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Abstract

Analysis of the longest period normal modes of the Eaxtitezl by the December
26, 2004 Sumatra earthquaiields a moment of B* 10*° dyn-cm, approximately three
times lager than the 4 10?° dyn-cm measured from long-period swé vaves. Hence
the earthquaks utra-long period magnitudeyl,, = 9. 3, is signiCEcantly lger than the
previously reportedM,, = 9. 0, making the earthquakihe second |lgest @er instrumen-
tally reported. The higher magnitude presumably resectw slip not detected by the
surface vaves. Althoughthe mode data do not constrain the location of the slip, a
likely explanation is that it occurredver the entire 1200-km length of the rupture zone
shavn by aftershocks, of which only about the southern 1/3 to 2/3 appeansetdipped
based on body-awveslip inversions. If so, then accumulated strain on the northern part of
the rupture zone has also been releasedinigao immediate danger of adg tsunami
being generated by slip on this part of the plate boundary

These results come from analyzing the normal mode multigets S; and (S,
with periods of about 3231, 2134, and 1546 s, resmhctiThe multiplets consist of 5, 7
and 9 singlets or peaks, respedii, which are splitj.e., have dstinct periods or eigen-
frequencies, due to the rotation and ellipticity of the Earth. Great eardsjlikdk the
Sumatra earthquakexcite these long period multiplets €a€iently that tlyecan be
obsered by urier analysis of long seismograms (Figure Chmplementary dataas
obtained from the [unsplit] radial modess, and S, with periods of 1227 and 613 s,
respectrely ™.

The singlets can be described by their spectral amplitude, attenuation, and eigenfre-
gueng. The amplitude of each singlet depends on the location of the earthantbkeis-
mic station, earthquakdepth and focal mechanism, and seismic mom8teif and
Geller, 1977]. Thedecay of engy with time, or equialently the width of the spectral
peak, depends on the moslejuality factor Q, a measure of attenuation. The singlet
eigenfrequencies kia keen calculated bpahlen and Sailof1979].

Using the focal mechanism from the Hamd CMT project (strik 39°, dip 8°, slip
110°) and a focal depth of 15 km, we used twethods to estimate the seismic moment
My andQ for S,, (S; and (S, at seen, (Eg and four stations, respeedly. One con-
sisted of (Etting the amplitude spectra in the frequdomain (Figure 1). A second

¥ The study of,S, is preliminary since the proper analysis of its spectral line requires in principle a time
series lasting at least 82 days (the product of its period by its queity ).
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Figure 1: Obsered (black) and predicted (red) amplitude spectrum for,8eand (S;
multiplets, shwing best-®tting seismic moment.
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involved narrav-band ®ltering isolated singlets in the time domain, computing the
ervelopes of the decaying time series using the Hilbert transform, and ®tting te log
rithm of the emelope to estimat®) [Geller and Stein1979] and the moment from the
extrapolated initial amplitude at the earthqeakigin time (Figure 2).

These approaches yield consistent estimates of the momeR. &t ,S,, we
®nd M, aveaging 13" 10*° dyn-cm andQ aveaging 560; for,S; we ®nd M, avaag-
ing 9.5° 10?° dyn-cm andQ aveaging 445; for ,S, we ®nd M, avaaging 89 10°°
dyn-cm andQ aveaging 360. Thes® estimates are consistent with yioisly reported
vaues [Stein and Nunr,981; Tanimoto,1990].

In the case of the radial modg$§, and ,S,, we mnstrained) to its published al-
ues (5700 and 2000, respeely), and obtained moments of 8. 10°° and 50" 10%°
dyn-cm, respeotely.

These moment estimates for thevgst modes are 2 to 3 timesdar than the
4° 10”° dyn-cm measured from 300-s sade vaves. Hence the earthqualk utra-long
period magnitude,M, =9.3, is signi®cantly lager than the praously reported
M,, =9.0. This males the earthquakthe second lgest &er instrumentally reported,
larger than the 1964 Alaska earthgedk, = 8.2 10?°) but smaller than the 1960 Chile
earthquak (M, 3 2~ 10°° dyn-cm), assuming that theseeets' reported moments do not
also underestimate their true size.

The moment estimates shh@ remarkable increase with increasing period (Figure
3), a property hitherto unreported for otheerdgs at such ultra-long periods. It raises the
intriguing question of the period at which the source size actually ceasesmolpr®
source behaor presumably resects slo slip not detected by the sade vaves used in
such algorithms as Haaxd's OMT project.

Although the mode data do not constrain the location of the dip, a likely
explanation is that it occurredver the entire 1200-km length of the rupture zonewsho
by aftershocks (Figure 4)oF example, assuming a rigidity of 410! dyn/cnf , 13 m o
slip on a &ult 1200 km long and 200 km wide (@o dip dimension) implies a moment of
about 13° 10°° dyn-cm. Thiswould be a lager fult area than implied by bodyawe
slip inversions that ®nd that only about the southern 13 J005] or 2/3 of the area
[Yamanaka,2005] slipped. Hence if the bodyawes and esen the 300-s sudce vaves
reeect slip only on the southern 1/3 of the area, the resulting moment is only 1/3 of what
the graest modes record.

It is interesting that, using the radial mogl®,, with period of 1227 sPark [2005]
estimates the rupture duration at more than 400 s, consistent amtanéka estimate,
but twice as long as & Hencdt seems likely that at least 2/3, and probably all, of the
aftershock zone slippedt is worth noting that the tsunami run-up in the near ®eld on
Sumatra is 25-30 m, which implies at least 12-15 m of slip, by a rule of thumb that run-up
typically does noteeed twice thedult slip G. Plafler, pers. comm.) that is supported
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Figure 2: Time series and gdopes for tvo Snglets at MAJO, sheing moment and®@
estimated from least-squares ®t.



CONCLUSION of PRELIMIN ARY STUDY

f The seismic moment of the Sumatra earthquakreases gilarly
with period (like T¥?) from 300 to 3000 seconds.
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Figure 3: Variation of moment estimates as a function of period. Note the steady increase at longer periods.



Figure 4.: Schematic illustration comparing aftershock zone to minimum areseso$lip
estimated from body awves and possible area of stodip inferred from normal
modes.

Modi®ed from http://neic.usgs.gmeis/eq_depot/2004/eq_041226
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by near®eld simulationsQkal and Synolaki004].

An interesting question is whether thevsldip contributed to the tsunamixeita-
tion. This possibility is suggested by tlaef that Ttov and Arcas hae siccessfully mod-
eled the amplitude of the tsunami on the high seas, as detected BSON 3atellite,
using a source that includes the northegnsent.

If the entire aftershock zone slipped signi®cantityen accumulated strain on the
northern 2/3 of the rupture zone has also been releasedgle®m immediate danger of a
large tsunami being generated by slip on thggrsent of the plate boundamjoweve, the
danger of a laye tsunami resulting from a great earthquak segments to the south
remains.
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