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[1] The 26 December 2004 Sumatra-Andaman earthquake
of Mw 9.3 triggered a massive tsunami in the Indian Ocean.
We here report on observations of the Indian Ocean tsunami
at broadband seismic stations located on islands in the area.
The tsunami induces long-period (>1000 s) signals on the
horizontal components of the sensor. Frequency-time
analysis shows that the long-period signals cannot be due
to seismic surface waves, but that it arrives at the expected
time of the tsunami. The waveforms are well correlated to
tide gauge observations at a location where both
observations are available. To explain the signals we
favour tilt due to coastal loading but we cannot at the
present stage exclude gravitational effects. The density of
broadband stations is expected to increase rapidly in the
effort of building an earthquake monitoring system. They
may unexpectedly become useful tsunami detectors as well.
Citation: Yuan, X., R. Kind, and H. A. Pedersen (2005), Seismic

monitoring of the Indian Ocean tsunami, Geophys. Res. Lett., 32,

L15308, doi:10.1029/2005GL023464.

1. Introduction

[2] Tsunamis, which are typically triggered by submarine
earthquakes, landslides and volcanic eruptions, are long
period ocean gravity waves that travel far distances in the
ocean. They usually have a period of 200–2000 s and a
speed of 150–250 m/s in the open ocean [Ward, 1989].
Direct monitoring of tsunamis is possible via tide gauge
stations located at shorelines of continents and islands
[Merrifield et al., 2005]. More recent detection equipment
includes ocean bottom pressure gauges [Hino et al., 2001;
González et al., 2005]. Satellite altimetry can be used to
observe tsunamis only if the satellites pass over the relevant
region at the time of tsunami [Okal et al., 1999; Gower,
2005]. GPS detections of ionospheric disturbances, created
by tsunami induced acoustic waves, are perhaps very
promising for tsunami monitoring [Artru et al., 2005].
[3] Tsunamis are also expected to induce coupling with

the solid Earth, which can be detected seismically. High-
frequency signals have in one case been suggested to result
from a tsunami [Pino et al., 2004]. Coupling of ocean
disturbances with the solid Earth has been reported and
analysed for a long time and is one of the main sources of
seismic noise [see Friederich et al., 1998, and references

therein]. Ocean generated noise normally has strong energy
at periods shorter than 20 s. Tsunamis on the contrary have
very long periods (up to at least 2000 s) and wavelengths up
to 500 km [Ward, 1989]. Coupling between atmospheric
waves and the solid Earth in the same period range has been
reported and modelled by Neumann and Zürn [1999]. We
analyse seismograms from permanent broadband seismic
stations located in the Indian Ocean and surrounding
continents for possible indications of the Indian Ocean
tsunami created by the Sumatra-Andaman earthquake of
Mw 9.3 [Stein and Okal, 2005; Park et al., 2005]. The
station locations are shown in Figure 1. The stations are part
of different permanent global or regional seismic networks
(IRIS [Butler et al., 2000], GEOSCOPE [Romanowicz et al.,
1984], GEOFON [Hanka et al., 2000]) and are equipped
with Geotech Borehole KS54000, Streckeisen STS1 or
STS2 broadband seismometers.

2. Observations

[4] Figure 2 shows the radial (i.e., in the direction toward
the earthquake epicenter) component of ground acceleration

Figure 1. Map of the seismic stations in the Indian Ocean
and surrounding continents used in this study. The
topography of the land and seabed is plotted in colour.
Red stars denote epicenters of the three big earthquakes near
west coast of Sumatra. Red triangles are ocean stations
located on islands or near the coast and which have
recorded the tsunami. Black triangles are continent stations
without tsunami induced seismic signals.
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recorded by the stations at long (50 < T < 2000 s) and very
long (1000 < T < 2000 s) periods. The ’ocean stations’,
located on islands and near the coast, have recorded signals
related to the long-period tsunami (Figure 2a) while the
continent stations have not (Figure 2b). The peak to trough
amplitudes (Figure 2) on the radial component of

