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A Sea Level Equation for seismic perturbations
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SUMMARY

Large earthquakes are a potentially important source afivelsea level variations, since
they can drive global deformation and simultaneously pbrthe gravity field of the
Earth. For the first time, we formalize a gravitationallyfsebnsistent, integral sea level
equation suitable for earthquakes, in which we account batldirect effects by the
seismic dislocation and for the feedback from water loadiegociated with sea level
changes. Our approach builds upon the well establishedtfiest proposed in the realm
of glacio—isostatic adjustment modeling. The seismic sgal lequation is numerically
implemented to model sea level signals following the 200Mm&wa—Andaman earth-
quake, showing that surface loading from ocean water mdalision (so far ignored in
post—seismic deformation modeling) may account for a Sggnit fraction of the total

computed post—seismic sea level variation.
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1 INTRODUCTION

The problem of future climate changes and their impact ondruactivities is still far from a complete

solution (IPCC 2007). Nevertheless, the computationaresffdevoted to this problem have reached
a phase in which second—order complexities are often takeraccount to achieve real world reso-
lution levels (Shukla et al. 2006; Mitrovica et al. 2009; Haanet al. 2009). The sea level variation

associated with seismic activity is a representative asd¢hsecond—order effects. In fact, long term
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sea level change is driven primarily by eustatic procegglesjo—isostatic adjustments and thermo—
compositional volume variations (IPCC 2007), while seisteatonic deformations play a small (but
non negligible) role (Melini et al. 2004; Melini & Piersar&0D06).

The main shortcoming of the investigations so far is thatgad of approaching the full Sea Level
Equation (hereinafter SLE), an approximated solution vaasputed only taking into account the di-
rect effects of seismic sources on deformation and grawatgrial variations (e.g. Melini & Piersanti
2006). This is justified in regional post—seismic invedimass on time—scales of a few decades for
which the isostatic response is expected to be negligibieif is likely to be incorrect in global stud-
ies, where self—gravitation of the oceans plays a fundaasheole (Farrell & Clark 1976). Recently,
De Linage et al. (2009) solved a zeroth—order sea level egutdr the short-term relaxation follow-
ing the 2004 Sumatra-Andaman earthquake; according torémilts, the response of the ocean has
to be taken into account in order to correctly interpret theesved geoid perturbations. To improve
these aspects of post—seismic rebound modeling, in thit sbiee we describe and numerically solve
a gravitationally self—consistent SLE for seismic peratidns, generalizing the results of Farrell and
Clark (1976). In our study, the post—seismic deformatiot gravity potential variation are first ob-
tained by a semi—analytical, self—gravitating viscoétastodel (Piersanti et al. 1995), and are then
used as initial conditions for an iterative solution schdorehe SLE, in which the loading problem
associated with the mass redistribution of the oceansvedalsing a post—glacial rebound calculator
(Spada et al. 2004).

In Section 2 we discuss the theoretical aspects of our methddh Section 3 we focus on the de-
tails of numerical implementation, investigating the aengence of the iterative solution and address-
ing a simple synthetic problem. In Section 4 the method il btsevaluate the global and regional sea

level variations following the Sumatra—Andaman earthgualkDecember 26, 2004.

2 METHODS

According to the theory of Farrell and Clark (1976), in thanfrework of glacio—isostatic adjustment
(GIA) the SLE reads

S(w,t):(%—U)JrSE—(%—U), 1)

whereS is sea level change, = (0, ) denotes colatitude and longitudes time,® is the incremental
gravity potential;y is the reference gravity acceleration at the Earth surfdde yvertical displacement,
andS* is the eustatic sea level change, which represents thémobftthe SLE in the case of a rigid,

non-self—gravitating Earth:
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A SLE suitable for seismic perturbations can be readily ioleth from Eq. (1) dropping th&”
term, since earthquakes do not imply any mass exchange kdtlodeans. However, the averaged
term must be kept, since it ensures that the free surfaceeadbans always coincides with the geoid
(Farrell & Clark 1976). This gives:

S(w, t) = (%—U) — (%—U), 4)

whereS(w, t) defines the history of sea level change at any poirt (6, \) on the sphere, and where
now ® andU are the total gravity potential variation and surface @dispment imposed by the seismic
dislocation, respectively. Consistently with the prineipf mass conservation, in the seismic SLE (4),
S =0.

