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SUMMARY

‘We present numerical simulations of tsunami run-up in the near field for a data set of 72
models of sources, involving both seismic dislocations and landslides. By varying one by one
the parameters describing the sowce and the receiving beach, we are able to separate their
individual influence on the amplitude and distribution of run-up, which we characterize by
forming several dimensionless parameters, principally the ratio I, of its maximum amplitude to
its lateral extent along the beach. We find that 7, remains less than 10~ for seismic dislocation
sources but is greater than this threshold for all physically realistic models of underwater
landslides. Thus, it can be used as a discriminant for the nature of the source of a near-field
tsunami. For seismic dislocations, we also consider the ratio /1 of maximum run-up to seismic
slip on the fault plane, and validate numerically the previously suggested ‘rule of thumb’ that
this ratio cannot be much greater than 1. In the case of underwater landslides, we show that the
distribution of near-field run-up is primarily controlled by the 2-D ‘wall of water’ displaced
on the ocean surface as an initial condition to the simulation, and is practically independent of
its extension in the third dimension, perpendicular to the beach.

We apply this approach to nine profiles of tsunami run-up obtained experimentally dur-
ing recent field surveys, and show that our method successfully identifies the 1998 Papua
New Guinea tsunami as having been generated by an underwater landslide, thus confirming
the results of shipboard and hydroacoustic investigations. It also strongly suggests a similar
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mechanism for the generation of the near-field Aleutian tsunami of 1946 April 1.
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1 INTRODUCTION AND
BACKGROUND

The purpose of this paper is to define robust discriminants allowing
the identification of the physical nature of the source of a tsunami,
based on the distribution of run-up amplitudes along a coastline in
the near field. We are motivated by two relatively recent develop-
ments: first, the recognition of the importance of underwater land-
slides as prominent generators of locally devastating tsunamis, and
second, the recent availability of detailed data sets of run-up ampii-
tudes along coastlines following ficld surveys which have become
systematic in the aftermath of major tsunamis (Okal e al. 2003a).

While the contribution of underwater landslides to the genera-
tion of tsunamis was known to such visionaries as Milne {1898)
and Montessus de Ballore (1907), and was forcefully argued by
Gutenberg (1939), it was not until the disastrous Aitape, Papua
New Guinea (PNG) tsunami of 1998 July 17 that interest
landsHde-triggered tsunamis was revived amongst scientists. The
PNG tsunami, which involved waves of up to 15 m and resubted in
2200 deaths, could not be satisfactorily modelled as directly gener-
ated by the associated earthquake on several accounts:

(1) The disparity between the amplitude of run-up (consistently
10 m on the Sandaun coast of PNG) and the probable slip on the
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. earthquake fault, as inferred under generally accepted scaling laws

(Geller 1976) from the relatively moderate size of the parent earth-
quake (Mg = 3.7 % 10% dyn cm).

{2) The concentration of large run-up, and hence of death and
destruction, along a short segment (23 km) of the Sandaun coast.

{(3) The strong disparity between the disastrous character of the
tsunami in the near field, and its benign nature in the far field, where
it was recorded at amplitudes not exceeding 20 cm in Japan, and
remained undetected in Hawail,

(4) Thetiming of the wave itself, which was reported by survivors
as arriving at Jeast 10 min too late to have been generated by the
seismic main shock.

Rather, and based in particular on the analysis of hydroacous-
tic signals recorded off Wake Island (Okal 2003a), Synolakis
ef al. {2002z) proposed that the 1998 Aitape tsunami was gener-
ated by a major underwater landslide, cccurring 13 min after the
seismic main shock, at a location where shipboard surveys indeed
recognized a fresh slump with a volume of 4 km? (Sweet & Silver
2003).

Both the documented occurrence of damaging landslide-triggered
tsunamis {(z.g. at Skagway in 1994, Kulikov et @/, 1996; Synolakis
et al. 2002b), and the recognition of massive landslide scars in the
underwater neighboutheod of heavily populated areas (Lee ef al.
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2003) have led to 2 renewed effort in assessing the regional tsusansi
hazard from usderwarer landslides (e.g, Borrero ef al. 2001). In this
context, it is important to wnderstand the contribution, if any, of
potential landslides as generators of major recent tsunamis, based
on the extensive data sets gathered during post-tsunams surveys.

We are guided in the present study by a few simple concepts,
While the amplitde { of run-up 2t a single location along a real-
life beach will be affected by local factors sach as bays, cstuarics
or land use (development, vogetation, efc.), we note that, slong an
idealized linear shoreline featuring translational symmetry in the
direction, the maximum amplitude of run-up, b = max, ¢ (v), should
be related %o the initial amplitude of deformation of the sea surface
in the genemation arew, and hence to the vertical deformation z of the
ocean floor at the source. In addition, the lateral extent of sustained
run-up along the beach, ¢, should express the lateral dimension D of
the area of underwater deformation of the ocean floor at the source.

In the case of an carthquake dishocation, and regardless of the
mfluence of source parameters such as focal geometry and depth,
scaling laws cssentially express the invariance of stress drop, or
assumning constant rigidity, of strain release. Rocks fail seismically
becase their deformation under tectonic forces overcomes their
stresgth, at a crifical strain £,.,,. typically of the order of 1074,
While this value can fluctuate slightly, its order of magaitude is
limited by the nature of crustal rocks. In practice, large carthquakes
(Mg = 10% dyn cm) feature slips Aw of one to a few metres and
fanlk dimensicns of ~100 km, with exceptional shocks (eg. Chile
1960, Alaska 1964) reaching 20m of ship over 00 km of fault kength
(Plafker 1965; Plafker & Savage 1970), This limit &, would be
expected 1o transkase into a limiton the aspect rutio b /a of the run-up
distnbution ().

The sitvation is quite different for underwater landslides, which
involve a breskdown in the cobesion of the material. As a result,
the vertical deformation of the ocean floer = can reach several bua-
dred metres over dimensions D not exceeding a few to a few tens of
kilometres. Thus, and based on general scaling arguments ignoring
structum] details on the receiving shore, we anticipate that the dis-
tribution of run-up along a beach, m other words the aspect ratio of
the curve ¢(y), may differ fundamentally, passibly by several orders
of magnitude, when considering tsunamis generated by landslides
as opposcd to disloctions,

The goal of this paper is to justify and quantify this intustive
concep! through systematic numerical ssmulations of run-up on 4
nearby shore, for an extensive number of dislocation and landslide
sources, We define the aspect ratso [ = b/ e as a discriminant for the
pature of the source and we venfy its performance on a data set of
nine run-up profiles gathered during recent surveys in the aftermath
of major tsunamas.

