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[1] 1Hz GPS measurements from the Japanese GPS net-
work GEONET allowed to retrieve information on the seis-
mic fault of the great M9.0 Tohoku-oki earthquake from
the ionosphere total electron content (TEC) measurements.
The first arrival of the TEC perturbation was registered
464 seconds after the earthquake ~140 km on the east from
the epicenter. Within next 45 seconds the distribution of iono-
spheric points imaged a rectangular area (37.39 - 39.28°N;
142.8 — 143.73°E), which coincides with the area of the
coseismic crustal uplift. From this source region, the coseismic
ionospheric perturbation further propagated at 1.3-1.5 km/s.
Such velocity values are 30-40% higher than previously
reported for acoustic waves. It is likely that we observed
shock-acoustic waves propagating at supersonic speed and
having blown all the electrons available between the ground
and the height of detection. This fact is coherent with registra-
tion of the first arrival of perturbation 464 sec after the earth-
quake that is, generally speaking, too short time for a regular
acoustic wave to reach the ionosphere. Our findings show
that the real-time GPS monitoring of seismo-active areas
could inform about the parameters of coseismic crustal dis-
placements and can be, subsequently, used for short-term
tsunami warnings. In the case of the 03/11/2011 earth-
quake, the first ionosphere perturbations were registered
~17 minutes before the tsunami arrived on the east coast
of Honshu. Citation: Astafyeva, E., P. Lognonné, and L. Rolland
(2011), First ionospheric images of the seismic fault slip on the
example of the Tohoku-oki earthquake, Geophys. Res. Lett., 38,
L22104, doi:10.1029/2011GL049623.

1. Introduction

[2] Surface vertical displacements from earthquakes are
known to produce infrasonic atmospheric pressure waves
that propagate upward and grow in amplitude by several
orders of magnitude as they reach the ionosphere altitudes.
Further, due to the coupling between neutral particles, ions
and electrons in the ionosphere, these acoustic and gravity
waves induce variations in the ionosphere electron density
and its integrated quantity — total electron content (TEC)
measurable using GPS [Calais and Minster, 1995; Afraimovich
et al., 2001; Heki and Ping, 2005; Astafyeva and Afraimovich,
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2006; Lognonné et al., 2006; Astafyeva et al., 2009; Rolland
etal,2011al.

[3] Co-seismic ionosphere disturbances (CID) are detect-
able in the vicinity of earthquake’s epicenter and away from
it. The perturbations can be generated by acoustic or shock-
acoustic waves due to the co-seismic vertical crustal move-
ment itself and by surface Rayleigh or tsunamis wave fronts.
Depending on their source, CID differ in their features such
as the waveform, propagation velocity, duration and period
[Astafyeva et al., 2009; Rolland et al., 2011D].

[4] Strong ionospheric signals have been already reported
following the Tohoku-oki earthquake, either close to the
epicenter [e.g., Rolland et al., 2011b, Liu et al., 2011] or at
large epicentral distance [Makela et al., 2011]. Here we focus
on the analysis of arrival times and amplitudes of the near-
field co-seismic perturbations of TEC and on their correlation
with the source structure. Such attempt was in the past only
undertaken by Heki et al. [2006], who used ionosphere TEC
measurements of GPS receivers to constrain the rupture
process of the great Sumatra-Andaman earthquake. Although
only nine GPS receivers were available for the Sumatra
earthquake, the CID structure was found in accordance with
the overall rupture process.

[5] We can therefore expect that 1Hz data of the world’s
densest GPS network GEONET (Japan) will reveal much
higher resolution picture of the seismic source, and the aim
of this paper is to provide the first of these ionospheric
images for the seismic slip, with the further goal to extract
parameters and location of the crustal movements associated
with the Tohoku-oki earthquake from the ionosphere TEC
observations.

2. MO9.0 Tohoku-Chiho Taiheiyo-Oki Megathrust
Earthquake

[6] A magnitude 9.0 earthquake occurred at 05:46:26 UT
on 11 March 2011 off the east coast of Honshu, Japan, as a
result of thrust faulting on or near the subduction zone inter-
face plate boundary between the Pacific and North American
plates. According to the US Geological Survey (The National
Earthquake Information Center; http://earthquake.usgs.gov),
the epicenter of this shallow earthquake is estimated at 32 km
depth and located at 38.322°N and 142.369°E. Five minutes
in duration, the earthquake generated a tsunami on the Pacific
coast from the Hokkaido, Tohoku and Kanto regions, with
tsunami maximum heights over 28 m around the Tohoku
region of Japan.

