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[1] Global Positioning System (GPS) allows the detection of ionospheric disturbances
associated with the vertical displacements of most of the major shallow seismic events.
We describe a method to model the time and space distributions of Rayleigh wave induced
total electron content (TEC) patterns detected by a dense GPS array. We highlight the
conditions for which a part of the ionospheric pattern can be directly measured, at
teleseismic distance and above the epicenter. In particular, a satellite elevation angle lower
than 40° is a favorable condition to detect Rayleigh wave induced ionospheric waves.
The coupling between the solid Earth and its atmosphere is modeled by computing the
normal modes of the solid Earth–atmosphere system. We show the dependency of the
coupling efficiency on various atmospheric conditions. By summation of the normal
modes we model the atmospheric perturbation triggered by a given earthquake. This shows
that a part of the observation is a Rayleigh‐induced radiation pattern and therefore
characteristic of the seismic rupture. Through atmosphere‐ionosphere coupling, we model
the ionospheric perturbation. After the description of the local geomagnetic field
anisotropic effects, we show how the observation geometry is strongly affecting the
radiation pattern. This study deals with the related data for two earthquakes with far‐field
and near‐field observations using the Japanese GPS network GEONET: after the 12 May
2008 Wenchuan earthquake (China) and after the 25 September 2003 Tokachi‐Oki
earthquake (Japan), respectively. Waveforms and patterns are compared with the observed
TEC perturbations, providing a new step toward the use of ionospheric data in
seismological applications.

Citation: Rolland, L. M., P. Lognonné, and H. Munekane (2011), Detection and modeling of Rayleigh wave induced patterns in
the ionosphere, J. Geophys. Res., 116, A05320, doi:10.1029/2010JA016060.

1. Introduction

[2] The response of the ionosphere to the vibrations of the
solid Earth triggered by earthquakes, volcanoes or tsunamis
has been extensively studied in the last 20 years. Indeed, a
small amount of the released wave energy is transferred to
its surrounding atmosphere by dynamic coupling, and vice
versa [Lognonné et al., 1998; Lognonné, 2009]. At the
location of the seismic source or seismic (or tsunami) wa-
vefronts, the vertical displacement of the Earth’s surface acts
like a piston on the atmosphere. Through continuity of
displacement, this displacement generates upward propa-
gating acoustic or gravity waves. The coupling is maximum
around the acoustic cutoff frequency (i.e., around 3.7 mHz),
where the atmospheric/solid energy ratio is of the order of a
few per mill [Lognonné et al., 1998]. The upward propa-
gating vibrations of the atmosphere are exponentially

amplified due to the rarefying air density, up to about 200–
300 km where attenuation effects (viscosity, thermoconduc-
tion, etc.) start to be significant [Artru et al., 2001]. Thereby, a
pressure seismic surface wave with a velocity of 1 mm/s on
the ground, corresponding to teleseismic surface waves gen-
erated by a shallow earthquake with magnitude 8, reaches the
maximum of ionization (F2 ionospheric peak) with many tens
to a few hundreds of meters per second [Artru et al., 2004].
[3] In the ionosphere the atmospheric neutral waves

interact with the plasma through particle collisions, generat-
ing electron density fluctuations [Kherani et al., 2009]. These
ionospheric perturbations are often detected via radio tech-
niques, such as HF Doppler sounding and Global Positioning
System (GPS) ionospheric monitoring. The latter provides an
integrated value called total electron content (TEC). This
corresponds to the ionospheric electron density integrated
along the satellite‐receiver line of sight and is expressed in
TECU (1 TECU = 1016 electrons/m2).
[4] Two different types of coseismic ionospheric waves

perturbations have been recorded so far. The first waves are
low‐frequency acoustic waves, excited locally by the earth-
quake rupture. They propagate both vertically and horizon-
tally at sound speed. They were first observed by Calais and
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Minster [1995] with the GPS‐TEC technique and success-
fully modeled through atmospheric ray tracing [Calais et al.,
1998; Heki and Ping, 2005; Heki et al., 2006; Afraimovich
et al., 2010]. Earthquake parameters as energy and fault
distribution were also derived.
[5] The second waves are induced by the forcing of the

propagating ground or oceanic wavefront. Our paper
focuses on Rayleigh wave induced ionospheric signals, and
we refer the reader to Artru et al. [2005], Occhipinti et al.
[2006, 2008], Hickey et al. [2009, 2010], and Rolland
et al. [2010] for tsunami wave induced signals. Rayleigh
wave induced ionospheric waves have been observed at
teleseismic distance (see Figure 1) by three different tech-
niques. The first two are similar and based on HF Doppler
[Artru et al., 2004] or over‐the‐horizon (OTH) radar
[Occhipinti et al., 2010] which both monitor the electron
vertical oscillations of the ionospheric layer that reflects or
refracts the HF signals, typically between 150 and 200 km
altitude. The last one is the TEC measurement, which
integrates the electron density perturbations between the
surface and the satellite [Dučić et al., 2003]. This last
technique is sensitive to perturbations occurring at higher
altitudes, typically 250 to 350 km. If these three examples
have all lead to far‐field observations, TEC observations
have been also performed in the near field. For example,
Astafyeva et al. [2009] observe fast propagating Rayleigh
wave induced ionospheric waves superimposed to the slow
propagating acoustic waves. These two signals can be
separated beyond epicentral distance of 700 km, as their
propagation speeds are strongly different: about 3 km/s and
600 m/s, respectively.
[6] Let us now address the modeling effects: the vertical

velocity of the Rayleigh wave induced ionospheric waves
was successfully reproduced by Artru et al. [2001], with the
summation of Rayleigh fundamental normal modes with

atmospheric coupling [Lognonné et al., 1998]. A similar
technique was used to compute the near source acoustic
signals generated by the eruption of the Montserrat volcano
[Dautermann et al., 2009]. The modeling of the TEC signals
induced by Rayleigh waves, however, was never published
so far and is the main subject of this paper.
[7] Our approach for this modeling is the following.