2 MODELS

The general geometry of our simulations is shown in Fig. 1. We
consider a lincar beach oriented along v, sloping at an angle § into
an oceanic basin of uniform depth M. To facilitate the description,
the direction of pasitive ¥ on Fig. | will be referred 10 as "cast’. Our
purpase is to study the amplitude and distribution of rus-up £(y) on
the beach, as a function of the coordmate y for a vanety of source
and model geometries.

2.1 Dislocations

In the casc of dislocations, we position an carthquake source at
distance L from the beach, and depth & below the ocean bottom.

h
A
w (~0' ¢ 4 )

Figure 1. Sketch of the goometry of our sinvslation experiments, lostrated
foe the case of a dislocation source. The sructure (ocean, beach, sahstratum)
has trenslatiozal symmetry alomg . The 00ean 15 shown &s the shaded body
of water. See text for details

The source is n double-couple of moment M, fault strike ¢, dip
angle 8 and slip angle A, the conventions being those of the Harvard
Catalog (Dzewonski et aol. 1983), Thus, there are @ priori eight
varizhle parameters in the problem: the model pammeters /f and 8,
the scurce location parameters L and &, the source orientation angles
¢, 5 and 4 and the source size My,

In real life, and for each new carthqguake source, many if not all
such parameters are expected to vary. Thus, individual simulations
run o0 4 small nunsber of natural soarces have been unable to gain
insight into the influence of each indvidual sovece parmeter, In
addition, most theoretical studies of the factors controlling tsunami
excitation, such as that of Pod"yapol'skii (1970) or Yamashita &
Sato (1974), let only a limited number of parameters vary, ignormg,
for example, vanations in beach slope or distance from the source
to the receiving coasthne. (Note also that the latter study is cast m
a farfield formalism. )

In the presen: investigation we shall let each source parameter in
our simulation vary separately in order to isolate and study its indi-
vidual influence on the amplitude and distribution of rus-up along
the coast. It could be tempting to regroup these parameters into those
characterizing the source (e.g. the total volume of water displaced)
and those describing its location with respect to the beach model
However, the exact nature of such combinations may be unclear, as
Satake & Kanamorn (1991), and moree recently Satake & Tanioka
{2003), have argued that the posential energy of the initial ground
displacement can be a better estimator of run-up in the near field
(o for landslide sources) than the total volume of water displaced
(usable for dislocation sources or im the far fiekl). In addition, the
nflucnce of the proposed two groups on the observable run-up along
the cous! is not necessarily separable, and thus we prefer to study
each parameter individually.

For cach set of dislocation source parameters. we mterpret the
scalar moment M in terms of seismic slip Ax and faolt dimen-
sions, using the scaling kows of Geller (1976). Afier positioning the
finite source below the ooean floor as a function of the parameters
L and &, we compute the field of vertical static deformation aver
2 600 x 600 km sectson of the ocean floor, using the algonthm of
Mansinka & Smyle (1971). The example shown in Fig. 2(a) in-
volves a large shallow dipping thrust fault (¢ « 2707, § = 307,
2 = 907), charscteristic of imerplate subduction events. Its moment
is Mg =2 x 1P* dyn em, correspoading to a slip Au = 4.1 m, and
to a fault rupture area of 140 by 70 km. The mstiation of rupture
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Figure 2. (a) Reference model (D-01) for dislocation sources. The main
pancl shows the sistic deformation of the ocean floor, used as the mitial
comditicn of the hydrodyramic simulation. Axes x and y are the same as
m Fig 1. The ‘beach ball' an the right sketches the geomesry of the focal
mechanism wsal. (8) Result of hydrodynamic simalation for reference model
D01, The back line shows the indvideal values of run-up £ computed along
the beach. The red line is the best-fiating curve of the foem of . (1), with
parameters @, band ¢ listed an the righe. The scalars 7, and /7 are also given,

occurs at A = 35 km, and the centrox] of rupture is Jocated at L =
300 km. This particular geometry (Model D-01) will be taken as a
reference dislocation (R i Table 1) against which all other cases
will be assessad.

In prctice. the deformation of the ocean floor takes place faster
than the tsunami can propagate the resulting surface disturbance
(the two velocities to be compared in this respect are the velocity of
propagation of repture along the fault, ¥y, and the group velocity
C of the sunzmi; in all circumstances, and even for the so-called
‘tsunami earthquakes’ (Kanamon & Kikuchi 1993), one has ¥y
% C). It 5 then legitimate to directly translate the ocean-battom
deformation to the water surface, and 1o use it &s an instial coadition
in our hydrodynamic simukations. The katter are carned oul using the
MOST code (Titov & Synolakis 1998), which solves the non-linear
shallow water wave equations on a variable staggered grid with
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the method of fractional steps; the code calculates the maximum
penctration of the wave onto the sloping beach represented in Fig, 1.
Run-up £ is defined at each point y along the beach as the vertical
elevation above the undeformed water level over initially dry land.
The computation is performed using a final grid as fine as 150 m,
but the results are kept oaly at steps §y = 1.5 km. Fig. 2(b) shows
(in black) the distributson {(y) along the shorelne.

We elect to charactenze its shape by empurically fitling a formula
of the type

b

(- e)faf +1'
where the parameters a, b and ¢ are optimized by trial and error. The
redd curve on Fig. 2(b) is the best-fitting distribution (eq. 1 ); note that
n this case, the fit is essentially perfect.

We thea consider the two damensionless quantities

(0)= ()

b b A
II-E and ’38;. (2)

Iy scales the maximum run-up on the beach w0 the amplinxle
of scsmic ship on the faul; 7; chamcterizes the aspect ratio
of the dstribution of run-up on the boach. We anticipate that
these scakirs may be largely imvanant upoa changes in the model
parameters.

2.2 Landslides

In the case of landslides, we are inspired by the deformation Seld
used by Synolakis ef al (20023) to model the PNG landslide, based
on shipboard surveys by Sweet & Silver (2003). As shown in Fig. 3,
the sowrce is dipolar in nature, the surface of the occan featuring a
negative depression (trough), and a positive elevation (hump ) farther
from the shore. While the use of a dipolar source constitutes only
an approximation to the full description of the dynamic evolution
of a sliding mass on the bottam of the ocean, we note the general
agreement obtaimed in the case of PNG betwoen models using 2
dipolar representation of the source (Synolakis ef al. 2002a) and
detailed dynamic models of the sliding mass (Heinrich e al. 2000).

