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1 INTRODUCTION

SUMMARY

We document two kinds of traveling ionospheric disturbances, namely, CTIDs (Co-tsunami-
Traveling-lonospheric-disturbances) and ATIDs (Ahead-of-Tsunami-Traveling-lonospheric-
disturbances) related to the Tohoku-Oki tsunami of 2011 March 11. They are referred to the
disturbances that remain behind and ahead of the principal tsunami wave front, respectively.
We first note their presence in a numerical experiment performed using a simulation code
coupling the tsunami, atmosphere and ionosphere. This code uses the tsunami wavefield as an
input and simulates acoustic-gravity waves (AGWs) in the atmosphere and TIDs, in the form
of total electron content (TEC) disturbance, in the ionosphere. The simulated TEC reveals the
excitation of CTIDs (at about 2 TECU) and ATIDs (at about 1 TECU), representing up to
Sper cent disturbance over the ambient electron density, and they arise from the dissipation
of AGWs in the thermosphere. A novel outcome is that during the tsunami passage between
~6° and 12° of epicentral distance, strong ATIDs arrive ~20—60 min ahead of the tsunami
wave front covering ~3°—10° of distance from the tsunami location. Simulation results are
compared with the far-field observations using GNSS satellites and confirm that ATIDs are
the first detected TEC maximum, occurring 20-60 min ahead of the tsunami arrival. Our
simulation also confirms the presence of largest TEC maximum representing CTIDs, 10—
20 min after the first tsunami wave. ATIDs reported in this study have characteristics that can
be potentially used for the early warning of the tsunami.

Key words: Acoustic-gravity waves; lonosphere/atmosphere interactions; Tsunamis; Early
warning.

2011; Tsugawa et al. 2011; Galvan et al. 2012). These features
include the excitation of near-field elongated elliptical and far-

A magnitude M,, = 9.0 Tohoku-Oki earthquake occurred at
05:46:23 UT off the northeast coast of Japan (USGS epicentre lo-
cated at 38.322°N, 142.369°E). Waves generated in the solid earth,
ocean, atmosphere and ionosphere were detected by acceleration,
displacement and pressure sensors on the Earth surface and ocean
bottom, (e.g. Maeda ef al. 2011; Simons et al. 2011; Bletery et al.
2014), by various ionospheric sensors such as GPS dual frequency
sensors and all-sky imagers monitoring the anomalies in the iono-
sphere (Heki 2011; Makela et al. 2011; Astafyeva et al. 2013) and by
identifying the atmospheric disturbances using GOCE accelerome-
ter (Garcia et al. 2014).

For this tsunami, number of studies report detailed features of
the total electron content (TEC) disturbances or Co-Tsunami-TIDs
(CTIDs) excited behind the principal tsunami wave front (Astafyeva
et al. 2011; Chen et al. 2011; Liu et al. 2011; Rolland et al.

field circular wave fronts that propagate with a wide range of
phase velocities covering the velocities of the acoustic to gravity
waves (GWs). Based on Tsunami—Atmosphere—lonosphere (TAI)
coupling through dissipative acoustic-gravity waves (AGWSs), nu-
merical simulations of these CTIDs are also presented (Matsumura
et al. 2011; Kherani et al. 2012). This mechanism was first pro-
posed by Heki & Ping (2005) to explain the observed horizontally
spreading of the CTIDs during an earthquake. Unlike previous sim-
ulation studies that were confined to either pure acoustic or GWs,
these numerical studies had considered complete dissipative AGWs
dynamics, that led to the excitation of secondary AGWs in the
thermosphere. Moreover, using the realistic tsunami wavefield as
an input, simulation presented by Kherani et al. (2012) could cap-
ture varieties of wave fronts, propagating with acoustic wave speed
~600 m s~!, GW speed ~250 m s~! and slow speed <200 m s~!
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associated with the tsunami that were observed in the form of
CTIDs. The study also explained the development of CTIDs within
6 min from the tsunami initiation, as reported by Astafveya et al.
(2011).

