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Abstract In this paper, concurrent/colocated measurements of seismometers, infrasonic systems,
magnetometers, HF-CW (high frequency-continuous wave) Doppler sounding systems, and GPS receivers are
employed to detect disturbances triggered by seismic waves of the 11March 2011M9.0 Tohoku earthquake. No
time delay between colocated infrasonic (i.e., super long acoustic) waves and seismic waves indicates that the
triggered acoustic and/or gravity waves in the atmosphere (or seismo-traveling atmospheric disturbances,
STADs) near the Earth’s surface can be immediately activated by vertical ground motions. The circle method is
used to find the origin and compute the observed horizontal traveling speed of the triggered infrasonic waves.
The speed of about 3.3 km/s computed from the arrival time versus the epicentral distance suggests that the
infrasonic waves (i.e., STADs) are mainly induced by the Rayleigh waves. The agreements in the travel time
at various heights between the observation and theoretical calculation suggest that the STADs triggered by the
vertical motion of ground surface caused by the Tohoku earthquake traveled vertically from the ground to the
ionosphere with speed of the sound in the atmosphere over Taiwan.

1. Introduction

Vertical motions of the Earth’s surface, due to earthquakes creating mechanical disturbances, trigger acoustic
and/or gravity waves in the neutral atmosphere near the Earth’s surface (hereafter termed, seismo-traveling
atmospheric disturbances (STADs)), which propagate into the ionosphere and interact with the ionized gas,
(see papers listed in Davies [1990]). Traditionally, seismometers record seismic waves monitoring the Earth’s
surface motion [Shearer, 1999], and infrasonic systems measure atmospheric pressure changes (or STADs)
induced by the Earth’s surface motion and/or seismic waves, mainly Rayleigh waves, on the ground
[Mutschlecner and Whitaker, 2005]. The triggered STADs then travel upward through the lower ionosphere
significantly modifying the Hall and Pedersen conductivity at the peak height of about 105–110 km altitude
[Kelley, 2009] and in turn affecting the Earth’s magnetic field [Hao et al., 2013; Chen et al., 2014; Yen et al.,
2015]. In fact, the STADs often continue traveling upward into the ionosphere and perturbing the plasma
density within it, which is termed seismo-traveling ionospheric disturbances (STIDs). Scientists have reported
STIDs in the frequency shift of HF-CW (high frequency-continuous wave) Doppler sounding systems [Liu et al.,
2006; Chum et al., 2012], the total electron content (TEC) derived by ground-based GPS receivers [Ducic et al.,
2003; Artru et al., 2004; Jung et al., 2006; Liu et al., 2011; Tsai et al., 2011], and vertical electron density profiles
of the space-based GPS occultation experiment on board the FORMOSAT-3/COSMIC satellite [Sun et al., 2015].
Thus, magnetometers, HF-CW Doppler sounding systems, and GPS receivers can be used to observe STIDs at
the ionospheric conducting layer at 100 ± 20 km altitude [cf. Yen et al., 2015], the reflection point of the
Doppler sounding signal of 5.26MHz at about 200 ± 20 km altitude [Liu et al., 2006], and the ionospheric point
of the GPS signal at 350 ± 50 km altitude [cf. Liu et al., 1996, 2011; Tsai et al., 2011], respectively.

Many studies report STIDs triggered by the 11 March 2011M9.0 Tohoku earthquake by means of ionospheric
TEC derived from ground-based GPS receivers [Chen et al., 2011; Liu et al., 2011;Maruyama et al., 2011; Rolland
et al., 2011; Tsai et al., 2011] and ionograms of ionosondes [Liu and Sun, 2011; Maruyama et al., 2011]. The
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horizontal propagation of the triggered STID has been examined in somewhat detailed. However, due to solo
or limited colocated instruments being available, scientists cannot study the vertical propagation in detail but
simply find the travel time(s) at a (few) certain altitude(s). Therefore, in this paper, five different measure-
ments of seismometers, infrasonic systems, total field magnetometers, HF-CW Doppler sounding systems
with sounding frequency at 5.26MHz, and GPS receivers on the ground are used to monitor the ground
motion, STADs in the near Earth’s surface atmosphere, and the associated STIDs at about 100, 200, and
350 km altitude, respectively, triggered by the 11 March 2011M9.0 Tohoku earthquake. Data recorded by
infrasonic systems in Taiwan and China are employed to confirm whether the STADs are generated by the
seismic waves. The colocated five instruments in the northern Taiwan are used to find the travel times at var-
ious altitudes and investigate the vertical propagation of the generated STADs and/or STIDs. The speed and
travel time for acoustic waves vertically traveling from the ground to the ionosphere are theoretically com-
puted [Zuckerwar, 2002] and cross compared with those colocated observations.

