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Normal Mode Energetics for Far-field Tsunamis Generated
by Dislocations and Landslides
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Abstract— We apply the normal mode representation of tsunami waves, as introduced by Warp
{1980} to the systematic study of the excitation of far-field tsunamis by both dislocation sources
(represented by double-couples of moment Mp), and landshdes (represented by single forces). Using
asymptotic representations of the continuation of the tsunami eigenlunction into the solid Earth, we derive
analytical expressions of the spectral amplitude gencrated by both systems. We show that the quadrupolar
corrections defined by Dantin (1993) in the case of landslides can result in an increase of 1 to 2 orders of
magnitade of the effective force. Bven so, the spectrum of tsunam: waves generated by landslides is found
to be offset significantly to relatively high [requencies (10 mHz), where dispersion becomes important and
eventually diminishes tme-domain amplitudes. We proceed to calculate the total energy delivered into the
tsupami modes by integrating the energy of muktiplets for an average source geometry. In the case of
dislocation sources, and taking into account the corner frequency of the source, we reproduce the scaling
with M;"‘; which was derived from purely static arguments by Kasura (1981). We compare the directivity
patterns of far-field tsunami waves by dislocations and landslides, and conclude that the latter cannot give
rise to pronounced lobes of directivity for physically acceptable values of the velocity of the slide.
Directivity thus constitutes a robust discriminant of the nature of the source which, when applied to the
1946 Aleutian tsunami in the far-field, requires generation by a dislocative source.
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1. Introduction and Background

The catastrophic 1998 local tsunami in Papua New Guinea [PNG] featured
characteristics which could not be modeled with a classical dislecation source, namely
4an excessive value of runup on the nearby coast, relative to the inferred slip on the
fault plang, a peaked lateral distribution of the runup along the coast, and a significant
delay of the wave at the shore. These properties suggested that the PNG tsunami was
generated by an offshore underwater landslide, itself triggered with a 13-mn delay by
the earthquake {e.g., SYNOLAKIS ef al, 2002), a model also supported by later
mapping of a fresh slide using seismic reflection techniques (SWEET and SILVER, 2003).

The identification of a landslide as the source of the PNG cvent has led to a
renewal of interest in the topic of tsunamigenic landstides, as expressed for example
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in this topical issue. Indeed, long before the physical representation of the earthguake
source as a double-couple was first proposed by VVEDENSKAYA (1956), and the first
seismic moment tensor computed from seismic waves by Axi (1966), a number of
visionary scientists such as Miine (1898), MonTessus DE BaLLore (1907) and
GUTENBERG {1939) had proposed that large tsunamis could be, or even had to be,
generated by underwater landslides. The successlul modeling of the gigantic events of
the 1960s and of their powerful tsunamis with double-couple sources (e.g., Ben-
MENAHEM and ROSENMAN, 1972) temporarily eclipsed the imporiance of landslides
as tsunami generators. Then, direct observation of a major aerial landslide during the
1980 explosion of Mount St. Helens led KANAMORI ef af. (1984} 1o successfully model
its setsmic waves using single forces, and later HasrGawa and KANAMORI (1987) and
Eissior and Kanamort (1987 to apply this concept to the submarine cases of the
1929 Grand Banks and 1975 Hawail earthquakes, which had generated locally
destructive tsunamis. KANAMOR! (1985} also speculated that the source of the 1946
Aleutian tsunami might have involved a landslide.

In this framework, it 1s important 10 assess theoretically the properties of
tsunamis generated by both kinds of sources — seismic dislocations and landslides. In
particular, it is crucial to understand which observable characteristics of tsunamis
can be used as robust discriminanis to identify the physical nature of the source.

In this study, we focus on far-field fsunamis, typically recorded at distances of
several thousand km, and consider theeretically such properties as the frequency
content of their amplitude spectrum, the total energy released into the tsupami
wave, the azimuthal directivity of the far-field amplitude, and the scaling of such
characteristics with source size. For this purpose, we use the normal mode
formalism for tsunami waves, as described by WArD (1980, 198F, 19823 and
further discussed by Okal (1982a, 1988, 1990). It considers tsunamis as a special
branch of spheroidal eigenmodes of a self-gravitating elastic Earth whose
outermost shell is an ocean of depth 4. The principal advantage of this approach
is that it greatly simplifies the study of the coupling between the solid Earth and
the water layer, i.e., the penetration of the tsunam: eigenfunction into a substratum
of finite rigidity, an approach originaily found in Popryvarovskn (1970), and
pursued by ALEKSErv and Gusvakov (1976). It alse allows the immediate
computation of accurate estimates of the speciral amptitudes and - energies excited
into individual modes by any combination of forces, by using the classical
formalism of normal mode excitation, introduced by GrLBerT (1970). Finally,
normal mode theory lends itself easily to the comparison of surface waves and
tsunamis excited by the same seismic source.