In their study, Kherani et al. (2012) focused on CTIDs though
it also revealed the presence of another kind of TIDs which we
now refer to as ATIDs (Earlier-arriving-than-tsunami-Traveling-
Tonospheric-disturbances). The present work aims to investigate
dynamics of these ATIDs based on simulation and observations.
In the simulation, we examine two scenarios: a dominant sec-
ondary GWs scenario and a complete secondary AGWs sce-
nario. These two comparative scenarios are chosen to investi-
gate diverse effects of secondary GWs/AGWs to excite different
kinds of TIDs. In particular, we explore possibility that the re-
alistic AGWs scenario can generate ATIDs ahead of the tsunami
since their horizontal propagation in the upper thermosphere is
faster than the tsunami in the ocean. We also search for such
ATIDs in the GNSS observations of TIDs at several far-field
locations.

2 TSUNAMI-ATMOSPHERE-
IONOSPHERE (TAI) COUPLED
SIMULATION MODEL

The TAI coupled simulation model is described in detail by
Kherani et al. (2012). It is based on TAI coupling mechanism
which is accomplished in three steps: (i) excitation of tsunami
wavefield by the coseismic rupture, (ii) subsequent excitation
of AGWs by the tsunami wavefield and (iii) subsequent excita-
tion of ionospheric disturbances by AGWs. The tsunami wave-
field modeling is performed following the method described by
Hébert et al. (2001) and Sladen ef al. (2010), by using the
preliminary source of USGS for Tohoku-Oki tsunami (provided
at http://earthquake.usgs.gov/earthquakes). Simulation of tsunami-
induced AGWs in the atmosphere is performed using the follow-
ing hydrodynamic Navier—Stokes equations (Kherani et al. 2011,
2012).
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where ¥ is the perturbation wind (or the amplitude of AGWs), W),
is the background wind derived from the Horizontal Wind model,
(» = RpT, p, T) are the atmospheric pressure, mass density and
temperature, (i, ¢) are the dynamic first and second viscosities,
(v =u/p, ¢’ = ¢ /p) are the first and second kinematic viscosities
and (y) is the adiabatic exponent.

TEC disturbance during Tohoku-Oki Tsunami 1149

Simulation of TIDs in the ionosphere is performed using the
following set of hydromagnetic equations (Kherani et al. 2009,
2012):
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Here (n,, i,) are the number density, velocity of plasma fluid ‘s’ (s =
i for ions/e for electrons), (¢; = +Ze, q. = —e, Z; = 1), (E, ﬁ, j)
are the electric field, magnetic field and net current, (W) is the
amplitude of AGWs derived from eq. (1), (u?-", uf,") in eq. (7) are the
ion and electron velocities without the electric field as derived from
eq. (4) and J,, is the corresponding current density. B, is the Earth’s
magnetic field, v, is the frequency of collision between species s-to
neutral, o is the ionospheric conductivity tensor and (¢ = ﬁ) is
the speed of light in vacuum. P, L are the production and loss of
ions and electrons by photo ionization and chemical reactions. The
production term ‘P’ in (5) is derived from SAMI2 model (Huba
et al. 2000). The chemical loss term, ‘L’, in (5) is retained through
effective recombination rate as taken by Kherani ez al. (2011). In
addition to the wave eq. (6), £ also satisfies the charge neutrality
condition given by the following equation (Kherani et al. 2012):

V=0 o V.(e.E+J,)=0
= V.E=—0"(E.Vo + V.J,). )

Eqgs (1)—(9) form a closed set of equations to study the temporal and
spatial variations of AGWs wind Vf/, atmospheric density/pressure
(p, p), ionospheric number density (n), electric field E and mag-
netic field B disturbances. At t = 0 corresponding to the origin
time (5:46:23 UT) of the tsunami, the ambient atmosphere and
ionosphere (p,, po, 1o, v, T) are obtained from the SAMI2 model
(Huba et al. 2000). In Fig. 1, from (a) to (d), the atmospheric mass
density (p,), acoustic speed (¢, = v/yp/p), zonal/meridional wind
components of the background wind ( V_f/,,) and the ionospheric num-
ber density (n,) are shown. Ambient altitude profiles shown in this
figure correspond to fixed latitude and longitude of the epicentre
though in the present simulation, these parameters also vary with
latitude and longitude. The ambient electric field is considered to
be zero.