Furthermore, analytical solutions obtained in the simple case of
the translation of & mass on a flat ocsan bottom also show the de-
velopment of essentially dipolar waves at the ocean surface (Tinti &
Bortolocei 2000; Okal & Synolakis 2003 ). However, and because
of the relatively slow propagation of an underwater landslide on the
ocean Soor, & velocibies observed to be much slower than the wave’s
group velocity, Le. at gemerally low Froude numbers {Schwarz 19582),
the amplitude - of the depressson (taken as negative) = in abso-
lute value considersbly less than the actual deformatioa = of the
ocean floor. The shape of the trough is modelled using a hyperbolic
cross-section of the form sechier. ») x sech(y_ x). The clevation,
displaced a distance { (the lever of the dipole) from the trough, can
feasure a smaller amplisude . and lesser values of the coeflicients
o, and y,. This asymmetric character of the dipole reflects the
scattering of the sliding material, which loses its cobesion at least
partially duning the landshde. Note that the total volumes of the
mitial depression and elevation,

(n’ 3 ) (n’ s )

day 4 oy

should balance. All the shove parameters describing the shape ofthe
source (7=, @4, ¥+, {), its location and orientation with respect to

the beach (L and the azimuth @ of its lever), as well as the stroctural
parameters H and 8 (Fig. 1), can be variad




W2 E. A Okaland C. E. Synolakis

Ll

Figure 5. 1D sketch of initial surface deformation [or refesence landslide
model L-01. The model consists of a depression of (negative) amplitade i -
combined with an devation of amplitude iy , displecad sway frors the beach
dhong a Jover | The cross-roctions of the matial deprasion (reap. elevation)
wre sech functions, of charscteristic widths | for . (s the y direction) and
1/y- (i the x direction) (resp. 1/, 3ad 17y . ). The centre of the dipole
is positioned o a distaace L from the beach.

The modelling then proceeds as in the case of a dislocation, and
Fig. 4 is conceptually similar to Fig. 2. Note, however, that the cal-
culation s carrsed out on a finer grid and involves a shorter segment
of beach. The same function is used 1o fit the distribution £ (v), and
we study the invariance of the dimensionless scalars

a B
13 has the same definition as for a dislocation source, and /' scales
the maximum run-up on the beach 1o the amplitede of the initial
depression on the ocean surface.

5 RESULTS OF SIMULATIONS

5.1 Dislocations

Results are given in Table 1, i the form of the two scalrs [ and
I3. At the top of the table, the reference model (f) described on
Fig. 2 is summarized. Then for each parameter varied, this model is
repeated (Rp) and a number of other values are exammned.

3.1.1 Size (moment M) of the earthquake

Both scalars are found W incresse with M. This can be understood
by poting that, for a constant distance L from the shore to the centroid
of rupture, an increase in carthquake size enlarges the rupture area,
which extends closer 1o the beach and hence reduces the scatter in
the wave amplitade due to propagation, leading to an increase in /.
Similarly, because the deformation fiekd at the source is closer to the
shore, the distribution of run-up is less scattered alomg the beach,
resulting in an enhanced value of 75,

3.1.2 Sowcedepth, h
This constitutes a rather sensitive issue since intuition in earler
studies generally assumed that tsunami generation was critically
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Figured. (a) Initial fickd of defomsanon of the ocean surface for the hydro-
dynamic simulation of Model L-01, Note the different scale of this map view,
s compared with Fig. 2(a). (b) Same as Fig. 2(b) for the landslide reference
model L-01. While the plotting conventions are e sume, the scale of both
the y and ¢ axes is differeat, resulting in a much grester value of the aspect
ratio /3.
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o
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enhanced by shallow source depths (e.g Ewing eral. 1950). How-
ever, on the basis of narmal mode theory, Ward (1980, 2002) and
Okal (1988) have argoed that the amplitudes of far-field tsunamis
depend only weakly on carthquake depth, reflecting the large warve-
lengths and skin depths of the eigenfunctions of the relevant modes.
Their formalism docs not apply in the near field, though, where this
question must be investiguted separately. Table 1 shows that both
scalars £ and /; vary only moderately (by a factor of 1.6) when A
varies from 3 to 45 km. The explanaticn of this result is that, for
large carthquakes bearing tsunamigenic risk and obeying scaling
laws, the width B of the source 1s at least several tens of kilometres,
which in a sezse precludes the exmstence of a large, entirely shallow,
carthquake. This inferpretation 1s verified in Models D-10and D-11
by considering the same variation in depth (5 and 45 km, respec-
tively), but for an event featuring the smaller moment of Model D-02
(Mg = 2 x 107" dyn cm). As seen in Table 1, /| and /2 now vary
more substantially between 5 and 45 km (by factors of 2,93 and 3.45
respectively). Note that this result assumes the ssmple model of a
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Parameter varied Model b (m) I Iz
D01 (reference} (Rp) 1.86 0.45 0.86 x 105
1. Size: seismic moment, Mo (dyn cm)
My =2 x 107 D-02 .42 6.22 0.18 x 1075
My =5 % 107 D-03 0.82 0.32 0.37 x 10-5
My=1x10% D-04 1.28 0.39 0.60 x 10~%
Mo =12 x 108 D-01 (Rp) 1.86 0.45 0.86 x 10~
Me=5x 108 D-08 2.99 0.53 130 x 1073
2. Depth: source depth, A (k)
h=5 D-06 2.54 0.62 1.2 % 1072
k=15 D-07 2.41 0.58 1.04 x 1075
b =25 D-08 221 0.54 101 % 10-5
h=35 D01 (Rp) 1.86 045 0.86 x 1073
h=45 D09 1.59 038 0.74 x 103
k=5 D-10 (Mp = 2 x 10*" dyn om) 0.78 0.41 038 x 1075
o= 45 D-11 (Mg =2 x 1077 dyn em) 0.27 0.14 011 x 1075
3. Dip: fault dip, &
§ = 10° D-12 232 0.56 1.20 x 10~F
§=20° D-13 2.12 0.51 1.04 x 10-*
8 =30° D-61 (Rp) 1.86 0.45 0.86 x 1073
§ = 45° D-14 1.58 0.38 0.70 x 1075
§ = 60° D-i§ 1.25 030 0.54 % 1079
§ == 90° D-16 0.69 0.17 033 x 1073
4. Slip: faunlt slip, A
A =30 D17 1.26 0.31 0.70 x 1073
L= 45° D-18 1.51 0.37 0.77 x 103
L= 60° D19 1.72 0.42 0.83 x 1075
o= 00° B-01 (Rp) 1.86 0.45 0.86 x 1077
5. Strike: fault strike, ¢
¢ == 270° D-0t (Rp) 1.86 0.45 0.86 x 10°7
¢ = 285° D-20 1.87 0.45 0.86 x 10~
& = 300° D21 178 0.43 0.80 % 105
6. Distance: distance to shore, L (km)
L =100 D22 2.86 0.69 290 x 1075
L =200 D-23 2.34 0.57 1.59 x 1077
L =300 D-01 (Rp) 1.86 0.45 0.86 % 1673
L = 400 D-24 1.63 0.39 0.57 » 103
7. Water depth: depth to ocean fioor, H {m)
H = 5000 D-01 {Rp) 1.86 0.45 0.86 x 169
H = 4000 D-25 1.69 041 0.76 x 1079
H = 3000 D-26 1.46 0.35 0.65 % 10=3
H = 2000 D27 1.19 0.29 0.52 x 1075
8. Beach slope: beach slope to 5000 m, tan 8
tan B = 1/50 p-28 2.87 0.69 1.54 x 105
tan 8 = 1/30 D-29 2.28 0.55 112 x 193
tan 8 = 1/20 D-01 (Rp) 1.86 0.45 0.86 % 107°
tan g = 1713 D-30 1.51 0.36 0.68 x 10~°
9. Composite beaches: tan Byp; tan B gown
1/20; 1/20 D-01 (Rp) 1.86 0.45 0.86 x 10~
1/50; 1/20 to 800 m D31 2.67 0.65 130 % 1079
1/13; 1/30 to 800 m D-32 1.57 .38 0.74 x 103
1/100; 1/30 to 250 m D-33 3.01 0.73 142 x 103
10. “Worst case” scenario D-34 7.55 1.35 6.74 % 167

