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Earth’s Free Oscillations Excited by the 26
December 2004 Sumatra-Andaman Earthquake
Jeffrey Park,1 Teh-Ru Alex Song,2 Jeroen Tromp,2 Emile Okal,3 Seth Stein,3 Genevieve Roult,4 Eric Clevede,4
Gabi Laske,5 Hiroo Kanamori,2 Peter Davis,5 Jon Berger,5 Carla Braitenberg,6 Michel Van Camp,7 Xiang’e Lei,8
Heping Sun,8 Houze Xu,8 Severine Rosat9
At periods greater than 1000 seconds, Earth’s seismic free oscillations have anomalously
large amplitude when referenced to the Harvard Centroid Moment Tensor fault
mechanism, which is estimated from 300- to 500-second surface waves. By using more
realistic rupture models on a steeper fault derived from seismic body and surface waves,
we approximated free oscillation amplitudes with a seismic moment (6.5  1022
NewtonImeters) that corresponds to a moment magnitude of 9.15. With a rupture
duration of 600 seconds, the fault-rupture models represent seismic observations
adequately but underpredict geodetic displacements that argue for slow fault motion
beneath the Nicobar and Andaman islands.
The 26 December 2004 Sumatra-Andaman
earthquake delivered a blow to our planet (1, 2),
exciting a plethora of vibrational free oscillations that, at periods T 9 1000 s, remained observable for weeks in broadband seismic data
from global networks. The frequencies and
decay rates of Earth_s free oscillations offer
strong constraints (3–5) on our planet_s interior
composition, mineralogy, and dynamics (6–15),
so analysis of long-period seismic data from this
event should offer new perspectives on Earth
structure. In this report, we discuss how seismic
free oscillations also provide information on the
size and duration of this earthquake.
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Because Earth is roughly spherical, the geographical patterns of its free vibrational
modes can be expressed in terms of the spherical harmonics, Ylm(q,f), and their vector gradients, where l is the angular degree, m is the
azimuthal order, q is colatitude, and f is longitude. On a simple spherical planet (16), the
free oscillations follow either a spheroidal (S)
or toroidal (T) vibrational pattern and have
spectroscopic notation nSlm and nTlm, m 0
jl,I,l, where n is the radial overtone number
(Fig. 1). For a spherical reference model, all
2l þ 1 vibrations of nSlm or nTlm have identical
frequency. On the real Earth, departures from
the symmetries of a spherical reference model
cause its free oscillations to couple, hybridize,
and suffer fine-scale splitting of their vibrational frequencies (17–20). Frequency splitting
of free oscillations with periods T 9 1000 s is
caused mainly by Earth_s rotation, similar to
Zeeman splitting of electron energies in an
external magnetic field (21, 22).
Earth_s free oscillations were first reported
after Fourier analysis of hand-digitized analog
seismic records of the megathrust earthquakes
of the middle 20th century (23–26), particularly
the 22 May 1960 Chilean earthquake (Mw 0 9.5).
These huge events saturated most seismometers of the time, rendering many hours of data
unusable. Frequency estimates from smaller,
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deeper earthquakes, more amenable to handdigitization and Fourier analysis, led to accurate spherical-reference models for our planet_s
interior (6). Detailed study of free-oscillation
attenuation, frequency splitting, and modal coupling was made feasible by digital recording
(7, 8, 27, 28) and by the advent of the Federation of Digital Seismic Networks (FDSN)
with high-dynamic range induction-feedback
sensors capable of recording faithfully the seismic waves from great earthquakes (29, 30).
Broadband seismographic data. The 2004
Sumatra-Andaman earthquake tested broadband
seismographic technology on a global scale.
Peak ground motions exceeded 1 cm at all
locations on Earth_s solid surface (31). In one
portion of the FDSN, 88% of the 125 stations
of the Global Seismographic Network (GSN),
operated by the U.S. Geological Survey and
Project IDA of the University of California,
San Diego (32, 33), recorded data without interruption or distortion (34). Stations of the
Geoscope network (35, 36) had similar success.
In all, data records from more than 400
FDSN stations had sufficient quality to observe
Earth_s free oscillations with unprecedented
signal-to-noise ratios. A broad distribution of
stations facilitates the use of spherical harmonicweighted stacks of data spectra to isolate individual Earth vibrations (fig. S2). The recent
installation of a broadband seismometer in the
South Pole quiet zone provides natural isolation of the m 0 0 singlets of long-period
modes (Fig. 2). Free oscillations can also be
sought in complementary observations (Fig. 3)
from strainmeters and tiltmeters (37–40), from
superconducting gravimeters (41–43), and
from continuously recording global positioning system (GPS) receivers (44, 45). Superconducting gravimeter data offers an important
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calibration for seismometer data at periods T 9
1000 s (46). The amplitude of the Bbreathing
mode[ 0S0 is geographically constant to high
accuracy; station-by-station comparisons of its
amplitude in data from the IDA network suggest that a substantial minority of seismometers suffer 5 to 10% deviations from their
nominal responses (34).
The largest earthquakes offer the most penetrating and long-lasting seismic probes of
Earth_s deep interior, revealing behavior predicted by theory but only rarely observed
above ground noise. The coupling between
spheroidal and toroidal modes associated with
Earth_s Coriolis force causes them to form
hybrid vibrational patterns. The hybridized toroidal modes are predicted to acquire a vertical
vibrational component, a feature nominally restricted to spheroidal modes. Although this
behavior is readily observable for mode pairs