2. Observation and Interpretation

AmagnitudeM9.0 earthquake occurred at 05:46:23UTC on 11 March 2011; the epicenter was located at 38.322°N,
142.369°E off the east coast of Honshu, Japan, and was reported by the U.S. Geological Survey (http://earthquake.
usgs.gov/earthquakes/ eqinthenews/2011/usc0001xgp/). We examinemeasurements recorded by the five different
instruments in Taiwan and China to understand the link of disturbances, seismic waves on the ground, STADs in the
atmosphere, and STIDs in the ionosphere, excited by the 11March 2011M9.0 Tohoku earthquake. Figure 1 displays
locations of six seismometers, three infrasound sensors, one magnetometer, three reflection points of the HF-CW
Doppler sounding system, and one ground-based GPS receiver. The data sampling rate of these measurements
is 1Hz. Figure 2 illustrates raw data of the colocated pairs of seismograms-infrasonic waves and seismograms-
Doppler frequency shifts during the Tohoku earthquake. Here the term “colocated” is defined as the horizontal dis-
tance from the reference seismometer to the infrasonic sensor, the magnetometer, the Doppler reflection point,
and the ionospheric GPS point is one half shorter than their associated altitudes of 0 km, 50km, 100km, and
175km, respectively. Since Taiwan is about 3000km away from the epicenter, the horizontal wavelength of the
arriving seismicwaves (especially from thewave packet viewpoint) is rather long,which in turn results in the vertical
motions of the Earth’s surface at various locations in Taiwan being nearly in phase. Thus, the nearby instruments
may be treated as colocated, and the STADs can travel upward almost unattenuately.

It can be seen that there is no clear earthquake signature in the raw records of infrasonic waves, while three dis-
tinct Doppler frequency shifts lag the associated seismic waves by about 500 s. The compact packets of short-
period signals are observed in the seismograms in Taiwan and in Beijing, China, where are about 3000 km and

Figure 1. Locations of seismometers (red circles), infrasonic systems (blue diamonds), a magnetometer at LY (the black tri-
angle), ionospheric reflection points (black crosses) of the Doppler sounding system (black squares), and GPS receiver with
the subionospheric point around NCU. The blue annuluses in the left panel are the products of the traveling time and the
assumed speed at BJ, NK, and CY.
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2600km away from the epicenter, at about 900 s and 750 s after the earthquake, respectively. This suggests that
prominent Rayleigh waves with average speeds of 3.2–3.3 km/s have been observed. To clearly see the STAD and
STID signatures, high-pass filtering processes have been applied. Note that the differential quantities of seismo-
grams (i.e., velocities), infrasonic fluctuations, and Doppler frequency shifts are more sensitive to higher frequen-
cies, while the integral quantities of magnetic total fields and GPS TECs have better response to relatively lower
frequencies. Therefore, the differential and integral quantities are examined by means of the Fourier transform
analysis with high-pass filters of 30 s and 300 s, respectively. It is found that filtered fluctuations of the colocated
seismograms-infrasonic waves are nearly identical (Figure 3a). A cross correlation shows that the packet of the
seismic waves tends to lead that of the associated Doppler frequency shifts by about 498–516 s (Figure 3b). To
understand the seismic and associated infrasonic waves, the circle method [Lay and Wallace, 1995] is applied.
In Figure 1, three circles are drawn with the radius of 3.2–3.3 km/s multiplied by the associated arrival times of
about 600 s, 720 s, and 750 s from the centers at BJ/BJT, NK/TATO, and CY/NCCU, respectively. The intersection
of the three circles coincides with the Tohoku epicenter, which suggests that the STADs reported in this study
are most likely induced by the Rayleigh waves of the Tohoku earthquake.