[7] The location, depth, and focal mechanism of the
March 11 earthquake are consistent with the event having
occurred on the subduction zone plate boundary. Modeling
of the rupture of this earthquake indicate that the fault moved
upwards of 30—40 m, and slipped over an area approximately
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Figure 1. (a) General Information on the Tohoku-oki earthquake of 11 March 201 1. Big black star represents the epicenter,
squares indicate the location and length of the rupture zone. The color of the squares shows the slip amplitude (from http://
earthquake.usgs.gov). Small black dots are the GEONET GPS receivers whose data we used in our work. Larger black dots
represent some of GPS receivers whose SIP were located along the fault. Black curves show trajectories of SIP for the chain
of receivers and PRN26, small black stars indicate positions of SIP at the time of the quake, black crosses — positions of the
CID first arrivals (onsets). Panel in the left upper corner shows co-seismic vertical seafloor displacements calculated accord-
ing to Okada [1992] using the coseismic slip distribution calculated by the USGS. (b—c) Spatial distribution of the iono-
spheric points corresponding to the first arrivals (Figure 1b) and first maximums (Figure 1c) of the co-seismic TEC
perturbations detected by GPS satellite 26 at altitude 250 km. The color indicates the arrival time in minutes after the main

quake at 05:46:23 UT. Black star shows the epicenter.

300 km long (along-strike) by 150 km wide (in the down-
dip direction). The rupture zone is roughly centered on the
earthquake epicenter along-strike, while peak slips were
up-dip of the hypocenter, towards the Japan Trench axis
(http://earthquake.usgs.gov and Figure 1a). The rupture was
bilateral, i.e., it spread away from the epicenter in both the
north and south directions, taking about 2 minutes to cover
a total of 400 km [e.g., Simons et al., 2011].

3. Co-Seismic TEC Perturbations and Seismic
Rupture as Seen in the Ionosphere TEC

[8] Due to the dispersive nature of the ionosphere, dual
frequency (1.2 and 1.5 GHz) GPS measurements can pro-
vide integral information about the ionosphere by computing
the differential phases of code and carrier phase measure-
ments recorded by ground-based GPS receivers. Methods of
TEC calculation have been described in detail in a number of
papers [e.g., Calais and Minster, 1995; Afraimovich et al.,
2001]. To eliminate variations of the regular ionosphere, as
well as trends introduced by the orbital motion of a satellite,
we firstly smoothed the initial 1 Hz TEC series with time
window of 3 sec (by running mean) and then removed the
linear trend with a window of 20 min. This works as a band-
pass filter to extract variations with period 3 sec—20 min,
which is suitable for studying fast ionosphere disturbances.

[9] Since TEC is an integral parameter, it is impossible to
determine the height of ionospheric disturbance using mea-
surements from one satellite. However, the main contribu-
tion to TEC variations appears around the height of the
ionosphere maximum ionization. This allows us to consider
the ionosphere as a thin layer located at the h,,,, height of

the ionosphere F2 layer. TEC then represents a point of
intersection of a line-of-sight with this thin layer. We trace
propagation of CID by subionospheric point (SIP), a pro-
jection of an ionospheric piercing point to the earth’s sur-
face. In this paper we assumed h;,,, as 250 km.

[10] Low elevation angles tend to enlarge the horizontal
extent of the ionospheric region represented by one mea-
surement. During the earthquake the elevation angles varied
from 35 to 41 degrees that is low enough to enlarge the
sphericity effects. Therefore, we converted the slant TEC to
vertical TEC by using the known Klobuchar’s formula
[Klobuchar, 1986].

[11] During the earthquake, ten GPS satellites passed
around and over the Japanese islands. However, only TEC
measurements of satellite PRN 26 were useful for our study
of co-seismic TEC perturbations above the focal regions of
the quake and of CID forming. As seen from Figure 1a, the
satellite sounding points passed over the epicenter and the
seismic fault that ruptured during the earthquake. TEC var-
iations recorded in the vicinity of the seismic fault are shown
in Figure 2a.

