphere. They mod-
ulate the ionospheric plasma density through ion-neutral
collisions. Two-dimensional ionospheric total electron con-
tent (TEC) observations using a dense GPS receiver net-
work have recently been employed to examine ionospheric
disturbances induced by earthquakes (Ducic et al., 2003;
Liu ef al., 2010) and tsunamis (Artru et al., 2005). Heki
and Ping (2005) revealed circular TEC structures propa-
gating from the epicenter after earthquakes off the Pacific
coast of Japan. Although these previous studies revealed
some aspects of ionospheric disturbances following earth-
quakes, there has been no observation of all the details of
post-seismic ionospheric disturbances including their com-
mencement near the epicenter and their evolution in a wider
area.

Various ionospheric disturbances were observed after the
2011 off the Pacific coast of Tohoku Earthquake by high-
resolution GPS-TEC observation in Japan. This paper and
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accompanying papers (Chen et al., 2011; Maruyama et al.,
2011; Matsumura et al., 2011; Saito et al., 2011) report
all the details of the commencement and evolution of iono-
spheric disturbances following this earthquake. The ins and
outs of post-seismic ionospheric disturbances were first ob-
served by a high-resolution two-dimensional GPS-TEC ob-
servation. The concentric ionospheric wave trains following
earthquakes were also observed for the first time. In this pa-
per, we will present an overview of all the ionospheric dis-
turbances and clarify the characteristics of the concentric
ionospheric disturbances propagating away from the epi-
center. Saito et al. (2011) discussed the ionospheric vari-
ations in the vicinity of the epicenter. The long-distance
propagation of ionospheric waves are discussed by Chen et
al. (2011). Maruyama et al. (2011) discussed the vertical
structure of the ionospheric variations based on ionosonde
observations. Matsumura et al. (2011) studied the atmo-
spheric waves by numerical simulations.

2. Data

We used the data of GEONET, a dense GPS receiver
network operated by the Geospatial Information Authority
of Japan. TEC, the integrated electron density along the
entire line-of-sight (LOS) between receiver and satellite,
was derived from the pseudo-ranges and phases of the dual-
frequency GPS signals (Saito ef al., 1998). The absolute
TEC values were derived applying a technique in which a
weighted-least-square fitting is used to determine unknown
instrumental biases, assuming that the hourly TEC average
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Fig. 1. Vertical TEC observed by the “0042” station from 05:30 UT to 07:00 UT (14:30-16:00 JST) on March 11, 2011, with the signal from (a) the
PRN26 satellite and (b) the PRN18 satellite. (c) The location of “0042” station (dot) and ionospheric pierce points (IPP) of line-of-sight (LOS) for
the PRN26 and the RPN18 satellite-receiver pairs (curves). The digits represent the corresponding UT hours. The star mark represents the location

of the epicenter.

is uniform within the area covered by a given GPS receiver
(Otsuka et al., 2002).

3. Observations

A moment magnitude 9.0 earthquake struck off the Pa-
cific coast of Japan at 05:46:23 UT on March 11, 2011
(US Geological Survey, 2011). The earthquake was named
“the 2011 off the Pacific coast of Tohoku Earthquake”
(the 2011 Tohoku Earthquake) by the Japan Meteorological
Agency. The epicenter of this earthquake was (38.322°N,
142.369°E) in latitude and longitude.

Figures 1(a) and (b) show the absolute vertical TEC ob-
served by the “0042” GPS station from 05:30 UT to 07:00
UT on March 11, 2011, with signals from the PRN26 and
the PRN18 satellites, respectively, Fig. 1(c) shows the iono-
spheric pierce points (IPP) of line-of-sight (LOS) for the
PRN26 and RPN18 satellite-receiver pairs. The digits rep-
resent the corresponding UT hours. The IPP for the PRN26
satellite was located in the vicinity of the epicenter at the
earthquake onset. As shown in Fig. 1(a), the vertical TEC
for the PRN26 satellite was an almost constant value of
~29 TEC units until about seven minutes after the earth-
quake onset. One TEC unit (TECU) is 10'® m~2. Around
05:54 UT, the TEC data showed two impulsive enhance-
ments with amplitudes of 0.5-1.0 TECU. After the im-
pulsive enhancements, TEC showed sudden depletions with
perturbations at 05:56 UT and reached a minimum value of
~23 TECU at 06:07 UT. The amplitude of the total TEC
depletion was ~6 TECU, 20% of the TEC before the deple-
tions. In Fig. 1(b), the TEC perturbations whose amplitudes
of 1-2 TECU were seen in the TEC data for the PRN18
satellite from 06:00 UT to 07:00 UT. During this period,
the IPP for the PRN18 satellite moved southeastward from
39°N to 37°N and from 137°E to 139°E. It is noted that the
initial TEC variation was negative. Any remarkable impul-
sive enhancements and sudden depletions were not seen, in
contrast with those for the PRN26 satellite.