homogeneous ¢lastic substratum; the presence of a weak ‘sedimen-
tary’ layer of lower rigidity would increase the static displacements
and hence the tsunami heights in the near field, just as Okal (1988}
has shown that it can significantly increase the excitation of far-field

tsunamis,

© 2004 RAS, GJI, 158, 899-912

3.1.3 Faultdip, &

We find that a reduction in dip angle can result in a modest in-
crease in Jy and [y, primarily because a lower value of § results ina

shallower average depth of the rupture area, and thus a larger static
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displacement above the source. Note that a pure dip-slip on a vertical
fault (5 == 90°) is a particularly inefficient tsunami generator (f | ==
0.17). This result is expected in the context of normal mode theory
(Ward 1980; Okal 1988), where it expresses the asymptotic singular-
ity in excitation of the transverse moment tensor components M,
and M, as b — 0, for all modes at all frequencies; in the limit
h = 0, the resulting seismogram (including any tsunami mode)
would be identically zero at all times and all distances.

3.1.4 Faultslip, &

We let A vary to investigate the case of oblique convergence at sub-
duction zones, as illustrated for example during the recent PNG
earthquakes (Synolakis et al. 2002a; Borrero ef al. 2003) or in the
case of the large 1965 Rat Island earthquake (Wu & Kanamori
1973). Not surprisingly, we find that a component of strike-slip,
which reduces vertical static displacement, lowers the value of I,
while leaving I, practically unaffecied. Pure strike-slip solutions
(A = 0), which classically featare a weak quadrupolar static field,
lead to a run-up distribution with low amplitudes which cannot be
satisfactorily fitted using eq. (I).

3.1.5 Fault strike, ¢

In this group of experiments, we keep the azimuth of strike ¢ within
30° of the coastline, to account for the generally limited departure
observed between those two directions. Fault strike is found to have
only a minimal impact on the scalars [, and /5.

3.1.6 Distance, L

This parameter is found te have a significant effect on /|, and es-
pecially on I, which decreases by a factor of 5 when L increases
from 106 to 400 km. This merely expresses the more pronounced
evolution of the wave front away from the source for greater values
of L.

3.1.7 Ocean depth, H

Next, we vary the depth of the ocean basin, while keeping all other
parameters constant, including the slope of the beach. We find that
the deeper basin results in larger and more focused run-ups (in-
creased values of [, and /5). Note that the former result is in gen-
eral agreement with the result of Okal {2003b) in the far field,
namely that the energy carried by the full tsunami wave is prac-
tically independent of H. Then, and evervthing else being equal,
a deeper ocean basin results int a stronger shoating effect between
the high seas and the shoreline (see e.g. Green'’s law, Green 1838;
Synelakis 1991). The effect on [, is entirely attributable to the in-
crease in b {from 1.20 to 1.86 m between H = 2000 and 5000
m), while g remains essentially constant (varying only from 230 to
216 km).

3.1.8 Beachslope, B

We pursue this investigation in the next group of experiments, by
varying the slope of the beach. We find that a gentler slope increases
both scalars 7; and [, by providing a longer, more progressive chan-
nel for shoaling which presumably reduces the amount of energy
reftected back into the ocean. As in the case of variable basin depth
H, the change in I is mostly controlled by that in b (and hence ;).

3.1.9 The case of composite beaches

We then investigate the case of a composite beach, where the slope
breaks and becomes more gentle at a depth of 800 m. Such models
are particularly relevant 1o the case of coastlines with extended con-
tinental shelves such as documented in Santa Monica Bay (Borrero
et al. 2001} or in the Davidson Bank, between Unimak Island and
the epicentre of the great 1946 Aleutian *tsunami earthquake’ (Okal
et al. 2003b). In general, the addition of a more gently sloping sec-
tion of beach nearest io the coast increases both scalars [, and I5;
this behaviour is consistent with the results of Kanoglu ez al. (1998).

These results strongly document that the relationship between
the amplitude of a near-field tsunami on the high seas, in a flat
basin of depth H, and the eventual run-up at the beach is con-
trotled principally by the morphology of the slope, even in the simple
2-D model considered here. We show that the maximum & of the
distribution of run-up £{3’) on the beach is not only a function of
the initial deformation of the ccean surface, but also of the shape of
the beach on which the wave shoals. Thus it appears impossible to
define a simple ‘run-up amplification factor’, allowing a universal
transition between wave amplitude at depth H and eventual run-up
at the shoreline. As such, formulae such as Green’s law {Synolakis
1991), expressing the evolution of the amplitude of a propagating
wave due to variation in bathymetry, may not be applicabie during
the ultimate interaction of the wave with the shoreline, where s
amplitude can no longer be considered small as compared to the
depth H (Synolakis & Skjelbreia 1993). Indeed, beyond the initial
shoreline, the water depth coincides with the wave amplitude.

