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Abstract. The great Sumatra-Andaman earthquake ofl Introduction
26 December 2004 caused seismic waves propagating

through the solid Earth, tsunami waves propagating throughrsynamis are long period gravity waves in the sea caused by
the ocean and infrasound or acoustic-gravity waves propayertical displacements of large quantities of seawater. For ex-
gating through the atmosphere. Since the infrasound wWavemple, for the great Sumatra-Andaman earthquake of 26 De-
travels faster than its associated tsunami, it is for warning.emper 2004. a vertical displacement of the seafloor of up
purposes very intriguing to study the possibility of infra- 1y 10m was estimated (Bilham et al., 2005; Ji, 2005; Fine
sound generation directly at the earthquake source. Garces 1. 2005: Song et al., 2005 or Heki et al., 2006). The
et al. (2005) and Le Pichon et al. (2005) emphasized that,pyre area extended over about 150000 k. The re-
infrasound was generated by mountainous islands near thgjting vertical displacement of huge masses of water caused
epicenter and by tsunami propagation along the contineny catastrophic tsunami flooding many shores of the Indian
tal shelf to the Bay of Bengal. Mikumo et al. (2008) con- gcean. Tsunamis are an oceanographic phenomenon and
cluded from the analysis of travel times and amplitudes ofihey are traditionally monitored with tide gauges or by sea
first arriving acoustic-gravity waves with per|0d§ of.about' floor pressure recorders (e.g. DART). The great Sumatra-
400-700s that these waves are caused by coseismic motig,daman tsunami has also been recorded by satellites, which
_of the sea surface mainly to the west of the l_\llcobar |slandqmght be a promising future perspective (Fuijii and Satake,
in the open seas. We reanalyzed the acoustic-gravity wavesngz). However, it may also be possible to use ocean is-
and corrected the first arrival times of Mikumo et al. (2008) |ang and coastal stations of the global seismic network for di-
by up to 20min. We found the source of the first arriving rect tsunami observations. Nearly a century ago, Angenheis-
acoustic-gravity wave about 300 km to the north of the USie (1920) pointed out that on Samoa at the arrival time of the
GeologlcaI_Survey earthquake epicenter. This confirms th§gnami of the 17 September 1918 Kurils earthquake, a sig-
result of Mikumo et al. (2008) that sea level changes at the| was observed on the horizontal components at the seismic
earthquake source cause long period acoustic-gravity wavegation Apia. Yuan et al. (2005), Hanson and Bowman (2005)
which indicate that a tsunami was generated. Therefore, anq Okal (2007) observed clear effects of the Sumatra-
denser local network of infrasound stations may be helpfulyngaman tsunami in seismic data. Very similar effects of
for tsunami warnings, not only for very large earthquakes.  5coustic-gravity waves on seismic records are known. For
example, Miller and Zirn (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 andz, 1999).
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Fig. 1. (A) Seismic stations are indicated by red inverted triangles in the inset. Infrasound stations are represented by color coded triangles.
The star marks the earthquake epicenter and the white dashed line represents the earthquake rupture track. The red plus sign represer
the location of the source of the first arriving infrasound signals at the infrasound stations. The resulting best fitting parameters are: sound
velocity 320m 51, epicenter at 5N and 94 E, origin time 01:00:37 UT. This tsunami origin time is 108 s after the earthquake origin time
determined by the USGS. The earthquake rupture reached the tsunami epicenter after propagating with a rupture speed bf(Raykm s

et al., 2005) for 108 s. The circles mark the possible source location according to the infrasound travel time to each station. The infrasound
epicenter is located at the intersection of all circles. The infrasound source region of Mikumo et al. (2008) is marked by the box north of our
epicenter.(B) Travel time residuals as a function of two parameters: the sound speed and the latitude along the rupture track (white dashed
lineinA).