Two-dimensional maps of the detrended TEC from
05:50 UT and 07:25 UT on March 11, 2011, are shown in
Fig. 2. The detrended TEC was derived by subtracting a
10-minute running average of the data for each LOS. The

elevation mask of the LOS is 25°. The size of each pixel
of Fig. 2 is 0.15°x0.15° in latitude and longitude. The de-
trended TEC value for each pixel is an average of data for all
LOS which crossed the pixel at 300 km altitude. The data
in each epoch is smoothed spatially with the running aver-
age of 3x3 pixel (0.45°x0.45°) in latitude and longitude.
Figures 2(a—d), (d—f), and (f-h) show the time sequence of
maps with a 5, 10, 30-minute interval, respectively. The
color contour indicates —0.40 to 0.20 TECU. The epicen-
ter is represented by star marks. A movie of Fig. 2 with
a 30-second resolution is available at the NICT website
(http://www.seg.nict.go.jp/201 1 TohokuEarthquake/).

The detrended TEC map at 05:50 UT in Fig. 2(a), about
four minutes after the earthquake onset, indicates that any
remarkable TEC variations were not observed over Japan.
At 05:55 UT in Fig. 2(b), enhancements of the detrended
TEC were observed in the vicinity of the epicenter. It is
noted that the trend of the vertical TEC obtained with a
10-minute running average decreases (increases) within five
minutes before the sudden depletion (enhancement) in the
vertical TEC. The detrended TEC derived by subtracting
this trend from the vertical TEC could show a virtual en-
hancement (depletion) during this period. Considering the
time sequence of the vertical TEC in Fig. 1(a) and the char-
acteristics of this detrended technique, the enhancements of
the detrended TEC would correspond to the sudden deple-
tions in the vertical TEC. The center of these enhancements
(represented by cross marks in Fig. 2) was estimated to be
around 37.5°N of latitude and 144.0°E of longitude. We
termed this center the “ionospheric epicenter”. The iono-
spheric epicenter was about 170 km distance from the epi-
center in the southeast direction.

As shown in 5-minute interval maps of Figs. 2(c—d),
large-scale waves with circular wavefronts propagated in
the radial direction with a velocity of 3,457 m/s. These
waves first produced TEC depletions corresponding to the
negative TEC variations around 06:00 UT in Fig. 1(b).
These large-scale circular waves had two negative peaks
and a horizontal wavelength of more than 500 km. The cen-
ter of these circular wave structures was almost the same
as the ionospheric epicenter. In addition to these circular
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Fig. 2. Two-dimensional maps of the detrended TEC from 05:50 UT to 07:25 UT on March 11, 2011. The interval of figures (a—d), (d—f), and (f-h) is
5, 10, 30 minutes, respectively. The star and cross marks represent the epicenter and the ionospheric epicenter, respectively. Gray circles represent
concentric circles with the ionospheric epicenter. A movie of the detrended TEC maps with 30-second resolution is available at the NICT website

(http://www.seg.nict.go.jp/201 1 TohokuEarthquake/).

waves, zonally-extended enhancements of TEC appeared at
06:00 UT in 36-37°N of latitude and 130-140°E of longi-
tude as shown in Fig. 2(c). This structure traveled in the
southwest direction.

After the propagation of the first large-scale circular
waves, medium-scale concentric waves with a wavelength
of 200-300 km appeared almost all over Japan as shown
in Figs. 2(f-h). The center of these concentric waves was
also almost the same as the ionospheric epicenter. They
propagated in a radial direction with a slower propagation
velocity than the large-scale circular waves. They appeared
until past 08:00 UT in the western part of Japan.