Egs (1)=(9) are solved numerically using a finite-difference
method in a three dimension spherical simulation domain that
consists of altitude, latitude and longitude. The implicit Crank—
Nicholson scheme is employed to perform the time integration
leading to a matrix equation that is subsequently solved by the
Successive-Over-Relaxation method. The magnetic dipole coordi-
nate system (p, g, ¢) is adopted where p, ¢, ¢ represent the co-
ordinates outward normal to the Earth’s magnetic field, northward
directed parallel to the Earth’s magnetic field and azimuth angle
(positive towards west), respectively. The N-S and E-W boundaries
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Figure 1. Ambient atmosphere and ionosphere parameters as a function of altitude above the epicentre: (a) atmospheric mass density, (b) atmospheric acoustic
speed, (c) atmospheric mean wind and (d) ionospheric number density. (p,, n,) represent the densities at time # = 0 which is beginning time (5:46 UT) of the

tsunami.

of simulation domain are 13°S—70°N and 120-186°E which covers
the region of interest. The upper boundary is chosen to be 600 km
for both the atmosphere and ionosphere. The lower boundary for
the atmosphere and ionosphere are chosen to be the ocean surface
and 160 km, respectively. The E region of ionosphere that lies be-
low 160 km altitude couples with the overlying F region through
the geomagnetic field lines and AGWs dissipated in the E region
can disturb the F region through this electrodynamic coupling. Note
however that this study does not include E region and subsequent
coupling dynamics.

At the lower boundary, that is, at the ocean—atmosphere interface,
the outward normal component W, of the wind W is continuous and
equals to Wy for all time where W7 is the tsunami wavefield obtained
from the tsunami simulation model (Sladen et al. 2010). The lower
boundary condition ¥, = Wratall time acts as the driving source for
the excitation of AGWs. At the subsequent time, other wind com-
ponents W,, Wy in entire simulation domain and W, in entire sim-
ulation domain except at the lower boundary are self-consistently
determined from the eq. (1). The presence of AGWs modifies the
atmosphere and ionosphere which in turn alters the characteristics
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Figure 2. Snapshots of the simulation results for Case I at few selected times. The background image represents the spatial distribution of ATEC disturbance
with on top the green contours corresponding to the principal wave front of the tsunami. The ATEC disturbance is defined as the integrated An = n(f) — n,
between 200 and 300 km altitudes where n(f) and n, are the number densities of electrons at current and initial times.

of AGWs itself. This cause-effect mechanism continues for next
3 hr which is the time chosen to stop the simulation.

3 RESULTS

We examine the following two cases: excitation of primary
AGWs/secondary dominant GWs (Case 1) and excitation of pri-
mary/secondary AGWs or complete AGWs (Case II). The primary
and secondary waves are oblique propagating waves having their
propagation wave vectors more aligned in radial and horizontal
directions, respectively (Kherani ef al. 2012).

Under Case I, the excitation of dominant GWs is accomplished by
ignoring the viscous dissipation terms in the horizontal components

of the wave eq. (1) while retaining them in the radial component,
that is, only this component participates in the generation of sec-
ondary AGWs. This condition favours the excitation of secondary
radial wind component from the radial thrust of dissipated primary
radial component. In turn, this secondary component acts like a
transverse component for the dominantly horizontal propagating
secondary AGWs, that is, the secondary waves become dominantly
GWs. Under Case 11, the viscous terms in both horizontal and radial
components of the wave eq. (1) are retained, which is a realistic
scenario that excites the complete AGWs.

In Figs 2 and 3, respectively, results corresponding to Cases I
and II are shown wherein, colour images or pixmaps represent the
horizontal distribution of TEC disturbance (ATEC), at few selected
times (as mentioned at the top of each panel). Here, ATEC is the
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Figure 3. Simulation results for Case II in same format as Fig. 2.

integrated An = n(f) — n, between 200 and 300 km altitudes where
n(t) and n, are the number densities of electrons at current and
initial times. In these plots, also superimposed are the instantaneous
principal tsunami wave fronts, represented by the green contours.

