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RESEARCH ARTICLE

Earth’'s Free Oscillations Excited by the 26
December 2004 Sumatra-Andaman Earthquake

Jeffrey Park,’ Teh-Ru Alex Song.? Jeroen Tromp,” Emile Okal,® Seth Stein,® Genevieve Roult, Eric Clevede,*
Gabi Laske,® Hiroo Kanamori,” Peter Davis,® Jon Berger,” Carla Braitenberg,® Michel Van Camp,” Xiang'e Lei,®

Heping Sun,® Houze Xu,® Severine Rosat®

At periods greater than 1000 saconds, Earth's seismic free oscillations have anomalousty
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 x 10
Newton meters) that corresponds 10 a moment magnitude of 9.15. With a rupture
duration of 600 scconds, the fault-rupture medels represent seismic observations
adequately but underpredict geodetic displacements that argue for dow fault motion

bensath the Nicobar and Andaman islands.

The 26 December 2004 Sumatra-Andaman
authguake delversd a blow to our plaret (1, 2),
excinng a plethora of vibrational free oscilla-
tons tat, 3t peciods 7> 1000 5, remainad ob-
servable for weeks in broadband seismic data
from global networks. The froquencies and
decay mtes of Barth's free oscillations offer
strong constraints (3-5) on our planet’s mienoe
compositson, minerabogy, and dymamacs (6-15),
o anallysis of long-pensod sesmic dsta from this
cvent should ofler new perspectives on Earth
structure. In this report, we discuss how seismic
free oscillanous also provide information oo te
size and duration of this carthquake,
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06S20-8100, USA, “Sesmelogical Laboratory, Cali-
formés butitute of Techrology, MS 252-21, Pasadena,
CA 91125, USA. "Deparimest of Geelogical Scisnces,
1850 Campus Orive, Evanston, IL 60208-2150, USA
“Departemest de Sksmologle, Institut de Physique &u
Clcbe de Paris [IPCP), 4 Place pamies, 752%2 Pars
Cedex 05, France. “Scripps Instiution of Oceancgra-
phyy, University of California, San Diege, Ls jolls, CA
QUEI-0Z2Y USA. “Dparsmento di Scienze della
Torrn, Usiversita” di Trieste, Via Weas 1, 34100
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Coodesy and Geophysks, Chinese Acadermy of Son-
ences, 174 Xuwdong Road, Wehan 430077, China
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Because Earth 1s roughly sphencal, the ge-
agraphical pattems of its free vibrational
modes can be expeessed i terms of the spher-
ical harmonics, ¥, (6.¢), and their vector gra-
dicots, where | is the angular degree, m is the
azimuthal order, @ is colatitede, and ¢ is lon-
gitude. On & ample spherical planet (16), the
free osallations follow either a sphecosdal (S)
ar toroidal (T) vibrational pattern and have
spectroscopic notaticn S, asd T, m =
=1,....J, where n 15 the radsal overtone number
(Fig. 1) For a sphencal reference model, all
2 + 1 vibrations of S, or T, have idemtical
frequency, On the real Earth, departures from
the symmetries of a sphencal reference model
cause its free oscillations to cosple, hybridize,
and suffer fine-scale splitting of their vibra-
tonal fraquencies (1 7-20). Frequency splitting
of free oscillations with peniods 7> 1000 5 is
caused mamly by Earth's rotason, similar to
Zoeman splitting of clectron energies in an
extemal magnetic field (24, 22,

Earth’s free oscillations were first reported
after Fourier analysis of hand-diginzed aralog
saasmic recards of the megathrust earthquakes
of the middle 20¢h century (23-26), particularly
O 22 May 1960 Chilean carthquake (M = 9.5\
These buge events saturated most sesmame-
ters of the time, rendering many bours of dag
wusable. Froquescy estimates from smaller,