Figure 3 shows a time-longitude cross-section of the de-
trended TEC from 05:00 UT to 09:00 UT at 37.5°N, the
same latitude as the ionospheric epicenter. The color con-
tour in Fig. 3 is the same as Fig. 2. Fast westward propaga-
tions of two peaks appeared from 06:00 UT to 06:15 UT and
from 130°E to 136°E. These TEC peaks correspond to the
large-scale circular waves as shown in Figs. 2(c—e). From
the evolutions of these TEC peaks represented by white dot-
ted lines in Fig. 3, the propagation velocity was estimated
to be 3,457 m/s and 783 m/s for the first and second large-
scale waves, respectively. The amplitudes of the first and
second TEC peaks decreased as they traveled westward and
almost disappeared around 130°E and 132°E, respectively.

After around 06:15 UT, relatively slow westward propa-
gations of TEC peaks appeared in the west from ~140°E of
longitude. These TEC peaks correspond to the medium-
scale concentric waves as shown in Figs. 2(f-h). The
first TEC peak of the medium-scale wave appeared around
06:30 UT at 135°E of longitude and propagated westward
with a propagation velocity of 423 m/s. We identified sev-
eral TEC peaks which are represented by black dotted lines
with their propagation velocities in Fig. 3. These medium-
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Fig. 3.  Time-longitude cross-section of the detrended TEC with a
10-minute window along 37.5°N latitude from 124°E to 152°E from
05:00 UT to 09:00 UT. The color contour is the same as Fig. 2.

scale waves with longer wavelengths and larger propagation
velocities appeared earlier in the western part of Japan. For
example, around 130-133°E of longitude, waves with a ve-
locity of 288 m/s and 145 m/s and wavelengths of 250 km
and 130 km appeared at 07:00 UT and 08:00 UT, respec-
tively. In contrast to the large-scale waves, these medium-
scale waves were not so dissipated and propagated at least
for a distance greater than 1,500 km from the ionospheric
epicenter. They appeared in the western part of Japan until
around 09:00 UT.

In addition to the concentric waves, the short-period os-
cillation with a period of about four minutes was observed
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in the vicinity of the epicenter rather than the ionospheric
epicenter after around 06:00 UT. Although the amplitude
of this TEC oscillation decreased with time, it was observed
for 3 hours or more.

4. Summary and Discussion

The high-resolution GPS-TEC observation in Japan was
the first to reveal all the details of the commencement and
evolution of ionospheric disturbances after the 2011 off
the Pacific coast of Tohoku Earthquake. The remarkable
ionospheric disturbances are summarized as follows:

(I) Sudden TEC depletions following small impulsive
TEC enhancements around 05:54 UT, about seven
minutes after the earthquake onset, appeared in the
vicinity of the ionospheric epicenter.
Zonally-extended enhancements in the detrended TEC
appeared in the west of Japan at 06:00 UT and traveled
in the southwest direction.

Large-scale circular waves with two negative peaks, a
large propagation velocity (3,457 m/s and 783 m/s),
and strong dissipation (travelling distance is about
1,000 km) propagated in a radial direction from
06:00 UT to 06:15 UT.

Medium-scale concentric waves with a slower prop-
agation velocity (138-423 m/s) and less dissipation
propagated in a radial direction following the large-
scale waves after 06:15 UT.

Short-period oscillations appeared in the vicinity of the
epicenter after 06:00 UT and continued for 3 hours or
more.

ay

(IIT)

av)

V)

As for the sudden TEC depletions (I), similar phenomena
were observed after the 2010 Chile earthquake (Nishioka et
al., 2011). Their mechanism, however, has not yet been
clarified. The sudden TEC depletions in this event were in-
vestigated in detail by Saito ez al. (2011). Chen et al. (2011)
studied the detail characteristics of the zonally-extended
TEC structures (II) which were also observed in Taiwan
more than 2,500 km distance from the ionospheric epicen-
ter in the southwest direction. The short-period oscillations
in the vicinity of the epicenter (V) were investigated based
on the GPS-TEC observations (Saito et al., 2011) and nu-
merical simulations (Matsumura et al., 2011). They are ex-
plained by the acoustic resonance between the ground sur-
face and the lower thermosphere. In this paper, we focus on
the large- and medium-scale concentric waves (III, IV).