From Fig. 2, we note the following characteristics: (A) ATEC ~
2TECU are excited, (B) they remain behind by ~1°-3° from the
principal tsunami wave fronts at any given time, (C) absence of
ATEC disturbances ahead of the tsunami wave fronts.

From Fig. 3, we note the following characteristics: (D) ATEC ~
2TECU are excited behind and in the vicinity of the principal
tsunami wave front, (E) during 39-99 min when the tsunami trav-
els through ~6°-12° of epicentral distance, ATEC ~ 1TECU are
present ahead of the tsunami wave front covering ~3°-10° from the
tsunami location, (F) they have comparatively longer wavelength
than those excited behind the tsunami wave front.
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4 DISCUSSION

4.1 Strong forcing from the secondary AGWs in
comparison to the secondary GWs

The tsunami wavefield, shown in Figs 2 and 3 as green contours,
excites the primary AGWs that in turn, excite the secondary AGWs.
In addition to the horizontally propagating tsunami wavefield, these
obliquely propagating secondary AGWs are responsible for the hor-
izontal spreading of the ATEC disturbances or TIDs. These as-
pects are discussed in our previous work (Kherani et al. 2012) in
the context of CTIDs. In this study, we focus on the TIDs which
are propagating ahead of the tsunami wave front as noted under
(E-F). These anomalies are referred as Ahead-of-Tsunami-TIDs or
ATIDs.
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The characteristics noted under (A—F) suggest that in spite the
identical tsunami propagation under Cases I and II, the horizontal
distributions of TIDs are drastically different. A noteworthy dif-
ference is that under Case I, only CTIDs are excited while under
Case II, both CTIDs and ATIDs are excited. This difference indi-
cates the diverse effects of the nature of secondary wave on the
generation of different kinds of TIDs. Under Case I, only the dis-
sipation of radial momentum of the dominantly radial propagating
primary AGWs is included. Therefore CTIDs are arising from the
dissipation of longitudinal mode. On the other hand, ATIDs are
arising from the dissipation of the horizontal momentum which is
included under Case II. Moreover, since the horizontal momentum
are associated with the transverse mode of the dominantly radial
propagating primary AGWs, it can be said that the dissipated GW
mode is responsible for the generation of ATIDs. We also note
from Fig. 3 that the wavelengths of CTIDs and ATIDs are ~3° and
~6°, respectively, that is, they are short and long wavelength TIDs,
respectively.

These ATIDs propagate horizontally, much faster than the
tsunami itself and reach farther distances, at any given time. We
note from Fig. 3 that during 39-99 min when the tsunami trav-
els through ~6°-12° of epicentral distance, strong ATIDs prop-
agate ahead of tsunami, covering ~3°-10° of distance from the
tsunami wave front. This means that, considering tsunami veloc-
ity ~250 m s~!, these ATIDs arrive ~20-60 min earlier (than the
tsunami itself) at locations which are 3°-10° ahead of the instan-
taneous tsunami arrival locations. This is a novel outcome of this
study that classifies ATID as a potential candidate for the early warn-
ing of tsunami yet their systematic presence needs to be confirmed
from observations and other events. In Section 4.3, we present a
set of observations from which we confirm the presence of ATIDs.
At this point, we cite the first observation of tsunamigenic-TIDs
from an all-sky imager over a far-field station, Hawaii (Makela
et al. 2011) that revealed the presence of TIDs behind and ahead
(or early) of the tsunami wave front. In addition to the various
possible mechanisms discussed by Makela ef al. (2011), the gen-
eration mechanism of ATIDs discussed in this study offers an-
other plausible interpretation for the observed early waves over
Hawaii.

In Fig. 3, TIDs are elongated in the north—south direction sug-
gesting that they are propagating faster in this direction as compared
to east—west. This preferred direction is partly due to the tsunami
waveform which is more elongated in north—south and partly due
to large mobilities of ions and electron along the geomagnetic field
lines in the F region. Also, owing to these large mobilities, the wave
fronts of TIDs are thicker in the north—south than in the east-west
direction.

