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Abstract

During the Demeter mission, a continuous global positioning system (GPS) ionospheric tomography above Europe, Japan and

California will be performed with the Service and Products of ionosphere Electronic Content and Tropospheric Refractive index over

Europe (SPECTRE) experiment. The main goal of the conducted observations is to detect and characterize post-seimic ionospheric

perturbations associated to seismic generated waves, more precisely near field seismic waves, far field Rayleigh waves and tsunamis. We

first review the theory describing post-seismic ionospheric signals as well as the most recent observations of these signals. We then present

the description of the tomographic procedure used for the SPECTRE experiment, as well as the obtained tomographic models. We finally

draw the perspective of such observations.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent developments in ionosphere remote sensing, in
particular techniques using the global positioning system
(GPS) provide an unprecedented capability for monitoring
the state of the ionosphere, its reaction to solar events as
well as ionospheric wave phenomena. But the ionosphere is
also an important Earth layer for solid Earth geophysicists.
The structure and activity of the ionosphere is indeed not
only related to solar–terrestrial interactions, but also to
solid Earth-atmosphere. Three types of signals can be
addressed by a routine survey and monitoring of the
ionosphere. The first ones are produced by an acoustic
coupling between the solid Earth and the ionosphere and
lead to post-seismic signals or alternatively, to signals
related to atmospheric explosion, either from volcanoes or
asteroids or from anthropogenic origin. The second are
e front matter r 2006 Elsevier Ltd. All rights reserved.
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related to coupling of oceanic gravity waves (i.e. tsunami)
with atmospheric and ionospheric gravity waves. The third
ones are related to electromagnetic coupling between the
solid Earth and the ionosphere and might be observed
either during or after quakes, but also possibly before
earthquakes. For a general review of both signals, see
Parrot et al. (1993).
While the main objective of the Demeter mission is

related to the pre-seismic electromagnetic signals, this
paper and the associated investigations are mainly related
to the post-seismic signals and only a short review of the
observations of pre-seismic total electronic content (TEC)
anomalies is provided. Post-seismic ionospheric signals are
associated to the waves generated by earthquakes. The
possible signals are therefore due to near-field post-seismic,
to the far-field Rayleigh waves and to trans-oceanic or near
field tsunami waves. For these waves, the ionosphere is
acting as a natural amplifier of ground measurements and
the vertical velocity at the ground level being amplified by a
factor up to 105 when it reaches the ionosphere. This
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amplification, resulting from the conservation of kinetic
energy as the atmospheric density decreases, can be used
for detecting, monitoring, and characterising ionosphere
perturbations related to geophysical processes on a routine
basis.
2. Previous observations and theories

After an earthquake, seismic waves impose vertical and
horizontal motion of the surface of a planet. By continuity
of the vertical displacement, the atmosphere is forced to
move with a vertical velocity equal to the surface vertical
velocity, and within favorable wavelength and frequency
ranges, the perturbation induced propagates upward as an
atmospheric wave. These atmospheric vibrations produce
adiabatic pressure and temperature variations up to the
ionosphere, as shown in Fig. 1.

The first published observations were performed with
ionospheric sounders after the great Alaska earthquake in
1964 (Bolt, 1964; Davies and Baker, 1965). More observa-
tions were later reported by Yuen et al. (1969), Weaver et
al. (1970) and Blanc (1985). These early observations were
performed for very large earthquakes with magnitude
greater than Ms ¼ 8 and are corresponding to the vertical
oscillations of the ionosphere, which is indeed measured
directly by the sounder. The development of Doppler
sounders in the last 13 years has lead to a reduction of the
detection threshold. Modern sounders, such as the Doppler
sounder operated by CEA/DASE in France and working
continuously since August 1999, are detecting most of the
earthquakes with Ms46:5 (Artru et al., 2004). Doppler
data are very similar to seismograms in the sense that they
measure directly the vertical motion of a given ionospheric
layer. However, they remain limited to a small number of
Fig. 1. Examples of observations for ionospheric seismic signals.