Finally, we define a ‘worst case scenario’, built specifically to
achieve a large value of ;. For this purpose, we consider a large
earthquake (Mg == 5 x 10%® dyn cm), featuring a relatively shallow
dip (8 = 20°), placed L == 150 km from the shore in a basin of
depth H = 5000 m, featuring a composite beach with slopes of
1/50 and 1/20 (as in Model D-31}. We do not force even smaller
values of epicentral depth or dip angle to remain within the range of
geologically realistic parameters for truly great earthquakes. This
maodel, D-34, leads to the largest values found for both I; (1.35) and
I, (6.74 > 10~%); note that the latter remains smaller than 10*.

The first conclusion of this test of 34 dislocation models is that
the maximum run-up observed on a smooth beach (in the absence
of pronounced bays, river esiuaries and other topographic features
enhancing run-up) remains of the order of the slip on the fault,
Au, even in the worst case scenario. This rule of thumb, proposed
empirically by Plafker (1997}, is confirmed numerically. The second
conclusion is that under no condition does the scalar I, exceed the
value of 10~ generally associated with the maximum strain released
during regular earthquakes, thus confirming the intuitive argument
given in the Introduction.

3.2 Landslides

Resuits from landshde sources are presented in Table 2. The refer-
ence model {R} ) is computed for a basin depth of 5000 m, a beach
slope with tan § = 1/20, a depression n_ = —18 m and an eleva-
tion . = 15 m, separated by alever! = Tkm, witha. = a, =
03km™!,¥_ =03km ! andy, = 0.25 km™!. The source is placed
L = 50 km from the shore. Fig. 4 summarizes the initial displace-
ment field and the resuit of our simulation, with the best available
fit again shown in red. It is immediately clear that the aspect ratio
scalar f, is about 30 times greater than for the reference disloca-
tion model. We emphasize that the scales in Figs 4(a) and (b) are
different from those in Figs 2(a) and (b).
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Table 2. Model characteristics and invariants I and 5 for dislocation sources.
Parameter varied Model b () Ia I3

E-~01 (reference) (Ry )} 119 037 % 102 0.66
1. Distance: distance from beach, [ (km)
L=25 L-02 228 129 % 1073 1.27
L =50 L-01 (Ry) 1.9 037 x 1073 0.66
L=75 L-03 7.2 0.14 x 103 0.40
L =100 L-04 4.9 0.62 x 107 027
2. Size of poles: depression 7 _; elevation 4 (m)
—-9;7.5 L-05 5.7 0.17 x 103 0.64
—18;15 L-01 {R) 11.9 037 x 1073 0.66
~26;21.7 L-06 17.2 044 > 1073 0.66
3. Dipole tever: lever, I (km)
=4 L-07 74 023 % 10~? 0.41
le=7 L-01 {Ry) 11.9 0.37 x 1073 0.66
=12 L-08 15.8 0.44 x 103 (.88
4. Dipole azimuth: lever strike, ¢ ()
# = 180° L-01 (Ry) 19 037 x 1072 0.66
¢ = 165° L-09 116 0.34 x 1073 0.64
¢ = 150° L-10 10.8 0.27 % 1073 0.60
5. Source profile: & —, 005 , ¥ , Yo (km™ Y 0, 5y (m)
0.3,0.3,0.3,0.25;, 18,15 L-0% (Rp) 11.9 0.37 x 1673 0.66
0.15,0.15,0.3,0.25;, -9,7.5 L-11 [spread along v, scaled 1/2] 11.3 0.45 » 1073 1.25
0.15,0.15,06.15,0.125; -9, 7.5 1-12 [spread along x and y; scaled 1/2] 11.9 0.37 x 1077 1.32
0.15,0.15, 0.15, 0.128; —4.5,3.75 E.13 [spread along x and y; scaled 1/4] 5.7 0.17 x 1073 1.27
0.6, 4.6, 0.6, 0.5; 18, 15 L-14 [peaked; unscaled) 3.8 0,12 x 1673 .21
0.6, 0.6, 0.6, 0.5; —-72, 60 E-15 [peaked; scaled 4] 15.3 0.49 x 1073 0.21
0.6, 0.6, 0.6, 0.5; —36, 30 E-16 [peaked along y; scaied 2] 12.1 0.34 x 1073 .34
0.15,0.15, 0.15, 0.125; —18, 15 E-17 [spread; unscaled] 23.2 0.73 x 1073 1.29
0.3,0.3,0.15,0.125; 18, 15 L-18 spread along x; unscaled} 12.8 0.30 % 1073 0.71
0.3,03,0.6,0.,5; =36, 30 L-19 [peaked along x; scaled 2] 15.1 052 x 1073 0.42
0.15, .15, 0.3, 0.25; —18, 15 L-26 [spread along v} 21.3 0.83 x 193 1.18
0.3,0.15,0.3,0.125; —18,3.75 L-21 [asymmetric I} 9.5 021 x 1977 0.52
0.3, 0.075, 0.3, 0.0625; —18, 0.938 L-22 [asymmetzic IT] 8.8 0.13 % 103 0.49
0.3, 0.075, 0.3, 0.0625; —18,0.938 L-23 [asymm. {f w/15 km lever] 10.2 0.16 x 193 0.57
0.3, 0.0375, 0.3 0.03125; —18,0.235 L-24 [asymmetric [1] 8.9 0.11 x o3 0.50
6. Monaopole: nature of source
Dipole L-01 (Re) 1.9 0.37 % 1073 0.66
Monopole L-25 8.4 0.98 x 10~* 0.47
Positive monopole 1-26 49 0.42 x 1074 0.33*
7. Water depth: depth to ocean floor, / {(m}
H = 5000 L-01 (R1) 119 037 x 1073 .66
H == 4000 £-27 11.9 037 x 103 0.66
H =3000 L-28 119 036 % 1073 0.66
H = 2000 L-29 12.4 0.32 > 1073 0.69
H = 5000 L.04 (L = 100 km) 4.9 0.62 x 1074 0.27
H = 4000 L-30 (L == 100 km) 5.3 0.61 x 10-* 0.30
H = 3000 L-31 {L = 100 km) 6.3 0.69 x 19~ 0.35
H = 2000 L-32{L = 100 km) 7.5 0.74 = 1o~* 0.4z
8. Beach slope: slope to 5000 m, tan B
1/50 L-33 10.6 033 x 1073 0.59
1/3G L-34 12.1 0.38 x 1077 0.67
1/20 L-01 (R} 11.9 0.37 » 10~3 0.66
1/13 L-35 1.8 0.35 » 10™3 0.66
9. Composite beaches: tan Bup; tan oy
1/20; 1726 L-0% (R 11.9 637 x 103 0.66
1/30; 1/20 £-36 11.0 036 x 1072 0.61
1/713; 1 /36 L-37 14.3 0.36 x 1073 0.80
1/20; £/500; 1720 L.38 7.8 0.20 x 1073 0.43

*In this case, and since i = 0, f3 is taken as b/,
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As in the case of dislocations, we proceed to vary systematically
the various parameters of the model described above and on Fig. 3.