We also note that the amplitude of TIDs varies with the epicentral
distance. Strong TIDs reside near the epicentre and near the tsunami
arrival location while in between them, relatively weaker TIDs are
excited. Moreover, ahead of the tsunami arrival location, weaker
TIDs are excited.

4.2 Propagation characteristics of the TIDs

In order to understand the dynamics of ATIDs in detail, we present
traveltime diagram (TTD) in Fig. 4 for the realistic Case II. This
TTD is constructed from the time evolution of TID along a chosen
horizontal trajectory which is shown as blue line in Fig. 3. The
colour image represents the TIDs and the green contours represent
the maximum value of the principal tsunami wave front. We note

TEC disturbance during Tohoku-Oki Tsunami 1153

that the tsunami wave front constructs a cone at the origin. The TIDs
residing inside and outside this cone are identified as CTIDs and
ATIDs, respectively. The positive and negative epicentre distances in
Fig. 4 represent the forward or southeast and backward or northwest
directions with respect to the tsunami propagation direction. For
the Tohoku-Oki tsunami, observed TTDs are reported from both
southeast and northwest directions (Rolland et al. 2011; Galvan
etal 2012).

In Fig. 4, we note the presence of varieties of wave fronts with
slopes steeper, similar and shallower than the slope of the green
(tsunami) wave front suggesting that these wave fronts propagate
faster, similar and slower than the tsunami, respectively. More
specifically, we note the following features: (G) the CTIDs and
ATIDs are slower/similar and faster propagating wave fronts, re-
spectively, (H) for the tsunami arrival at epicentre distance larger
than ~6°, ATIDs spread ahead upto 3°—10° from the arrival location,
(I) amplitude of ATIDs decreases sharply with increasing epicentre
distance, (J) similar kinds of CTIDs and ATIDs are excited in the
southeast and northwest directions.

The simulated TTDs in Fig. 4 are similar to the observed
TTDs (Liu et al. 2011; Rolland ef al. 2011; Galvan et al. 2012;
Occhipinti ef al. 2013). A noteworthy similarity is the presence of
tsunamigenic-TIDs traveling up to approximately ~2200 km ~ 20°
epicentre distance in the west/northwest direction. Since tsunami
propagation was restricted to ~2°-3° of epicentral distance in
the northwest direction, presence of TIDs in this direction sim-
ilar to the southeastward TIDs is intriguing. We attempt to ex-
plain it as follows: In Fig. 4, we note that the tsunami traveled
in both directions during first ~40 min and acquires large am-
plitude towards northwest due to the decreasing water depth. It
also acquires large impulsive amplitude as it strikes the coast near
~2°-3° of epicentral distance. This amplification favours strong
forcing and subsequent generation of AGWs towards northwest
as also suggested by Galvan et al. (2012). These forcing fac-
tors together with the efficient coupling of AGWs with the iono-
sphere along the geomagnetic field lines favour the strong and
fast propagating northwestward TIDs similar to the southeastward
TIDs.

In Fig. 4, we also note the presence of slow propagating northwest
TIDs after 40 min. They arise from the forcing of the tsunami waves
trapped along the coast which last for longer times as noted in Fig. 4.

From Fig. 4, we note that ATIDs (and also the far-field CTIDs re-
siding at epicentral distance larger than 6°) are relatively longer pe-
riod (>15 min) disturbances in comparison to the near-field CTIDs
residing within 6° of epicentral distance which have periods between
~5 and 10 min. Yet, the longer period ATIDs propagate much faster
than the shorter period near-field CTIDs. In Section 4.1, we noted
that the ATIDs and CTIDs are associated with the dissipation of
transverse and longitudinal modes of the primary AGWs, respec-
tively. These dissipated modes become longitudinal and transverse
forcing for the secondary AGWs, respectively and as a result, ATIDs
and CTIDs acquire longer and shorter wavelengths (as noted from
Fig. 3). This evolution in the wavelength content alone can explain
why ATIDs propagate faster than CTIDs, and rapidly appear ahead
of the tsunami wave front.