[12] Despite some GPS stations were only ~20-30 km
distant from one another, the amplitude and the shape of the
variations differed. The maximum amplitude was registered
at the southernmost receivers (3009, 3010), while the mini-
mum corresponds to the northernmost receivers (0559, 0797)
(Figure 2a and Figure S1 from the auxiliary material)'.
Such distribution can be caused by the influence of geo-
magnetic field and by the geometry of GPS sounding. It is

'Auxiliary materials are available in the HTML. doi:10.1029/
2011GL049623.
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Figure 2. (a) Co-seismic TEC variations recorded by satellite PRN26. TEC is shown in relative TECU. The time of the
earthquake 05:46:23 UT is shown by thin vertical line. Names of GPS receivers are indicated on the left side, and on the
right side the perturbation arrival time is shown in seconds after the earthquake. (b—) TEC time-series recorded by GPS
receivers 0559 (Figure 2b) and 3009 (Figure 2c) during 50-55 sec. Black crosses demonstrate the advantages of the high-
rate 1sec sampling, red crosses indicate positions of the onset and of the first maximum of TEC perturbation.

known that in northern hemisphere at mid-latitudes geo-
magnetic field impedes northward propagation and favours
the southward propagation of ionospheric disturbances [e.g.,
Calais and Minster, 1995; Afraimovich et al., 2001; Kherani
et al., 2009; Rolland, 2011a]. However, Astafyeva and Heki
[2009] showed that northward propagated TEC perturba-
tions are detectable within 100 km from the source before
they fade out. Besides, the positive phase of the initial N-
wave of a northward propagating disturbance diminishes
much faster than that of negative phase [Astafyeva and Heki,
2009]. From these facts and from the latitudinal distribution
of GPS receivers in Figure 2a we can estimate that the
approximate position of the CID source was elongated from
~38.5°N (site 0944) to ~37.6°N (site 3004). Figure S1 limits
the position of the CID source (37.7-39°N; 143-143.8°E),
since from this region the amplitude of CID increases with
southward propagation and decreases with northward
propagation.

[13] Figure 2a clearly shows that the observed co-seismic
TEC variations are superimposed signals, which makes it
difficult to analyze the dynamic characteristics of the CID.
The arrivals of the disturbance were first estimated from the
time and the coordinates of the SIP of the first arrival of the
perturbation, i.e. the moment when TEC rapidly increases.
As another “benchmark”, we further determined the time
and the coordinates of the first maximums of the TEC data
series. For the northernmost located GPS stations that do not
show clear TEC peaks, we considered the maximum before
the rapid TEC decrease, to be the first maximum. At the
same time, it was rather difficult to estimate the onset of

the perturbations recorded at the northernmost stations
(such as 0559 and 0797 in Figures 2a and 2c¢). In this case,
more detailed analysis of the TEC variations allowed
defining approximately the arrival time, even if with an error
exceeding few seconds, though that 1 Hz data allow deter-
mining of these parameters with unprecedented accuracy
(Figures 2b and 2c¢). Note also that our filtering method does
not shift the time of TEC variations peaks. Positions of the
SIP corresponding to the CID onset time and their first
maximums are shown in Figures 1b and lc, respectively.
[14] The very first arrival of perturbation was registered at
station 0214 at 05:54:07 Universal Time (UT), i.e. 464 sec
after earthquake time (05:46:23 UT) at point with coordi-
nates 38.18°N; 143.59°E (Figure 1b and Table 1). Three and
eight seconds later respectively, the second and third arrivals
were recorded at point 38.44°N; 143.73°E (station 0041) and
point 38.67°N; 143.51°E (station 0205). Thus, within first
15 seconds the SIP imaged a region (38.13 - 38.66°N;
143.28 — 143.72°E), during next 15 seconds the CID prop-
agated mostly northward and southward simultaneously, so
that by 05:54:51 UT (45 seconds after the first arrival) the
CID imaged area (37.42-39.28°N; 142.80-143.72°E). From
this “original” area CID propagates further away in all
directions though PRN26 mostly allowed to detect westward
and north- and south-westward propagation of CID. Unfor-
tunately, the geometry of GPS receivers does not allow
observations within ~0.6° of latitude on the south from the
first arrival point. However, from the subsequent isotropic
propagation of CID we could presume the arrivals of
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Table 1. Parameters of the Onsets of TEC Perturbations®

Arrival Time Sec After Lon (°E),
GPS Site (hh:mm:ss) the Quake Lat (°N) of SIP
0214 05:54:07 464 143.586 38.178
0041 05:54:10 467 143.726 38.442
0205 05:54:15 472 143.506 38.668
0944 05:54:18 475 143.557 38.533
0212 05:54:20 477 143.280 38.248
0581 05:54:22 479 143.356 38.134
0201 05:54:25 482 143.602 38.883
0216 05:54:30 487 143.344 37.765
0947 05:54:32 489 143.262 37.890
0211 05:54:32 489 143.425 38.452
0210 05:54:33 490 143.147 38.499
0213 05:54:34 491 143.177 38.055
3004 05:54:34 491 143.409 37.610
0590 05:54:41 498 143.078 37.960
3009 05:54:41 498 143.519 37.395
0559 05:54:44 501 143.104 38.955
0945 05:54:46 503 143.264 38.398
3002 05:54:47 504 143.077 37.701
0215 05:54:48 505 142.989 37.800
3010 05:54:48 505 143.288 37.420
0217 05:54:49 506 142.956 38.255
0209 05:54:50 507 142.801 38.639
0797 05:54:50 507 143.527 39.284
0584 05:54:51 508 143.105 37.485

First 45 sec.

perturbation within first 15 seconds in the area 37.7-38.13°N
(Figure 1b).