deeper carthquakes, more anenable 1o hand-
digitization and Fourier analysss, ked to accu-
rate sphencal-reference models for our planct’s
tenor (6). Detaided study of free-osallation
attenuation, frequeacy splitting, and modal cou-
pling was made feasible by digital rocording
{7, & 27, 28) and by the advent of the Fedes-
ation of Digntal Sessmic Networks (FDSN)
with high-dymamic range induction-feedback
sensors capable of recording faithfully the scis-
mac waves from great earthquakes (29, 30).
Broadband seismographic data. The 2004
Sumatra-Andaman earthquake tested broadband
seismographic technology on & global scale.
Peak ground motons exceeded | em at all
locations on Earth's solid surface (37). In one
poetion of the FDSN, 88% of the 125 stations
of the Global Sessmographic Netwoek (GSN),
opented by the US, Geological Survey and
Project IDA of the University of California,
San Diego (32, 33), recocded data without -
tomuption or distartion (3] Statons of the
Gooscope network (35, 36) had similar success.
In all, data records from more than 400
FDSN statons had sufficient guality to observe
Farth’s free oscillations with unprecedented
signal-to-noise ratios. A broad dismbution of
staticns facalitates the use of sphencal hamonic-
weighted stacks of data spectra to isolate in-
dividual Earth vibeations (fig. S2). The recent
installation of 3 broadband seismometer in the
South Pole quict zone provides natural isola-
tion of the m = 0 singlets of long-period
modes (Fig. 2). Free oscillstions can also be
sought in complementary observations (Fig. 3)
from strainmeters and tiltmeters (37-40), from
superconducting gravimeters (4/-43), and
from cootmmuously recording global positon-
ing system (GPS) receivers (44, 45). Super-
conducting gravimeter dag offers an mmportant
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calibeation for seismometer data at pensods T =
1000 s (¢6). The amplatude of the “breathing
mode”™ §, is geographically coastant %o high
accuricy, statoo-by-station compansoes of its
amplzude in data from the IDA network sug-
gost that a substastial munority of scssmom-
eters suffer 5 o 107 deviations from their
nominal responses (34).

The largest carthquakes offer the mest pen-
ctating and komg-lasting scismic probes of
Earth's deep intenor, revealing belavior pre-
dicted by thecry but only rarely observed
above ground noise. The coupling between
spheroidal and torcedal modes associated with
Eanth's Coriolis force causes them to form
hybed vibrational patterns. The hybodered to-
roklal modes are predicted to acquire a vertical
vibrational component, a festure nominslly re-
stricted 10 spheroidal modes. Although this
bebavior is readily observable for mode pairs

P

o3, = T, . in the 300- to 500-s penod range
that are close n frequency (27, 28), at fre-

quencies below | mHz the coupling is weaker
and was not observed with scismomerers
before the 2004 Sumatra-Andaman carthguake
(47) (Fig. 1 and fig. 83).

The geometry of low-degree modes allows
us 1o constrain the long-period centroid of the
carthguake (8, 23). For a centroid at the equa-
tor, excitation of the m = £1 vibmtions of the
mode 5, would be zero for an carthquake on
the cast-dipping Sumatra-Andaman thrust
fault, The amplitude of the m = <141 vi-
brations of S, relative to the m = -2, 0, and
+2 vibration indicates how far nocthward the
Sumatra-Andaman carthquake ruptured (Fig.
4). The event hypocenter and Centrosd Mo-
ment Tensoe (CMT) location lie at 3.2°N and
3.1°N, respectively, displaced cast-west by
nearly 200 km. The relative exctation of the

356 min 20.5 min
dr=0.05mm
= s
o~3
Os.
= 0S4 3512S;

02 03 0e

0s os or os 0e 10
Frequency (mHz)

o0y

Fig. 1. Schematic of the mation of free ascillations S,, T, S a:Jsump«imposodma

spectrum competed from 240 hours of vertical seismic mouom recor

at the CAN (Canberra,

Australia) station of the Ceascope Network. For comparison, fig. S1 plots the acceleration spec-
trum from the superconducting gravimeter collocated with CAN.