Observation at altitude of 150–200km are performed with High

Frequency Doppler sounder for earthquakes of magnitude greater than

6.5 whereas observations at higher altitude, performed by GPS networks,

can be done only for large quakes with Ms48 (after Ducic et al., 2003).
point measurements and cannot resolve the 3D structure of
the perturbation.
The GPS, with the development of the associated ground

networks, has opened new possibilities in the detection and
imaging of these signals. As a by-product of geodetic
measurements, phase and code measurements from GPS
stations can be used to calculate the electron density of the
ionosphere between the receiver and the satellite. The
primary data provide the integrated value of the electron
density, or TEC (e.g. Mannucci et al., 1998). The
development of dense continuous networks provides there-
fore unique opportunities to perform dense measurements,
leading to a 2D or 3D characterization of transient
ionospheric signals. For that reason, GPS have been used
to detect traveling ionospheric disturbances (TIDs) (e.g.
Afraimovich et al., 1998; Calais et al., 2003), acoustic shock
waves generated by rockets or mine blast (Li et al., 1994;
Calais and Minster, 1996; Calais et al., 1998a, b, Afraimo-
vich et al., 2001a), ionospheric perturbation associated to
solar eclipses (Tsai and Liu, 1999) and seismic signals. The
first seismic observations were performed by Calais and
Minster (1995), who detected perturbations in the iono-
spheric total electron content above Southern California
after the 1994 Northridge earthquake (Ms ¼ 6:7). Afrai-
movich et al. (2001b) have then considered the problem of
interpreting TEC measurements for detection purposes.
They have studied GPS-based measurements of TEC to
determine parameters of acoustic shock waves associated
with two earthquakes that occurred in Turkey in 1999.
They measured TEC perturbations following the earth-
quakes and were able to infer source parameters in
remarkable agreement with seismic measurements. A next
step was performed by Ducic et al. (2003) following the
2002 Denali earthquake (Ms ¼ 7:9). The dense California
GPS networks was used to map the ionospheric perturba-
tions and to compute the group velocity of surface waves
with a high spatial resolution above the Northwestern US
coast, with a precision compatible with the identification of
the signature associated to lateral variation in the Earth’s
lithosphere. The 3D structure of the Denali ionospheric
signal was then characterized by Garcia et al. (2005) and
with such approach, the comparison of signals from
identical altitude can be performed.
The first theories developed to explain these signals have

not considered the coupling between the solid Earth and
the atmosphere/ionosphere system and were based on the
physics of acoustic-gravity waves (Hines, 1960). They
assumed that the seismic deformations of the Earth surface
were acting as a source generating atmospheric signals and
that no energy in the atmosphere was coming back to the
Earth interior. Such theories were used by Wolcott et al.
(1984) for explaining Doppler data and by Davies and
Archambeau (1998), who developed a direct modeling of
these waves for a simple representation of shallow seismic
sources, including high-frequency components of the wave-
packet and nonlinear effects. A more detailed theory was
then developed by Lognonné et al. (1998) to take into
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Fig. 2. Amplitude of the solid fundamental (n ¼ 0) spheroidal normal

modes in the upper mantle and atmosphere, for different angular orders of

the modes. Angular orders are related to the horizontal wavelength by the

Jean’s formula as l ¼ ð2paÞ=ð‘ þ 1=2Þ, where a is the radius of the Earth

and ‘ the angular order. The amplitudes shown are multiplied by the

square root of the density and drawn with respect to radius for several

normal modes. Amplitudes in the atmosphere are multiplied by 100. A

radiative boundary condition is used. PREMmodel is used for the interior

(Dziewonski and Anderson, 1981) and US standard atmospheric model

(1976) for the atmosphere.
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account the coupling between the solid Earth, the ocean
and the atmosphere. In the later, the boundary conditions
of the elasto-dynamic operator at the solid Earth-atmo-
sphere interface is integrated in the normal modes theory.
A radiative boundary condition is implemented at the top
of the atmosphere, in order to simulate the escape of
acoustic and gravity atmospheric waves in the upper
ionosphere, where no refraction of waves is observed. This
theory allows the computation of normal modes, and those
can be used to compute not only seismograms for spherical
models, but also barograms and Doppler ionograms. Artru
et al. (2001) have later incorporated the dissipation related
to viscosity and validated the simulation with Doppler
sounding data (Artru et al., 2004). This technique provides
the neutral density perturbation and velocities of the upper
atmosphere. From this, the electronic density perturbation
can be estimated.