0Sl – 0Tlþ1 in the 300- to 500-s period range
that are close in frequency (27, 28), at frequencies below 1 mHz the coupling is weaker
and was not observed with seismometers
before the 2004 Sumatra-Andaman earthquake
(47) (Fig. 1 and fig. S3).
The geometry of low-degree modes allows
us to constrain the long-period centroid of the
earthquake (8, 23). For a centroid at the equator, excitation of the m 0 T1 vibrations of the
mode 0S2 would be zero for an earthquake on
the east-dipping Sumatra-Andaman thrust
fault. The amplitude of the m 0 –1,þ1 vibrations of 0S2 relative to the m 0 –2, 0, and
þ2 vibration indicates how far northward the
Sumatra-Andaman earthquake ruptured (Fig.
4). The event hypocenter and Centroid Moment Tensor (CMT) location lie at 3.2-N and
3.1-N, respectively, displaced east-west by
nearly 200 km. The relative excitation of the

Fig. 1. Schematic of the motion of free oscillations 0S2, 0T2, 0S3, and 0S0 superimposed on a
spectrum computed from 240 hours of vertical seismic motions recorded at the CAN (Canberra,
Australia) station of the Geoscope Network. For comparison, fig. S1 plots the acceleration spectrum from the superconducting gravimeter collocated with CAN.