Fig. 2. Free-cscilation spectra

x 106

m = 4| vibmticonal modes of S, s signifi-
cantly undespeedicted by this locstion cen-
troid, Better agreement is obtained for a
sesmic source centroad closer to 7.5°N, sug-
gesting a source process that extends into the
northern bhalf of the aflershock zone,
Earthquake size and duration. Smce the
late 19705, scismologists have estimated mag-
nstude M for large earthquakes in terms of
the scismic moment M (48). As a measure
of the average displacement micgrated over the
ruptured fuull zooe, M i3 associated with its
behavior at zero fregeency. It is therefore
logical to estimate M, from the amplitudes
of the gravest Earth free ascillations, such as
the modes .S, S, Su S and S,. For
nearly all carthquakes, these modes are
excited 1o weakly for direct observation, but
the Sumatra-Andaman event was different.
v “football mode™ S, the free ascillation
with the longest observed penod (53.7 mm),
is expressed stromgly in vertical-companent
spectra computed from a large proportion of
individual statioss, as are many of the shorter-
period modes. The amplitodes of several
spheroidal free oscillabons with penods T >
1000 s were a factor of 1.25 to 2.6 larger than
those predicted by the Harvard CMT source
(1-3), reachiag & maximum for the mode S,
(Figs. 4 and 5). If thas amplitnde is relsted 1o
fault motion with the same geometry as the
CMT solation, ic., thrusting om a shallow-
dipping faulkt (8° dip), the estimated carthquake
magnitude M_ increases from 9.0 to 9.3,
Source spectral amplitude 8 larger at long
peniods for carthquakes with long time dura-
tions. [f ssasmic rupture progresses st 3 con-
stant rate for a finite duration ¢ from a sharp
anset o an equally abeupe teemination, the sovece
spectrum M) equals M (sin nft){xf) as a
function of cycle froquency f (49). The log-
arithm of M( /) exhibits a low-frequency
plarcan that ransitions to a power-law slope
at 2 comer frequency f, = (rt) ', Figure S
graphs the source spectra impliad by seveml
spheroidal modes agamst M /) source spectra
for constant-rupture durations t = §X s and
© = 320 5, Modal amplitudes do not follow the
predicaons of a constant-rife souce spectrum,
suggesting a vamable npture-propagation rate.
For example, the rupture of two large faalt

for GSN station QSPA, whose
sensor lies within an ice
borehole in the quiet secior
of the South Pole station Only
m = 0 free oscllatioss are
nonzero at Earth's poles, lead-
ing to sharply defined si
uamanto peaks for

o1, with period T >
1690 A vertical-motion
data senesof 106 hours was
analyred. Predicted spectra
are plotted with colored lines

04

0.5 0.6

Frequency, mHz

from Harvard CMT mechanism and two finite rupture models from (4).
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segments with different onentations, onset
times, and durations would cause spectral in-
terference at boog periods, as would a more
complex rupture histary. Such complexity
side, he resd of modal amplitudes is con-
sistent with a rupture duration ¢ < 800 5.

The mutial phase of S, relative to the earth-
quake onset supports the inference of long-
source duration t. The initial phase of a free
oscllason of period T aligns with the tme
centrosd of the mipture process if the nepture
duration is relatively small, L.e., t < 7. Phase
cancellation dampens the modal excitation if
t = 172, and the relstion of modal inital
phases with the source time centroid becomes

complxated. We estimate the imtial phase of
Sy to average 65° to 66° in the GSN and to
average 61° ower nine records from the
Geascope network (fig. S4). The mitial dis-
placcment of S, is positive (0° phasc), so this
suggests a time centroid delayed 205 to 225 5
relative 10 the earthquake onset, Rupture du-
mtion T was between 400 and 450 s if the
rupture rate were coestant. The initial phase of
S, 18 1157 averaged for nine Geoscope sta-
sons, congstent with a time centrod of 197 &
A varisble rupture mte will cause scarer in
ame centroads estimated from different modes.

Froc-oscillation obscarvations constrain the
Sumatm-Andaman earthquake source, but the

A —— Sessmometor at Echary, Frarceo

— SUDSNCONUCENg grindmeter o Stasbowg France

3 4
10 x 10

SUMATRA-ANDAMAN EARTHQUAKE

constant-nupture model 8 wo smple. A com-
plex carthquake process 15 suggested by a
mumber of obscrvations, ¢.g., large bursts of
high-frequency seismic radiation occarred in
the first 200 s of rupture (4, 50); afiershock
locations spanned a 1300-km segment of plase
margin (3), bat in the narthem 400 km of the
aoe the aflershocks commenced some 85 min
after rupture onset (57); substantial surface-
wave directivity at periods approaching 1000 s
(4); the dip of th: Sumatra-Andaman megs-
thrust im its northern half tended to exceed the
£ dip of the Harvard CMT source mechanism
(5); back-arc spreading in the Andaman Sca
may have promoled the expression of strike-