the tsunami induced seismic signal is between 0.3 and
3 mm/s2. At periods longer than 2000 s, the tsunami induced
seismic signal is still present, but distorted by noise at some
stations. The maximum acceleration observed on the radial
component at periods shorter than 2000 s is therefore a
lower bound on the amplitude of the tsunami induced
seismic signal. On average the power spectra of ocean
and continent stations are different for periods longer than
approximately 500s. The particle motion was elliptical
rather than linear in the direction of maximum amplitude.
For each station, the amplitude ratio between the direction
of maximum and minimum amplitude was of the order 2–5.
[5] The seafloor topography significantly changes the

direction of the maximum amplitude, which does not for
any ocean station coincide with the direction of motion
towards the earthquake epicenter. Detailed maps (Figure 3)
of the coastline close to the stations show that the maximum
amplitudes generally are perpendicular to the coastline. The
maximum amplitude of the acceleration is not simply
related to the directivity effect of the tsunami. The
26 December 2004 Indian Ocean tsunami propagated with
a maximum strength perpendicular to the Sumatra trench
and a minimum parallel to it [Lomnitz and Nilsen-Hofseth,
2005], but this effect is not observed in the tsunami induced
seismic signal: ocean stations south-south-east of the earth-
quake epicenter have comparable long-period amplitudes to
those of stations located west of the epicenter, and the
displacement varies significantly over relatively short
distances (compare for example CRZF and PAF). On the
other hand, the distance to the coast is crucial to the
amplitude. Only stations less than about 10 km from
the shore seem to have strong tsunami induced seismic
signals. Station PALK, located 100 km inland in Sri Lanka

Figure 2. Radial-component acceleration seismograms for
ocean stations located on islands and near the northern coast
of Antarctica (a) and continent stations (b). The accelera-
tions are shown after frequency filtering by two different
pass bands (3 pole zero phase Butterworth filter) with lower
period bounds of 50 s (thin black lines) and 1000 s (thick
red lines). The scale denotes the acceleration on the low-
frequency (red) traces while the amplitudes on the high-
frequency traces (black) should be multiplied by ten as
compared to the scale. The time axis starts at the origin time
of the earthquake. The positive amplitude corresponds to
motion toward the earthquake. Because station DGAR has a
gap in continuous data record at time of �22000 s and
station COCO has a disturbing signal at time of 16000 s, we
shortened the time window for these two stations. Vertical
bars mark the first tsunami arrivals with estimated average
speed along the path for each ocean station (a) and a
constant speed of 200 m/s for the continent stations (b).
Simple models of tsunami propagation using the average
ocean depth along the path are able to explain the onset time
of the tsunami.

Figure 3. Coastline geometry close to the ocean stations
(triangles). The red lines show the direction and amplitude
of the maximum tsunami induced seismic signal, according
to the scale in the lower right corner. The tide gauge
position is shown by a solid square.
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did not record tsunami induced seismic signals, even though
the tsunami was very strong on the east coast of the island,
causing tremendous damage. The absence of energy on the
vertical component and the rapid decay from the coast
means that the tsunami induced seismic wave signal may
not be related to a propagating seismic wave.
[6] The onset of the tsunami induced signal is indicated

as a vertical line in Figure 2a. These observed arrival times
of the tsunami agree well with the expected average tsunami
speed of approximately 200 m/s for water depth of 4000 to
5000 m [Ward, 1989]. The small differences in the tsunami
speed reflects the difference in the average water depth
along the path as tsunamis travel faster in deeper than in
shallower water. For example, station PAF has a shallower
water path than station CRZF, and therefore has a delayed
tsunami arrival.
[7] Two mechanisms can possibly explain the observed

large tsunami induced seismic signals. Sea level changes
will cause changes of gravitational effect to seismometers
and/or tilt of island and coastal area. Both effects are likely
to exist simultaneously. However, because the apparent

direction of motion for almost all the stations appears to
be perpendicular to the shoreline, the latter seems to be the
dominant mechanism. The observed maximum accelera-
tions could be caused by a tilt of approximately 0.4 micro
radians. The effect of tilt would be very small on the vertical
component [Wielandt and Forbriger, 1999; Wielandt,
2002].
[8] In Figure 4 we show three-component seismograms