[15] Very similar image was captured by the arrivals of the
CID’ first peaks (Figure 1c and Table S1 from the auxiliary
material). The first maximum was registered 469 sec after
the earthquake at station 0214. Arrivals of CID within first
45 seconds imaged a region (37.39 - 39.28°N; 142.8 —
143.73°E). Observing that the perturbation further spreads
away from this area, we conclude this rectangle to be the
source of the CID. Knowing that CID can be only generated
by coseismic vertical movements of the ground/sea floor,
and that the maximum of acoustic energy release corre-
sponds to a focal area, it seems reasonable to presume that
first arrivals of TEC observations indicate the area of vertical
uplift that occurred during the Tohoku earthquake. Figure 1a
shows coseismic vertical displacements calculated by the
model of Okada [1992] and using the coseismic slip distri-
bution by the USGS (http://earthquake.usgs.gov). Indeed,
comparison of our results with the models of coseismic
crustal deformations shows that the obtained ionospheric
image corresponds to the area of the maximum uplift
(Figures la—Ic).

[16] More detailed analysis of the first arrivals could
therefore provide information on the propagation of seismic
rupture during the earthquake. To obtain the dynamic char-
acteristics of the CID, we calculated the propagation speed
and direction of propagation of perturbations by use of
method of GPS-arrays [Afraimovich et al., 2001]. The hori-
zontal projection of the phase velocity and the direction are
estimated from the time delays between three GPS receivers
considered as GPS-array. Our calculations showed that from
the first arrival point (site 0214) the CID propagated first
north-westward (318°, calculated clockwise from the azi-
muth) with a velocity ~3.0 km/s. From 15 to 45 seconds
the CID simultaneously propagates westward (292°) with
velocity 1.3 km/s and south-westward (196°) with the
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velocity 1.5 km/s. The CID afterwards propagates on the
west and south-west at ~1.6 km/s. Apparently, the first
arrivals show the rupture propagation and forming of the
CID, whereas starting from 45 sec after the first arrival we
observe propagation of ionospheric disturbances outward
the source.

[17] It should be noted that the value 1.3-1.5 km/s is 30-
40% higher than previously reported propagation velocities
of CID in the near-field of the epicenter [e.g., Afraimovich
et al., 2001; Heki and Ping, 2005; Astafyeva et al., 2009].
Apparently, after the Tohoku-oki earthquake we observe
shock-acoustic waves propagating at supersonic speed.
This fact is coherent with registration of the first arrival of
perturbation 464 sec after the earthquake that is, generally
speaking, too short time for a regular acoustic wave to
reach the ionosphere.

4. Discussions and Conclusions

[18] The preliminary USGS NEIC finite fault slip models
generated within first 7 hours of the earthquake time indi-
cated that event ruptured a fault up to 300 km long, roughly
centered on the earthquake hypocenter, and involved peak
slips of 20 m or more [Hayes, 2011]. Updated model was
released approximately 3 days after the quake and showed
that peak slip of ~32 m was elongated in the north-east —
southwestern direction and located ~70-90 km on the east
from the epicenter. Kinematic fault slip models estimated
the time of the rupture as ~100 seconds to cover region from
the epicenter to 36.9 and to 38.9°N, with maximum vertical
displacement up to 8 m [Simons et al., 2011].

[19] Our analysis showed the possibility to obtain infor-
mation on coseismic vertical displacements from ionospheric
TEC. In the case of the great M9.0 Tohoku megathrust
earthquake, the ionospheric images for the seismic fault
slip manifested itself in the ionosphere 509 seconds after
the quake. The area (37.39 - 39.28°N; 142.8 — 143.73°E)
imaged by SIP within first 45 seconds after the first arrival
of perturbation coincides with the area of the coseismic
crustal vertical displacements. From this source-region the
CID propagated simultaneously north-westward and south-
westward first with velocity 3 km/s, showing the rupturing
fault, and then with 1.3-1.5 km/s, showing propagation of
CID. Unfortunately, the geometry of the GPS-sounding for
PRN26 does not let observations of CID on the east from
the original area.

