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[1] In the last ten years ionospheric anomalies following major earthquakes and
tsunamis have been detected. Global Positioning System (GPS) and altimeters have been
proven effective for this purpose, through Total Electron Content (TEC) measurement.
Most of these ionospheric anomalies are deterministic and reproducible by numerical
modeling via the coupling mechanism through ocean, neutral atmosphere and ionosphere.
Numerical modeling supplies also useful support in the estimation of expected ionospheric
effects and in the exploration and identification of new techniques to detect ionospheric
tsunami signatures. We explore here a new ground‐based technique, nominally the use of
over‐the‐horizon (OTH) radars, for tsunami detection through ionospheric monitoring.
OTH radars operate in High Frequency (HF) band and sounding the bottomside
ionosphere they could anticipate the detection of tsunami‐driven Internal Gravity Waves
(IGW). To validate this hypothesis, we use HF numerical ray‐tracing to simulate synthetic
OTH radar measurements through a 3D tsunami‐driven IGW ionospheric model. Our
simulations clearly identify the tsunami signature in the OTH radar measurements one
hour and a half before the tsunami arrival on the coast. The large coverage of OTH
radar and its sensitivity to plasma anomalies open new perspectives in the oceanic
monitoring and future tsunami warning systems.
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1. Introduction

[2] After the first ionospheric observation performed by
Artru et al. [2005] following the tsunamigenic earthquake in
Peru (23 June 2001, M = 8.2), wide observational and theo-
retical evidence has confirmed that tsunamis are detectable by
ionospheric monitoring. In essence, the oceanic surface dis-
placement produced by tsunamis triggers atmospheric internal
gravity waves (IGWs) that, propagating upward, are strongly
amplified by the combined effect of decrease of density r and
the conservation of kinetic energy rv2 = constant; conse-
quently, the small perturbation at the oceanic surface becomes
huge when the IGWs reach ionospheric altitudes. The fol-
lowing interaction of IGWs with the ionosphere produces
detectable perturbation on the plasma density and plasma
velocity [Hines, 1972; Peltier and Hines, 1976; Occhipinti
et al., 2006, 2008a]. Ionospheric remote sensing, measuring
the plasma velocity by Doppler sounders as well as measuring

the total electron content (TEC) by altimeters or GPS, is able to
detect tsunamis.
[3] The giant 2004 Sumatra earthquake and the following

tsunami produced ionospheric anomalies observed from
ground‐based GPS measurements [DasGupta et al., 2006;
Liu et al., 2006a; Lognonné et al., 2006; Astafyeva and
Afraimovich, 2006; Otsuka et al., 2006; Heki et al., 2006;
Occhipinti et al., 2008b;Choosakul et al., 2009], HF Doppler
sounders [Liu et al., 2006b; Occhipinti, 2006] and space‐
based satellite altimeters [Occhipinti et al., 2006; Hao et al.,
2006]. More recently, tsunamis triggered by the earthquakes
in Kurils islands (15 November 2006), Samoa (29 September
2009) and Chile (27 February 2010) have produced iono-
spheric TEC anomalies detected offshore Hawaii using
Hawaiian dense GPS networks [Rolland et al., 2010]. Those
results show that the tsunami signature in the ionosphere can
be routinely detected.
[4] Additionally, the ionospheric anomalies are determinis-

tic and reproducible by numerical modeling via the coupling
mechanism through ocean, neutral atmosphere and ionosphere
[Occhipinti et al., 2006, 2008a; Hickey et al., 2009; Mai and
Kiang, 2009]. Consequently, the numerical modeling is use-
ful in the estimation of expected anomalies, as well as to
explore and identify new techniques to detect ionospheric
tsunami signatures.
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[5] We also highlight that, despite altimeters clearly prov-
ing the link between tsunami propagation and the associated
TEC perturbation [Occhipinti et al., 2006], the observations
are scarce and cannot be used for routine detection. Close to
altimeters, dense GPS networks multiply the detection of
tsunami related TEC perturbations [Rolland et al., 2010].
Unfortunately, due to the integrated nature of TEC, the GPS
measurements are strongly affected by the satellites‐receivers
geometry [Rolland et al., 2010], as well as by the effect of
geomagnetic field [Occhipinti et al., 2008a]. After the 28March
2005 Sumatra event it has been possible to detect the iono-
spheric signature of Rayleigh waves by OTH radar
[Occhipinti et al., 2010] in France, opening new opportunities
of detection in ionospheric seismology. Therefore in this
work, we explore the tsunami detection capability of over‐
the‐horizon (OTH) radars by ionospheric monitoring.