Fig. 3. Spectum comparison for
the 26 December 2004 Sumatra-

Andaman sarthquake. (A) Super-

15

France) and nearby wvertical-
component selsmic data (Echery.
France) have almast identical
spectra. The multiple spectral
peaks, eg, of (S, are caused
splitting assocated with
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slip motion as the rupture progressed north
(5); modeling suggests that the northem third
of the fault zone contributed litthe to the ob-
served 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 noeth,

Modeling the rupture. Drawing on infer-
ences maxle from these data, we corsider here
two finite-rupture models based on body and
surface waves [models [ and I of ()] n
which rupture has longer duration (600 s ver-
sus 300 s) looger kngth (1300 km versus
~400 km), and larger moment (6.5 =< 1072 N'm
versus 4.0 ¢ 107 Nom) than that inferred from
the CMT solution (Fig. 6). Both models pre-
scribe a spatially varying fault geometry that
is, on average, steeper than the CMT solution.
A steeper fault i more efficient st exciting the
long-peniod modes, ansd therefore the fimite
rupture models can greatly improve the mich
between predicted snd observed modal ampli-
tudes (52-56) with a far smaller M, than in-
ferred by (3). A transition w0 obligue theust
motica in the Andaman sshinds region im-
proves the fit to long-period toridal modes.
Model 111, which prescribes a peak rate of
rupture propagation somewhat carlier than
maodel 11, is slightly more successful at pre-
dicting the absalute value of modal vertical-
component spectral peaks, typically with an
average misfit pf less than 10%, depending
on the mode (Figs, 2, 7, and § and table S1).

Despite the rough success ol a smgle seismac
rupture srodel across the entire seismic spec-
trum, geodetic evidence for a slow component
of Sumastra-Andaman displacement cannoct be
desmissed, A fauk ship of ~ 1 hour in duration, as
suggested by 1sunami modelmg foe the Nacohar-
Andaman fault segment (5), would excite
seismic free oscillations isefliciently becanse
of phase cancellstson. Its sigaature would be
expressed as o complex pattem of modal an-
plitude and phase anomalics. Modal spectra for
the 2004 Sumatra Andaman earthquake are
mare difficult to predict with simple param-
eterized ruptare models than modal spectra
from the 28 March 2005 northern Sumatra
carthquake (M, = 8.6), despite higher signal-
to-noise mtios in the larger event (Fig. 8). If
amplitude and phase misfits leave unexplained
10%% or more of the long-period free-oscallation
amplitudes of the 2004 event, slow fault
motion equivalent to at keast M, = 8.4 would
be possible, a geophysical cvent lasger than
any carthquake between 1965 and 2001

For both Sumatra carthquakes, modal am-
plinade and phase anomalies will constrain my
addtional loag-term shp, In this conteat, the
calibration and loag-tesm resilience of global
sersmographic netwarks is paramoont. A futere
megathrust carthquake (A, = 9.0) 13 mevitable
somewhere along Earth's plate boundaries but
may occur alter today's scismomekrs have
begun 10 age and perhaps fail. The broadbanxd
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dently with the use of data from Gco
scope stations. The largest amplification &
associzted with the mode S, whese

seems 10 require roughly
2.6 times the CMT moment estimated
from 300- to 500-s surface waves.

rupture sources of duration 1, which
follow sin(xfc)/(nft) dependence, Devia-
tions in source geometry and fluc-
tuations N rupture rate would cause

08 1.2
Frequency (mHz)

0.4

Y

1.6

cause the source spectrum to depart
from this simple model. Nevertheless,
modal excitation suggests that the
Sumstra-Andaman earthguske involved
fault slip on mare than one time scale.