[20] The TEC maximum values were registered from
469 sec after the earthquake. Simple calculations show
that for 470-500 sec the “regular” acoustic waves would
reach ~190-200 km of altitude. This might be too low for
GPS-detection, as we consider that ionospheric perturba-
tions are registered at the altitude of maximum of electron
concentration. As was mentioned above, GPS-sounding
and the integral character of TEC do not allow the exact
altitudinal localization of the detected ionospheric pertur-
bation. Here we assumed the altitude of the ionospheric
sounding points h,.x =250 km that is 30 km lower than
the maximum of the ionosphere F2-layer as measured at
Kokubunji ionospheric station in Japan (http:/spidr.ngdc.
nasa.gov). Such choice of h,,,, is related to the early arrivals
of perturbation, that are along with large TEC amplitudes
will likely be challenging for further modeling. Figure 3a
illustrates the integrated electron content as a value of the
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Figure 3. (a) Relation between TEC and the CID arrival times as obtained by modeling and observations. The curves indi-
cate integrated electron density between the ground and a given altitude z as a function of the vertical propagation time from
the ground to this altitude, calculated for the IRI-2007 results (blue curve) and for COSMIC-2 satellite measurements (green
curve). The propagation time is calculated for acoustic waves propagating in the atmosphere modeled by the MSISE-00
[Picone et al., 2002]. Black circles show amplitude of the GPS-observed first 24 arrivals (as in Table S1 from the auxiliary
material) as function of arrival time, stars represent later arrivals. Red circles correspond to the “corrected” arrival times, i.e.
without the time of rupture propagation. (b) Electron density profiles measured by COSMIC-2 satellites (green curve) and

modeled by the IRI-2007 (blue curve).

vertical acoustic propagation time instead of altitude and
the observed amplitude, and time of the first maximums of
the ionospheric signals for all data points from PRN26. The
travel time of acoustic waves is computed from MSISE-00
[Picone et al., 2002], and the TEC - from IRI-07 [Bilitza
and Reinisch, 2008]. It is seen that within first 45 sec the
observations are close to the absolute limit of all the inte-
grated electrons (as indicated by black circles). The first
arrivals demonstrate not only very short travel time but also
that the amplitudes of TEC observations are close to the
maximum of TEC integrated below the corresponding alti-
tude (Figure 3a). This would suggest that the propagating
wave blows off and carries all the electrons available from
the ground to the altitude of detection. The first arrivals are
therefore very much different from those at larger distances
(shown by stars), corresponding to travel times of 600 sec
or more.

[21] Tt should be remembered that in the case of the
Tohoku earthquake, the epicenter was located at ~100-
120 km from the maximum fault slip, so that it took at least
46 seconds to rupture from the epicenter to the maximum
slip. Therefore, the “real” time of upward propagation of
waves from the uplift to the atmosphere/ionosphere is even
less than 464 sec (these points are shown in Figure 3 as red
circles) and, subsequently, the altitudes of registration of the
regular acoustic waves could be even lower than 180 km.
The latter is however much less probable, as follows from
the altitudinal profiles of electron density (Figure 3b). At the
same time, observations by COSMIC satellites around the
earthquake’s epicenter on 11 March 2011 show much larger
number of electrons than modeled by IRI-2007 at 100-
200 km of height (Figure 3a). This could partially explain
the early arrivals along with large amplitude of the observed
TEC perturbations, though some points are still very close
to the “limits”. We therefore suppose that we observed

propagation of shock-acoustic waves that carry the majority
of the available electron content, possibly with some
supersonic regime at low altitudes. The calculated horizon-
tal CID velocities of 1.3-1.5 km/s also go to show that we
observe propagation of shock-acoustic waves. Their full
understanding, however, will request non-linear shock waves
modeling that is beyond the scope of the current work.

[22] Apart from these new challenges in the modeling of
seismo-ionosphere coupling, our study demonstrates that the
first CID arrivals provide an image of the seismic fault
generated vertical displacement, its location and dimensions
about 8 minutes after the quake. According to the Japan
Meteorological Agency (http://www.jma.go.jp), on 11 March
2011 the first arrival of the tsunami maximum readings
ranged from 06:12 UT to 06:21 UT, i.e. between 26 and
35 minutes after the earthquake had struck. The 17 minutes
of remaining time open therefore the perspective to use real
time GPS data for improving rapid determination of the
maximum sea-level uplift and therefore better update of the
near-field tsunami warning systems.
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