Using the same approach as Artru et al. [2004], we compute
the atmospheric neutral “winds” (i.e., the neutral atmo-
spheric velocity wavefield) in a 3‐D grid surrounding the
source area and large enough to include all GPS satellites
line of sight. The vertically stratified atmospheric model
used is the NRL‐MSISE model [Picone et al., 2002], which
depends on the local time, location and solar flux. We then
model the coupling effects between the neutral and ionized
atmosphere accurately, taking into account the a priori
ionospheric structure and local magnetic field. We finally
compute the electron density perturbation, integrate it along
the GPS satellite line of sight and compare it with the TEC
measurements. This allows us to model not only single GPS
TEC time series, but also to reconstruct 2‐D TEC maps
sampled by high‐density GPS networks in a reasonable
computing time.
[8] We apply the process to the Rayleigh wave induced

ionospheric disturbances generated by two earthquakes in
far‐field and near‐field conditions, both observed by the
Japanese GPS network GEONET. The far‐field event is the
12 May 2008 Wenchuan earthquake (Mw 7.9, Ms 8.1) while
the near‐field event is the 25 September 2003 Tokachi‐Oki
earthquake (Mw 8.3, Ms 8.1). See Figure 2 for locations.
[9] As the GPS TEC technique is strongly dependent on

the observation geometry, we compare the geometries in
these two examples for several satellites. Then we define the
optimum conditions of observation needed to observe Ray-
leigh wave induced ionospheric waves. We finally compare

Figure 1. Schematic view of the study. The vertical vibrations of the ground at the passage of Rayleigh
waves propagating at 3.5 km/s (vh) generate an acoustic wave propagating upward at sound speed (vz),
resulting in a plasma perturbation at ionospheric heights. The wave vector k is perpendicular to the
wavefront and has a zenith angle of about 10° at ionospheric heights.

ROLLAND ET AL.: RAYLEIGH WAVE PATTERNS IN THE IONOSPHERE A05320A05320

2 of 18



Figure 2. (top) Location of the two seismic events observed with the help of the GEONET dense GPS
array, whose receivers are marked by black dots. (bottom) Polar view of the elevation and azimuth angles
of the satellites as seen by receiver 0490 (shown on the map) during the unspecified time interval.
The stars mark the satellites geometry at seismic origin time. The focal mechanisms diagrams from
the Global Centroid‐Moment‐Tensor database (http://www.globalcmt.org) are also shown.
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our modeled Rayleigh wave induced GPS TEC disturbances
with data and conclude.

2. Background: GPS Ionospheric Mapping
Over Japan

[10] For the two events, we use the very dense Japanese
GPS Earth Observation Network (GEONET). This network
is operated since 1994 by the Geographical Survey Institute

(GSI) of Japan and has more than one thousand permanent
dual‐frequency GPS receivers. Although its primary goal is
geodetic monitoring of crustal deformations [Sagiya, 2004],
it allows high‐resolution TEC mapping, with mean dis-
tances between the ionospheric piercing points of about
20 km. The 30 s GPS data are freely available from the
GEONET public FTP site (http://163.42.5.1) during approxi-
mately 1 year after acquisition.

Table 1. Seismic Source Moment Tensor Solutions Used in Our Simulations and Provided by the Harvard Global Centroid‐Moment‐
Tensor Projecta

Seismic Event
Origin Time

(UT)
Epicenter Location
(Lon/Lat, deg)

Depth
(km)

Strike/Dip/Slip
(deg)

Mo

(N m)
dtc
(s)

htc
(s)

Wenchuan 0628:01 31.44/104.10 12.77 231/35/138 8.97 × 1020 38.84 21.8
Tokachi‐Oki 1950:06 42.21/143.84 28.24 250/11/132 3.05 × 1021 31.81 33.5

aSee Dziewonski and Anderson [1981]. Mo denotes the scalar moment, dtc is the time shift, and htc is the half duration.

Figure 3. IPP TEC map measured on 12 May 2008 at 0650:00 UT (22 min after the Wenchuan earth-
quake) using GEONET observing the GPS satellite 14. We also present snapshots from 19 to 29 min after
the earthquake in Animation S1 in the auxiliary material. The IPP tracks for the four specified stations are
depicted from 0600 to 0730 UT. Nearby seismometers are marked with triangles. The traveltime diagram
of the filtered slant TEC at IPPs is shown in the inset. The plain gray line has a 3.5 km/s slope and origin
at seismic origin time. It corresponds to the approximate phase velocity on the ground of a Rayleigh
surface wave emitted by the earthquake. The dashed gray line indicates the phase velocity of a wave
propagating on the ground at sound speed (1 km/s slope). The blue waveform in the inset is a stack of the
8 time series at IPPs located most in the south (in the rectangle). The peak‐to‐peak time interval is 90 s,
and the corresponding spectrogram shows a broad frequency peak centered on 5 mHz. Time series are
filtered between 1 and 10 mHz.
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[11] In order to extract the TEC, we use the phase mea-
surements of the two carrier frequencies (f1 = 1575.42 MHz
and f2 = 1227.60 MHz). Biased slant TEC (STEC) time
series are computed for each satellite‐station pair from
the L1 and L2 carrier phases difference following Mannucci
et al. [1998] and Lognonné et al. [2006]. Short‐term iono-
spheric perturbations are extracted by removing the long‐
period variations due to the ionospheric daily variability,
satellites motion and to the quasi‐constant instrumental
biases. Data are, therefore, detrended and band‐pass filtered
between 1 and 10 mHz by a Butterworth filter.