A closer examination of the phenomena can be done by
locking on the properties of normal modes. With Log-
nonné et al. (1998) method, all normal modes of the solid
Earth-ocean-atmosphere coupled system can be calculated
(solid Earth normal modes, acoustic, gravity and lamb
atmospheric modes, gravity oceanic modes, i.e. tsunami
modes). The eigenfunctions calculated give the distribution
of the kinetic and potential energy (Lognonné and Clévédé,
2002), from which the importance coupling between the
atmosphere, ocean and solid Earth can be estimated. For
the seismic spheroidal normal modes, two regimes are
found. Below about 3.7mHz (the exact frequency depend-
ing on the atmospheric model), the atmospheric part of the
mode is trapped at the surface and decays exponentially
with altitude. At higher frequency, a leakage of seismic
energy in the atmosphere is observed, associated to upward
acoustic wave propagation (Fig. 2), and about 0.02% of
the kinetic energy of the spheroidal fundamental normal
modes is transferred to the atmosphere. This leads to the
atmospheric signature of surface waves.

The frequencies with maximum coupling are found first
near 3.7mHz, where spheroidal modes have up to 0.05% of
their energy in the atmosphere and also near 4.4mHz.
These two maximums result from a wavelength matching
of the Rayleigh waves with the mesospheric wave guide and
can lead to typical bi-chromatic seismic signals after
volcanic atmospheric explosions (e.g. Kanamori et al.,
1994; Zürn and Widmer, 1996; Lognonné et al., 1998).
Similar effects are observed for the surface waves
harmonics (Lognonné and Clévédé, 2002). Fig. 2 shows
that the kinetic energy is relatively constant with respect to
the altitude for the long period signals: a small focusing in
the mesosphere is observed due to the atmospheric
trapping and the low frequencies normal modes with
fo10mHz are not strongly affected by the viscous
attenuation. Consequently, these modes have an amplitude
growing exponentially with the altitude z at the rate of
exp(z/2H), where H is the atmospheric density scale height.
Amplitude amplification of 106 are, therefore, observed for
these long period waves. At higher frequencies, viscous
attenuation is larger and induces a damping of the mode
above 150 km of altitude. 30-s period waves reach a peaked
amplification of 105 at altitude ranging between 200 and
250 km and have then an amplitude decreasing with
altitude due to attenuation. GPS observations of seismic
signals will be discussed in Section 6.
Tsunami normal modes are also expected to generate

inospheric perturbations and a first description of the
coupling between tsunami and the atmosphere/ionosphere
system was done by Peltier and Hines (1976). The basic
reason for their efficient coupling is due to the similar
group velocities of the tsunami and of the atmospheric
gravity waves (e.g., see Fig. 1 of Lognonné and Clévédé,
2002). This leads to much larger amplitudes of the
atmospheric displacement. Fig. 3 shows the example for
the tsunami mode with angular order l ¼ 100 (at about
40min of period). We will review in Section 7 the
ionospheric tsunami observations and discuss their per-
spectives.

3. The SPECTRE GPS tomography project

The aim of the Service and Products of ionosphere
Electronic Content and Tropospheric Refractive index over
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Fig. 3. Vertical amplitude of the tsunami normal mode with angular order

‘ ¼ 100 and for the PREM earth model (Dziewonski and Anderson, 1981)

with 3 km of oceanic water depth and the NRLMSISE-00 (Picone et al.,

2002) atmospheric model with local time and location of 2005, December

26 Sumatra event (101N, 90E, 0H UTC). This angular order corresponds

to wavelength and period of about 398 km and 39min. The amplitude is

scaled such it is equal to unity at the sea surface. The boundary condition

at the top of the atmosphere is a free surface, which leads to some

overestimation in the atmospheric amplitudes.
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Europe (SPECTRE) experiment is to perform a 3D
monitoring of the ionosphere and troposphere over dense
GPS array. We will focus in this paper on the scientific
applications of such 3D high resolution models in the
detection of post-seismic signals associated to earthquakes
and will not detail the other applications of SPECTRE, in
term of 3D ionospheric monitoring (for improved perfor-
mances of GPS mono-frequency receivers or of other
ionospheric sensitive systems) or in term of 3D tropo-
spheric monitoring (for meteorological applications).