Fig. 6. Moment-rate functions (MRFs)

4x10?°

for the 26 Decerrber Sumatra-Andaman

— il ||
s oo 111
w— AT

. The MRF assodated with
the Harvard CMT is given by the green
line, the MRF of finite-fault inverson N

Moment. rate function [Newton-m/sec)
n

of (4} is denated by the blue bne, and the
MRF of finite-faux fevession Il of (4) is
denated by the red line,

0 200 400
Time from event onset [sac)

vault scasmometer most suitable for today's
global scismographic natworks, the Strackessen
STS-1 (57), 18 no longer manufactured. It is
mmporant for the imemational seismological
commenity to conskler designing the next-
generation broadband sasmic sensor.
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vartical motian of the foctball mode 5, is 81.2% thet
computed from the seismometer response aloee.

A7, The instremental sel-ncise of the broadband seis-
Momnales wed in glabal P s
ot low Pequincies. farth's pravest bee oscilations
have therelore bean studied primarly with super-
conducting grovimeter dats, not sesmomeler
records, after comection for Auctuations In atmo-
phenic pressure (28, 59-6T). The signal-to-note ravio
for ssemonmeter reconds of the 23 Jene 2007 Pery evertt
M, = 84) was not high enoegh 1o slow the ob-
Jeraation of htndized toroidal mades on the wertical

bines that
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Periodically Triggered Seismicity at Mount Wrangell,
Alaska, After the Sumatra Earthquake

Michael West,* John ). Sanchez, 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 carthquakes near Mount
Wrangell, almast 11,000 kilometers awary, Earthquakes cccurred 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,

Alter the great carthguake m Sumatra (7)), local
carthquakes spaced evenly in time occurrad at
Mount Wrangell, one of the woekl's largest
andesite shaeld vokanoes. Located in sowth-
central Alaska, Mount Wrangell anchaors the
castern end of the Aleutian-Alaska chain of arc
volcanoes (Fig. 1). Fumaroles, froquent seis-
micity, and historical steam plunes atest o
Wrangell’s active geothermal system (2)
Becawe of its volcanic and scismic activity, a
network of seismometers is jointly operated in
the Wrangell arca by the Alaska Volcano Ob-
servatory and the Alaska Earthquake Informa-
tion Center, Surfiace waves from the moment
magnitude (M) 9.0 Sumaltra carthquake on 26
December 2004 propagated across the regicoal
network and produced vertical tough-to-peak
ground displacements of 1.5 cm. A swarm of
14 carthgaakes near Mount Wrangell ocourred
during the passage of the Rayleigh waves (fig.
S1), aboet | hour after the mitial rupture in
Indonesia (Fig. 2).

Six of the local evests were large encugh to
be located. All of these were within 10 km of
the summit caldera. The local sigsals were

Alaska Volcano Obiservatory, Geophysical wstitute,
University of Alaska, Fairbanks, AX 99775, LUSA,
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strongest near the ssmmit at stuson WANC,
suggesting even tighter clustenmge. Determing-
tice of precise Jocations and focal mechmisms
was inhibited by the emergent waveforms and
the modest four-staton local network. With coe
exception, located events occurred at depths of
2 km or Jess. Magnitudes ranged up to local
magmitude 1.9, The vanatkm i wavedorms and
amphitudes, and the scaner in event locations,

indicate that the triggered cvents wese not
coming from a single source but instead were
desporsed around the surmmil. Some of the wave-
forms may be composites of more than one
smultaneous evest. Although 90% of the rou-
tincly locited seismicity at Wrangell is of the
long-peniod type (3), the events in the triggered
cluster appear to have been high-freguency
tectonic events (except for event 3, Fig. 2B).

Senall carthsquakes are commmmon &t Wrrangell,
A comparison 1o the two days before and afier
the Sumatm carthqquake, howover, shows a less
than 1% probability of six randomly occurring
events of any type inany 10-mun window. This
probabelity is fusther decreased by the reguise-
ment of magnitudes up to 1.9; high-frequency
teclonic ongin; even spacing between events;
and comcident timimg with telescismic Ray-
kigh wave ground motion. ARhough these

Fig. 1. Map with great circle paths
from Sumatra to Mount Wrangell.
Surface waves arrived at Wrangel
from the west-northwest. Sta-
ton WANC s at the summit of
Weangsl, Three ather shart-period
stations, Incdudng one three-
component instrument (not
shown|, are located within 10 km
of WANC. Statices PAX and HARP
are nearty broadbhand instruments
that are 115 and 72 km from

WANC, respectively.
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