The termsU and ® in Eq. (4) stem from the sum of two contributions. The firshdked byeq
below, represents the direct effect of the seismic disiooatvhile the seconddad) is associated with
the water load exerted by the changing sea level. Such dexsitigm is similar to that adopted in the

framework of GIA studies (Spada & Stocchi 2006). Thus weaevrit

U(wv t) = Ueq + Uload(S) (5)
and
(I)(wv t) = <I>eq + (I)load(S)a (6)

where theS—dependence of the load terms can be expressed by a timehdaomv between the vis-
coelastic loading—deformation coefficieritg¢) andk;(¢) and the history of sea level change, which
makes Eq. (4) an integral (implicit) equation. The lack & #ustatic term and the simple Heaviside
time—history usually employed to describe the source Riggsanti et al. 1995) makes the seismic SLE
formally simpler but does not alleviate the numerical cosmjty of the problem, as will be discussed
below. In previous studies (Melini et al. 2004; Melini & Psanti 2006), the ocean—averaged term in
Eq. (4) was neglected. For an incompressible Earth, thigug/alent to the assumption of a uniform,
non-self—gravitating ocean. Furthermore, the approxanab;,.; = U;,.qs = 0 was adopted, which

reduces the SLE to
L

S(w,t) = — Ueq, (7)

a fully explicit equation that can be solved as soon as thexteffect of earthquakes is determined.
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A zeroth—order approximation to the solutidnof the SLE (4) can be obtained neglecti®g,.;
andUj,,q in front of theegterms. Withd,, = ) andU,,, = U, this gives:

(0) (0)
5Ot = (- -v0) - (= -v0), ®
Y Y

which is used to provide a first guess of the water load (masarpearea) according to
LO (w,t) = pr(O)(’), )

whereQ is the “ocean function”@ = 1 over the oceans, an@ = 0 elsewhere) and where positive
and negative values df correspond to a sea level rise and fall, respectively. Griteis determined
globally, the response to loadirig,.q and®;,.4 can be computed using pertinent load—deformation

coefficients, providing a new estimate of the total disptaeet and gravity potential:
UM (w,1) = Ueq + Utoaa(S™) (10)
(I)(l)(wa t) = <I>eq + <I>load(S(O))> (ll)

which substituted into the right—hand side of Eq. (4) givesriew estimate of sea level changé’).

The method outlined above suggests the following genegatighm:i) givenS(*), thek—th order
approximation of the sea level change= 0, 1,...), compute the water load functiab(®) (w, ) =
pwS® O by Eq. (9),ii) using the direct responses to seismic dislocation and thé@oto the loading
problem, evaluat®&/ *t1) = U, + Ujpea(S®)) and®F+1) = &, + ®,04(SH)), iii) from the SLE
(4), compute the further approximation to sea level cha#i§e?), iv) iterate until a previously defined
convergence criterion is satisfied) if needed, provide final estimates for the total perturlatio
gravity potential and vertical displacement field. Thisestle is largely similar to that employed in
GIA investigations, which has been thoroughly validateé inumber of case—studies (see Spada &

Stocchi (2006) and references therein), generally showifagt convergence.

3 NUMERICAL IMPLEMENTATION

In our implementation, the response functidig and ®., in Eqgs (5) and (6) are computed by the
viscoelastic normal-mode approach originally propose®ibysanti et al. (1995), for an incompress-
ible, spherical self-gravitating model with Maxwell rhegy. The algorithm outlined in Section 2
could be also applied to finely layered Earth models, pogsibaracterized by a generalized (linear)
rheology (Spada & Boschi 2006; Spada 2008; Melini et al. 2@@8nantle compressibility (Pollitz