[12] High‐rate (1 Hz sampled) GPS data were provided by
the GSI for the Tokachi‐Oki event. They have two advantages:
first, they are less noisy as compared to 30 s sampled data
[Crespon, 2007], which lowers the detection threshold. Sec-
ond, they sample high‐speed Rayleigh wave induced iono-
spheric waves better, especially for dense networks, where the
propagation time between two GPS stations is less than 10 s.
[13] For each satellite‐receiver pair, the observed or mod-

eled time‐filtered STEC (dSTEC) values are associated with
the ionospheric pierce point (IPP). The IPP is the intersection
point of the satellite‐receiver raypath with a 300 km thin

Figure 4. (a) Example of filtered slant TEC time series (1–10 mHz frequency band), with sampling at 1 s
and 30 s in grey and black, respectively. (b) Filtered TEC maps measured 11 and 13 min after the Tokachi‐
Oki earthquake. The estimated origin time is 1950:06 UT. Each point (IPP) corresponds to a pair formed by
a GEONET GPS ground station and GPS satellite 13 and is located at 300 km height for representation
purpose. The star locates the epicenter. We present snapshots from 10 to 20 min after the earthquake in
Animation S2 in the auxiliary material. (c) Traveltime diagram of the filtered slant TEC with azimuthal
selection of the IPPs. (left) Western IPP selection (azimuth from 220° to 360°). The “N” wave (outlined
with a plain line) is the acoustically resonant component of the Rayleigh driven perturbation while the “R”
wave (outlined with a dashed line) is the seismic component that we model. (right) Eastern IPP selection
(azimuth from 130° to 150°).
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shell, and therefore, is moving with time with the GPS sat-
ellite. However, this representation is not associated with any
2‐D thin shell approximation of our modeling and is used
only for the purpose of signal description. Despite a very
irregular and moving sampling, the density of the wide
Japanese GPS array allows the direct imaging of coseismic
ionospheric waves, characterized by wavelengths ranging
from 100 to 300 km. In the following, we will use the
denomination “TEC map” for the filtered STEC perturbation
mapped at IPPs at a given time.

3. Observations

[14] Using the very dense GPS network GEONET, we
focus on the observations and the modeling of GPS TEC
Rayleigh wave induced ionospheric waves observed at far
field and at near field: after the 2008 Wenchuan earthquake
and after the 2003 Tokachi‐Oki earthquake, respectively.

3.1. Events Characteristics

[15] The earthquake parameters used in our simulations
were first based on the centroid moment tensor (CMT) of
Columbia University (http://www.globalcmt.org/) and values
are reported in Table 1. Tectonic information is from the
U.S. Geophysical Survey (http://earthquake.usgs.gov/).
[16] TheMw= 7.9 (Ms= 8.1)Wenchuan earthquake occurred

in midafternoon (1428:01 LT at epicenter, 0628:01 UT), on
the northwestern margin of the Sichuan Basin and 90 km
fromChengdu, the Sichuan capital (104.10°E; 31.44°N). This
destructive earthquake resulted from the rupture of a northeast
thrust fault (strike 231°) at a focal depth of 12.8 km. The near‐
field TEC signal was analyzed byAfraimovich et al. [2010]. It
is characterized by an N‐shaped acoustic wave, with a wave-
front parallel to the earthquake rupture direction and a clear
southeastward emission lobe. Data in the far field were,
however, not studied. The GPS GEONET network allows
such observations southeast of the epicenter at epicentral dis-
tances of 1500–2000 km.

[17] The Mw = 8.3 (Ms = 8.1) Tokachi‐Oki earthquake
was a shallow interplate earthquake with a hypocenter
depth of 28 km. The rupture occurred 60 km from the
Hokkaido island east coast (143.84°E; 42.21°N), at night-
time (0450:06 LT, 1 day ahead at epicenter, 1950:06 UT).
The thrust fault ruptured northwestward (strike 250°) at
an average phase velocity reaching the shear wave velocity
(4.5 km/s) and a 6 m maximum slip was estimated by Yagi
[2004]. The rupture generated strong long‐period vertical
displacements [Aoi et al., 2008], favorable to an efficient
coupling with the atmosphere. Both coseismic neutral
atmospheric waves and therefore, ionospheric waves are
reported. The first are illustrated by the pressure waves
observations of Rayleigh wave induced atmospheric waves
that propagate at a velocity of 3.2 km/s [Watada and Kanamori,
2010]. The latter were near‐field TEC disturbances investig-
ated by Heki and Ping [2005]. We focus the paper on the
Rayleigh wave induced ionospheric TEC observations.

3.2. Far‐Field Observations: Wenchuan

[18] Shortly after the Wenchuan earthquake, ionospheric
waves were detected by satellite 14, traveling eastward and
reaching the east of Japanese archipelago, as shown by
Figure 3. The ionospheric perturbations in the south, over the
East China Sea, have maximum amplitudes of 0.15 TECU
in the 1 to 10 mHz frequency bandwidth. The propagation
velocity can be obtained directly from the amplitudes of the
TEC, represented as functions of both time and epicentral

Figure 5. (right) Selection of satellite 13 IPP tracks crossing southwest from the Tokachi‐Oki earth-
quake epicenter between 1950 and 2015 UT. Dots indicate the locations of the IPPs at 2000 UT. Triangles
indicate the location of nearby broadband seismometers. (left) The locations of the corresponding
ground receivers.