This post-seismic monitoring will be performed in
conjunction with the operation of the CNES Demeter
mission (Parrot, 2002). The project is operated by a
consortium built between the Institut de Physique du
Globe de Paris and the company Noveltis, a French
scientific engineering company. The project was initiated
during the phase B of Demeter by the IPGP group (Artru,
2001; Ducic, 2004) for the 2D tomography and later
developed toward 3D (Garcia et al., 2005). The developed
software was then upgraded by the Noveltis team, which
has implemented the production web site, located at http://
www.noveltis.net/spectre/. Initially limited to Europe, our
ionospheric monitoring will be extended to California and
Japan during the Demeter mission. The European tomo-
graphic models are already available at the Noveltis web
site, for the most recent data (current week), and archived
data will be available in IPGP when Demeter data will be
released.

The used arrays are the European GPS stations from
various networks (including EUREF, RGP, REGAL and
probably soon, EGNOS), the Japanese GEONET network
of about 1300 stations and the Northern (BARD) and
Southern (SCIN) Californian networks. Data are freely
downloaded from the Internet data servers of these
networks. The GPS tomography algorithm, detailed by
Artru (2001), Ducic (2004), is based on the measure of
propagation times of the GPS modulated carrier signal at
two frequencies: f1 (1575.42MHz) and f2 (1227.60MHz).
Tracking the phase difference between the carriers at f1 and
f2 therefore provides a very precise measure of the
dispersion of the signal, which is only due to ionospheric
propagation and instrumental biases. For a single receiver,
we obtain the propagation time delay between the two GPS
signals for frequencies f1 and f2 using the geometry-free
combination of phase (L1 and L2, in cycles) and code (P1

and P2, in meters) measurements. The time delay t ¼ t2�t1
is expressed by

t ¼ 1=cðl2L2 � l1L1Þ � 1=chP2 � P1 � ðl2L2 � l1L1Þi,

(1)

where l1 and l2 are the wavelengths associated to f1 and f2,
c is the speed of light in vacuum and /S represents the
mean through any continuous sequence of data for one
satellite-receiver couple. This mean allows to determine the
ambiguity constant on the phase measurements, related to
the unknown number of entire cycles between two
consecutives first phase detections of the satellite signals.
If Ne is the electronic density, IFB the inter frequency bias
associated to the receiver and TGD the transmitter group
delay corresponding to the satellite bias (both expressed in
time units), we have (Mannucci et al., 1998)

tðr; s; tÞ ¼ IFBðtÞ þ TGDðtÞ

þ
40:3

c

1

f 2
1

�
1

f 2
2

 !Z s

r

Neðx; tÞds, ð2Þ

where the integration of the electronic density is done along
the radio path between the receiver and the satellite,
assumed as straight line in what follows. The basis of
the second step, i.e. of the ionospheric tomography
procedure, is based on the joint inversion of the iono-
spheric structure and of all receivers and satellites biases by
using the data set of all time delays. The set of unknowns
will be called later model and noted m. Let us consider the
delay ti corresponding to a give pair receiver-satellite (i). In
the 2D case, we assume that the ionosphere can be
reasonably represented as a single layer at an altitude of
350 km, so we can define the vertical total electronic
content (VTEC) as the TEC along a vertical profile
intersecting the ionosphere at the ionospheric piercing
point (IPP). We, therefore, haveZ s

r

Neðu; tÞdu ¼
1

cos yi

VTECðxi; yiÞ, (3)

where yi, xi, and yi are the zenithal angle and position of
the ionospheric piercing point for the ray associated to the

http://www.noveltis.net/spectre/
http://www.noveltis.net/spectre/
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receiver-satellite pair (i).Noting

K ¼
40:3
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we, then, get

ti ¼ Gm½ �i ¼
K

cosðyiÞ
1 1

h i
�

VTECðxi; yiÞ

IFBi

TGDi

2
64

3
75, (4)

where G the model matrix, ti the ith component of a vector
s of the N observed delays and m a 3�N model vector. The
model vector is defined as the vector with the VTEC values
on a given grid plus all IFBs and TGDs. Note, here, that we
have chosen to invert also the TGDs values, even if the later
are given in the broadcast navigation file. Practically, VTEC
values at the IPPs are obtained by linear correlation from
the model grid. Due to their time dependence, the time series
of models will be inversed by Kalman filtering algorithm.
This method allows to set space and time correlation,
improving convergence. So the joint inversion involve the
minimization for each time step of