|r • a(x,ω) |

Fig. 2. Free-oscillation spectra
for GSN station QSPA, whose
sensor lies within an ice
borehole in the quiet sector
of the South Pole station. Only
m 0 0 free oscillations are
nonzero at Earth’s poles, leading to sharply defined single
resonance peaks for modes
nSl and nTl with period T 9
1000 s. A vertical-motion
data series of 106 hours was
analyzed. Predicted spectra
are plotted with colored lines
from Harvard CMT mechanism and
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m 0 T1 vibrational modes of 0S2 is significantly underpredicted by this location centroid. Better agreement is obtained for a
seismic source centroid closer to 7.5-N, suggesting a source process that extends into the
northern half of the aftershock zone.
Earthquake size and duration. Since the
late 1970s, seismologists have estimated magnitude Mw for large earthquakes in terms of
the seismic moment Mo (48). As a measure
of the average displacement integrated over the
ruptured fault zone, Mo is associated with its
behavior at zero frequency. It is therefore
logical to estimate Mo from the amplitudes
of the gravest Earth free oscillations, such as
the modes 0S2, 0S3, 0S4, 0S0, and 1S0. For
nearly all earthquakes, these modes are
excited too weakly for direct observation, but
the Sumatra-Andaman event was different.
The Bfootball mode[ 0S2, the free oscillation
with the longest observed period (53.7 min),
is expressed strongly in vertical-component
spectra computed from a large proportion of
individual stations, as are many of the shorterperiod modes. The amplitudes of several
spheroidal free oscillations with periods T 9
1000 s were a factor of 1.25 to 2.6 larger than
those predicted by the Harvard CMT source
(1–3), reaching a maximum for the mode 0S2
(Figs. 4 and 5). If this amplitude is related to
fault motion with the same geometry as the
CMT solution, i.e., thrusting on a shallowdipping fault (8- dip), the estimated earthquake
magnitude Mw increases from 9.0 to 9.3.
Source spectral amplitude is larger at long
periods for earthquakes with long time durations. If seismic rupture progresses at a constant rate for a finite duration t from a sharp
onset to an equally abrupt termination, the source
spectrum M( f ) equals Mo(sin pft)/(pft) as a
function of cycle frequency f (49). The logarithm of M( f ) exhibits a low-frequency
plateau that transitions to a power-law slope
at a corner frequency fc 0 (pt)j1. Figure 5
graphs the source spectra implied by several
spheroidal modes against M( f ) source spectra
for constant-rupture durations t 0 800 s and
t 0 320 s. Modal amplitudes do not follow the
predictions of a constant-rate source spectrum,
suggesting a variable rupture-propagation rate.
For example, the rupture of two large fault
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complicated. We estimate the initial phase of
to average 65- to 66- in the GSN and to
average 61- over nine records from the
Geoscope network (fig. S4). The initial displacement of 0S0 is positive (0- phase), so this
suggests a time centroid delayed 205 to 225 s
relative to the earthquake onset. Rupture duration t was between 400 and 450 s if the
rupture rate were constant. The initial phase of
1S0 is 115.7- averaged for nine Geoscope stations, consistent with a time centroid of 197 s.
A variable rupture rate will cause scatter in
time centroids estimated from different modes.
Free-oscillation observations constrain the
Sumatra-Andaman earthquake source, but the
0S0

constant-rupture model is too simple. A complex earthquake process is suggested by a
number of observations, e.g., large bursts of
high-frequency seismic radiation occurred in
the first 200 s of rupture (4, 50); aftershock
locations spanned a 1300-km segment of plate
margin (5), but in the northern 400 km of the
zone the aftershocks commenced some 85 min
after rupture onset (51); substantial surfacewave directivity at periods approaching 1000 s
(4); the dip of the Sumatra-Andaman megathrust in its northern half tended to exceed the
8- dip of the Harvard CMT source mechanism
(5); back-arc spreading in the Andaman Sea
may have promoted the expression of strike-
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segments with different orientations, onset
times, and durations would cause spectral interference at long periods, as would a more
complex rupture history. Such complexity
aside, the trend of modal amplitudes is consistent with a rupture duration t e 800 s.
The initial phase of 0S0 relative to the earthquake onset supports the inference of longsource duration t. The initial phase of a free
oscillation of period T aligns with the time
centroid of the rupture process if the rupture
duration is relatively small, i.e., t ¡ T. Phase
cancellation dampens the modal excitation if
t Q T/2, and the relation of modal initial
phases with the source time centroid becomes