1997; Pollitz 2003). The response of the Earth to surfacditggis evaluated by suitably adapting the
TABOO post—glacial rebound calculator (Spada et al. (208d¢http://samizdat.mines.edu/tabdo/

The model, described in Table 1, is characterized by a cdaflsger structure with PREM-averaged
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density and rigidity and includes a low—viscosity upper tteabeneath a perfectly elastic lithosphere,
and an homogeneous inviscid core. Considering the liroitaif the post—seismic model by Piersanti
et al. (1995) to 4 layers, the choice of upper mantle visgdsiids it motivation in the importance
of the low—viscosity zone in the post—seismic relaxationcpss (Nostro et al. 1999; Piersanti et al.
2001).

The computation of surface integrals in Eq. (4) and of thpaases to water load (i. e., functions
Uoaq @and ®;,,4 in Egs (5) and (6) are practically performed with the aid a tbosahedron—based
pixelization shown in Fig. 1, proposed by Tegmark (1996)dastrophysical applications. In the GIA
context, this grid has been employed for the first time by &pfadsStocchi (2007) for solving nu-
merically the SLE. The Tegmark discretization provides tursd set of Gauss points on the surface
of the sphere and allows for a straightforward computatibsusface integrals involving spherical
harmonic (hereafter SH) functions as equal-weight finitesuThis property can be employed to

compute ocean—averages as:

Ny
T~ 05> flwn), (12)
=1

where f is a scalar function}V is the total number of pixels (according to Tegmark (1996)=
40R(R — 1) 4+ 12 where R is a resolution parameter)y,, is the number of ocean pixels; are
their coordinates, an@yy, ~ 0.71 is the degree zero and order zero harmonic coefficient of the
ocean function 4r—normalized complex SH will be used throughout). For a giged resolution
R, Tegmark (1996) has shown that approximation (12) is nurabyivalid as long as the maximum
degree of the SH expansion Biis [, < V3N.

The icosahedron—based pixelization is also employed tratize the surface load defined by
Eq. (9). The load is distributed over axis—symmetrical -es$@mped elements with centers defined
by the ocean pixels of Fig. 1, each with a diameter 2a arccogl — %), a being Earth radius.
Since resolving each load component requires an SH expatts®degreé,, . ~ 2ra/d, a correct
numerical implementation of the SLE thus requires

™

2
arccos<1 - N)

that allows an optimal trade—off between grid spacing andpmdational costs to be determined.

< lpas < V3N (13)

To satisfy Eq. (13), in our simulations we have used a gridhwit = 15212 (this corresponds to
R = 20) and considered harmonic degrees up,ig. = 200. The computation ol/;,.q and ®;,.4
takes advantage of the symmetry of the load componentshwhakes these terms only dependent
upon the colatitude of the observer relative to each eleamgrdisc. The convolution integrals that

involve load—deformation coefficientg(t) andk;(¢) and the history of sea level change within each
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disk load are discretized in the time domain and computeddndard numerical methods (Spada et
al. 2004).

To test the stability and the convergence of the solutioresehand to verify the absence of
aliasing effects due to pixelization, we have performedsa ir@posingad—hocseismic effects. In
particular, we se®., = 0 and prescribe, for time> 0, a vertical displacemerif,, = —1 m across a
circular region of half—~amplitude = 5° placed atv = (7/2,7) (i. €., in the central Pacific Ocean).

Thus, in this experiment,
S (w,t) = Sjnty — (Ueg — Ueq) = Stosy — Usg (14)

whereU,, is negligible in front ofU,, because of the localized displacement assumed for our toy

earthquake, and using Eqg. (4) the load—induced sea levatigaris

Doaq(SH) By0a(SH)
Staiont) = (P2 (50 ) = (P (500 ). 15)