3.2.1 Distance, L

Both scalars /[ and 5 are found to decrease strongly with increasing
distance from the beach, and more so than in the case of dislocations,
reflecting the greater dispersion affecting tsunamis generated by
landslides. Note that the extreme case analysed here, L = 100 km,
would lead to /2 = 6.2 x 107>, comparable to the upper bound of
values found in the worst case dislocation scenario (D-34). However,
it is not realistic to expect a landslide on the flat portion of the ocean,
seaward of the toe of the beach.

3.2.2 Pole amplitudes, n.. and n4

In this set of models, we change n.. and 5., but leave unchanged
the coefficients ¢ and y, which are inverse measures of the width of
the initial wave (see Fig. 3). This results in a change in the aspect
ratios of the initial depression and elevation on the surface of the
ocean, We find that the scalar 5 is practically unchanged, while I,
increases significantly with source size.

3.2.3 Dipole lever, |

The length ! of the lever between the two poles of the source is
related to the distance travelled by the slide on the ocean bottom.
The scalar I is found to increase with /, a result consistent with the
1-D analysis of Tadepalli & Synolakis {1994). A short lever also
reduces 7o, while a longer one leaves it relatively unchanged.

3.2.4 Dipole orientation (azimuth), ¢

In these models, we allow the dipole to lie af an angle other than
90° from the coastline. This is a rather improbable geometry, given
that any slide is expected to occur along the line of steepest descent,
usually perpendicular to the shoreline. We find that a departure from
that geometry reduces both scalars, but only moderately.

3.2.5 Profile of the poles

Next, we vary the coefficients @ and y, controlling the shape of
the initial depression and elevation on the ocean surface. First
{(Model L-11), we double the width of the source along the y di-
rection (by halving o _ and @ ..}, but we reduce its amplitude by half
(both n_ and n..), in order to keep unchanged the total amount of
fluid displaced at the surface. The result is that [ is only slightly
changed from the reference model, while /5 is nearly doubled, to
1.25. As the maximum ran-up, b, is practically unchanged (11.3
m versus 1.9 m), this would suggest that the whole run-up dis-
tribution, £(y} {both ¢ and b), is controlled by the amount of fluid
displaced at the surface rather than the maximum amplitude of that
initiai displacement. The next model (L-12) is obtained from Model
L-11 by doubling the length of the source in the x direction per-
pendicular to the coast (halving the cosflicients ), and keeping the
vatues of n _ and 5. Note that we now displace twice as much fluid
at the surface, but that this increase occurs entirely along x. We find
that the field ¢ (¥} is unchanged from the reference model (6 = 11.9
m, Iy =0.37 x 107%). We verify in Model L-13 that a further re-
duction in . and 5, decreases the maximum run-up b, but leaves
the width of the profile ¢ unchanged.

Thus, our analysis strongly suggests that the amplitude and dis-
tribution of run-up are controlled by the surface integral of the
cross-section of the source parallel to the beach (the combina-
tions n.. /e and 5., /o 1), and largely independent of the parameters
y describing the distribution in the third dimension (x, perpendicu-
lar to the beach). With hindsight, this resuit is implicit in Tadepalli
& Synolakis (1994, Fig. 3) and Briggs et al. (1993, Fig. 6) (note that
1/a is a measure of source length, S in their notation). This inter-
pretation is also supported by the resulis of models 1-14,1.-15,1-16
and L-18, which involve narrower, rather than broader, sources. It
further suggests that, at the range of distances considered (where
y L > 1), the width @ and amplitude b of the run-up distribution are
insensitive to the lateral extent of the source along x. The situation
differs findamentally from that of the seismic dislocation, for which
the extent of the source is always at least comparable to the distance
to shore L, for any earthquake large enough to be tsunamigenic.

Finally, we consider the case of strongly asymmetric dipoles
(models L-21 to £-24), in which we leave the depression unchanged
from the reference model, but increasingly broaden the elevation in
both directions x and y (while reducing its amplitude), to address the
case of a slide losing its cohesion and diffusing laterally as it pro-
gresses. We find that run-up decreases and becomes more scattered
(I, decreases).

3.2.6 Monopole

We pursue this approach by considering the ultimate asymmetric
dipole, i.e. a monopole consisting only of a depression, the balanc-
ing elevation being conceptually spread out over the entire ocean
(n, =0, =0, y.,. = 0). This model (L.-25) could represent the
evolution of the stide into a turbidity current, as documented fol-
lowing a number of underwater landslides {(e.g. Heezen & Ewing
1952, 19535). Our resulis clearly constitute the limiting case of the
asymmetric dipoles (models L-21 to 1.-24). For completeness and
despite a lack of physical relevance, we also consider the case of the
positive monopole (L-26).

3.2.7 Water depth, H

Table 2 shows that basin depth H has practically no influence on the
amplitude and distribution of run-up when the source is directly over
the sloping beach. This simply expresses the fact that any change
in basin depth taking place seaward of the source does not affect
the wave propagating towards the shore. Only in the case of the
shallowest basin, for which the source is placed near the toe of the
siope, does H become relevant.

Of course, if the source is moved outto sea (L > 100 km), achange
in H means a change in the water column below the source, and
hence affects the final distribution of run-up {models L-30 to L-32).
Note that the amplitude & (and hence [3) decreases with increasing
H; this trend is opposite to that for distocation sources, because of
the different distances L (and hence ratios L/H) involved in both
cases. On the other hand, the scalar /, is essentially independent
of A.