To study the vertical propagation of the triggered STADs/STIDs, measurements of seismic waves at TATO,
infrasonic waves at NK, magnetic field fluctuations near LY, Doppler frequency shifts recorded at NCU, and

Figure 2. Raw data of colocated pairs of (a) seismograms and infrasonic waves as well as (b) seismograms and Doppler
shifts during the Tohoku earthquake period.
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GPS TEC at around subionospheric point NCU in Taiwan are analyzed. A high-pass filter of 300 s in period is
applied on fluctuations in the geomagnetic total intensity field with 1 Hz and 0.01 nT resolution and those in
the rate of change in the TEC (rTEC) [Liu et al., 2004] derived from the GPS satellite (pseudorandom noise
(PRN) 18) with 1 s sampling rate. The filtered fluctuation packet of the seismic waves is further used to cross
correlate with that of the geomagnetic total intensity field, Doppler frequency shift, and GPS TEC accordingly.
Figure 4 reveals that the seismic and infrasonic waves generally coincide with each other. The fluctuation
packets of the two coincidently appear at about 870 s after the Tohoku earthquake. The cross correlation
shows that the fluctuation packet of the seismic waves leads that of the magnetic field, Doppler frequency
shift, and rTEC by about 400 ± 269 s, 516 ± 416 s, and 836± 256 s, respectively.

The sound speed in the ideal gas (Cs) is

CS ¼
ffiffiffiffiffiffiffiffi
γRT
M

r
; (1)

where γ (7/5) is the adiabatic index and R (8.3145 J ·mol�1 · K�1) is the molar gas constant. The molecular
weight (M) and the absolute temperature (T) are obtained from the Naval Research Laboratory Mass
Spectrometer Incoherent Scatter Radar model [Picone et al., 2002]. Based on Cs obtained from equation (1),

Figure 3. Data in Figure 2 filtered with a band pass of 30–300 s. (a) Seismograms and infrasonic waves and (b) seismograms
and Doppler shift.
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we computed the travel time tp of an acoustic wave propagating upward from the ground to different
heights h in the ionosphere (red curve in the right plot in Figure 4) as

tp ¼ ∫
h

0

dz
cs

: (2)

It is interesting to find that the travel time of the theoretical calculation generally agrees with that observed at
100 km altitude around the peak of the Hall and Pedersen conductivities, at 200 km altitude of the reflection
point of the Doppler sounding signals, and at 350 km altitude of the ionospheric point of the GPS signals (see
Figure 4). This result confirms the observations by Chum et al. [2012] who found from continuous Doppler
sounding that the observation of infrasound wave packets in the ionosphere at altitude of about 210 km
followed the arrival of seismic wave packets with delays of about 9min, which was in agreement with
theoretically calculated times for vertically propagating infrasound waves. The acoustic speed of vertical
propagation was also confirmed by the study of Maruyama and Shinagawa [2014] based on the detailed
analysis of ionograms measured in Japan at distances longer than ~800 km from the epicenter.

3. Discussion and Conclusion

Many papers study STIDs induced by the 11 March 2011M9.0 Tohoku earthquake. Liu et al. [2011] report that
STIDs of the GPS TEC first appear near the epicenter about 7min after the Tohoku earthquake onset, while
Tsai et al. [2011] find that the STIDs in GPS TEC triggered by the Rayleigh waves appear 7–8min after the
earthquake occurrence. On the other hand, Liu and Sun [2011] estimate that the travel time of STIDs in iono-
grams from the ground to the ionosphere at about 200 km altitude is about 4min. Maruyama et al. [2011]
further cross compare concurrent/colocated GPS TECs and ionograms recorded by the four ionosondes in
Japan during the Tohoku earthquake. They find the earlier onset of the disturbance in the ionogram than
the commencement of the propagating TEC perturbation. Since fluctuations in TEC are sensitive to the dis-
turbance near the F2 peak (about 350 km altitude), while the observed ionosonde STIDs are at the reflection