Vertical displacements of the Earth’s surface, sea or landpased on a theoretical development by Harkrider (1964).
can cause infrasound or acoustic-gravity waves in the atmoThere are also many observations of infrasound signal caused
sphere. There are reports of observations of such waveby earthquakes that have occurred on land or at volcanoes
caused by the Sumatra-Andaman tsunami. LePichon etvhich are not related to a tsunami (see LePichon et al., 2006;
al. (2005) and Mikumo et al. (2008) used infrasound arraysArrowsmith et al., 2009; Wiens et al., 2005).
of the International Monitoring System (IM$ittp://www.
ctbto.org) and barograph stations in Japan for such observa-
tions. LePichon et al. (2005) located the source of their firsto  pata
arriving infrasound observations (dominant perie80 s) in

the epicentral region of the earthquake. They also identirigyre 1a shows the locations of the infrasound arrays and
fied in the later parts of the records signals originating evenseismic stations used in this study. The seismic stations be-
from the northern part of the Bay of Bengal. Mikumo et |ong to the IRIS and GEOSCOPE networks, and the infra-
al. (2008) identified 500 s acoustic-gravity waves caused bysoyund arrays to the IMS, Vienna. Each infrasound array con-
swelling and depression of the sea surface and travelling withjsts of four to eight array elements with an aperture of about
a speed of about 300m$ They used waveform model- 2 xm. In our study, ultra long-period data of the array el-
ing for determining the region of largest displacements of theaments have been summed into a single trace without any
seafloor. Heki et al. (2006) used GPS data to observe iongime shifts to improve the signal-to-noise ratio.

spheric disturbances caused by acoustic-gravity waves from The star in Fig. 1a shows the epicenter of the great

the tsunami source region for estimations of the vertical dis-g,, matra-Andaman earthquake of 26 December 2004 (ac-
placement of the surface of the sea. Over half a century 29%ording to the US Geological Survey). The rupture prop-
Bolt (1964) observed dispersive acoustic-gravity waves fromy gaiion s indicated by a white dashed line. The location
the_great 1964 Alaska garthquake at t_he Berkeley station witrbf the infrasound source was found by a grid search tech-
periods of about 10min and a velocity of about 310Ths nique over an area of 1010 degrees with the infrasound
He suggested using such observations for tsunami Waming§peed, the source coordinates and tsunami origin time as
Mikumo (1968) reported additional barograph observationsg.q parameters. As an example, we display in Fig. 1b the

of the same earthquake and modeled their dispersion curveg,e| time residuals using the latitude of the rupture track
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Fig. 3. Infrasound records of the three individual components of

VAN L the infrasound array at Diego Garcia filtered with a 800 s high pass
L filter. Le Pichon et al. (2005) located the source of the signals in
group Il (yellow) in the extended area of the seismic source. They
located the sources of the secondary signals in group 111 (blue) in the
) ) ) o ) area between Sumatra and the Bay of Bengal. Mikumo et al. (2008)
Fig. 2. Summed infrasound records of the first arriving signal from concluded that the first arriving signals were caused by sea level

the tsunami at each of the four infrasound arrays. The traces argpanges in the open sea at the seismic source area. In the case of
filtered with a 800 high pass filter(A) Tsunami source is as-  pjego Garcia, their first arrival time (03:39, see vertical red line)

sumed at earthquake epicenter and origin time. Traces are shifted 5t 20 min later than ours (03:18:52, see vertical green line).

according to a reduction velocity of 330 mbs (meaning a wave  \ye compared the infrasound time scale with the seismic time scale
travelling with this velocity would arrive at zero time). The average at Diego Garcia and found no error in our time determination (see
infrasound speed to each station is close to 330 assuming Fig. 4a)

the earthquake epicenter also as infrasound epicdBei.sunami

source parameters and infrasound velocity are taken from the cap-

tion of Fig. 1. Infrasound first arrival times are given at the traces.