Table 2. The 1‐D Atmospheric Model Input Parametersa

Seismic
Event

Time
(UT)

Local
Time

Location
(Lon/Lat)

F10.7/
F10.7a

Wenchuan 0648 1548 30°N/122°E 68.0/68.3
Tokachi‐Oki 2000 0500 42°N/144°E 133.5/131.9

aF10.7 and F10.7a denote the solar flux index, daily and averaged over
80 days, respectively.
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distance. Figure 3 shows the filtered TEC time series as
function of the IPP epicentral distance for satellite 14.
[19] The signal‐to‐noise ratio is relatively low. This is

probably related to the observation time (local midafternoon)
and to the 30 sec sampling rate of the data. Nevertheless,
a coherent signal is found, highlighted by a stack of the
first perturbed STEC time series, each of them shifted by the
time shift found by cross correlation (see Dučić et al. [2003]
for methodology details). It results in a N‐shaped wave, with
a broad peak frequency around 5 mHz. However, no sig-
nificant perturbation is detected by the other visible satellites
presented in Figure 2. The IPPs of satellite 14 have a low
elevation angle of around 30°, while the IPPs of satellite 22
crossing close by have a 50° elevation angle approximately.
This shows a high sensitivity to the elevation angle. A
southeastward directivity seems also to be observed in this
far field, as for the near field after Afraimovich et al. [2010].
This directivity is confirmed by the analysis of the GPS
observations of satellite 14. Indeed, IGS (International
Global navigation satellite system Service) station PIMO
located in the Philippines shows that 1975 km away from the
epicenter right to the southeast the amplitude of the “N”
wave is 0.15 TECU while at the same distance right to the
east the amplitude measured by the GEONET GPS station
0733 is 0.08 TECU.

3.3. Near‐Field Observations: Tokachi‐Oki

[20] As reported by Heki and Ping [2005] strong N‐shaped
coseismic ionospheric disturbances are detected with the
GEONET network within 10 min after the Tokachi‐Oki
earthquake. This work provided a complete description of the
observation geometry, summarized in Figure 2. An acoustic
pulse is detected with the almost vertical satellite 24 and
Rayleigh wave induced TEC perturbations are detected with
satellite 13. Again, the elevation angle is low (about 30°)
and Rayleigh waves are also observed on the sounding
points close from the epicenter. The “N” wave is shown in

Figure 6. Sound speed and electron density profiles derived from the NRL‐MSISE00 model and IRI
2007 model, respectively, for the two events investigated in the paper.

Figure 7. Relative energy of the solid Earth modes injected
in the atmosphere, between 0 and 20 mHz. The fundamental
modes and two first overtones are shown for the Tokachi‐
Oki earthquake in black and for the Wenchuan earthquake
in gray. They are computed with a radiative boundary con-
dition, and the viscosity is taken into account. Note the res-
onance at 3.7 and 4.3 mHz.
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Figure 4a. Note that the 1 s sampling is better suited than the
30 s sampling. Two TEC maps measured with satellite 13 are
shown in Figure 4b and the whole perturbation pattern can
be seen in Animation S2 provided in the auxiliary material.1

On Figure 4b (left), a perturbation appears about 10 min
after the main shock. On Figure 4b (right), a pattern with a
nodal line can be observed, about 13 min after the main
shock. The azimuth of this nodal line is 210 ± 20°, compa-
rable to the azimuths of the first fault plane determined by
global CMT project (250°), U.S. Geophysical Survey (234°)
and the Russian National Seismological Center (190°)
[Crespon, 2007]. As a consequence, we can suppose that this
specific pattern is directly related to the seismic rupture.
[21] As also shown by Figure 4b, the IPPs of satellite 13

sound the epicenter area with a wide range of azimuths.
In order to avoid the overlapping of the IPPs tracks on
traveltime diagrams, we made an azimuthal selection of the
IPPs. Figure 4c shows two distinct propagation speeds: on the
east, the whole perturbation propagates with a slope close to

1 km/s, which corresponds to the sound speed near F2 peak.
Therefore, these waves are associated with the acoustic plume
produced by the direct piston‐like effect on the atmosphere, as
acoustic rays are deflected at F2 altitudes and when the line‐
of‐sight integrations are maximal. These waves were also
observed by the satellite 24 [Heki and Ping, 2005].
[22] On the west, the propagation speed is larger than

3 km/s right above the epicentral region. Those fast speed
waves are induced by the Rayleigh waves propagating at the
Earth’s surface at nearly 3.5 km/s. The first perturbation is
a N wave with an amplitude of 1 TECU peak to peak in
average and a 4 to 5 min period (i.e., 3.3 to 4.2 mHz). It is
followed by a weaker oscillatory signal, with an amplitude
not exceeding a few tenths of TECU peak to peak [see Heki
and Ping, 2005, Figure 3]. Therefore, we propose a model
of the near‐source three‐dimensional ionospheric Rayleigh
pattern aiming to explain the oscillatory signal and to relate
the observations to the focal mechanism. We will particu-
larly focus on a selection of IPP tracks traveling south-
westward from the epicenter as presented in Figure 5.
[23] Heki and Ping [2005] also noticed that the TEC

signal‐to‐noise ratio is very low at the northeastern IPPs.
1Auxiliary materials are available in the HTML. doi:10.1029/

2010JA016060.

Figure 8. Variability of the solid Earth–atmosphere coupling at the Tokachi‐Oki earthquake epicenter as
function of local time, day of year, latitude, and solar flux F10.7. The part of the energy injected in the
atmosphere is plotted for the first resonant solid modes 0S28, 0S29, 0S37, and 1S18 (see Figure 7). The
default parameters used for the atmospheric model are given in Table 3, and for each variability plot the
parameter used for the Tokachi‐Oki event is marked by a vertical line.
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Such directivity was already observed by Calais et al. [1998],
who suggested an origin related to geomagnetic field effects.

