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Abstract

We investigate ionospheric disturbances using the total electron content (TEC) data retrieved by the three satellites after the
foreshock of the 2011 Tohoku Earthquake on 9 March 2011. Co-seismic ionospheric disturbances (CIDs) appeared to extend from
an onset point concentrically in all of the satellite data. We have found, however, that the geographic coordinates of the onset
points did not coincide if the observed CIDs were assumed to occur at one altitude. Admitting that the altitudes of the onset
points are different, we searched for coinciding geographic coordinates of the onset points using the two data sets by changing
the altitudes and identified the altitude of the two onset points at 155.4 and 234.9 km, and the onset time at these altitudes.
As a result, the vertical velocity of acoustic wave is estimated to be 1.04 km/s from the travel time between the altitudes of
155.4 and 234.9 km. This is 1.4 times higher than the sound velocity calculated using the empirical model NRLMSISE-00. The
present study provides a method of determining the source location of the acoustic wave from the ionospheric TEC analysis
without using the seismic data.
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Key Points:

e A method of determining geographic coordinates and altitudes of ionospheric disturbance
detected in TEC is proposed.

e The ionospheric disturbances in TEC were found to be below the F2-peak at the
foreshock of the 2011 Tohoku Earthquake on 9 March 2011.

e A fast acoustic wave was detected form the TEC analysis after the foreshock of the 2011
Tohoku Earthquake
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Abstract

We investigate ionospheric disturbances using the total electron content (TEC) data retrieved by
the three satellites after the foreshock of the 2011 Tohoku Earthquake on 9 March 2011. Co-
seismic ionospheric disturbances (CIDs) appeared to extend from an onset point concentrically in
all of the satellite data. We have found, however, that the geographic coordinates of the onset
points did not coincide if the observed CIDs were assumed to occur at one altitude. Admitting
that the altitudes of the onset points are different, we searched for coinciding geographic
coordinates of the onset points using the two data sets by changing the altitudes and identified
the altitude of the two onset points at 155.4 and 234.9 km, and the onset time at these altitudes.
As a result, the vertical velocity of acoustic wave is estimated to be 1.04 km/s from the travel
time between the altitudes of 155.4 and 234.9 km. This is 1.4 times higher than the sound
velocity calculated using the empirical model NRLMSISE-00. The present study provides a
method of determining the source location of the acoustic wave from the ionospheric TEC
analysis without using the seismic data.

1 Introduction

An altitude of the observation of total electron content (TEC) obtained by the global
navigation satellite system (GNSS) is inherently uncertain because TEC is the plasma density
integrated along the ray path between a satellite and a ground-based receiver. In many reports on
the TEC analyses, the altitude of TEC disturbance is assumed to be the F2-peak altitude around
300 km, where the plasma density is the highest there. However, TEC disturbances do not
always represent the plasma disturbance at the F2-peak. For example, Maeda and Heki [2014]
found that the TEC disturbances caused by a sporadic E layer were at 106 km altitude. They
determined the observed altitude with the use of triangulation on the basis of the fact that the
disturbances found in the different satellite data must coincide. Furthermore, a missile/rocket
induces TEC disturbances above or below the F2-peak. Ozeki and Heki [2010] estimated the
altitude of plasma depletion caused by the missile exhaust with triangulation of two data sets.
Kakinami et al. [2013a] determined the altitude of disturbances induced by the missile assuming
its trajectory. These results indicate that the assumption of the altitude at the F2-peak is not
always valid.

Acoustic waves are often observed after earthquakes [e.g., Bolt, 1964; Arai et al., 2011]
because motions of the ground and sea surface act as a huge loudspeaker. Acoustic waves reach
the thermosphere and disturb ionospheric plasma through collisions and recombination. Co-
seismic ionospheric disturbances (CIDs) are often observed in high-frequency (HF) Doppler
measurements [e.g., Leonard and Barns, 1965; Chum et al., 2012; Liu et al., 2016] and in TEC
data obtained by the GNSS [e.qg., Ducic et al., 2003]. For example, traveling CIDs and a large
ionospheric hole occurred over the tsunami source area at 9 min after the 2011 Tohoku
Earthquake on 11 March 2011 [Kakinami et al., 2012]. First, traveling CIDs associated with
Rayleigh waves (~ 3 km/s) was observed. Subsequently, CIDs associated with acoustic waves
with horizontal phase velocity of ~ 1 km/s emitted from the tsunami source area and gravity
waves (~ 300 m/s) coupled with the tsunami were detected [e.g., Liu et al., 2011; Kakinami et
al., 2013b; Occhipinti et al., 2013, Astafyeva 2019 and references therein]. Furthermore, even a
ground motion with a small amplitude induced by the P-wave could lead to the emission of
acoustic waves that disturb the ionosphere [Nishitani et al., 2011]. These results suggest that the
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acoustic waves excited by earthquakes can be used to probe atmospheric properties and the
underlying physics of the emission and propagation of acoustic waves in the atmosphere.