The scatter of the wave forms {B) is clearly less than iA). That parameters. In Fig. 2a source parameters of the earthquake

means our epicenter and origin time fit the infrasound data betteyre used; in Fig. 2b the new source parameters are used. The

than the earthquake epicenter and origin time. signals are lined up much closer if the new source parameters
are used (Fig. 2b). The arrival times of the first infrasound
signal are marked in Fig. 2b. This figure also shows the good

and wave speed as free location parameters and moving ﬂ.%:gnal-to-noise ra_ltio and the great similarity of the infrasound
source along the rupture track. We minimized the differencesSignals at all stations.

between observed and predicted arrival times at the four in- Figure 3 shows the records of the individual array com-
frasound stations. The best solution was found for an in-ponents at the infrasound station at Diego Garcia (1S52 and
frasound speed of 320 m% and a source location af Bl I152). Figure 4 shows the comparison between the seismic
latitude and 94E longitude (red cross in Fig. 1a). This lo- (station DGAR) and infrasound (station 1S52) records, both
cation coincides with the maximum co-seismic uplift of the on the island of Diego Garcia. There is nearly a one-to-
seafloor caused by the high-slip asperity in the southern endne agreement of the waveforms in the first half hour (01:00
of the fault, which was ruptured first (e.g. Hoechner et al.,to 01:30) between seismic and infrasound traces (Fig. 4a).
2008). A delay of 108 s of the tsunami origin time relative In principle, the seismogram represents the ground veloc-
to the origin time of the earthquake was obtained. This fitsity, i.e. the time derivative of displacement, while the infra-
well the rupture velocity of 2.6 knTs obtained by Lay et  sound represents the changes in air pressure, which is pro-
al. (2005). Our infrasound source is located about 200 km tgportional to the space derivative of displacement of air parti-
the south of the location by Mikumo et al. (2008), who de- cles. For propagating seismic waves, there is no difference
rived their location from modeling of arrival times and am- between the time and space derivatives except for a con-
plitudes of infrasound phases. Their arrival times at stationsstant factor. This explains the observed one-to-one agree-
1S32, IS33 and I1S52 are 8, 7 and 20 min later than ours, rement of the two waveforms. A ground particle velocity of
spectively (see Fig. 2 and Table 1 by Mikumo et al., 2008).1cm st produces an atmospheric pressure change of 5 Pa.
Mikumo et al. (2008) observed similar wind speeds in east-Similar observations of coupling from solid Earth to atmo-
erly and westerly directions, which indicate that the wind sphere have also been made by Watada et al. (2006). They
speed was not very influential to the infrasound propagatiorobserved a very similar conversion factor. Infrasound in the
at the time of the earthquake. In Fig. 2 infrasound waveformsatmosphere-ionosphere may also be observed with GPS due
are displayed with time shifts according to different sourceto the coupling atmosphere-ionosphere (Heki et al., 2006;
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Fig. 4. Comparison of seismic and infrasound records at Diego Ga(éirHigh resolution comparison of seismic (red) and infrasound

(blue) records.P andS are seismic body waves; the following large signal is the Rayleigh wave train. There is a nearly perfect agreement

of seismic and infrasound record®) Filtered (LP=Ilow pass, HR=high pass) three-component seismic records (red) and the infrasound

record (grey, reproduced from the first record) at the seismic station (DGAR) and the infrasound station (1S52). IS marks the arrival of the

infrasound signal and TS the arrival of the tsunami.