2. Over‐the‐Horizon Radars

[6] Electromagnetic (EM) waves emitted in high fre-
quency (HF) band (3–30 MHz) have the intrinsic property to
be refracted by the ionosphere [e.g., Davies, 1989].
[7] The layered structure of the ionosphere produces a

change of refractive index primarily as a function of altitude.
OTH radars take advantage of this ionospheric refraction

that bends HF rays progressively toward the ground to reach
locations below the optical horizon.
[8] OTH radars are primarily designed for detection of hard

targets (aircrafts and ships) for military purposes of air‐ and
oceanic‐areas monitoring in a range up to about 3000 km dis-
tance from the radar location. Additionally, existingOTH radars
cover mostly sea‐ocean areas, like the U.S. Navy Relocatable
Over‐the‐Horizon Radars (ROTHR) [Headrick and Thomason,
1998], the Australian Jindalee Operational Radar Network
(JORN) [Anderson, 2010], the French Nostradamus radar
[Bazin et al., 2006] or the Chinese radars [Li, 1998].
[9] Consequently, OTH radars are able to sound the iono-

sphere over oceanic areas at distances up to about 2000 km
from the radar and could anticipate the detection of tsunami‐
driven IGW sounding the bottomside ionosphere. In essence,
the propagation time variation of the emitted/detected EM
waves is sensitive to the local electron density variations due
to IGW propagation. It is therefore promising to analyze the
OTH radar sensitivity to tsunami‐driven IGW.

3. Modeling of Tsunami Detection by OTH

[10] Due to the small number of operational OTH radars
and the need of a dedicated measurement campaign for
detection of tsunami‐driven IGW, there are currently no

Figure 1. Vertical cross section of the modeled tsunami‐driven electron density perturbation and raypaths
computed using a 10 MHz OTH radar signal at 19°, 30° and 35° elevation (dashed gray lines). Dash‐dotted
purple line indicates a possible geometry of a GPS station for a satellite at 25° elevation. Arrows indicate the
tsunami and IGW energy directions of propagation. Note that the vertical scale has been exaggerated.
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available OTH experimental observations of these ionospheric
effects. Therefore a simulation approach is useful to explore
the detection capability of OTH radar for this kind of waves.
For this purpose, we simulate the detection by a monostatic
OTH radar with similar characteristics of Nostradamus
[Bazin et al., 2006]. We use 3D HF ray‐tracing technique
[Occhipinti, 2006] to reproduce radar echoes. HF rays are
computed propagating through a dynamic ionospheric model
composed by both the background daily dynamics as well as
the tsunami‐driven IGW perturbation. Traveling Ionospheric
Disturbances (TID) activity from other sources has not been
included in this modeling to focus on the geometrical effects
of the detection.

3.1. Ionospheric Perturbation

[11] The physical modeling results of Occhipinti et al.
[2008a] show the characteristics of tsunami‐driven IGW in
term of horizontal and vertical propagation, geomagnetic

field influence, electron density and TEC perturbation.
Additionally, Hickey et al. [2009] include the attenuation
characteristics with altitude. We use here a simplified
ionospheric perturbation model, based on these results, to
assess the response of an OTH radar to tsunami‐driven
IGWs. The attenuation effects of magnetic field and other
geophysical perturbations are not included.
[12] The ambient electron density has been perturbed by a

transverse wave with an amplitude that increases with alti-
tude and fades out in the upper part of the ionosphere,
coherently with previous work [e.g.,Occhipinti et al., 2008a].
We suppose that the horizontal phase velocity is constant with
altitude and equal to the tsunami speed c:

c ¼
ffiffiffiffiffiffiffi
gH

p
ð1Þ

where g = 9.81 m/s2 is the Earth gravity and H is the ocean
depth.