Various attempts have been made to estimate the vertical velocity of acoustic waves
excited by earthquakes. Liu et al. [2016] attempted to determine it from a travel time between the
ground to the altitude of CIDs with the use of the TEC data assuming the altitude of CIDs to be
350 km. Astafyeva et al. [2011] showed that disturbances propagated at supersonic speeds
assuming the altitude of CIDs to be 250 km. However, the ambiguity in the altitude of the
disturbances in the TEC data leads to uncertainty in the results of these studies. Gracia et al.
[2005] have estimated the velocity of an acoustic wave excited by a Rayleigh wave by applying a
tomographic method to the TEC data, but spatial and temporal resolutions of this method are
limited. lonosonde observations successfully probe the vertical profile of the disturbances
induced by the acoustic wave [e.g., Maruyama and Shinagawa, 2014], but its poor time
resolution limits the precision of the estimations of the vertical velocity of an acoustic wave.

In this paper, we propose a new method of determining the altitudes of the disturbance
using the TEC data retrieved by the multiple satellites. Using the TEC data retrieved by PRNO7,
PRNO8, and PRN10 at the foreshock of the 2011 Tohoku Earthquake occurred on 9 March 2011
(Mw 7.4, hereafter the Tohoku Foreshock), we shall show that the CIDs are not always observed
at a fixed altitude and derive vertical velocity of the acoustic wave in the lower thermosphere.

2 Method of the data analysis and results

We analyzed the TEC data using a dual-frequency radio signal (1575.42 and 1222.60
MHz) from the GNSS after the Tohoku Foreshock. The 1-Hz GNSS data provided by the GNSS
Earth Observation Network (GEONET) were smoothed to remove small noises in the raw data.
Figure 1 shows an example of the TEC signals after performing the data smoothing. First, the
raw data are smoothed using a 10-s running average. A 180-s running average is then applied to
the 10-s running averaged data. Subtraction of the latter two data sets, which represent 10-180-s
band-pass filtered data, are used in the analysis.

The exact geographic coordinates of the TEC disturbance cannot be determined unless
the altitude of TEC disturbance is assumed. Figure 2 illustrates the geometry in determining the
altitudes and locations of the ionospheric disturbances from the analysis of the TEC data.
Assuming the altitude of the TEC disturbance observed by a satellite-receiver pair, we calculate
a sub-ionospheric point (SIP) for the given pair, where SIP is a ground projection of the
intersection of a line of sight and a horizontal plane of the assumed altitude. SIP would be close
to the receiver if the altitude is assumed low, and vice versa.

Figure 3a—c shows snapshots of the CIDs observed by PRNO7, PRNO8, and PRN10 when
each assumed altitude is set at 300 km. The elevation angles were approximately 30° for PRNO7,
40° for PRNO8, and 43° for PRN10. CIDs appeared to extend concentrically from a point in the
three distributions. We call the center of the concentric pattern an onset point at the assumed
altitude hereafter. The concentric patterns of CIDs are clearly seen in the data of PRNO7 and
PRN10, whereas they are less clear in PRNOS.

Figure 3d-f displays typical time series of the band-pass-filtered TECs for PRNO7,
PRNO8, and PRN10. In each of the panels, the TEC signals are displayed according to the
ascending order of the distance between the onset point and SIP at the time of the mainshock.
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We display here the data retrieved for 7 stations as representatives out of many stations shown in
Figure 3a-c but the tendency is similar even if we include others as well. See movies in the
supporting materials for the detailed time evolution of the CIDs. We assume the time of the first
maximum in the filtered TEC (red dots in Figure 3d-f) to be the arrival time of the acoustic wave
front in the south of the onset point. The earliest arrival time was 401 s after the main shock at
0179 station in PRNO7, 490 s at 0916 station in PRN08, and 472 s at 0037 station in PRN10. For
the CIDs in the north, on the other hand, the time of their enhancement was difficult to identify
because of the lack of clear enhancement there due to the inclination of the geomagnetic field
[c.f., Astafyeva et al., 2011; Kakinami et al., 2012, 2013b], so we assume the time of the
maximum just before the rapid reduction to be the arrival time at the north of the onset point.