Similar TEC disturbances such as the large-scale circu-
lar waves (III) have been previously reported after earth-
quakes off the Pacific coast of Japan (Heki and Ping, 2005),
the 2004 Sumatra earthquake (Otsuka et al., 2006), and the
2010 Chile earthquake (Nishioka et al., 2011). The propa-
gation velocity of 3,457 m/s for the first peak is consistent
with the velocity of a Rayleigh wave which is one type of
surface wave produced during earthquakes (Oliver, 1962).
It experiences less attenuation and propagates over several
hundred kilometers. We speculate that the first peak of the
large-scale circular wave was related to a Rayleigh wave
propagating from the ionospheric epicenter. Since the ve-
locity of a Rayleigh wave is much larger than the acous-
tic velocity, the acoustic wave launched by the propagat-
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ing Rayleigh wave can reach the ionospheric altitude earlier
than that launched by vertical displacement of the air above
the sea surface at the ionospheric epicenter. The first peak of
the large-scale circular wave would be caused by the acous-
tic wave generated from the propagating Rayleigh wave.
Related to the first wave, anomalous ionospheric echoes
were also observed by four ionosonde stations in Japan
(Maruyama et al., 2011). The second peak of the large-scale
circular wave had a propagation velocity of 783 m/s, which
is comparable with that of the peak of TEC variations after
the 2004 Sumatra earthquake (Otsuka et al., 2006) and with
the sound speed in the ionosphere. The second peak could
be caused by an acoustic wave generated from the sea sur-
face at the ionospheric epicenter.

The medium-scale concentric waves (IV) with a prop-
agation velocity of 138—423 m/s appeared about 300 km
away from the ionospheric epicenter and propagated for
more than 1,000 km beyond the region of GPS-TEC ob-
servations as seen in Figs. 2(g-h). Figure 3 shows that the
wavelength and the propagation velocity of these medium-
scale waves tended to decrease with time. This charac-
teristic is consistent with the result of numerical simula-
tions with a time-dependent, two-dimensional, nonlinear,
non-hydrostatic, compressible and neutral numerical model
(Matsumura et al., 2011). According to these characteris-
tics, Matsumura et al. (2011) suggested that these medium-
scale waves correspond to gravity modes of the coseismic
atmospheric waves.

The amplitude of the concentric waves was not uniform
and depended on an azimuth of their propagation direction
as shown in Fig. 2. TEC variations propagating to azimuth
between north and west tended to have much larger ampli-
tudes. This directivity regarding the amplitude of the TEC
variations is not consistent with those reported by previous
papers on TEC variations following earthquakes (e.g., Heki
and Ping, 2005; Otsuka et al., 2006). Otsuka et al. (2006)
reported that equatorward-propagating TEC variations had
a larger amplitude than poleward-propagating TEC varia-
tions. They suggested that the directivity in TEC variations
could be caused by the directivity in the response of the
plasma density variation to the neutral motion of acoustic
waves in oblique geomagnetic field lines, assuming acous-
tic waves propagate uniformly to all azimuths from a point
source. However, this scenario cannot account for the cur-
rent event. We can speculate that the assumption may not be
valid and that northwestward-propagating acoustic waves
might have a larger amplitude than waves propagating in
other directions.

The circular or concentric structures of the large- and
medium-scale waves indicate that these ionospheric distur-
bances had a point source. The center of these structures,
the ionospheric epicenter, is located around 37.5°N of lati-
tude and 144.0°E of longitude, about 170 km from the epi-
center in the southeast direction. As discussed previously,
atmospheric waves could be launched by the vertical dis-
placement of air above the sea surface. The ionospheric epi-
center was closer to the Japan trench than the epicenter and
consistent with estimated areas of the tsunami source (e.g.,
Fujii et al., 2011). According to the prompt report of the
tsunami in this event by JWA (Japan Weather Association,
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2011), the first tsunami strike of the Pacific coast near
the epicenter was 10-20 minutes after the earthquake on-
set. The high-resolution wide-coverage ionospheric obser-
vations using a GPS receiver network detected the initial
TEC disturbances near the off-coast epicenter about seven
minutes after the earthquake onset. The realtime GPS-TEC
observations could have a potential to strongly support the
current tsunami monitoring system based on tsunami and
tide monitors near the coast.
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