In general, the acoustic and GW features noted in Fig. 4 are arising
from the dissipation of the AGWs triggered by both earthquake
and tsunami. The role of seismic triggered acoustic waves in the
generation of CTIDs has been documented and simulated in the
case of many past earthquakes (Calais & Minster 1995; Artru et al.
2005; Heki & Ping 2005; Kherani et al. 2009; Lognonné 2009)
while the role of tsunami triggered GWs to generate the CTIDs is
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Figure 4. Simulated traveltime diagram (TTD) for the realistic Case II. This TTD is constructed by time scanning the ATEC along a chosen horizontal
trajectory which is shown as a blue line in Fig. 3. The background image represents the ATEC disturbance or TIDs and the green-blue contours represent

contours of the main, simulated, tsunami waves.

restricted to fewer and more recent events and studies (Occhipinti
et al. 2006, 2011, 2013; Rolland et al. 2010). This study captures
the effects of both earthquake and tsunami owing to the inclusion
of the dynamics of both acoustic and GWs.

4.3 Interpreting the observations

Figs 5(a) and (b) depict, respectively, the ATEC disturbances mea-
sured by receiver 1098 along the trajectory of satellite PRN 12
and by receiver CNMR along the trajectory of satellite PRN27.
Based on the low-pass filtered data and corresponding wavelet
spectra shown in lower two panels, we note the presence of two
amplified wave phases in ATEC: an N-shaped largest or primary
maximum appearing 10-20 min after the tsunami arrival and a sec-
ond largest or secondary maximum appearing 90-30 min prior to
the tsunami arrival. We identify the primary maximum of ATEC
as the signature of CTIDs. This result is supported by studies of
the Tohoku-Oki tsunami and other events (Rolland ef al. 2010,
2011) which detected CTIDs 1045 min after the tsunami ar-
rival. On the other hand, the presence of secondary maxima prior
to the tsunami arrival was not examined in the previous stud-
ies. The possibility that such maxima are of the tsunamigenic
nature, can be confirmed if complemented with the simulation
results.

In panels (a) and (b) of Fig. 6, respectively, the simulated ATEC
at receiver location 1098 along the trajectory of PRN12 and at re-
ceiver location CNMR along the trajectory of PRN27 are shown. We

note that the low-pass filtered simulated ATEC have similar wave-
forms and wavelet spectra as noted in the measurements, revealing
the presence of N-shaped primary maxima and secondary maxima
that appear after and before the tsunami arrival, respectively. The
simulated secondary maxima correspond to ATIDs in Figs 3 and
4 and therefore the observed secondary maxima in Fig. 5 are of
tsunamigenic nature and can be classified as ATIDs.

If the observed ATEC from Fig. 5 are not interpreted by the sim-
ulation results, then the observed secondary maxima, that appear
prior to the tsunami arrival, may be identified as precursors, leading
to a wrong interpretation. However, as the simulation results sug-
gest, these observed secondary maxima are propagating ahead of
the tsunami, generated by the tsunami itself and therefore, they are
not the tsunami precursors.

While we find a good agreement between the amplitude of the
observed and simulated ATEC for CTIDs, our simulation does not
reproduce well the amplitude of ATIDs. Since CTIDs are excited
by the primary tsunami forcing, we expect a good agreement since
the simulated tsunami reproduces the naturally occurred tsunami
very well. On the contrary, ATIDs are excited by the secondary
forcing developed in the thermosphere, therefore they are more
sensitive to the ambient thermospheric conditions, namely, to the
horizontal distribution of density, temperature and mean winds.
These atmospheric variables are derived from the empirical models
and may differ from the real thermospheric conditions prevailing
during the event. These differences can lead to the difference in the
amplitudes of simulated ATIDs and measured ATIDs.
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Figure 5. In panels (a) and (b), the observed ATEC or TIDs measured from PRN12/1098 and PRN27/CNMR are shown, respectively. Here, PRN12 and
PRN27 are the GPS satellites and 1098 and CNMR are the receiver locations. In the upper panels, red and yellow stars represent the locations of the epicentre
and receiver locations, respectively and colour images represent the ATEC along the trajectories of satellites. In the middle panels, blue curves represent the
low-pass filtered (less than 5 mHz) ATEC and green curves represent the simulated tsunami wavefield. The lower plots are the wavelet spectra of the above

ATEC time-series.