Figure 4 shows spatial distributions of the arrival time of the acoustic wave in the region
near the epicenter for the assumed altitude of 300 km. The results for PRN07 and PRN10 show
concentric patterns of the isochrones of the arrival time. However, it is evident that the onset
points do not coincide. Furthermore, the isochrone has two local minima for PRNO8 and the
amplitude of the CIDs is smaller than those observed by PRNO7 and PRN10. The data of PRNO8
will note be used in the following analysis.

In the following, we shall show that we can find out coinciding geographical coordinates
of the onset points obtained from PRNO7 and PRN10 by relaxing the assumption of one fixed
altitude of disturbance. Note that geographical coordinates of the onset points determined by
different satellites should coincide. We use the data obtained at 130 GNSS stations for PRNO7
and 138 GNSS stations for PRN10 for which the arrival times are determined clearly. We carried
out the following procedure to identify the geographic coordinates of the coinciding onset points
by varying the assumed altitudes.

(1) Assuming a tentative altitude of the TEC disturbance for each satellite, we calculate SIPs at
the arrival time obtained from the various satellite-receiver pairs. Figure 4 shown in the previous
section is an example of the results adopting a tentative altitude of 300 km.

(2) Form the SIPs tentatively obtained in the step (1) for each satellite, we determine a tentative
onset point that gives the smallest root-mean-square error (RMSE) in the linear fitting for the
relationship between the distances from the tentative onset point to the SIPs and the arrival times
of the acoustic wave at the SIPs. We performed the grid search with the grid width of 1 x 107
degree in longitude and latitude. An example of the fitting result is shown in Figure 5 for the
tentative altitude of 155 km for PRNOQ7.

(3) We carry out steps (1) to (2) with varying the altitudes of the TEC disturbance for the two
satellites, each in the ranges of 150-200 km for PRNO7 and 200-240 km for PRN10, and search
for the combination of the altitudes that gives the closest match of the geographic coordinates of
the onset points determined by the two satellites.

Figure 6 shows the result of the search for the geographic coordinates of the onset points
for the various tentative altitudes. The intersection of the red (PRNO07) and blue (PRN10) lines is
the point, where the two onset points determined by the PRNO7 and PRN10 are projected onto
the same location. Its geographic coordinates are given by 38.710°N and 143.457°E. The point is
found to be located within 40 km from those of the maximum vertical displacement of the
seafloor estimated from the seismic data [Gusman et al., 2013]. The observed altitudes of the
CIDs are simultaneously determined to be 155.4 km for PRNO7 and 234.9 km for PRN10. Figure
7 shows the spatial distributions of the arrival time of the acoustic wave at these altitudes. The
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onset time for PRNO7 and PRN10 are simultaneously found to be 399.9 s and 476.1 s by using
the least-square fitting. Thus, the vertical velocity of acoustic wave averaged over the two
altitudes is determined to be 1.04 km/s, which is faster by 40 % than that calculated with the use
of NRLMSISE-00 [Picone et al., 2002], i.e. 0.73 km/s. This result indicates that the temperature
was two times higher than that given by NRLMSISE-00 at the time of the earthquake. The
results are summarized in Figure 8.

The horizontal neutral wind speed estimated from the horizontal wind model 1993
(HWM93) [Hedin et al., 1996] is 6.72 m/s around the relevant altitude. If the effect of the wind
on the acoustic wave is considered, the horizontal position of the onset point is shifted by 744 m,
thus the horizontal neutral wind had little effect on the estimation of the vertical velocity of the
acoustic wave. Figure 9 summarizes the results together with the configuration of the onset
points of the CIDs, the satellites and the emission source of the acoustic wave.

The accuracy of the geographic coordinates of the onset point is the most critical factor
for the altitude determination because it is directly linked to the accuracy of the obtained altitude.
The distance between the location of the onset point and the nearest SIP is 22.2 km for PRNO7
and 15.0 km for PRN10. If we take the nearest SIP for comparison, the altitude shifts by 14.3 km
for PRNO7 and 15.5 km for PRN10 compared with the one determined by the present method.