Figure 4. Colocated filtered data of the five data observed at Taiwan area and travel times for vertically propagating infra-
sound waves. Here the ionospheric conducting layer at 100 ± 20 km altitude, the reflection point of the Doppler sounding
frequency at 200 ± 30 km altitude, and the ionospheric point of a ground-based GPS receiver at the 350 ± 50 km altitude are
based on magnetometer studies [Hao et al., 2013; Chen et al., 2014; Yen et al., 2015], the Doppler sounding observations in
Taiwan [Liu et al., 2006], and ionospheric GPS signal studies [Liu et al., 1996], respectively. The seismo-magnetic pulsations
lag the seismic wave pulses by about 378 ± 62 s [Yen et al., 2015] (green oval), while the GPS TEC fluctuations appear the
seismic wave pulses by about 540 ± 200 s [Tsai et al., 2011] (orange oval).
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height of about 200 km altitude, the 4min time lag should be reasonable for the STIDs directly and/or locally
triggered by seismic waves under them. Although the above studies show that the average speeds from the
ground to the ionosphere at 200 and 350 km altitude are about 830 and 730–830m/s, respectively, it is
difficult to find whether the STADs were triggered and then vertically traveled into the ionosphere resulting
in the STIDs within it, even though the value of speed supports rather acoustic waves (infrasound). In fact, it is
even more surprising to find that in this study, vertical travel times of the Doppler frequency shift and rTEC
from the ground to the ionosphere at about 200 km and 350 km altitude are about 516 s and 836 s (i.e.,
8.6min and 13.9min), respectively. Note that they are much farther away than those observed near the
epicenter area reported by the previous researches. It is known that on the ground, the vertical displacement
is 2–5m above the source rupture area [Maeda et al., 2011], while that in Taiwan should be less than 5 cm
[Hung and Rau, 2013]. The vertical scale of the disturbances is 10–30 km in the lower part of the ionosphere
[Maruyama et al., 2012], and it may bemuch greater in higher altitude [Liu et al., 2012], whichmay shorten the
travel time from the ground to the ionosphere near the epicenter and/or the tsunami origin. Astafyeva et al.
[2011] reported that the first TEC disturbances appeared 464 s after the earthquake beginning. At that time,
the acoustic waves could not reach the altitude of maximum ionization (more than 250 km). Thus, it is prob-
able that the first ionospheric perturbations were caused by shock-acoustic waves that carried the majority of
available electrons, possibly propagating at supersonic speed at low altitudes [Astafyeva et al., 2011].

Yen et al. [2015] examine geomagnetic pulsations recorded by a wide-area network of 12 magnetometers
excited by traveling Rayleigh waves of the 2011M9.0 Tohoku-oki earthquake. They find that seismo-magnetic
pulsations constantly lag seismic wave pulses by about 6.3min (=378 ± 62 s), which is within the range of 400
± 269 s reported in this paper. Since these magnetometers generally are far away from the epicenter, the tra-
vel time of Yen et al. [2015] and that observed and theoretically calculated in this study are all in good agree-
ments (see Figure 4).

On the other hand, Tsai et al. [2011] compute the mean horizontal speed of 2.3 km/s along the surface by
using 29 TEC of GPS satellite-receiver pairs, which agrees with the Rayleigh wave speed, and the linear regres-
sion shows that the STADs/STIDs traveling from the ground to the right above subionospheric point at
350 km altitude about 9min (540 ± 180 s). A large portion of their data is collected around the epicenter,
and therefore, the travel time estimated by the linear regression in Tsai et al. [2011] should be shorter, which
can be also seen in Figure 4. Nevertheless, the travel time of Tsai et al. [2011] and that observed and theore-
tically calculated in this study are all in agreements. These agreements once again indicate that the STADs are
mainly induced by the traveling Rayleigh waves and travel with the sound speed in upward direction.

The nearly identical fluctuations of the colocated seismograms-infrasonic waves and the coincidence of the inter-
section of the three circles with the Tohoku epicenter confirms that the STADs near the Earth’s surface are pro-
minently induced by the Rayleigh waves of the Tohoku earthquake. The agreement between the theoretical
calculation and the colocated observation suggests that the STADs induced by seismic waves in Taiwan area, suf-
ficiently far from the epicentral area, vertically travel from the ground to the ionosphere with the sound speed.
Application of various types of data and methods of measurements at Taiwan made it possible for the first time
to track the vertical propagation of acoustic/infrasonic waves (i.e., STADs) from their excitation by seismic oscilla-
tions at surface documented by infrasonic measurements through ionospheric E (i.e., magnetometer) and F
regions (i.e., Doppler frequency shift) up to the upper ionosphere (i.e., rTEC).
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