Fig. 3. Spectrum comparison for
the 26 December 2004 SumatraAndaman earthquake. (A) Superconducting gravimeter (Strasbourg,
France) and nearby verticalcomponent seismic data (Echery,
France) have almost identical
spectra. The multiple spectral
peaks, e.g., of 0S2, are caused by
splitting associated with Earth
rotation. A Hann taper has been
applied to the 230-hours time
series from both instruments before discrete Fourier transformation: (B) Burg-method spectrum
estimates of data from the C032
superconducting gravimeter (SG)
at Wuhan station, People’s Republic of China, and (C) BlackmanTukey-tapered spectral estimates
of horizontal-component data
from the Grotta Gigante pendulum tiltmeter, computed on three
sliding time windows of 24 hours
each, shifted by 12 hours. The red,
blue, and black lines pertain to the
windows starting at days 361.25,
361.75, and 362.25 of 2004,
respectively. North-south motion
is shown in top three traces; eastwest motion is shown in the
bottom traces. The broken line
indicates the 95% confidence level
at which a spectral peak is significant.
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slip motion as the rupture progressed north
(5); modeling suggests that the northern third
of the fault zone contributed little to the observed tsunami (5). Many factors suggest that
fault motion was larger and faster in the south
of the fault zone, where rupture began, and
was smaller and slower in the north.
Modeling the rupture. Drawing on inferences made from these data, we consider here
two finite-rupture models based on body and
surface waves Emodels II and III of (4)^ in
which rupture has longer duration (600 s versus 300 s), longer length (1300 km versus
È400 km), and larger moment (6.5  1022 NIm
versus 4.0  1022 NIm) than that inferred from
the CMT solution (Fig. 6). Both models prescribe a spatially varying fault geometry that
is, on average, steeper than the CMT solution.
A steeper fault is more efficient at exciting the
long-period modes, and therefore the finite
rupture models can greatly improve the match
between predicted and observed modal amplitudes (52–56) with a far smaller Mo than inferred by (3). A transition to oblique thrust
motion in the Andaman islands region improves the fit to long-period toroidal modes.
Model III, which prescribes a peak rate of
rupture propagation somewhat earlier than
model II, is slightly more successful at predicting the absolute value of modal verticalcomponent spectral peaks, typically with an
average misfit pf less than 10%, depending
on the mode (Figs. 2, 7, and 8 and table S1).
Despite the rough success of a single seismic
rupture model across the entire seismic spectrum, geodetic evidence for a slow component
of Sumatra-Andaman displacement cannot be
dismissed. A fault slip of È1 hour in duration, as
suggested by tsunami modeling for the NicobarAndaman fault segment (5), would excite
seismic free oscillations inefficiently because
of phase cancellation. Its signature would be
expressed as a complex pattern of modal amplitude and phase anomalies. Modal spectra for
the 2004 Sumatra Andaman earthquake are
more difficult to predict with simple parameterized rupture models than modal spectra
from the 28 March 2005 northern Sumatra
earthquake (Mw 0 8.6), despite higher signalto-noise ratios in the larger event (Fig. 8). If
amplitude and phase misfits leave unexplained
10% or more of the long-period free-oscillation
amplitudes of the 2004 event, slow fault
motion equivalent to at least Mw 0 8.4 would
be possible, a geophysical event larger than
any earthquake between 1965 and 2001.
For both Sumatra earthquakes, modal amplitude and phase anomalies will constrain any
additional long-term slip. In this context, the
calibration and long-term resilience of global
seismographic networks is paramount. A future
megathrust earthquake (Mw Q 9.0) is inevitable
somewhere along Earth_s plate boundaries but
may occur after today_s seismometers have
begun to age and perhaps fail. The broadband
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Fig. 6. Moment-rate functions (MRFs)
for the 26 December Sumatra-Andaman
earthquake. The MRF associated with
the Harvard CMT is given by the green
line, the MRF of finite-fault inversion II
of (4) is denoted by the blue line, and the
MRF of finite-fault inversion III of (4) is
denoted by the red line.
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3

Fig. 4. Observed and predicted 0S2
spectra at SCSN station OSI (Osito
Adit, California). Black curve is data;
red, prediction for the Harvard
CMT mechanism and location but
with scalar moment increased by a
factor of 2.6. Note how the m 0 1
and m 0 –1 singlets are too small,
indicating that the CMT centroid is
too close to the equator. Green
curve is prediction for the CMT
moment, increased by a factor of
2.6 and shifted to a centroid location at 7.5-N. This shift improves
the fit to the m 0 1 and m 0 –1
singlets. A Hann taper has been applied to the 144-hour time series.

Fig. 5. The measured amplitudes of
several long-period free oscillations, expressed in terms of their amplitude excess
relative to the Harvard CMT solution.
Crosses indicate estimates from GSN
stations; triangles are estimated independently with the use of data from Geoscope stations. The largest amplification is
associated with the mode 0S2, whose
amplitude seems to require roughly
2.6 times the CMT moment estimated
from 300- to 500-s surface waves.
Superimposed on the measurements are
theoretical source spectra for constantrupture sources of duration t, which
follow sin(pft)/(pft) dependence. Deviations in source geometry and fluctuations in rupture rate would cause
cause the source spectrum to depart
from this simple model. Nevertheless,
modal excitation suggests that the
Sumatra-Andaman earthquake involved
fault slip on more than one time scale.