Figure 2. (top) OTH radar emission and (bottom) receiving patterns.

COÏSSON ET AL.: OTH RADAR IONOSPHERIC TSUNAMI MONITORING RS0D20RS0D20

3 of 10



[13] The wave is expressed in term of electron density
perturbation DN/N and described as a sinusoidal function
modulated by a Gaussian function:

DN

N
¼ A zð Þ cos !t � kxx� kzzð Þ exp� ! t � dt zð Þð Þ � kxxð Þ2

2�2
ð2Þ

A zð Þ ¼
0:1

ffiffiffiffiffiffiffiffiffiffiffi
� zmð Þ
� zð Þ

s
if z � zm

0:1

ffiffiffiffiffiffiffiffiffiffiffi
� zmð Þ
� zð Þ

s
exp � z� zm

�

� �
if z > zm

8>>>><
>>>>:

ð3Þ

where w is the angular frequency, kx is the horizontal wave
number, kz vertical wave number, s is the width of the
Gaussian window and dt(z) represents the delay of the IGW
wave as function of height, following the modeling results
of Occhipinti et al. [2011]. The amplitude A(z) of the
electron density perturbation is modulated by the neutral
atmosphere density r(z) and reaches its maximum at zm =
300 km height, where a 10% perturbation of the background
electron density is assumed. Above that height the wave
amplitude decreases exponentially with scale height z =
50 km to reproduce the effect of the atmosphere vis-
cosity, thermo‐conduction and ion drag that intervene in
keeping the maximum perturbation within the F2 region
[Hickey et al., 2009]. Our model of ionospheric pertur-

bation has been used to simulate a tsunami‐driven IGW
event above the Indian Ocean applying the atmospheric
and ionospheric climatological conditions of December
2004 based on NRLMSISE‐00 neutral atmosphere density
r (z) model [Picone et al., 2002] and NeQuick electron
density model [Nava et al., 2008]. The synthetic radar has
been located at (0°N 100°E) and the origin of the wave at
(0°N 80°E) at 01:00 UT. During the simulation interval
of 4 hours it was local morning, the ionosphere was
developing under the influence of solar radiation: solar
flux F10.7 input for the models was 91.7 solar flux units
(1 sfu = 10−22 Wm−2 Hz−1). The wave has been prop-
agated radially from the source at the speed of 182 m/s
(corresponding to an ocean depth of 3400 m).
[14] We simulated an ionospheric IGW with a 10 minutes

period, corresponding to a tsunami period suggested by
previous works [Occhipinti et al., 2008a; Rolland et al.,
2010]. The vertical speed of this IGW is in the order of
55 m/s, corresponding to a mean value of tsunami‐driven
IGW vertical propagation.
[15] An example of vertical cross section of electron

density perturbation is given in Figure 1, along with com-
puted radar raypaths crossing the region affected by the
IGW (the complete simulation sequence is available in
Animation S1 of the auxiliary material).1

Figure 3. Example of raypaths in the discretized OTH emission pattern at 270° azimuth and 30° eleva-
tion. The color of each ray corresponds to its elevation angle at radar location.

1Auxiliary materials are available in the HTML. doi:10.1029/
2010RS004603.
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3.2. Observational Geometry and Ionosphere Response

[16] In Figure 1 we compare OTH radar raypaths with
GPS line of sight. GPS‐TEC observations are constrained
by the satellites positions and, as a consequence of the
integrated nature of TEC, their sensitivity to perturbations is
maximum near the ionosphere F2 peak at around 350 km
height, an altitude where the coupling between the IGW and
the ionosphere is strongly affected by the geomagnetic field.
Modeling by Occhipinti et al. [2008a] clearly shows that
this geomagnetic field dependence induces an amplification
of the electron density perturbation in the equatorial region.
This fact suggests that tsunami detection by GPS‐TEC is
less favorable at high latitudes. It was also shown that at
E region altitude the electron density perturbation is not
affected by the magnetic field.
[17] OTH radars strictly sound the bottomside ionosphere