In Fig. 2,5§§3d is shown fork = 1, 2,5 and10, as a function of time and for various source—observer
angular distanceA. For A = 0° and relatively short timeﬁl(fgd slightly enhances the direct seismic
effect Sé'(f) = —U,. However, with increasing times*l(fgd becomes a large fraction-(40%) of the
direct effect in the vicinity of the seismically deformedyi@n, due to the visco—elastic relaxation
induced by the water Ioacﬁl(fgd is large in the vicinity of the source and decays quickly vitie
observer distance, falling by a factor ef 10> moving fromA = 0 (frame a) toA = 20° (c). It is
interesting to observe that, in spite of the low—viscosipper mantle (see Table 1), ttﬂéfgd curves

are still far from equilibrium at time = 1 kyrs after loading, a time—scale that largely exceeds the
Maxwell relaxation time for this layer3(7 yr). This may be interpreted as an effect of the response
of the lower mantle, which is involved due to the relativedyge size of the area of the “fault plane”
employed in this synthetic case study. The density jump Bagdat the depth a&f70 km is also likely

to play arole, due to the long relaxation times that charete¢he return of compositional boundaries
to equilibrium (Piersanti et al. 1995).

The issue of the convergence of the iterative scheme is s&keilenore quantitatively in Fig. 3,
where the ratioSl(fgd Sl(jf; is shown as a function df for A = 0 (a) andA = 20° (b), and vari-
ous times following the synthetic earthquake already aw@red in the previous figure. It is apparent
that the convergence is monotonic ans relatively fastetlieatures are qualitatively similar to those
observed when the SLE is solved for glacial forcing (e.g.d&p& Stocchi 2007). The spherically—

averaged relative difference between subsequent itastitefined as:

1 L S®) (wy, t) — SED (w;, 1)
k . (2] (2]

i=1
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and shown in Fig. 4 for various values of timgndicates that = 5 ensures incremental errors well

below the0.1% threshold, which is fully acceptable for any practical iemplentation.

4 SEA LEVEL VARIATIONS FOLLOWING THE 2004 SUMATRA-ANDAMAN
EARTHQUAKE

In this section we present an application of the proposedhodetp the sea level variations following
the 2004 Sumatra—Andaman earthquake. The seismic sousdeelba modeled with five point dis-
locations corresponding to the multiple CMT solution obéal by Tsai et al. (2005). These sources
are obtained by fitting with the CMT method the long—periosm@grams from the IRIS Global
Seismographic Network. They account for a cumulative gnegtpase corresponding i, = 9.3;
their location and focal mechanisms are shown in Fig. 5. @/die semi—analytical model of global
postseismic rebound originally developed by Piersantil.e(1895) and subsequently extended by
Soldati et al. (1998) and Boschi et al. (2000), we have obththe time—dependent deformation and
incremental gravitational potentiél., and®.,. These fields have been used as starting conditions to
iteratively solve Eq. (4), as discussed in Section 2.

To evaluate the zeroth—order solution of the SLE defined in(&gwe need to compute oceanic
averages ofU., and ®., according to Eq. (3). Since the body—force equivalent sprtation of
a point source is based on localized Dirac delta functiors their spatial derivatives (Smylie &
Mansinha 1971; Mansinha et al. 1979), the spectré/gf and ., are rich at short wavelengths
and decay slowly with harmonic degree (Casarotti 2003; Meli al. 2008). For this reason, to ob-
tain convergence, the SH expansion of the relevant scalds fi€., and®.,) has to be truncated to
lmaz ~ 10% — 10%, depending on the source—observer distance (Sun & Okub®; Fi9a & Ver-
meersen 2002; Casarotti 2003). In the present applicati@npostseismic solutions reach a stable
convergence fol,,., = 4000. Since for numerical stability of Eq. (3) the relatidf,, < V3N
must be satisfied, the computationlaf, and ., requires a pixelization withv > 5.3 x 10° points,
corresponding to a resolutioR = 366. We remark that, due to the linearity of oceanic integrals,
this high—resolution pixelization is not needed in subsedquterations of the SLE solution scheme.
Indeed, oncdJ., and®., are known, the evaluation of oceanic integrals of Eqgs (5)(@dequires
only the integration ofoad terms, which can safely be carried out with/&r= 20 pixelization, as dis-
cussed in the previous section. The computatiobi.gfand®., on the high—resolution grid represents
a very intensive numerical task: even with a highly optirdiparallel integration code on a 128—core
distributed—memory cluster, it requires abaathours for each point source. For this reason, while a
2D source modeling would be certainly more realistic (Nmstral. 1999), we are currently limited to