4. Modeling

[24] We computed the perturbation by the following
sequential scheme: we first model the atmospheric wave by

summation of the normal modes. Through neutral‐plasma
coupling we model the coupled electronic perturbation.
Finally, we integrate the electron density to obtain the per-
turbed TEC. The second step includes the effect of the
magnetic field, whose importance is now confirmed by
several ionospheric observations. We are, therefore, not only
using a rigorous modeling of the Rayleigh waves by normal
modes summation, but also do a full ionospheric coupling
modeling of the momentum transfer between the neutral
atmosphere and the ionosphere in the Earth’s magnetic field,
using the formalism described by Occhipinti et al. [2008]
and Kherani et al. [2009]. See a similar approach for the
near‐source perturbation associated with the eruption of the
Montserrat volcano [Dautermann et al., 2009]

4.1. Normal Mode Computation

[25] Several equivalent methods have been dedicated to the
computation of normal modes with atmosphere [Lognonné
et al., 1998; Kobayashi, 2007; Watada et al., 2006], but so
far none with source freely distributed, in contrary to normal
modes and synthetic seismograms [Woodhouse, 1988;
Clévédé and Lognonné, 2003]. We have used the one devel-
oped by our team, which includes viscosity in the atmosphere
[Lognonné et al., 1998; Artru et al., 2001]. However, none of
these methods includes the other source of atmospheric
attenuation, such as thermal conduction and the collisions of
ions on neutral particles [e.g., Hickey et al., 2009]. Therefore
viscosity must be considered as an ad hoc parameter, which
takes all these effects into account. Lateral and time variations
in the atmospheric and ionospheric parameters are also
only locally modeled by using an atmospheric model without
winds, corresponding to the atmosphere sensed by the prop-
agating waves. This assumption is robust for the almost
vertically propagating Rayleigh waves studied in this paper
but probably weaker for the acoustic long distance propagat-
ing waves emitted directly by the earthquake or in low‐latitude
regions, where the magnetic field is perpendicular to the
neutral atmosphere velocity and ionosphere coupling signifi-
cant [Hickey et al., 2009].
[26] The fundamental Rayleigh spheroidal modes and the

10 first overtones (eigenmodes and eigenfrequencies) of an
anelastic Earth surrounded by a realistic one‐dimensional
atmosphere are computed following the method proposed by
Lognonné et al. [1998] up to 20 mHz. This corresponds to a
maximum angular order ‘ = 203.
[27] Our method, with examples of applications of Artru

et al. [2001, 2004] and Dautermann et al. [2009], consists
in two steps. First, a complete set of normal mode functions
is computed for an elastic Earth model and a free surface
using the Minos software [Woodhouse, 1988] which solves
the elastodynamic equation in the frequency domain. The
Earth model used is the one‐dimensional (1‐D) anisotropic
Preliminary Reference Earthquake Model [Dziewonski and
Anderson, 1981]), and the surrounding 500 km thick 1‐D
atmosphere is modeled by the NRLMSISE‐00 model [Picone
et al., 2002]. The atmospheric parameters (air density and
sound speed) and solar parameters (F10.7 index) were
computed at the time and location of the observations, to
account for the dependency of the coupling efficiency
with local time [Lognonné, 2009], as given by Table 2. The
sound speed profiles calculated for both events are shown
in Figure 6.

Figure 9. Normalized vertical component of the ground
velocity measured by selected seismometers of the broadband
network FNET (black curves) compared to synthetics seismo-
grams modeled using normal modes summation with point
source approximation (gray curves). The maximum amplitude
of the measured perturbation is indicated in mm/s. (a) Seismo-
grams for the Wenchuan earthquake, filtered from 1 to
10 mHz. (b) Seismograms for the Tokachi‐Oki earthquake;
the seismograms on the left are filtered from 4 to 10 mHz,
while they are filtered from 1 to 4 mHz on the right. The black
squares mark the seismic origin times. The seismometers used
for Figures 9a and 9b are marked on Figures 3 and 5,
respectively. Note the particularly strong long‐period motions
measured by seismometers TMR, MMA, and GJM for the
Tokachi‐Oki event.
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[28] Second, a radiation boundary condition is imposed at
the top of the atmosphere to model the attenuation of the
acoustic waves at larger altitudes. For acoustic waves, the
atmospheric attenuation due to viscosity cannot be neglected
and is included following Artru et al. [2001].
[29] The normal modes are then solved through a varia-

tional method. Solutions are new complex eigenmodes and
eigenfrequencies. Figure 7 shows the part of the energy
injected in the atmosphere for the fundamental branch and
the two first overtones of Rayleigh solid modes. The relative
energy of the fundamental branch is also computed without
viscosity. This highlights the increasing attenuation effect
on modes with the increasing frequency.
[30] Solid modes couple efficiently with the atmosphere

when their eigenfrequencies are close to the frequencies of
the atmospheric waveguides. The most energetic atmo-
spheric modes are trapped in the low altitude atmospheric
waveguide at frequencies 3.7 mHz and 4.3 mHz [Lognonné
et al., 1998]. Depending on the atmospheric conditions,
solid modes 0S28 (Wenchuan case) or 0S29 (Tokachi‐Oki
case) are alternatively resonant at about 3.7 mHz. Mode 0S37

is resonant at 4.4 mHz. The coupling is more efficient when
the frequencies of the atmospheric fundamental acoustic
modes 0P28/0P29 and 0P37 get closer to the solid Earth
Rayleigh fundamental normal modes 0S28/0S29 and 0S37,
respectively. The same is observed for the overtones, as
shown by resonances at 1S18 and 2S17 on Figure 7. The
lower‐frequency resonance computed for the Wenchuan
case as compared to the Tokachi‐Oki case (i.e., 0S28 com-
pared to 0S29) can be understood from the speed profiles on
Figure 6, which shows a slightly larger waveguide due to
the upward extension of the mesopause above 100 km of
altitude and therefore a better resonance with the lower‐
frequency 0S28 mode.
[31] The variation of the atmospheric energy of resonant

modes with variable atmospheric conditions is shown on
Figure 8. Coupling between the Solid Earth and its atmo-
sphere appears to be most energetic at noon and during the
solstices, when the solar heating is the most intense. This
tendency is confirmed by the linear growth of the res-
onant mode 0S29 energy with increasing solar flux F10.7.
The role of this last parameter is however smaller than the