Gm� tð Þ
tC�1d Gm� tð Þ þ ðm�mprioriÞ

tC�1m m�mpriori

� �
,

(5)

where Cm and Cd, respectively, are the covariance matrix of
the model and of the data and where mpriori is the a priori
model, describing the a priori information on the iono-
sphere, IFBs and TGDs. If we take no a priori on the IFBs
and TGDs, for the ionosphere and the parameter VTEC, we
assume that the structures have a typical correlation
distance, so that the terms of the covariance matrix are
proportional to

Cm / exp� ðx�x0Þ2þðy�y0Þ2ð Þ=D2

, (6)

where x, y, respectively x0, y0, are the position of two points
of the 2D model grid. The covariance matrix is of course
scaled by a normalization factor and D is a correlation
length of the model grid. Cd is taken as a diagonal matrix
(i.e. no correlation is assumed between two GPS stations,
even when the same satellite is observed), with a sigma
corresponding to 0.1 TEC in noise level.

The result of the inversion is a 2D model of the VTEC,
computed as a map, together with the a posteriori map of
error. Such maps are provided systematically on the
SPECTRE web site. In addition we also obtain from the
inversion the satellites and receiver bias. These biases, as
well as the set of inverted data (i.e. the TEC values
produced by the GPS data, together with the position
of the sub ionospheric points) are provided on the web
site too.

Ideally, we can produce tomographic maps with the
same sampling rate as the original GPS data, i.e. every 30 s.
However, a significant aliasing is observed in the 30 s data
provided by the GPS networks, as shown by Garcia et al.
(2005). Although filtered by the inversion, due to the non-
coherency of the aliasing between two different GPS
stations, non-aliased maps are therefore produced by the
use of a FIR filter, at the cost of a reduced sampling rate of
15 or 60min. Fig. 4(a) shows typical TEC variations every
hour for the date 06/06/2004. Fig. 4(b) plot shows few
biases estimations. The field of TEC has been estimated
over a 2.5� 2.5 degree grid. The prior model for the first
iteration is a homogeneous TEC value over the area of
interest and initial values for electronic biases have been
considered as equal to zero. A correlation length of 101 is
used. The convergence of the biases is rapid and the main
signatures of the ionosphere dynamics (diurnal variation of
the TEC, geomagnetic storms) is well recovered.
As noted earlier and in addition to the study of post-

seismic ionospheric signals, the SPECTRE maps can be
useful to study phenomena that affect the ionosphere. For
example, Fig. 5 shows the correlation between the dynamic
of the magnetic field and ionospheric disturbances induced
by the extreme magnetic storm of November 2004. One can
note the strong correlation between the short period
perturbations (o6 h) of the Dst index and of the ionosphere
for auroral area over Europe (601N–701N).
The 3D tomography technique is detailed by Garcia

et al. (2005). In the 3D case, we minimize the same expre-
ssion of Eq. (5) but with a 3D model. The input TEC
measurements are filtered in the infrasonic frequency range
for seismic monitoring, while no filtering is done for an
absolute ionosphere reconstruction. Satellite and station
biases variations in this frequency range are neglected. 3D
monitoring of the absolute ionospheric electronic content,
including biases, will be developed from this first step. 3D
SPECTRE models will be progressively be made available
during the Demeter project for a final on line release at the
end of the mission.

4. Validation

We illustrate the quality of the results by showing
resolution tests and a comparison of the TEC estimation
with other independent estimates.
To validate the method in the TEC determination, we

have compared the TEC estimates from maps generated by
the above-described method (in green in Fig. 6) to those
deduced from bi-frequency TOPEX altimeter measure-
ments (in red) and DORIS measurements (in blue). We
observed a good agreement between the various sources of
TEC estimates, with typical differences of 2 TECU. The
shift between TOPEX and other estimates is due to a bias
coming from the TOPEX inner electronics. In this
comparison, the differences of altitude were corrected
and the distribution of ionisation with altitude was
estimated with IRI model (Bilitza, 1997).
For the resolution, various tests over Europe but also

over South California and Japan have been done to
validate the TEC algorithms and their resolutions and to
confirm that the wavelength of the long period seismic
waves (typically 350 km at 100 s) can be recorded in the
ionosphere. Fig. 7(a)–(d) show the results of chessboard
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Fig. 4. (a) 1-h TEC maps obtained from dense GPS network over Europe on 06/06/2004. A resolution length of 101 and a a priori noise of 0.1 TECU is