from the E region at around 100 km to the lower F2 region
where reflections take place usually below 300 km, depend-
ing on the elevation angle. Consequently, ionospheric
detection of tsunami‐driven IGW by OTH radar is less
affected by the geomagnetic latitude location than GPS‐TEC.
[18] Another advantage of OTH radar comes from the

possibility to aim the radar soundings at a chosen direction
and therefore also in the arrival direction of the incoming

gravity wave, based on the epicenter location of tsunami-
genic earthquakes. As shown in Figure 1, tsunami‐driven
gravity waves have phase planes oriented in the orthogonal
direction of the group velocity [Nappo, 2002]. Therefore an
observational geometry that is parallel to these planes is
more sensitive to the ionospheric perturbation [Rolland,
2010]. For coastal warning we note that OTH radar have
their downward legs of signal propagation crossing the
ionospheric perturbations in the direction of the phase
planes, while GPS cannot achieve such geometry from the
same location. The directions of maximum sensitivity for
IGW detection by GPS‐TEC are located in the downstream
part of tsunami propagation.

3.3. Simulation of Radar Emission
and Reception Patterns

[19] OTH radars emission patterns extend over large areas
(Figure 2), therefore a key point of this work is to under-
stand if the IGW signature in the OTH radar echoes could be
recognized notwithstanding the broad emission beam.
[20] To achieve this objective, we made a 3D full OTH

radar simulation discretizing the emission pattern of the
emitting antennas. Then, we used the 3D HF radio ray‐
tracing technique [Occhipinti, 2006] to compute the travel

Figure 4. Location of rays’ endpoints at ground level for 270° azimuth and 30° elevation at 03:15 UT.
Color scale is the rays’ travel time. (top) IGW perturbed ionosphere, the black dot indicates the location of
the simulated radar, the blue line is the position of the tsunami and the black curves the position of the
wavefronts at 350, 300, and 250 km height from left to right. (bottom) Arrival points through undisturbed
ionosphere.
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time along each ray direction on a 0.25° × 0.25° grid around
the radar pointing direction up to −6 dB level.
[21] Figure 3 shows the computed raypaths in the emis-

sion pattern at 30° elevation angle, illustrating the variation
of ionospheric reflection height. Rays with higher elevation
angle are reflected at higher altitude sounding the iono-
sphere more deeply in the F2 region, while rays with lower
elevation angle are reflected at lower altitudes and reach
more distant ground locations.
[22] The calculation of radar echoes travel time is done

assuming a monostatic radar configuration (co‐located
emission and reception) and that the same raypath is fol-
lowed by the emitted radar signal and by the backscattered
signal after ground reflection.

[23] In our simulation the sea surface reflectivity and the
atmospheric absorption have not been taken into account.
[24] After setting a time resolution for the radar listening

time, we computed the radar recorded power considering the
energy carried by each ray according to its travel time. We
took into account the radar emission power, the free‐space‐
loss and the received power according to the radar patterns.
The OTH radar Nostradamus uses a larger number of
antennas in reception than in emission, therefore the
receiving pattern is narrower than the emission pattern and
allows higher resolution detection in several areas covered
by a single emission pattern.
[25] To obtain a parameterization of the response of OTH

radar we computed 4 hours of simulationswith a time resolution

Figure 5. Synthetic OTH radar record from 01:00 to 05:00 UT at 270° azimuth 30° elevation. (top) Ion-
osphere with IGW perturbation and (bottom) unperturbed ionosphere. The signal strength is normalized to
the maximum received during the whole observation period. White points indicate the maximum signal
strength at each UT.
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of 1 minute. This resolution is enough to discriminate tsunami‐
driven IGWs, however we note that radar echoes are available
every 20 ms. Consequently the real time resolution is 3000
times higher than the resolution used here.
[26] Both unperturbed and IGW perturbed ionosphere

from 01:00 UT to 05:00 UT have been analyzed for an
emission pattern centered at 270° azimuth and 30° elevation,
aiming at the direction of the source of the IGW. The
operating frequency considered was 10 MHz, suitable for far
distance observation at the local time of the simulation.
[27] Observing the rays endpoints it is possible to appre-

ciate the deflection due to crossing region where the plasma
have been moved by the IGW (Figure 4 and Animation S2).
This effect is stronger in the down‐leg of the rays, when the
ray is nearly parallel to the wavefronts. The IGW wavefronts