Figure 10. Modeling of Rayleigh wave induced atmospheric and ionospheric waves 22 min after the
Wenchuan earthquake. (a and b) Horizontal slices at 300 km of the vertical component of the neutral
velocity perturbation ur and of the electron density perturbation dNe, respectively. (c and d) Vertical slices
along the dotted line depicted in Figures 10a and 10b of ur and dNe, respectively. The k is the wave vec-
tor, B is the geomagnetic field vector, and s is the observation vector, which is the direction vector of the
line of sight of a receiver‐satellite couple. Note that for satellite 14, s is almost perpendicular to k, which
means a constructive integration of the electron density perturbation.
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local time and the day of year. The latitudinal variations
are more complex, combining seasonal variations with the
inclination of the Earth with respect to solar light, which is
probably generating the large magnification modeled in the
Southern Hemisphere.
[32] As a consequence and despite the lower F10.7 solar

flux, the coupling is more efficient for the Wenchuan case,
at early afternoon and end of May than for the Tokachi‐Oki
case, at nighttime and end of October (see Table 2).

4.2. Seismogram Computation

[33] The excitation of the Earth’s normal modes by the
seismic rupture is modeled in a standard way by a double
couple applied to a point source. Before computing the
ionospheric response, we want to quantify the modeling error
due to this source and solid earth models on the ground
vertical velocity field, which will automatically propagate in
our ionospheric modeling. For this purpose, we compute
seismograms with the same approach and compare them
to data recorded by the Japanese broadband seismometers
network FNET.
[34] Assuming a Heavyside time source function (H(t)),

the displacement s(r, t) is expressed after Lognonné [1991]
at any point r as

s r; tð Þ ¼ H tð Þ<e
X
k

M : �����k r0ð Þ uk rð Þ 1� ei�k t

�2
k

" #
; ð1Þ

where M is the moment tensor (we use global CMT), r0 is
the source location, �k is the deformation associated with the
eigenmode uk with eigenfrequency sk, and <e denotes the

real part. The amplitude of equation (1) are then convoluted
by the source time function and when compared to seis-
mograms, by the response function of the instruments. The
source time function is a boxcar having a half duration htc
and delayed by a time shift dtc given in Table 1. Note that
we do not take here into account the change in the con-
vention of the CMT method after the 1st January 2004, as it
uses a triangular source time function to estimate the source
parameters of the events that occurred after. For the 2008
Wenchuan earthquake case, the error made using a boxcar
function is lower than 10% in amplitudes, as we focus only
on long periods.
[35] For consistency, we first model the vertical coseismic

motions at ground level at the locations of selected broad-
band seismometers of the network FNET (see locations
in Figures 3 and 5) and compared them to the data provided
by the public Web site http://www.fnet.bosai.go.jp. As
shown by Figure 9, the seismograms are well reproduced
through normal modes summation technique at far field in
the 1 to 10 mHz frequency range. At near field, the point
source approximation provides synthetics in rather good
agreement with the data in the 4 to 10 mHz frequency
range but fails to reproduce the long‐period ground motions
observed by seismometers GJM, MMA and TMR from 1
to 4 mHz. For these seismic stations, the observed ampli-
tude is more than 20 times larger as for the other sta-
tions. This lack of long‐period ground motion, either due to
the more complex and finite sources or to 3‐D lateral var-
iations in the crust and possible sedimentary resonances,
must be kept in mind for further comparison of the TEC data
and synthetics.

Figure 11. Same as Figure 10 but 15 min after the Tokachi‐Oki event. The geomagnetic inclination at
epicenter is about 55°. With satellite 13, the integration of the electron density perturbation is constructive
in the southwest and destructive in the northeast, while it is fully destructive with satellite 24.
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4.3. Neutral‐Plasma Coupling

[36] The first step to model the coupling is the computation
of the velocity wavefield or 3‐D “wind” maps of the neutral
atmosphere. For this purpose, synthetic seismograms in
velocity u(r, t) = ds(r, t)/dt are computed for the three com-
ponents (vertical, south and east) at each node of the spherical
grid in the atmosphere. This three‐component field extends
from 100 to 500 km in altitude, with an horizontal spacing
of 0.2 degree both in longitude and latitude (a maximum of
25 km horizontal space step corresponding to about 1/7 of the
Rayleigh wavelength at 20 mHz and 3.5 km/s horizontal
propagation speed). The vertical spacing is 10 km, corre-
sponding to 1/4 of the Rayleigh wavelength at 20 mHz and
0.8 km/s vertical propagation speed. Instantaneous vertical
velocity patterns are presented on Figures 10 and 11).

[37] We applied a finite difference scheme to solve the
transport and continuity equations of ions [Kherani et al.,
2009], using a time step of 10 s. A comparative test with
a vertical space step of 5 km and a 5 s time step shows a
residual lower than 10% on the final perturbed TEC value.
As a consequence, a 10 km vertical space step and a 10 s
time step are chosen, as they provide a sufficiently accurate
result in a reasonable computation time.
[38] The ionospheric (electron density Ne), geomagnetic

field and transport parameters (ion collision frequencies nin)
are computed at the time and location of the earthquake on
the whole modeling grid using the International Reference
Ionosphere (IRI) [Bilitza and Reinisch, 2008], the Inter-
national Geomagnetic Reference Field (IGRF‐10) [Maus
et al., 2005] and SAMI2 [Huba et al., 2000], respectively.

Figure 12. (left) Vertical oscillations in velocity (Vr) of the neutral atmosphere modeled by normal
modes summation at 140.4°E and 41.2°N for the Tokachi‐Oki earthquake case, as function of
time and altitude. (right) Corresponding perturbation of the electron density (dNe) modeled by iono-
spheric coupling.