used in the inversion, enhancing the large scale structures of the ionosphere. (b) The right bottom figure shows a few of the station bias evolution during

the corresponding period.
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Fig. 5. Top: Dst index period low-pass filtered with 6 h period cut-off. Bottom: Mean VTEC in European auroral area (lat4601N) filtered with the

previous filter.
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tests. In these tests, the electronic biases were assumed to
be already known and pseudo TEC observations were
computed on a grid pattern. Then, for a realistic GPS
stations-satellites configuration, the maps were computed.
Considering the European network resolution (between
500 and 900 TEC measurements each 30 s), we recover only
patterns of wavelength higher than 300 km. Due to the
higher resolution of the Japan and South California
networks, it is possible to recover finer structures of 50
and 100 km wavelength and good results are, therefore,
obtained with correlation length as low as 30–50 km. With
larger correlation length, it is also possible to retrieve 2D
offshore ionospheric structure in Japan, by using also the
low elevation GPS satellites in the inversion. For Europe,
larger correlation’s length (at least 200 km) must be used
and generally, a trade-off must be found between
sensitivity and resolution: large correlation length must
be used for absolute TEC determinations while smaller
ones will reveal small scale TEC variations, with less
confidence on the amplitude however.

Similar tests were performed for the 3D resolution. For
California and with the Denali Alaska observations in
mind (Ducic et al., 2003; Garcia et al., 2005), we have used
a synthetic wave structure in the ionosphere propagating
from North to South, in order to see how the inversion is
able to reconstruct such features. Results are shown on
Fig. 8. These last tests show that the horizontal structure of
Rayleigh waves is retrieved with the existing networks in
California, but also that the resolution is to crude for
retrieving the inclination of the wavefront, its amplitude
and a detailed picture of the vertical propagation of the
ionospheric acoustic waves.

5. GPS detection of seismic waves

GPS networks can image the ionospheric seismic TEC
variations every 30 s at high altitude (250–350 km), and in
some case at higher rates (1Hz). Depending on the number
of stations, either the 2D ionospheric TEC maps or the 3D
ionospheric structure can be reconstructed by the proces-
sing. Several signals were observed, either for near field
observations, such as those of the Hokkaido (2003) and
San Simeon (2003), earthquakes, or in far field, for
Rayleigh waves generated by the Alaska, Denali, 2002
event or for the tsunami generated by the Peru, 2001,
earthquake. In the case of the Hokkaido event, all waves
are observed and a 3D analysis is necessary to separate the
waves.
The November 3, 2002 Alaska earthquake (Ms ¼ 7:9)

gave us the first opportunity to perform such successful
remote sensing of Rayleigh waves. A band-pass filter
between 150 and 350 s corresponding to a central period of
225 s close to the Airy phase of Rayleigh waves was
applied. Data are here plotted as a function of time and
epicentral distance, the latter of which changes with time as
a result of the satellites orbital motion (Fig. 9(a)). We
observed a signal two to three times larger than the noise
level, arriving about 660–670 s after the arrival time of
Rayleigh waves at the ground. The amplitude of the
perturbation varies from satellite to satellite, but the signals
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Fig. 6. Comparisons in California between the TEC predicted measurements and DORIS or TOPEX altimeter TEC measurements (three right figures).

Red curve is the Topex measurement (including the instrumental bias), blue is the Doris measurement and green the GPS measurement. The

corresponding orbits are shown in the right figure.
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are consistent and were observed on six others satellites in
visibility. The total electron content (about 60 TECU at
this local time) is fund to be perturbed by about 0.1% (0.1
TECU peak to peak). Such signals are quite small and it
should be noted that the aliasing effects on the 30 s RINEX
files is typically 0.01–0.02 TECU (Garcia et al., 2005). We
were able to determine, by cross-correlation, the altitude
where the signal maximized and to extract from these
signals the first group velocity measurement of Rayleigh
waves obtained with ground-space measurement techni-
ques, fitting well with the value obtained by tomographic
models (Ducic et al., 2003). Further analysis done, with the
3D tomographic analysis of signals (Garcia et al., 2005)
have shown that ionospheric perturbation were traveling
above the maximum of ionization. Fig. 10 shows the
ionospheric waveform, filtered in the frequency bandwidth
4.3, 5.8mHz for the Denali earthquake. The 1mm peak-to-
peak displacement of the surface is creating a 0.5%
electron density perturbation propagating horizontally at
�4 km/s (seismic surface wave velocity) and vertically at
�1.2 km/s (infrasonic sound velocity). Movies of the signal
can be downloaded at the following address: http://
ganymede.ipgp.jussieu.fr/�garcia/Denali.Vcut.Az2.movie.
mpg.gz.
The Hokkaido Tokacho-Oki earthquake of September