3 Summary and Discussion

We have analyzed the TEC data sets obtained by PRNO7 and PRN10 GNSS satellites at
the Tohoku Foreshock. The results exhibit a similar concentric pattern of the CIDs that appears
to extend from the onset points in both data sets. We have demonstrated that, if we assume that
the CIDs observed by PRNO7 and PRN10 originated from one altitude, for example 300 km, the
two onset points deviate largely with each other in the geographic coordinates (Figure 4). This
implies that TEC disturbances should be located at various altitudes rather than a fixed altitude,
suggesting that the altitude of the TEC disturbance must be carefully examined for each event.
We have found that the coinciding geographic coordinates of the onset points in the data
retrieved by PRNO7 and PRN10 are possible (Figure 6). Its geographic coordinates are found to
be close to the maximum vertical displacement of the seabed estimated from the seismic data
analyses [Gusman et al., 2013], implying that the present method enables us to determine the
source location of the acoustic wave independently from seismic data. The altitudes of the TEC
disturbance are estimated to be 155.4 km for PRNO7 and 234.9 km for PRN10, respectively. Our
results indicate that the detectable onsets of the concentric pattern of the CIDs can occur below
the F2-peak altitude, which has usually been assumed to be the observed altitude of CIDs. The
vertical velocity of the acoustic wave is estimated to be 1.04 km/s around there from the
differences of the altitudes and onset times deduced from the data retrieved from the two
satellites. The velocity thus obtained is significantly faster than that of acoustic wave velocity
calculated from the empirical model NRLMSISE-00.

One of the possible causes of the observed increase in the acoustic wave velocity is
temperature elevation due to dissipation of the acoustic waves at those altitudes. Viscosity and
thermal conduction result in energy dissipation of acoustic waves. Since the absorption
coefficient a for a gas is inversely proportional to the gas density at low altitudes where the gas
density is high [see e.g. Landau and Lifshitz, 1959], the amplitude of the acoustic wave increases
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with increasing altitude at low altitudes. However, the amplitude decreases rapidly with
increasing altitudes above a A ~1 because of the dissipation, where A is the wavelength of the
acoustic wave. Figure 10 shows a A as a function of the altitude for the acoustic wave
frequencies where we used the expression of a given by Landau and Lifshitz [1959]. Figure 10
indicates that acoustic waves of frequency 0.1 Hz can reach up to ~200 km and dissipate rapidly
around this altitude. Note that the timescale of the fault motion of the earthquake was ~20 s
[United States Geological Survey,
https://earthquake.usgs.gov/earthquakes/eventpage/usp000hvhj/finite-fault], implying that the
dominant frequency of the acoustic waves emitted by this motion was ~0.1 Hz. Another
possibility is the limited degrees of freedom of motion of atmospheric molecules [Pierce, 2007
and references therein]. At low altitudes, where collision frequency of molecules is high, thermal
equilibrium is reached between the translational and the rotational energy distributions of N, and
O, molecules during the propagation of the acoustic wave. However, at high altitudes, where the
collision frequency is low, the thermal equilibrium breaks down for acoustic waves with high
frequencies because the relaxation time of the rotational energy distribution is longer than that of
the translational energy distribution. Consequently, the ratio of specific heat tends to increase
from 7/5 to 5/3 for a complete freeze of the rotational energy distribution. However, even if it
were possible, it would increase acoustic wave velocity by a factor of 1.1 at most compared with
the case of thermal equilibrium, and the velocity would still be less than that observed even in
this extreme case.

The CIDs after the Tohoku Foreshock have been reported by the previous studies.
Thomas et al. [2018] used the data of PRNO7 and showed that the onset point for PRNO7 was
located at the altitude of 130 km employing ray tracing calculations using the vertical profile of
neutral temperature given by NRLMSISE-00. They assumed that the source location of the
acoustic wave was at the geographic coordinates of the maximum vertical displacement of the
earthquake given by the seismic data. However, the altitude determined by the ray tracing has an
ambiguity originating from uncertainties in the vertical profile of neutral temperature and wind,
in particular, if one takes dissipation of the acoustic wave into account as discussed above.
Astafyeva and Shults [2019] also assumed that the location of the source of the acoustic wave at
the epicenter given by the seismic data. They ignored the difference of the altitudes of the onset
points for PRNO7 and PRN10 without distinguishing the difference of the onset times and
obtained the onset altitude of 190 km just by comparing the locations of the onset points with the
epicenter. It should be pointed out that these two studies assumed the source location of the
acoustic wave by employing the seismic data. On the other hand, the present method uses only
ionospheric TEC data and is independent of the seismic data. Besides, the present method
provides a self-consistent way of determining both observed altitudes and source location of the
acoustic wave.