3.2.8 Slope and shape of beach

Again, conirary to the case of dislocation sources, we find that the
slope of the beach or the presence of a composite beach play only
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a very marginal role on the amplitade of run-up and leave /; prac-
tically unchanged. We attribute this to the fact that, n the case of
a dislocation, the source is located farther seaward relative to the
toe of the sloping beach, so that reflection at the transition affects
the evolution of the wave, as discussed by Synolakss (1987). In con-
trast, for the landslide source, the relative indepeadeace of run-up
«n the beach slope is consistent with the findings of Lin eral. (2003,
Fig. 4) for the 1-D evolution of landslide waves gencrated by moving
blocks.

In a fmal experiment (L-38), we consider the case of our standard
slope (tan 8 = 1/20), but interrupt it between depths of 100 and
200 m by a S0 km wide continental shelf (tan £ = | /500). We place
the source on the continental shope, at L = 75 km from the beach, as
in the case of Model L-03, which festured a standard beach slope,
We find that the maximum run-up b is practically enchanged while
13 increases shightly, and at any rate remains greater than 1074,

In conchusion, our results from 72 simulations are summarized
in Fig. 5, which plots the scalars /) (or /3) and I using loganithmic
scales for the two populations of models considered. Focusing first
on the scalar [, it is clear that the two populations of sources ure
well separated, with the possible exception of the four landslide data
points shown as open circles and far which /3 < 1074 However, the
latter correspond to L = 100 km, ve. to kndslide sources occurring
in the deep ocean basin. They were included in the datsbase only
o glean some usdesstanding of the influcace of the parameter L
on the distribution of run-up, but are physically vnrealistic, since a
landslide must occur on a slope, The last experiment (1-38) shows
that the presence of a large continental shelf will actually increase the
value of /3. Even the borderline case of the mosopale (/3 = 0.98 x
107*) is a limiting case abstraction. We conclude that the scalas 1
constitutes a relisble discriminant of the nature of the source, with
any value larger than 10~* being characteristic of a landshide source.

As for the scalars 7 {(or 1), Fig. 5 shows that they remain of order
1 or smaller. For dislocations, the largest valoe of /,, obtained in our
worst case scenario, 18 1.35. In this respect, we verify the intaitive
argument of Plafker (1997) regarding scaling of maximum run-up
1o fault slip, and confirm that 7, could also be used as a discriminant
of the nature of the source. However, its computation requires the
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knowledge of the shp Aw, which is always a difficult measurement
and may not be available ia real time.

4 APPLICATION TO SURVEY
DATA SETS

We regroup into a datsbase the run-up profiles surveyed and pub-
lisked by the International Tsunami Survey Teams following eight
major tsunamis of the past 12 yr; we also include field data of the
great 1946 Aleutian tsunami, surveyed m 2001 at Unimak Island by
Okal et al (2003b),

Table 3 lists all relevant information, and in partcular the sources
of the compiled data sess. Whenever available, the exact coordinates
of the locations surveyed were entered in the database, the coast-
line dagrtzzed from & map, and #ts azimath (the direction ‘y') opti-
mized by regression. We climingted from this study surveys taken
on comstlines which were either 100 irregular or 100 fragmented o
be sdeguately approximated by a straight line. This resulted in the
exclusion of such cases &3 the 1994 Mindoro, 1994 Kuriles, 1996
Biak or 1999 Vanuans tsunamis, Also, we excluded from our profiles
points surveyed on offshoee islands (e.g. in the 2002 Wewak, PNG
event or at Sanak in the case of the 1946 survey), Finally, we also
deleted run-up values involving splashing agunst steep cliffs.

For each event investigated, we proceed to best-fit 2 profile of the
type in eq. (1) to the data set, and list m Table 3 the resulting values
of b, a and /3. In arder to compute an estimate of /,, the slip Au
is inferred from published values of M, using the scalng laws of
Greller (1976). Note thal this spproach may result in underestimating
Aw if the carthquake features anomalous propertics, such as rapture
in weak matersal. However, in the context of using /, as a discrim-
inant, possibly in quasi-real time, we prefer to use estimates of Aw
derrved from scaling laws The resulting values of 7, are listed in
Table 3, and individual profiles shown on Fig. 6; note that all frumes
use a common vertical exaggeration of 10 000, so that aspect ratios
are directly comparable, The nine events are akso shown as triangles
(keyed to their Julian dates) i the {/}, /; } plane on Fig. 5.

The mast important result from this investigation is that two carth-
quakes stand out as clearly anomalous—be 1946 Aleutian and the

34 DISLDCATIONS —— 37 DIPOLES —= 9 SURVEYS
1 T L - T T
y 28138
-—"; 0.5 L yAran |
= 94183 o
2 P80
-~ “ ..,...,-...-._-.---___’9”1__--? « e 0, e
—‘; o:::n?z‘ a Al i".’
o'; 2, - " .
o - .f P -
- ~0.5 | L - -
« . .
-
.
-1 1 ! ! 1 1 —
-6 -5.5 -5 -4.5 -4 -35 -5 -2.5
Leg,q 12

Figure S, Scalar valwes /) (or [3) and [ cbtained for the siulations performed in the present stady. The 34 bloe dots represent dislocation models; the
37 red cnes landslides. The bull’s eye symbols identify the reference models (DV01 and L-01). [n the case of landslides, the open symbols show the geologically
impeobable models L-04, L-30, L-31 and L-12, for which L = 100 km, ve. the landslide would Rive 1o take place in the s ocean basin. The trangles (Wil
Jullan dates, see Table 3) refer 1o the sarvey data sets discussed @ Section 4; for all of them the value [y s calculsied from catimates of M) using scaling laws.
1y is clearly much 100 large foe the 1998 PNG and 1946 Aleutian events, whose values of I3 are also characieristic of lesdslides
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Table 3, Field survey data set.