25, 2003 gave us another opportunity and spectacular
ionospheric waves have been observed. In contrary to the
Alaska earthquake observations, these signals are asso-
ciated to the near-seismic waves and especially to infra-
sonic waves generated near the source and propagating in

http://ganymede.ipgp.jussieu.fr/~garcia/Denali.Vcut.Az2.movie.mpg.gz
http://ganymede.ipgp.jussieu.fr/~garcia/Denali.Vcut.Az2.movie.mpg.gz
http://ganymede.ipgp.jussieu.fr/~garcia/Denali.Vcut.Az2.movie.mpg.gz
http://ganymede.ipgp.jussieu.fr/~garcia/Denali.Vcut.Az2.movie.mpg.gz
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Fig. 7. (a) Input Chessboard for the resolution test for Europe. Units are TEC in TEC units. (b) Output VTEC map for Europe. Points are all the

subionospheric piercing points used in the inversion, from a realistic configuration of stations and satellites. The correlation length used was 300 km. (c)

Results of the retrieval for South California. The correlation length is 30 km. (d) Results of the retrieval for Japan and for offshore TEC observation. The

correlation length in this test is 200 km but as for the California case small-scale features above Japan island are retrieved for correlation length of 30 km.

Fig. 8. North–South vertical cut in the Input 3D (left) and in the retrieved 3D (right) wave structures above the California Network.
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the atmospheric wave-guide (Fig. 9(b)). These waves are
observed up to about 800 km. At further distances, we also
observe Rayleigh waves, as for the Denali event. The
amplitudes observed are comparable to those of the Denali
event and are typically 0.1 TECU peak-to-peak. Fig. 11
shows a series of 2D tomography snapshots, every 30 s.
We observe two wavefronts. The first is propagating
offshore Hokkaido, while the second one is propagating
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Fig. 9. (a) Left: TEC observation of the Denali Surface waves for the records from satellite 31 of the California Network. Each trace is corresponding to a

GPS station and the epicentral distance at a given time is the epicentral distance of the sub-ionospheric point. The black arrow shows the arrival time at the

ground while the red arrow shows the arrival time at the maximum of ionization. The Denali earthquake occurred at 22:12:40 GMT. (b) Right: same

observation for the Hokkaido earthquake. The observations are done in the near field. We note that the observed velocities in the near field are smaller

than Rayleigh waves and that the near field signal, up to about 800 km is mainly an acoustic signal. At 1000km, the Rayleigh wave signal, despite smaller

amplitudes, is also recovered. The Hokkaido earthquake occurred at 19:50:06 GMT.
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perpendicular to the Japan’s shoreline of the Japan sea. No
wavefront is observed with a north or northwest propaga-
tion direction. As the coverage of the GPS satellite at the
recording time of the event was very poor in these
directions, this lack of signal is probably just resulting of
a lack of coverage. As this event mix up surfaces waves,
acoustic waves and probably also a tsunami, a full analysis
of the ionospheric signals will need 3D tomography
analysis. Such analysis will be presented in a future paper.

6. Tsunami detections

Tsunami waves propagating across long distances in
the open-ocean can induce atmospheric gravity waves by
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dynamic coupling at the surface. In the period range
10–20min, both have very similar horizontal velocities,
while the gravity wave propagates obliquely upward with a
Fig. 10. Retrieved waves for the Denali Earthquake: vertical cut in the 3D

model aligned along a direction parallel to the surface waves propagation

in a spherical earth.

