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Abstract. The great Sumatra-Andaman earthquake of
26 December 2004 caused seismic waves propagating
through the solid Earth, tsunami waves propagating through
the ocean and infrasound or acoustic-gravity waves propagating through the atmosphere. Since the infrasound wave
travels faster than its associated tsunami, it is for warning
purposes very intriguing to study the possibility of infrasound generation directly at the earthquake source. Garces
et al. (2005) and Le Pichon et al. (2005) emphasized that
infrasound was generated by mountainous islands near the
epicenter and by tsunami propagation along the continental shelf to the Bay of Bengal. Mikumo et al. (2008) concluded from the analysis of travel times and amplitudes of
first arriving acoustic-gravity waves with periods of about
400–700 s that these waves are caused by coseismic motion
of the sea surface mainly to the west of the Nicobar islands
in the open seas. We reanalyzed the acoustic-gravity waves
and corrected the first arrival times of Mikumo et al. (2008)
by up to 20 min. We found the source of the first arriving
acoustic-gravity wave about 300 km to the north of the US
Geological Survey earthquake epicenter. This confirms the
result of Mikumo et al. (2008) that sea level changes at the
earthquake source cause long period acoustic-gravity waves,
which indicate that a tsunami was generated. Therefore, a
denser local network of infrasound stations may be helpful
for tsunami warnings, not only for very large earthquakes.

1

Introduction

Tsunamis are long period gravity waves in the sea caused by
vertical displacements of large quantities of seawater. For example, for the great Sumatra-Andaman earthquake of 26 December 2004, a vertical displacement of the seafloor of up
to 10 m was estimated (Bilham et al., 2005; Ji, 2005; Fine
et al., 2005; Song et al., 2005 or Heki et al., 2006). The
rupture area extended over about 1500 × 200 km2 . The resulting vertical displacement of huge masses of water caused
a catastrophic tsunami flooding many shores of the Indian
Ocean. Tsunamis are an oceanographic phenomenon and
they are traditionally monitored with tide gauges or by sea
floor pressure recorders (e.g. DART). The great SumatraAndaman tsunami has also been recorded by satellites, which
might be a promising future perspective (Fujii and Satake,
2007). However, it may also be possible to use ocean island and coastal stations of the global seismic network for direct tsunami observations. Nearly a century ago, Angenheister (1920) pointed out that on Samoa at the arrival time of the
tsunami of the 17 September 1918 Kurils earthquake, a signal was observed on the horizontal components at the seismic
station Apia. Yuan et al. (2005), Hanson and Bowman (2005)
and Okal (2007) observed clear effects of the SumatraAndaman tsunami in seismic data. Very similar effects of
acoustic-gravity waves on seismic records are known. For
example, Müller and Zürn (1983) report about accelerometer
signals observed in Germany caused by pressure changes of
about 10 Pa with periods of about 200 s due to the Mount St.
Helens eruption. Atmospheric pressure records are used to
reduce seismic noise (Neumann and Zürn, 1999).

Published by Copernicus Publications on behalf of the European Geosciences Union.