Evens Dase Bpiceatre  Seismicmomest, Mo Aw  Noof survey Lo
(Dwy Mo Y (*N, “E) (107 dyncm) [Ref.] (m) poims [Ref) b(m) eo(km) 1, I

Unimak, Aletisns 01 Apr.(091) 1946 5331, —16288 20 {a) 00 21 310 46 34 6&7x10-
Mexieo 19 Sept (262) 1985 18.19, —102.53 1) a3 N[q 37 1% 08 21x107°
Nicseagma 02 Sept (246) 1992 1174, —87.34 340c) 9 N[ s4 130 18 41x10°
Java 02 June(153) 1996 —10.48, 11284 53(g] 4 SaMm) 60 219 18 27x107
Mexico 99 0ct.(282) 1995 19,06, 104221 115 (i) 43 34 40 121 a9 32x10°°
Chimboe, Feru 21 Feb (052) 1996 =9.59, ~79.59 22(K) 25 42 3 200 14 13x10°
Altage, PNG 17 July (198) 1998 —2.96, 14193 037 [m) 14 SB[ 90 19 64 4Tx10
Camana, Peru 23 June (174) 2001 —16.27, -73.64 4710) 69  26[p) 47 1M 068 42x 107
Wewak, PNG 08 Sept. (251) 2002 —3.30, 14295 1.0(q) 17 %) 15 131 056 12x10°%

References: a, Lopez & Okal (2002); b, Okad er af. (2003b); ¢, Dziewonski et al. (1986); d, Abe e al. (1986); ¢, Dzsewonski er af. (1993 f, Abe eral. (1993)
£ Dziewonski ef af. (19951 b, Tawil o1 af, (1995) i, Dziewonski et al. (1997a); j, Barrero ef af. (1997); k, Dziewenska e al (1997b); |, Bourgesds «f al
(1999); m, Dziewonski ¢ al (1999); n, Synolakis et al. (2002a); o, Ekstriim et o/ (2003); p, Okal er af, (2002); g, Borrero et al. (2003).
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Figure 6. Run-up profiles oblained during ssrveys of recest tsunamis by the Insernational Tsunami Servey Teams (b-i), and for the 1946 Aleution event
by Okal of &! (20015) om Umimsk Ixland (a) (see Table 3 for relevant details and references). The various frames sre identified by Julian dates and armanged
sequentially in time. Full dots e 0 individus) points surveyed and open ciscles show data poirts imvolving documented splashes on coastal cliffs, aad excluded
fram the regressans, All nine frames use the same vertical exaggeration of (10%), allowing disect comparisoa of the aspect ratios of the various data sets. The
rod curves are the best-fltting functions of the type of eq. (1), with relovanst parameters o, b and ¢ and scalar §; listed explicitly on each frame. In (¢) and (), the
dashed lines are regressions incorpormeing the splashes. Note the clearly simgular beluvious of the 19938 PNG data set (h), confleming generation by o lmdshide.
In the case of Unimak (2), the absence of dato for megative ¥ makes $he interpretation maore tentative, but the mpid decay of ¢ with positive p stromgly saggests
2 arnilar mechansim.

1998 Aitape, PNG, events, which feature values of both scalars [, typical of 2 landslide rather than of a dislocation. By analogy with
and [ significantly in cxcess of the range obtained for dislocations the case of Aitape, where the occurrence of a badslide is confirmed
in Section 3. They are shown as mverted triangles in Fig. 5. In the by independent evidence (Davies ef al. 2003; Okal 2003a; Sweet
case of the Aitape event, our investigation merely quantifies the ex- & Silver 2003), the analysis of /5 confirms that the 1946 near-field
treme concentration of the devastation ona short stretch of coastline, tsunami oa Unimak [sland was dee to an underwaser landslide,

us reported for example by Synolakis er al (2002a). The distribu- The two lasdslide events also feature large values of 7, when this
ton of run-up is somewhat more difficult to interpret for the 1946 scalar is computed based on seismic slip expected from available
earthquake, because of the lack of data to the west of Unimak Island estimates of M for the parent earthquakes. For the remaining seven
(Okal er al. 2003b). However, the very rapid eastward drop of run-up carthquakes, I, is at most 1,8, reaching this maxmmum value for the
with distance documented in Fig. 6(2) clearly requires a valoe of /3 1992 Nicaragua and 1994 Java earthquakes, and a slightly lower
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Figure 6. (Comtinued )

vaue {1.4) for the 1996 shock at Chimbote, Peru. All three events
have been documented as ‘tsunami earthquakes® (Newman & Okal
1998; Polet & Kanamori 2000), and the high values of 7| muy be an
artefact of underestimating Aw,

Finally, Figs 6(h) and (1) provade a spectacular illustration of the
difference between the two PNG tsunamis in 1998 ar Aitape and
in 2002 ar Wewak. As described in detail by Borrero et all (2003),
these two carthquakes featured strikingly differing damage, even
though their epicenares were only 120 km apart: the 1998 event did
practically no structural damage, bet its tsunami was devastating,
while the stronger 2002 evert resulted in widespread destruction,
but only & bemign tsunami. The interpretation—that an underwater
landshide was triggeredin 1998 but not in 2002—isclearly supported
by the respective values of /y (11 times greater mn 1998) and /;
{39 times greater in 1998)

5 CONCLUSION

The simulation of the run-up of & near-field tsunami along a beach
for more than 70 scenanos of both dislocatson and landslde sources
identifies the aspect ratio /; as a robust potential discrmminant
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between the two familes of sources. It represents the ratio of the
maximum ren-gp H o the charactenistic width @ of is distibution
along the beach, and we mfer that it is inherently bounded, in the case
of seismic dslocations, by the maximum strain release at the source.
Even & worst case scenario, we find that /5 remaing bess than 1074
By contrast, landslide sources, which concentrate large vertical mo-
tions over relatively limited lateral dimensions, lead to higher values
of I for all physically realistic combinations of source parameters.
Thus, in very simple terms, the threshold 75 = 10~* could serve as
 source disciminant in the near field.

We find that the scalars / and 73 which scale the maximum run-
up b to the initial motions of the source (either the seismic slip Aw
for the dislocation or the amplitude of the original depression for the
landshdc), arc also relatively robust, never excecding a value of 1.5
m all the cases consdered. Thas our simulations validate the ‘rule of
thumb® that a seismic dislocation does not produce ran-ap much in
excess of 113 own amplitude of slip on a nearby beach with a smooth
topography, and the concept of using J, as a further discriminant of
the nature of the source.

In the aftermath of a local tsunami, and notwithstanding the dif-
ficulty of obtaining a preliminary model of the seismic source,
widely available real-time estimates of the seismic moment (e.g.
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Okal & Talandier 1989) can give an order of magnstude of the slip
Au expected under scaling laws, and thus a value of [, can be in-
ferred from a field survey. Our analyses show that excessive values
of 1, corresponding to run-up amplitudes reaching five times or
more the values of the seismic slip Aw, are simply incompatible with
tsumam: geseration by a dislocation. Indeed, such a mismatch was the
crucial evidence behind the carly suggestion that a submanne land-
slide had to be involved in the source of the 1998 PNG earthquake
(Synolakis ef al. 1998).
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