Fig. 11. Map of the ionospheric perturbations over Japan after the Hokkaido

perturbation is observed, corresponding mainly to acoustic waves generated

occurred at 19h50 UT while the first map is at 20h00 UT.
vertical velocity of the order of 50m/s, and reaches the
ionosphere after a few hours.
Even if the possibility to detect the ionospheric signature

of tsunami was suggested by Peltier and Hines (1976), the
first detection of tsunami in the ionosphere, reported by
Artru et al. (2005) was done 30 years after. The above-
described ionospheric GPS monitoring was used to image a
perturbation possibly associated with a tsunami-gravity
wave. The tsunami was produced after the Mw ¼ 8:2
earthquake in Peru on June 23, 2001 with run-up reaching
locally 2–5m. The tsunami propagated across the Pacific
Ocean and was detected on tide gauge measurements along
the coast of Japan (International Tsunami Information
Center 2001) with amplitudes between 10 and 40 cm,
20–22 h after the earthquake. Numerical simulation pre-
dicted a first peak arrival there approximately 21–23 h after
the event (i.e. 17:30–19:30 GMT on June 24), with open-
ocean amplitudes between 1 and 2 cm in the Northern
Pacific and a short-scale ionospheric perturbation present-
ing the expected characteristics of a coupled tsunami-
gravity wave (Fig. 12) was detected around that time.
The gigantic and dramatic Sumatra tsunami of

December 26, 2004 (M ¼ 9, 00:58 UTC) confirmed the
earthquake. Each map is performed every 30 s. A spectacular ionospheric

by the quake and appears approximately 10min after. The earthquake
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Fig. 12. Observed signal: TEC variations plotted at the ionospheric

piercing points. A wave-like disturbance is propagating towards the coast

of Honshu. This perturbation presents the expected characteristics of a

tsunami-induced gravity waves, and arrives approximately at the same

time as the tsunami wave itself. Peak to peak amplitudes are about 1

TECU.

Fig. 13. Ionospheric perturbation observed at the DGAR/IGS station

from GPS satellite 28. The sub-ionospheric point is approximately located

at 1.65N and 72.78E for an altitude of 350 km, at an epicentral distance of

2460 km of the tsunami. The top trace is the Slant Total Electronic

content, while the bottom trace is filtered between .3 and 3.3mHz.
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possibilities of observing tsunami ionospheric signals and
several IGS GPS stations detected large ionospheric signals
(Fig. 13). Comparable ionospheric signals were also found
on other GPS stations (Vigny et al., 2005; Liu, 2005) and
on the TEC measurement on-board TOPEX/Poseidon and
JASON, with very large TEC signals well correlated to the
vertical oceanic displacement (Lognonné et al., 2005b), but
the lack of network measurements makes measurement of
the azimuth and velocity of the perturbations impossible.
In all cases, the ionospheric perturbations are observed
about 1 h after the tsunami arrival at the ocean surface.
TEC perturbations associated to tsunami will therefore be
searched in the future Demeter’s and GPS’s observations.

7. Perspectives

These ionospheric TEC monitoring of Europe, Califor-
nia and Japan can be used for several scientific investiga-
tions, in addition to the study of post-seismic signals. The
expected long TEC monitoring will be first used to search
for possible TEC anomalies before earthquakes in these
regions (Pulinets et al., 2003). TEC anomalies have indeed
been already reported. Zaslavski et al. (1998), by using the
Topex TEC data, have monitored atypical variations up to
48 h before earthquakes and claim that such variations are
found in 34% of the case, instead of 16% for a purely
random list of events. Large TEC reductions were also
found a few days before the Chi–Chi earthquake (Liu et al.,
2001). Naaman et al. (2001) performed however another
study for earthquakes in Japan, California and Israel and
found no detectable TEC disturbances caused by right-
lateral strike-slip earthquakes with minor vertical displace-
ment. We expect to continue such studies, with both the
SPECTRE and the Demeter data, with a new search for
possible anomalies in Japan, California and Europe before
quakes occurring during the Demeter mission and to
determine statistically if any correlation between these
anomalies and quakes can be demonstrated.
The other perspectives will be to increase observations

and interpretations of post-seismic signals. More observa-
tions of these signals will open new applications. The first
will be related to the early warning of tsunami, in addition
with other tsunami warning techniques. Other will be
found in tomographic studies of the lithosphere with
surface waves. While the ionosphere is an amplifier for the
detection of surface waves, it is indeed not affecting the
horizontal propagation of these waves, which depend on
the lithospheric seismic velocities at a depth depending on
their frequency (about 100 km for 100 s waves). The
determination of the horizontal propagation velocity of
the seismic waves can therefore be helpful for lithospheric
tomographic studies, especially in Earth’s area without
dense broadband seismic networks, such as oceans.
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