the point—source approximation; indeed, considering oegionally large rupture extension of the
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Sumatra earthquake, modeling a 2D source through a sujit@pasf point sources would increase

the computation time above acceptable levels, even adpatielatively coarse source discretization.
We remark that the iterative solution method for the SLE Wwhias been outlined in Section 2 is
independent from the postseismic deformation model, wisictsed only to provide initial conditions

to the iterative solution scheme. The seismic SLE can thezdje solved with the same prescriptions
if a more detailed model of postseismic deformation is eygdio For the present application, whose
aim is a demonstration of the water load effects in a real,casewill theredore use a point source

approximation which anyway gives acceptable results omwbagiscale.

In Fig. 6 the average relative difference between iteratéé’ﬂ (t), as defined by Eqg. (16), is shown
for a range of observation times. From a comparison with #ijcan be observed that, when a real
seismic source is employed, the convergence of the iteratibeme is less regular than in the synthetic
case. This is likely to be the result of the increased nurakrioise introduced by the rich spectrum
of harmonics that characterize the realistic seismic saampared with the ‘hat’ test displacement
considered in Section 3. In spite of this, however, aftter 4 iterations the average relative difference
is < 5% and fork = 10 it is below the1% level. Looking at the spatial patterns $f*) (w, t), we have
verified that less regular convergence specifically redudt® contributions toéfg) (t) from regions
close to the nodal lines of this function, where some of tlmsein Eq. (16) become numerically
indeterminate, because 6f*) ~ 0, even if the solution has already reached a stable convezgaen

the bulk of the spatial domain.

In Figs 7 and 8 we quantitatively evaluate the effect of wiaigd upon sea level changes, focussing
on a global and a regional scale, respectively. The left é&ashow snapshots 6f#=0) (w,t), which
only accounts for the effect of the seismic dislocation seucomputed according to Eg. (8), while
in the right frames we considet;,,q = S* =10 — §(*=0) From Fig. 7, the ternf),.q turns out
to be smaller than the seismic contribution, but definitedy megligible, being a significant fraction
of the total signal even on a global scale. Its relative weigtreases with time, due to the delayed
viscoelastic response of the ductile layers to the forcirth@seismically—induced sea level variations.
For the local scale analysis of Fig. 8, it results that theafbf the water load correction is even
stronger, but the results may be affected to some degreeebgdimt—source approximation which
can affect significantly the near—field computations (Nmstral. 1999). For short time—scales (a few
years) the load correction is manifest as a broad sea IeVeivith a smoothed pattern with respect
to the negative lobe associated with the purely seismicriborion, consistently with the results of
the synthetic case discussed above. For longer time—g¢ated00 yrs in Fig. 8) the contribution to

sea level from water load broadly follows the pattern ofralting lobes of the seismic term; this is
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a common feature found in postseismic relaxation of low-tdipst faults (Rundle 1982; Volpe et al.
2007).