14
288

A. Raveloson et al.: Seismic and acoustic-gravity signals from the source of the 2004 Indian Ocean Tsunami
Figures

Fig. 1. (A) Seismic stations are indicated by red inverted triangles in the inset. Infrasound stations are represented by color coded triangles.
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Fig. 3. Infrasound records of the three individual components of
the infrasound array at Diego Garcia filtered with a 800 s high pass
Figure 3: Infrasound records of the three individual components of the inf
filter. Le Pichon et al. (2005) located the source of the signals in
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Fig. 4. Comparison of seismic and infrasound records at Diego Garcia. (A) High resolution comparison of seismic (red) and infrasound
(blue) records. P and S are seismic body waves; the following large signal is the Rayleigh wave train. There is a nearly perfect agreement
of seismic and infrasound
records.
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seismic A:
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Figure 4:
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of (LP
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at Diego Garcia.
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infrasound signalcomparison
and TS the arrival
of the tsunami.
of seismic
(red) and infrasound (blue) records. P and S are seismic body waves; the
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Artru et al., 2005). Shaking of the barograph by the seismic
waves may also contribute to the signals. There is also very
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(marked by TS, see Yuan et al., 2005). The TS signals on the
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to about 01:17UT. The ratio of the two traces is 5 Pa to 1 cm/s, exactly like in the observed data
horizontal components. There might be in Fig. 5 a signal
Figure 6 shows theoretical seismic and infrasound traces.
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a phase
Thesignal
synthetics
are calculated
self-developed
code
Fig.4A. This
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Saito,
and
the orthonormalized
matrix
seismicthere
energy
pressure
changes
in the atmosphere.
There
is 1972)
another
strong
infrasound
the vertical seismic component and the infrasound arrival.
algorithm of Wang (1999) for numerical stability. The seisFigure 5 shows
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the infrasound
signal from
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source which
micisreference
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used forrecord.
the computations. For
signal
01:20 predicted
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not in the
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of the Sumatra-Andaman tsunami did not cause a clear efa better fitting to the tsunami propagation velocity in the Infect on the seismic records at Diego Garcia. The observed
dian Ocean, we changed the thickness of ocean layer in the
Several more signals of similar type are following
(blue trace in B). These signals are probably
weak correlation could be due to a random seismic signal.
original PREM model from 3 to 4 km. Also, a standard atmoHowever, Müller and Zürn (1983) observed a seismic signal
sphere was added (US Standard Atmosphere, 1976). The envertical reflections in the atmosphere which are not propagating horizontally. B: Comparison of
caused by the about 10 times stronger atmospheric signal of
tire model is spherically symmetric. Tilt effects due to gravthe Mount St. Helens eruption at a station in Germany. Other
itational tsunami loading are included in the calculation of
infrasound (blue) and three component (vertical,seismic
radial and
transverse) long period filtered
reports of atmospheric pressure changes in relation to seissynthetics, but no instrument effect is included. A
mic recordings are discussed by Kanamori et al. (1991), Zürn
point source with the moment tensor determined by the US
seismicNeumann
signals. and Zürn (1999) and Zürn et
and Widmer (1995),
Geological Survey was used. The theoretical seismic and inal. (2005). Therefore, seismic stations closer to the tsunami
frasound records up to 01:17 UT agree very well (Fig. 6a).
source might have a chance to record seismic effects of the
After that time we obtain strong infrasound signals but no
passing infrasound.
according seismic signal. However, there is still very good
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Q in the atmosphere is an order of magnitude larger (Blackstock, 2000). The good agreement in Fig. 6a during the first
17 min between the theoretical seismic and infrasound traces
confirms that the coherence in the observed data in Fig. 4a
before the infrasound arrival is caused by coupling from solid
Earth to atmosphere. Shaking of the barograph by the ground
displacement plays no role, since no instrument is included
in the computations. It seems very difficult to isolate possible
effects of infrasound reverberations in the atmosphere, which
are predicted by modeling a 1-D atmosphere, from effects of
the extended source around 01:20 and later in the observed
data. The infrasound trace in Fig. 6b shows also the direct
infrasound arrival from the source (marked IS) and a signal
cause by the arriving tsunami (marked TS). There is no signal on the transverse component in Fig. 6b due to tsunami
loading, because of the theoretical point source and the 1-D
model.
In Fig. 7 the direct comparison of seismic and infrasound
data is shown. Both types of data are displayed as a function
of the distance to the earthquake epicenter (US Geological
Survey: latitude 3.30◦ N, longitude 95.98◦ E, 26DEC2004,
00:58:53.45). The relatively slight difference in the location
of the epicenter of the earthquake and the source of the infrasound signal is not considered in this figure. The seismic
data show clearly a wave traveling with a velocity of about
203 m s−1 , which is a tsunami velocity. These waves have
been observed by Yuan et al. (2005) and interpreted as the
Fig. 7. Seismic and infrasound records of the Sumatra-Andaman
effect of tilted ocean islands or ocean shores caused by the
Figure 7: Seismic and infrasound records of the Sumatra-Andaman earthquake of 26 December
earthquake of 26 December 2004 sorted by epicentral distance of
tsunami (even much smaller tsunamis from landslides have
sorted by epicentral
distance
of the stations.
Original
unfiltered seismic
broadband
the 2004
stations.
Original
unfiltered
seismic
broadband
records
arerecords been observed in seismic records, La Rocca et al., 2004).
black;
longlong
period
(E–W
component,
s low records
pass)are
seisare black;
periodfiltered
filtered (E-W
component,
1500s low1500
pass) seismic
red; long The infrasound data show a phase travelling with a velocity
mic records are red; long period filtered (500 s lowpass) infrasound
−1 . The usual seismic phases are travelling
lowpass) infrasound data are blue. Straight lines with velocity indications of about 320 m s
dataperiod
are filtered
blue. (500s
Straight
lines with velocity indications for the differwith much faster velocity.
the different
types are
also given.
ent for
wave
types wave
are also
given.
agreement between seismic and infrasound signals in the observed data in Fig. 4a at around 01:20 UT. This is very likely
caused by the large spatial extension and time duration of
the real earthquake source (see e.g. Lorito et al., 2010) compared to the point source, which we used here for computations. We interpret the computed infrasound signal near
01:20 UT in Fig. 6a, which has even larger amplitude than
the first one, as a standing wave (not propagating laterally)
in the atmosphere being caused by the arriving seismic surface waves and being reflected between the Earth’s surface
and the free surface at the top of the upper atmosphere. It is
known that the reflection causes the amplitude doubling of
the infrasound signal near the surface. Differences between
the real Earth and our model are certainly the reason why
the signal at 01:20 in the theoretical traces is not clearly visible in the data in Fig. 4. Heterogeneities in the atmosphere
are likely an important effect not included in the computations. In order to keep the atmospheric reverberations small,
we used a quality factor Q of 100. This Q factor must not be
understood as the intrinsic Q caused by friction. The realistic
Nat. Hazards Earth Syst. Sci., 12, 287–294, 2012
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Discussion and conclusions

We have confirmed that ultra long-period acoustic-gravity
signals are detected which originate from the region of the
earthquake epicenter. Infrasound signals in front of the direct signal from the source are caused by passing seismic
phases, which also produce infrasound. They are easily identified due to their very good coherence with seismic signals.
If the infrasound epicenter is located in an oceanic region,
we can conclude that the sea level has changed significantly,
which means that a tsunami was generated. A subsequent
step would be the fast estimate of the size of the sea level
changes from infrasound amplitudes (Watada, 2009). Therefore, such infrasound signals may be used for tsunami early
warning purposes. Although our infrasound signals have
been caused by a very large earthquake, it seems likely that
the method can be extended to smaller earthquakes, if a dense
network of infrasound stations is deployed closest to the possible earthquake source.
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