Table 3. Overview of the Significant Rayleigh Wave Induced Ionospheric Observations Made by GPS TEC Techniquea

Date Epicenter Location Ms Satellite dSTEC (TECU) El (deg) Reference

3 Nov 2002 Denali 8.5 26 0.05 25 Dučić et al. [2003]
26 Dec 2004 Sumatra 8.9 13 0.05 40 Occhipinti [2006]
12 May 2008 Wenchuan 8.1 14 0.1 30 this paper
4 Oct 1994 Kuril islands 8.1 06 0.3 40 Astafyeva et al. [2009]
25 Sep 2003 Tokachi‐Oki 8.1 13 0.7 40 this paper
15 Nov 2006 Kuril islands 8.3 20–13 0.2 30 Astafyeva and Heki [2009]

aThe maximum peak to through amplitude of the filtered slant TEC dSTEC (in TECU) and the associated earthquake characteristics (Ms is the surface
wave magnitude) and observation geometry with the observed satellite elevation angle El are given.
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[39] We use the formula established by McLeod [1966]:

vi ¼ 1

1þ �2
�2uþ �u� 1b þ u � 1bð Þ1b
� �

; ð2Þ

where 1b is the unit vector of the geomagnetic field having
intensity B, � = nin/Gi is the ratio of the neutral ion collision
frequency to the ion gyrofrequency Gi = qiB/mi, where B
denotes the geomagnetic field intensity and qi, mi are the
charge and mass of ions. As the collision frequency is
decreasing with altitude, the � parameter can be neglected in
the F region. Hooke [1970] simplified the expression for
perturbations at midlatitude and F region (� → 0):

vi ¼ u � 1bð Þ1b: ð3Þ

So the ion velocity induced by the neutral particles motion is
mostly proportional to a, that is the cosine of the angle
between the neutral velocity and geomagnetic field vectors
[Hooke, 1970] and known as the ionospheric coupling factor
[Calais et al., 1998]:

� ¼ k � 1b; ð4Þ

where k is the atmospheric perturbation wave vector.
[40] The electron density fluctuations are derived from the

continuity equation for ions:

@Ne

@t
þr � Nevið Þ ¼ 0: ð5Þ

After linearization, assuming that the fluctuations are
small: Ne(t, r) = Ne0 + dNe(t, r), we integrate the continu-
ity equation:

�Ne t; rð Þ ¼ �
Z t

0
r � Ne0vi t; rð Þð Þdt: ð6Þ

[41] The resulting instantaneous ionospheric patterns
are presented in Figures 10 and 11. To be more specific,
Figure 12 shows an example of the modeled atmospheric
and ionospheric seismograms as function of altitude. The
vertical neutral velocity perturbation is 0.4 mm/s peak to
peak at ground level and as expected, increases exponen-
tially with the altitude as the air density decreases, reaching
a maximum at 280 km height, with 120 m/s peak to peak at
this location, then decreases by viscous damping. Note also
the low‐pass filtering effect of the increasing viscosity. The
maximum perturbation in electron density is reached at
290 km height, close to the F2 peak height, with a peak‐to‐
peak amplitude of 1.7 × 1010 electrons per m3. This corre-
sponds to nearly 5% of the unperturbed plasma density.
[42] The resulting 3‐D perturbed electronic density is

finally integrated along each satellite‐receiver path (shown
in Figures 10 and 11), using the IGS orbit ephemeris.

5. Results and Discussion

5.1. Source Effect

[43] The atmospheric Rayleigh wave radiation patterns are
shown in Figures 10 and 11 for the Wenchuan and Tokachi‐
Oki earthquakes, respectively. Both earthquakes induce a
southeastward directivity in the emission lobes of the Ray-
leigh wave radiation pattern. The vertical slices also show
the characteristic conic‐like geometry. Indeed, Rayleigh
wave induced waves are launched in the atmosphere with
an elevation angle given to the first order by the Snell‐
Descartes law. As the ratio between the Rayleigh surface-
waves phase velocity and the sound speed at the ground is
about 10, the elevation angle of the atmospheric wavefront
at the ground is slightly less than 6°. It increases progres-
sively to reach about 14° at 300 km of altitude, where the
sound speed reaches about 800 m/s (as compared to about
3500 m/s for the Rayleigh waves). As shown by Table 3,
which lists past published observations, the integration of

Figure 13. Ionospheric coupling factor a modeled for a Rayleigh induced atmospheric wave gener-
ated at the epicenter of (a) the Wenchuan earthquake and (b) the Tokachi‐Oki earthquake. We follow
equation (4), with wavefronts having a constant 10° inclination and the local geomagnetic field mod-
eled at 300 km height.
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the oscillating perturbations requests a low elevation angle
in order to be significantly nonzero: practically, only satel-
lites with elevation angle lower than 40° provide an efficient
detection of Rayleigh wave induced ionospheric waves. It is
also noticeable that such observations were only made for
class Ms 8 earthquakes.

5.2. Geomagnetic Field Effect

[44] We represent the ionospheric coupling factor a
defined by relation (4) in Figure 13, using a radial wave
vector k with 10° zenith angle. The ionospheric coupling
factor map for the Wenchuan earthquake shows that the
ionospheric coupled wave is less attenuated southward

(a about 0.6) than northward (a about 0.35). This illustrates
the southeastward directivity and the lack of signal in the
north at near field noticed by Afraimovich et al. [2010]. At
far field, in the sounded area (East China Sea) the iono-
spheric coupling factor variation is low. Consequently,
the observed anisotropy is more related to the Rayleigh
wave radiation pattern than to the geomagnetic field effect.
[45] At higher latitude in the Tokachi‐Oki region, the

geomagnetic field has a larger inclination angle of about
55°. Then, the ionospheric coupling factor is about 0.9
southward and 0.7 northward. This is also contributing to the
northern attenuation observed on the TEC pattern observed
with satellite 24 [Heki and Ping, 2005]. For satellite 13, the

Figure 14. (a) Filtered TEC at IPPs measured by GEONET and the satellite 14 after the Wenchuan
earthquake. (b) The corresponding synthetics. (c and d) Measured and modeled travel time diagram. Time
series are filtered between 4 and 10 mHz.
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observation geometry is discussed in the following paragraph
and will appear to be the largest contributing factor.