0S2

0.4

Moment rate function [Newton-m/sec]

S PECIAL S ECTION

SSUUMMAATTRRAA- -AANNDDAAMMAANNEEAARRTTHHQQUUAAKKE E

2

1

0

0

200
400
600
Time from event onset [sec]

vault seismometer most suitable for today_s
global seismographic networks, the Streckeisen
STS-1 (57), is no longer manufactured. It is
important for the international seismological
community to consider designing the nextgeneration broadband seismic sensor.
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Fig. 7. Comparison of data (NNA, at
Nana, Peru) and synthetics from various models. Low-order spheroidal
modes 0S2, 0S3 at vertical component
and toroidal modes 0T3, 0T4 at horizontal component are shown (top).
A Hann taper is applied to 144hours time series of vertical motion
before discrete Fourier transformation. Similar tapering was performed
on 44-hour time series of radial and
transverse horizontal motion before
discrete Fourier transformation.
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Periodically Triggered Seismicity at Mount Wrangell,
Alaska, After the Sumatra Earthquake
Michael West,* John J. Sánchez, Stephen R. McNutt
As surface waves from the 26 December 2004 earthquake in Sumatra swept across
Alaska, they triggered an 11-minute swarm of 14 local earthquakes near Mount
Wrangell, almost 11,000 kilometers away. Earthquakes occurred at intervals of 20 to
30 seconds, in phase with the largest positive vertical ground displacements during
the Rayleigh surface waves. We were able to observe this correlation because of the
combination of unusually long surface waves and seismic stations near the local
earthquakes. This phase of Rayleigh wave motion was dominated by horizontal
extensional stresses reaching 25 kilopascals. These observations imply that local
events were triggered by simple shear failure on normal faults.
After the great earthquake in Sumatra (1), local
earthquakes spaced evenly in time occurred at
Mount Wrangell, one of the world_s largest
andesite shield volcanoes. Located in southcentral Alaska, Mount Wrangell anchors the
eastern end of the Aleutian-Alaska chain of arc
volcanoes (Fig. 1). Fumaroles, frequent seismicity, and historical steam plumes attest to
Wrangell_s active geothermal system (2).
Because of its volcanic and seismic activity, a
network of seismometers is jointly operated in
the Wrangell area by the Alaska Volcano Observatory and the Alaska Earthquake Information Center. Surface waves from the moment
magnitude (Mw) 9.0 Sumatra earthquake on 26
December 2004 propagated across the regional
network and produced vertical trough-to-peak
ground displacements of 1.5 cm. A swarm of
14 earthquakes near Mount Wrangell occurred
during the passage of the Rayleigh waves (fig.
S1), about 1 hour after the initial rupture in
Indonesia (Fig. 2).
Six of the local events were large enough to
be located. All of these were within 10 km of
the summit caldera. The local signals were

strongest near the summit at station WANC,
suggesting even tighter clustering. Determination of precise locations and focal mechanisms
was inhibited by the emergent waveforms and
the modest four-station local network. With one
exception, located events occurred at depths of
2 km or less. Magnitudes ranged up to local
magnitude 1.9. The variation in waveforms and
amplitudes, and the scatter in event locations,

indicate that the triggered events were not
coming from a single source but instead were
dispersed around the summit. Some of the waveforms may be composites of more than one
simultaneous event. Although 90% of the routinely located seismicity at Wrangell is of the
long-period type (3), the events in the triggered
cluster appear to have been high-frequency
tectonic events (except for event 3, Fig. 2B).
Small earthquakes are common at Wrangell.
A comparison to the two days before and after
the Sumatra earthquake, however, shows a less
than 1% probability of six randomly occurring
events of any type in any 10-min window. This
probability is further decreased by the requirement of magnitudes up to 1.9; high-frequency
tectonic origin; even spacing between events;
and coincident timing with teleseismic Rayleigh wave ground motion. Although these
Fig. 1. Map with great circle paths
from Sumatra to Mount Wrangell.
Surface waves arrived at Wrangell
from the west-northwest. Station WANC is at the summit of
Wrangell. Three other short-period
stations, including one threecomponent instrument (not
shown), are located within 10 km
of WANC. Stations PAX and HARP
are nearby broadband instruments
that are 115 and 72 km from
WANC, respectively.
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