REDUCTION VELOCITY 320 m/s Artru et al., 2005). Shaking of the barograph by the seismic
—1p_z008 ; —HP_a005 waves may also contribute to the signals. There is also very
bonn TM@VM«WWW 52 good agreement between seismic and infrasound records in
B ] B the long-period band in the time interval of about 02:30 and
: 03:10, just before the direct infrasound arrival marked IS (see
vertical component in Fig. 4b). The relatively strong seis-

mic signal in that time window is located between the di-
rect Rayleigh wave and the one circling in opposite direction

D loaxio-ons around the Earth. The origin of the seismic signal between

- ZWM%MW 52 02:30 and 03:10 is not clear; it could be some kind of scat-
) Y Josn ) tered coda wave. The tsunami is well recorded on the long-

: ‘ | period seismic radial and transverse components in Fig. 4b

10 ® rime, minutes 2 (marked by TS, see Yuan et al., 2005). The TS signals on the

horizontal components are caused by tilting of the sea bot-
Fig. 5. Comparison of infrasound and three component seismic sig-tom together with the entire island by the.tsunaml (Yuan 'et
nals at the arrival time of the infrasound signal at Diego Garcia. The@l-» 2005; Okal, 2007). It seems that there is some correlation
infrasound signals are blue and the seismic signals are red. Ther@etween the waveform of the seismic tsunami record on the
are indications of a signal on the seisrdficomponent at the time of ~ horizontal components and the infrasound record. This could
the infrasound signal. There may be also some correlation betweeindicate that the tsunami might have caused an infrasound
seismic transverse component and the infrasound signal, althougbignal. However, the evidence for that is not very clear. In
with some phase shift. The noise level on the radial component isorder to check if the infrasound arrival has also caused (like
too high to identify an arrival. The question if infrasound can gen- the tsunami) a signal on the seismic records, in Fig. 5 we
erate measulrable seismic signals can only be answered if more da@)mpared the seismic and infrasound records in detail. From
become available. comparison with the influence of the tsunami on the seismic

records, we might also expect a seismic signal mainly on the

Nat. Hazards Earth Syst. Sci., 12, 287294, 2012 www.nat-hazards-earth-syst-sci.net/12/287/2012/
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Fig. 6. Theoretical infrasound and theoretical seismic traces for the stations at Diego Gaci@omparison of infrasound (blue) and
vertical-component seismogram (red) at higher frequencies within the first 30 min. There is nearly perfect agreement of both types of data
up to about 01:17 UT. The ratio of the two traces is 5 Pa to 1chiexactly like in the observed data in Fig. 4a. This indicates that the

entire infrasound signal in Fig. 4a is indeed caused by leaking of seismic energy into pressure changes in the atmosphere. There is anothe
strong infrasound signal around 01:20 predicted by the model, which is not in the theoretical seismic record. Several more signals of similar
type are following (blue trace iB). These signals are probably vertical reflections in the atmosphere that are not propagating horizontally.
(B) Comparison of infrasound (blue) and three component (vertical, radial and transverse) long period filtered seismic signals.

horizontal components. There might be in Fig. 5 a signal Figure 6 shows theoretical seismic and infrasound traces.
visible on the transverse component, although with a phas&he synthetics are calculated using a self-developed code
shift. No signal above noise level is visible on the radial based on normal mode theory (Gilbert and Backus, 1968;
component. However, there is a good coherence betweemakeuchi and Saito, 1972) and the orthonormalized matrix
the vertical seismic component and the infrasound arrival.algorithm of Wang (1999) for numerical stability. The seis-
Figure 5 shows that the infrasound signal from the sourcemic reference model PREM is used for the computations. For
of the Sumatra-Andaman tsunami did not cause a clear efa better fitting to the tsunami propagation velocity in the In-
fect on the seismic records at Diego Garcia. The observedlian Ocean, we changed the thickness of ocean layer in the
weak correlation could be due to a random seismic signaloriginal PREM model from 3 to 4 km. Also, a standard atmo-
However, Miller and Zirn (1983) observed a seismic signal sphere was added (US Standard Atmosphere, 1976). The en-
caused by the about 10 times stronger atmospheric signal dfre model is spherically symmetric. Tilt effects due to grav-
the Mount St. Helens eruption at a station in Germany. Otheiitational tsunami loading are included in the calculation of
reports of atmospheric pressure changes in relation to seiseismic synthetics, but no instrument effect is included. A
mic recordings are discussed by Kanamorietal. (1990)Z point source with the moment tensor determined by the US
and Widmer (1995), Neumann andith (1999) and drn et  Geological Survey was used. The theoretical seismic and in-
al. (2005). Therefore, seismic stations closer to the tsunamirasound records up to 01:17 UT agree very well (Fig. 6a).
source might have a chance to record seismic effects of théfter that time we obtain strong infrasound signals but no
passing infrasound. according seismic signal. However, there is still very good