5.3. The Integration Step

[46] This final step allows us to compare our modeling
with the data. The best agreement between our modeling
and the data correlation amplitude and arrival time is found
when we integrate the ionospheric local anomalies up to
360 km, for both cases: the Wenchuan and Tokachi‐Oki
events. This validates in an ad hoc way our viscous atten-
uation model up to 360 km height. A complete modeling
must integrate other attenuation factors than viscosity, such
as thermoconduction and also advection terms, which are
not taken into account here and prevent it from using our
viscosity model as real viscosity of the atmosphere.
[47] We first illustrate the observational biases on TEC

caused by integration of the electron perturbation. These
effects were predicted by Georges and Hooke [1970]. The
electron perturbation is coherently summed when the line of
sight is parallel to the perturbation wavefront and is can-
celed out when the line of sight is perpendicular. In other
words, transionospheric techniques sound efficiently elec-
tron perturbations generated by atmospheric waves whose
propagation vector k is perpendicular to the observation
vector s, that is the direction vector of the line of sight
[Afraimovich et al., 2001].
[48] For the Wenchuan case, the observation geometry of

satellite 14 is given in Figure 10. It generates a constructive
integration of the electron density perturbation. As all the
observation and wave vectors s and k have a relatively
comparable geometry, the Rayleigh wave radiation pattern
is almost unaffected. The resulting TEC patterns and wave-

forms shown in Figures 14 and 15 are in fairly good agree-
ment with the observations.
[49] For the Tokachi‐Oki case, satellites 24 and 13

respective geometry are shown in Figure 11. The destructive
summation along satellite 24 line of sight explains why no
Rayleigh speed waves are observed with the quasi‐vertical
satellite 24. The interpretation of the Rayleigh wave induced
ionospheric pattern observed at near‐field with satellite 13
is more complex. This observation geometry (about 50° of
azimuth and 30° of elevation) enhances the Rayleigh wave
induced ionospheric pattern in the west by phase integration
while it attenuates it in the east by phase cancelation.
[50] It appears from the three steps of our modeling that

the north‐south anisotropy is related to the combination of
three factors: the seismic source, the geomagnetic field and
the observation geometry. They cause a strong attenuation
of the Rayleigh wave coupled waves in the northeast and
southeast quadrants, while the signal in the southwest
quadrant keeps the source signature. There, the computed
patterns in Figure 16 reconstruct fairly well the shape of the
observed TEC images. However, the signal is still domi-
nated at far field by the acoustically resonant N‐shaped
pulse. As a matter of fact, we show on the modeled tra-
veltime diagrams that the oscillatory “R” (for Rayleigh)
wave highlighted in Figure 4c can be modeled using our
method and the used seismic source model. The waveforms
comparison in Figure 1 also shows more precisely that only
a small part of the perturbation is modeled. We also note in
our synthetics maps a phase inversion, like on the data,
which confirms its relation to the source.
[51] Several hypotheses in our models are far from being

fully realistic, such as the point source approximation and a

Figure 15. Observed (black) and modeled (red) STEC time series filtered between 4 and 10 mHz as
function of the epicentral distance measured at the synthetics maximum. (a) At far field of the Wenchuan
earthquake. The selected IPPs tracks are depicted on Figure 3. (b) At near field of the Tokachi‐Oki
earthquake. The IPPs tracks are depicted on Figure 5.
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spherically symmetric standard Earth model, which might
affect the ground vertical displacement, including the deficit
of long‐period signals described above on some stations.
This first modeling does not incorporate the acoustic gen-
erated waves. Future works will focus on the modeling of
the sharp primary pattern, the “N” wave highlighted by
Afraimovich et al. [2001].
[52] Colocated measurements by Doppler sounder and

GPS TEC techniques could also be of great interest to con-

strain the propagation and coupling mechanisms of Rayleigh
wave induced ionospheric waves.

6. Conclusion

[53] We demonstrated the presence of Rayleigh wave
induced ionospheric waves in the emission lobe of the
Rayleigh wave radiation pattern of the 2008 Wenchuan
earthquake and also above the offshore seismic source after

Figure 16. Same as Figure 14 but for the Tokachi‐Oki earthquake. Only the eastern IPP tracks are
depicted on the traveltime diagrams.
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the 2003 Tokachi‐Oki earthquake. We highlight from
observations (see Table 3) that an elevation angle lower than
40° is a favorable geometrical condition for a satellite to
sound Rayleigh wave induced ionospheric waves efficiently.
In addition, ionospheric sounding points located in the
direction of an emission lobe of the Rayleigh wave radiation
diagram are the most sensitive to the passage of Rayleigh
surface waves.
[54] By normal modes modeling and ionospheric cou-

pling, we explain part of the observed pattern to the Ray-
leigh wave radiation pattern excited by both earthquakes.
At far field, the good agreement between model results and
observation in waveform, arrival time and patterns validates
our model up to 360 km height. At near field, we were able
to decipher the seismic source contribution from the iono-
spheric and observation geometry contributions, in the four
quadrants around the epicenter. The network density and its
wide coverage enabled through imaging the estimation
of the fault azimuth in the southwest, where the Rayleigh
wave induced ionospheric pattern is the least corrupted
by the transionospheric sounding technique. However, the
0.2 TECU peak‐to‐peak modeled perturbation is only a
fraction of the observed perturbation, showing that the
modeling process is more complex and has to be improved
to make possible an inversion of seismic source parameters
from the observed radiation pattern. This will be made
possible under the condition of using high‐rate GPS data.
As most of the GPS stations do not systematically transmit
and archive their 1 Hz data, even after large earthquakes, an
archiving effort will be required in order to conserve these
exciting data for future works.
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