Measurements of acoustic wave velocity in the upper atmosphere were carried out with
the use of a rocket experiment using a grenade [e.g., Stroud et al., 1960]. Even in this type of
experiment, however, one can obtain only the acoustic wave velocity averaged over the altitudes
from the ground to the lower thermosphere. Recently, direct observation of an acoustic wave in
the upper atmosphere was made using a high-precision barometer onboard a sounding rocket
[Kihara et al., 2014], although this method has not yet been fully established. The present
method we hope provides a tool for determining the acoustic wave velocity in the thermosphere.
Furthermore, the method helps to link both seismological and acoustic wave observations, which
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we hope will lead to a deeper understanding of the emission and propagation mechanisms of
acoustic waves triggered by an earthquake.
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Figure 1. An example of the raw and filtered slant total electron content (TEC) observed at the
station 0940 for the satellite PRN10. The raw data are depicted in red, 10-s-filtered in blue, and
180-s-filtered in magenta lines. The black line shows the 10-s-filtered data (blue) subtracted by
the 180-s-filtered (magenta), representing 10-180-s band-pass filtered data. Here, 1 TECu =1 x
10" electron/m?.

Figure 2. Schematic illustration of changing the location of the sub-ionospheric point (SIP)
associated with a change in the assumed altitude.

Figure 3. (a-c) Snapshots of the spatial distribution of the filtered TEC disturbance observed by
(a) PRNO7, (b) PRNO8, and (c) PRN10 for the assumed altitude of 300 km. The black arrows
show locations of the extending CIDs. The red stars and crosses indicate the epicenter and the
geographic coordinates of the onset point of the CIDs, respectively. (d-f) Time series of the 10-
180-s band-pass-filtered TEC for PRNO7, PRN08, and PRN10. The number attached to each line
denotes the name of each station. The vertical solid red and dotted red lines denote the time of
the main shock and eight minutes after the main shock, respectively. The red dots indicate the
time of the first maximum of each CID, namely, the arrival time of the acoustic wave.

Figure 4. Snapshots of spatial distribution for the onset time measured from the main shock for
the assumed altitude of 300 km for (a) PRNO7, (b) PRNO8 and (c) PRN10. The red stars and
crosses indicate the epicenter and the geographic coordinates of the onset point, respectively.

Figure 5. Scatter plot of the arrival time of the acoustic wave from the main shock versus the
distance between the geographic coordinates of the tentative onset points and SIPs for the
altitude of 155 km for PRNO7. The red line is a best-fitted line determined by using the least-
squares fit.

Figure 6. Geographic coordinates of the onset points for several tentative altitudes. Here, we
show 150, 155, 160, and 200 km for PRNO7 (red), and 200, 230, 235, and 240 km for PRN10
(blue). The crosses show the geographic coordinates of the onset points for the tentative altitudes
given above. The intersection of the red and blue lines is the geographic coordinates of the
coinciding point of the onset points determined in the present analysis.

Figure 7. Spatial distribution of the arrival time of the acoustic wave (a) at 155 km for PRNO7
and (b) at 235 km for PRN10. The red stars and crosses indicate the epicenter and the onset
points finally determined by the present method.

Figure 8. Altitude profiles of the acoustic wave velocity (blue line) and the neutral temperature
(black line) based on NRLMSISE-00. The red dot denotes the acoustic wave velocity averaged
over the altitudes of 155 and 235 km determined in the present study. The horizontal and vertical
error bars display respectively, the errors in the velocity and the altitude resulting from the
ambiguity in the altitude (see the text). The blue dashed line displays the altitude profile of the
acoustic wave velocity for the neutral temperature twice the model values.

Figure 9. Configuration of the onset points of the CID, the satellites, the acoustic wave, and the
source of the acoustic wave. The disturbance was detected earlier by PRNO7 at a lower elevation
angle, and later by PRN10 at a higher elevation angle. The filled red ovals denote the onset
points at the altitude shown in the figures.
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Figure 10. Altitude profile of attenuation of the amplitude of the acoustic waves of frequencies
between f = 10 and 10 Hz calculated using NRLMSISE-00. Acoustic waves suffer rapid
attenuation and cannot propagate above the altitude of aA > 1, where a is the absorption
coefficient and A is the wavelength.
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Figure S1. Spatial distribution of the arrival times of the acoustic wave observed by PRN1o,

where we take the assumed altitudes of (a) 240 km, (b) 200 km, and (c) 160 km. The red stars

and the red crosses indicate the epicenters and the onset points at the assumed altitude,
respectively.



Movie Sa. Spatial distribution of the amplitude of the 10-180 s filtered TEC disturbance
observed by PRNo7. The assumed observed altitude is set at 155 km. A red star indicates the
epicenter.

Movie S2. The same as Movie S1 but for PRNo8 at 225 km.

Movie S3. The same as Movie S1 but for PRN10o at 235 km.
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