Fig. 9 shows predictions of post—seismic sea level variatat ten tide—gauge sites belonging to
the PSMSL network (setp://www.pol.ac.uk/psmgl/whose locations are shown in Fig. 5. Solid and
dashed curves show results obtained neglecting and imglutde water load in the SLE, respectively.
All the sites share a qualitatively similar history of seeelevariations, in which a post—seismic vis-
coelastic “wave” follows a quiescent initial phase on tireeates of a few centuries. As we have found
with the synthetic tests of Fig. 2, this time—scale exceédsittrinsic Maxwell characteristic time
of mantle layers, suggesting that relaxation of internahpositional boundaries are indeed playing
a role, due to the large extent of the seismic source (Pitrstal. 1995). At near—field sites (e. g.,
Ko Taphao Noi), our computations predict a sea level fallkot m during the next century, which
would imply average rates of sea level change that greatigezkthe secular globally averaged trend,
close tol.5 mm/yr (IPCC 2007). Sensibly smaller (but still significaefjects are predicted for other
sites (Kanmen, Manila, and Danang), with a sea level risgpdbu~ 5 cm during the same period.
The average trend, in this case~s30% of the current average global trend, and practically negli-
gible in comparison with the local sea level trend which antsdo~ 12 mm/yr during the last few
decades in the case of Manila (Spencer & Woodworth 1993)léMfairrected and un—corrected sea
level predictions are generally similar on a decade timalesthey may diverge for longer periods,
when the water loading effect may perturb the seismic dmution significantly, by values ranging
between10 and20%. This is also found for “far—field” tide—gauges (e. g., Poouis and Broome),
where numerical artifacts due to the point—source appraton are likely to have a minor role. In
Fig. 10 the synthetic sea level time series are plotted 2i-gear period, during which they are well
approximated by a linear trend. With a least—squares lirgmession (see dotted lines), an estimate of
the rate of sea level variation has been obtained from thatsesf Fig. 10; numerical values are listed
in Table 2. The contribution to the rate of sea level variatine to the load correctior),,q, turns

out to be a large fraction the total trend, with a relative atitpup to nearlys0% at Vishakhapatnam.

The coseismic and postseismic gravity field perturbatiotieving the 2004 Sumatra earthquake
have been evidenced by GRACE satellite measurements.gbauéinors have extracted the earthquake
signature from the GRACE solutions and found it to be coasistvith seismological models (Han
et al. 2006; Ogawa & Heki 2007; Panet et al. 2007). Recenity] Dage et al. (2009) modeled the
postseismic geoid perturbation taking into account thicgt@tential perturbation of a global incom-
pressible ocean; according to their results, the oceamitribation is needed in order to successfully
reproduce the spatial features of the postseismic geotdrpation observed by GRACE. As we ver-

ified by extracting the geoid signal from our results, theamie term obtained by De Linage et al.
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(2009) has the same sign and spatial extension of the short-water load effect resulting from our
simulations, even if the seismic source model employed by ibage et al. (2009) is more realistic
than our point—source approximation. Our simulations iptddrger peak values of geoid perturba-
tion, which is probably a bias effect of the point source madeich leads to an overestimation of
coseismic effects in the near—field (Piersanti et al. 1997).

The spectral features of the sea level correction due taxdoeaing can be investigated by com-

puting the harmonic coefficients

Clm(t) :/le*m(w)sload(w>t)d97 (17)

where() is the unit sphere any/,,, are the4r—normalized complex SH. The normalized squared
coefficients|cy,,|?/ max; ,, (|cin|?), displayed in the diagrams of Fig. 11, show that on time-escaf

a few years most of the signal is confined to low harmonic desyrerhile for longer times the relative
weight of higher harmonics increases. This indicates thsgce of short—wavelength features of the
sea level signal in the area surrounding the seismic sosragansequence of stress concentration due
to viscoelastic relaxation in the ductile layer, which fowl-angle thrust faults may result in small—
scale regions of opposite vertical deformation around thece location (Rundle 1982; Volpe et al.
2007).

5 CONCLUSIONS

For the first time we have obtained a solution for the graeitetlly self—consistent SLE describing
sea level perturbations occurring after a large earthqublke SLE has been solved numerically by
implementing an iterative scheme directly derived fronsthadopted in GIA studies (see e. g., Spada
& Stocchi, 2006). As a result, our analysis shows that feekllb@ading effects play a significant role
in assessing seismic quasi—static sea level variatioresvilibility of the proposed approach has been
assessed by means of a synthetic test with a disc—shapeti®lxal in order to verify its numerical
stability. The solution convergence turns out to be moriotand relatively fast, similarly to what is
observed in post—glacial rebound applications (Spada &chid2007).