www.nat-hazards-earth-syst-sci.net/12/287/2012/ Nat. Hazards Earth Syst. Sci., 12, 2834 2012
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- 0 in the atmosphere is an order of magnitude larger (Black-
2 stock, 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
3 infrasound arrival from the source (marked IS) and a signal
cause by the arriving tsunami (marked TS). There is no sig-
nal 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 3.30N, longitude 95.98E, 26DEC2004,

5 00:58:53.45). The relatively slight difference in the location
e = - of the epicenter of the earthquake and the source of the in-
‘ frasound signal is not considered in this figure. The seismic
" - data show clearly a wave traveling with a velocity of about
DISTANCE (DEG) 203mst, 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-Andamaneffect of tilted ocean islands or ocean shores caused by the
earthquake of 26 December 2004 sorted by epicentral distance gk nami (even much smaller tsunamis from landslides have
the stations. Original unfiltered seismic broadband records ar'%een observed in seismic records, La Rocca et al., 2004).

black; long period filtered (E-W component, 1500 low pass) seis"The infrasound data show a phase travelling with a velocity
mic records are red; long period filtered (500 s lowpass) infrasound

l . . .
data are blue. Straight lines with velocity indications for the differ- Of_ about 320ms-. The_ usual seismic phases are travelling
ent wave types are also given. with much faster velocity.
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agreement between seismic and infrasound signals in the otp  Discussion and conclusions

served data in Fig. 4a at around 01:20 UT. This is very IlkerWe have confirmed that ultra long-period acoustic-gravity

caused by the large spatial extension and time duration o . - .
. signals are detected which originate from the region of the
the real earthquake source (see e.g. Lorito et al., 2010) com- . ; . .
. : earthquake epicenter. Infrasound signals in front of the di-
pared to the point source, which we used here for compu- . . o
: ) . . rect signal from the source are caused by passing seismic
tations. We interpret the computed infrasound signal near

01:20UT in Fig. 6a, which has even larger amplitude thanphases, which also produce infrasound. They are easily iden-

) . : tified due to their very good coherence with seismic signals.
the first one, as a standing wave (not propagating Iaterally}f the infrasound epicenter is located in an oceanic region

in the atmosphere being caused by the arriving seismic sur- N
) ; we can conclude that the sea level has changed significantly,

face waves and being reflected between the Earth’s surface, . .
‘Which means that a tsunami was generated. A subsequent

and the free surface at the top of the upper atmosphere. Itis

. . : tep would be the fast estimate of the size of the sea level
known that the reflection causes the amplitude doubling o : :
: . : changes from infrasound amplitudes (Watada, 2009). There-
the infrasound signal near the surface. Differences betwee

X{‘:(;re, such infrasound signals may be used for tsunami early
) . : . ._‘warning purposes. Although our infrasound signals have
.the s_|gnal at 01:.20 n the theoretical tf‘?ces. is not clearly VS heen cguF;eg) by a very Iargg earthquake, it seerr?s likely that
ible in the data in Fig. 4. Heterogeneities in the atmosphereihe method can be extended to smaller earthquakes, if a dense

are likely an important effect not included in the computa- . ) .
. . . network of infrasound stations is deployed closest to the pos-
tions. In order to keep the atmospheric reverberations small, .

Sible earthquake source.

we used a quality facta of 100. ThisQ factor must not be
understood as the intrins@ caused by friction. The realistic
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