at ionospheric heights are found between the radar and the
ray endpoints. The redistribution of the endpoints occurs
along directions that are parallel to them, as evident from
the comparison with rays computed through unperturbed
ionosphere.
[28] Figure 5 shows the radar synthetic observation for

azimuth 270°, in the direction of arrival of the IGW. The
variation of the ionosphere in the morning hours is seen as a
slow increase of the radar echo time in the first three hours of
the simulation. Starting shortly after 03:00 UT a sawtooth
perturbation is observed moving from the upper part of the
figure and lasting nearly 40 minutes. This effect can be seen
also at other receiving directions (Figure 6). For 26° elevation
angle the radar is observing a more distant and larger area and
a strong perturbation is observed starting 10 minutes earlier.

Figure 6. Synthetic OTH radar record from 01:00 to 05:00 UT at 268° azimuth. (top) Elevation 28° and
(bottom) elevation 34°. The signal strength is normalized to the maximum received during the whole
observation period. White points indicate the maximum signal strength at each UT.
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34° elevation covers a closer and narrower region and the
ionospheric reflection points is near to the maximum electron
density perturbation. Here the perturbation becomes clear
around 03:15 UT and its amplitude increases during the fol-
lowing half hour, before it disappears.

3.4. OTH Signal Analysis

[29] Tracking the arrival time of the maximum signal
strength at the radar for each UT we obtained a time series
that has been band‐pass filtered between 0.1 and 8 mHz
using a two‐pass three‐pole Butterworth filter to study its
power spectrum. Despite the noise due to the emission
pattern discretization, a clear signature is observed near
1.6 mHz in the perturbed simulation (Figure 7), corre-
sponding to the frequency of the synthetic IGW. It is also
seen that only the time interval between 03:00 and 03:45 UT
is affected by the IGW. Repeating the same analysis for
other OTH receiving patterns at higher and lower elevations,
the signature of the IGW is detected in the same way, being
observable later for higher elevations (see Figure 8). This
signature can be observed within an azimuth range of about
40°. In this simulation the tsunami arrival time at the
shoreline near the OTH location is about 04:30 UT, more
than one hour and half after the first recorded ionospheric
perturbation at 30° elevation. Lowering the elevation angle,

it can be expected that in real conditions the detection could
occur even earlier.

4. Conclusions

[30] The analysis of tsunami‐driven ionospheric pertur-
bation observed after major events provides valuable
information for understanding the physical processes and
explore new techniques for tsunami warning systems. We
have shown here that early detection of tsunami‐driven
IGWs is possible using OTH radar backscattered echoes.
The ray tracing simulation through a perturbed ionosphere
by a traveling IGW induced by tsunami showed that it is
possible to observe clearly the tsunami signature in the radar
echoes. In the present study the effects of winds or the
presence of other TIDs or ionospheric irregularities that
could affect the detection efficiency have not been modeled
to focus on the geometrical aspects of OTH radar detection.
The detection efficiency of the ionospheric perturbation
depends on the angle between the IGW wavefront and the
radar‐pointing azimuth and elevation as well as on the
ionospheric environmental conditions. The observation in
the direction of approaching tsunami shows a clear signature
in the OTH radar echoes appearing one hour and half before
the tsunami arrival.

Figure 7. (top) Filtered time series and (bottom) power spectrum of the arrival time of radar echo max-
imum at 270° azimuth 30° elevation, showing a peak near 1.6 mHz corresponding to the IGW frequency.
Black: perturbed ionosphere, gray: nominal conditions. During the time when the perturbation is not
crossing the area sounded by the radar the two curves are superimposed.
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[31] These results open new perspectives in tsunami
detection and strongly encourage experimental studies on
over‐the‐horizon radars to include these powerful instru-
ments in future tsunami warning systems.
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mum at 268° azimuth, 28° elevation and filtered time series and power spectrum of the arrival time at
34° elevation, showing a peak near 1.6 mHz corresponding to the IGW frequency. Black: perturbed ion-
osphere, gray: nominal conditions. During the time when the perturbation is not crossing the area sounded
by the radar the two curves are superimposed.
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