The method has then been applied to the prediction of sehvaviations following the 2004
Sumatra—Andaman earthquake. We found that loading effeptesent an important contribution to
seismically induced sea level variations on time—scaleging from a few decades up to several
thousands of years. These time—scales, which largely dxitee Maxwell relaxation times of the
involved layers, suggest that relaxation modes conneactdédtérnal compositional boundaries are
excited. An analysis of the predicted sea level signal ort afdéSMSL tide—gauge sites showed that,

for “near—field” stations, the expected post—seismic &ffecot negligible even in comparison with the
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globally—averaged secular trend, although this resultloegyiased by the point—source approximation
which is currently unavoidable due to computational regmients.

The presence of long—term effects suggests that a detail@dl&dge of historical seismicity is
crucial in modeling present—day sea level rates. For tialescof a few years, the sea level signal
follows an approximately linear trend, and the loading teepresents a non negligible perturbation to
the total rate. These short—term effects may be furtherrex@uhin the presence of rheological layers
characterized by a transient rheology, since in that caega postseismic signal occurs on time scales
of the order of months (Pollitz 2003).

In this respect, we can conclude that a detailed modelingafl@vel change cannot neglect the
effect of seismic perturbations, which can be the predontinantribution in correspondence of sub-
duction zones characterized by large seismic energy eel&agure high—resolution scenarios of sea
level variation should take into account, among other domtions, the highly heterogeneous signals
coming from short wavelength regional seismic activityonder to precisely assess the exact role
played by different phenomena in determining sea levehtian. The inclusion of seismic effects in
a comprehensive approach based on a self—consistenbsatiithe SLE represents an opportunity to

create a unified formal framework to model non—eustatic el iariations.
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Figure 1. The Tegmark (1996) pixelization. The dots are the centrmidiightly distorted, equal-area hexagons.
The code that generates the pixels coordinates is availabtehttp://space.mit.edu/home/tegmaM/et and
dry pixels are separated from the global distribution ughrey GMT utilities (Wessel & Smith 1991), freely

downloadable fronittp://gmt.soest.hawaii.edu/
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Figure 5. Focal mechanisms of the five point sources employed to stmtha& rupture of the 2004 Sumatra—
Andaman earthquake. The figure also shows the location aeth@®SMSL stations considered in this study
(see Table 2).
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Figure 7. Global sea level change associated with the 2004 Sumatdarman earthquake for various times
after the main shock. Left frames only show the direct saistontribution. The effect of the ocean loading
term is shown in the right frames.
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Figure 9. Sea level variations driven by the 2004 Sumatra—Andamathapaake at the PSMSL sites whose
location is shown in Fig. 5. Solid and dashed curves showlteesbtained using the seismic SLE with and

without the ocean load included, respectively.
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Figure 11. Non—dimensional, normalized spectral coefficients in tirgge of harmonic degre@s< [ < 120

computed according to Eq. (17).
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Table 1.Model parameters employed in this study.

Radius,r Density,p Rigidity, . Viscosity,n

Layer (km) 0*kgm=3) (10'°Pa) (0% Pas)
1. Lithosphere 6291 -6371 3.115 5.597 00

2. Upper mantle 5701 —6291 3.614 8.464 0.01

3. Lower mantle 3480 —5701 4.878 21.710 1

4. Core 0—3480 10.932 0 0

Table 2.Observed and predicted rates of sea level change at the PSiSlconsidered in this study. PSMSL
rates, obtained frorhttp://www.pol.ac.uk/psmslare computed by standard least—squares over the whole time
period of observations. Modelled rates are obtained bliirgerpolation of the syntheti€—curves shown in

Fig. 9.

PSMSL station Observed rate S Sroad
(mmfyr)  (mm/yr) (mml/yr)

Port Louis —0.94£1.90 0.04 0.01
Diego Garcia 2.26 £ 3.63 —0.05 —0.01
Mangalore —1.08 £1.39 —0.03 —0.01
Vishakhapatnam 0.72+£0.31 —0.05 0.02
Ko Taphao Noi 0.08 +0.62 —9.72 —0.46
Danang 2.50£0.92 1.59 0.10
Kanmen 1.70 £0.32 0.33 0.04
Manila, S. Harbor  6.68 & 0.43 0.61 0.06
Kota Kinabalu 3.718+2.21 1.00 0.08

Broome 11.64 £4.52 0.11 0.02