We note that both CTIDs and ATIDs cover the spectral range
between 0.5 and 1 mHz (or 32—16 min) with a spectral peak around
0.5 mHz. However, CTIDs are horizontally short waves (with wave-
length ~3°) and ATIDs are horizontally long waves (with wave-
length ~6°) (as noted in Fig. 3). Hence despite similar frequencies,
ATIDs propagate faster than CTIDs (as noted in Fig. 4) because of
their longer wavelength.

The simulated ATEC in Fig. 6 corresponds to the integrated An
between 200 and 300 km altitude. In order to study the behaviour
of ATEC with varying altitude range of integration, we present the
simulated ATEC corresponding to the integration of An between

200 and 400 km altitude in Fig. 7. We note that while the distur-
bances are similar in the low-frequency domain (less than 1 mHz),
the simulated ATEC from higher altitude integration creates addi-
tional high-frequency perturbations. This high-frequency contribu-
tion is from the new waves generated above 300 km altitudes due to
artefact of the simulation in extremely rarefied atmosphere at these
altitudes while the simulation still preserves the low-frequency con-
tribution due to AGWs. Therefore, the largest contribution to ATEC
is indeed from the 200 and 300 km altitude range and the attenuation
effects including the attenuation of high-frequency artefacts above
300 km should be larger than currently modeled.
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Figure 6. In panels (a) and (b), the simulated ATEC from PRN12/1098 and PRN27/CNMR are shown, respectively. In the upper panels, red and blue curves
represent the low-pass filtered (less than 5 mHz) ATEC from simulation and observation respectively. The lower plots are the wavelet spectra of the above
ATEC time-series. Here, ATEC is obtained by integrating An between 200 and 300 km altitude ranges.

5 CONCLUSIONS

In this study, we report on the simulation and observations of two
kinds of TIDs associated to the Tohoku-Oki tsunami. These TIDs
are referred as CTIDs and ATIDs which are excited behind and
ahead of the principal tsunami wave front, respectively.

Two comparative scenarios, representing the excitations of dom-
inant secondary GWs and of complete secondary AGWs, are ex-
amined to understand the origin of ATIDs. We find that the dom-
inant secondary GW scenario only excites CTIDs of ~2 TECU
while the complete AGWs scenario is also able to excite ATIDs
of ~1 TECU. This second scenario reveals that the tsunamigenic-
TIDs cover a wider area in the ionosphere than the tsunami itself.
When the tsunami propagates between ~6° and 12° of epicentral
distance, ATIDs arrive ~20—60 min earlier, covering 3°—10° of dis-
tance ahead of the tsunami. The study demonstrates ability of the
secondary AGWs to gives rise to highly energetic rapidly develop-
ing ATIDs. These ATIDs are generated from the horizontal thrust
arising from the dissipation of horizontal momentum of AGWs in

the thermosphere and consequently they are associated to the GW
modes and acquire long horizontal wavelengths owing to the hori-
zontal thrust.

Observations of TIDs along the trajectories of two GNSS satel-
lites are presented and compared to our simulated TIDs. Observed
features such as the presence of two clear wave phases representing
primary and secondary maxima, their time of occurrence, wave-
form and spectral characteristics are reproduced reasonably well in
the simulation though the secondary maxima differ in amplitude.
In both the observations and the simulation, ATIDs are identified as
the secondary maxima in the temporal variation of TIDs that appear
30-90 min prior to the tsunami arrival.

The early presence (as early as 60 min prior to the tsunami arrival)
of TIDs in the ionosphere at 10° ahead of the tsunami wave front
makes them as an important observable for the detection of tsunami
in the far field. Because it relies on the existing and continuously
growing GNSS networks, it could complement the existing tsunami
early warning systems at an effective cost.
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Figure 7. In the upper and lower panels, the simulated ATEC from PRN12/1098 and PRN27/CNMR are shown, respectively. The blue curves correspond to
the ATEC obtained by integrating An between 200 and 400 km altitude ranges. The red curves from the upper panels of Fig. 6 are replotted for comparison.
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