of an ocean station (DGAR). For reference, the original
velocity seismograms, rotated into ZRT components and
low-pass filtered using a corner frequency of 100 s and
1500 s, are shown in Figure 4a. As in Figure 2, the higher
frequency data show mainly fundamental- and higher-mode
surface waves, while significant tsunami induced signals are
clearly seen on the two horizontal components with a
dominant period of over 2000 s. Significant energy is
present on the transverse component as well while the
vertical component shows no significant long period energy
related to the tsunami. These long period waves are not
related to seismic surface waves which have travelled paths
of varying length, as can be seen through frequency-time
analysis. To exclude that the long-period signal is due to
seismic surface waves, we applied multiple filter analysis
[Dziewonski et al., 1969] to the horizontal records of the
broadband seismic stations. Figures 4b and 4c show the
result of the multiple filter analysis to data from station
DGAR. The signals below 500 s period are dominated by
seismic surface waves (reference curves: yellow lines) while
the longer periods are dominated by tsunami induced waves
(reference curves: green lines).

3. Discussion

[9] The tsunami induced seismic signals compare
surprisingly well with signals from tide gauges on the two
islands where both types of recordings were available

Figure 4. (a) Original three-component velocity seismo-
grams of station DGAR rotated into ZRT components and
low-pass filtered to 100 s (black lines) and 1500 s (red
lines), respectively. The amplitudes are plotted in the same
scale. The tsunami is clearly seen at the two horizontal
components. (b)–(c) The output of the multiple filter
analysis [Dziewonski et al., 1969]. Yellow lines are global
average group velocity dispersion curves of fundamental-
mode minor-arc and great-arc Rayleigh (solid lines, R2 and
R3) and Love waves (dashed lines, G2 and G3),
respectively for a standard Earth model (AK135) [Kennett
et al., 1995]. The real velocities of the surface wave have
been converted into arrival times and further into apparent
velocities by using the epicenter-station distance. Green
lines are tsunami dispersion curves from Ward [1989] for
water depths of 4000 and 6000 m, respectively.

Figure 5. Comparison of acceleration seismograms (after
low-pass filtering by a 3 point causal Butterworth filter,
1000s corner period) with tide gauge data at stations
(a) DGAR and (b) COCO. The seismograms are rotated into
the direction of the maximum amplitudes, which are
N150�E for DGAR and N60�E for COCO. The time axis
starts at the origin time of the earthquake. Scale denotes the
displacement for the tide gauge data and acceleration for the
seismic data.
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(Figure 5). The onset time and initial waveform are the
same, but the tide gauge signal shows increasing complexity
with time. The differences may be explained by the com-
plex and non-linear effects that influence the tide gauge
[González et al., 1991; Hino et al., 2001] while seismic
tsunami observations possibly reflect signals integrated over
a larger area, and may also be influenced by the local
subsurface structure.
[10] The scaling of the tsunami induced seismic signal is

illustrated in Figure 6. Very long-period pulses are present
at the expected tsunami arrival of the large earthquake of
28 March 2005 while no very long-period energy is
present for the 10 April event which is of much smaller
magnitude. Once all the recordings are available for these
events, it may be possible to verify how the amplitude of
the tsunami induced signals scales with the earthquake
magnitude, as they may be influenced by other factors as
well, such as focal mechanism and rupture dynamics.
[11] Even though much remains to be understood about

tsunami induced seismic signals, the observation of such
signals from the Indian Ocean tsunami of 26 December
2004 is unambiguous. It shows that high quality seismic
broadband stations can be used not only for determination
of earthquake parameters, but also for tsunami detection.
The amplitude decay of the tsunami induced seismic signals
with distance to the coast therefore imposes important
constraint to take into account in the design of the seismic
networks for early warning systems.
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Figure 6. Comparison of 1000-s acceleration seismograms
(for filtering: see caption to Figure 5) at station DGAR for
three earthquakes at approximately the same location (west
of Sumatra), but with different magnitudes. The seismo-
grams are rotated into the optimal direction of the tsunami
induced motion for station DGAR (150�). For each trace,
the time axis starts at the earthquake origin time. Note the
decrease in amplitude of the tsunami induced signal as the
magnitude decreases.
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