This approach is alse satisfying when considering that the alternative has
traditionally invoived two separate calculations utilizing inconsistent models of the
ocean foor. The first step uses a homogeneous half-space of finite rigidity, but
featuring no layering representative of any potential sedimentary structures and no
overlying ocean, and computes the static surface displacement resulting from the
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earthquake dislocation, using such codes as MANSINHA and SMmyLigs (1971) or
OrADA’s (1985); the second step then feeds the resulting field of vertical displace-
ments as an initial condition into numerical codes solving the prepagation of the
tsunami of a water layer overlying an infinitely rigid substratum.

On the other hand, the normal mode formalism has several limitations, af least
in the elementary form considered in the present paper. The most important onc is
that it assumes a laterally homogencous structure, and as such, an ocean of
constant depth. Similarly, it cannot handle the presence of continents, and in
particular of a shoreline in the vicinity of the source. Finally, it uses the asymptotic
expansion of Legendre polynomials, and as such is applicable only in the far field,
i.e., at distances from the source of at least several wavelengths, or a few hundred
km in the case of typical tsunamis. Nevertheless, within the framework of these
limitations, it can give considerable insight into many properties of tsunami waves
{WARD, 1980), and in particular it allows direct comparison with those of the
familiar Rayleigh modes (Orar, 1990), to which we will also refer regularly in the
course of this study.

2. Ingredients: Modes and Sources

The Tsunami Eigenfunction in the Normal Mode Formalism

in the normal mode formalism, the tsunami wave is simply a special case of the
general six-dimensional eigenfunction of a spheroidal free oscillation (of angular
degree /), as described by Sarro (1967) whose notation we shall adopt. However,
considerable insight can be obtained from the classical tsunami theory derived in
the case of a flat-layered ccean overlying a perfectly rigid substratum: the mode-
wave equivalence between the two approaches was explored by OkaL {1982a). In
this particular scenario, the vertical displacement y; of the water varies linearly
from 0 at the bottom to Y at the surface, y = ¥{l —z/h)}, the horizontal
displacement eigenfunction, Jys, is constant throughout the column, ly; = ¥/(kk),
and the normal stress y; (the opposite of the overpressure) grows linearly from
surface to bottom, y» = —Vp,gz/h In these formulae, k is the thickness of the
water column, the depth coordinate z varies from 0 at the surface to A at
the bottom, & is the horizontal wave mumber, p,, the density of water, and g the
acceleration of gravity. )

In the presence of a solid substratum of finite rigidity 1, OKAL (1988) derived the
shallow structure of the eigenfur;ction' in the solid Earth by showing that it behaves
as a “‘pseudo-Rayleigh” wave, i.e., a combination of ithomogeneous £ and § waves
whose phase velocity € remains controlled by the water columm and essentially
unperturbed from the rigid case, while matching the overpressure —y at the ocean
floor., which is also found to be basically unchanged from the rigid case. The
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displacement jy at the ocean floor is then controlled by the impedance of the solid at
the angular frequency w,

ﬂg__ﬁzf@ff4¢u \\\\\\\\ k(1 — k2/3)
¥ # k21— k2/3 ’

Z:

()

much smaller than 1; £ is the shear velocity of the solid, whose Poisson ratio has been
taken as 1/4. In the limit ® — 0, one has Z — (4/3)uk (OKATL, 1988). The vertical
displacement at the ocean floor, v, is then given by —Vp,g/7, which remains much
smalier than the surface displacement ¥ at all periods less than several hours. (By
contrast, i the case of a Rayleigh mode, the boundary condition » =0 at the
surface imposes Z = 0, which in turn controls the phase velocity C through the
classical result x = 1/2 — 2/4/3.)

In essence, the weak coupling between the water and solid layers dictates the value
of C(or k), and thus Z in (1), which in turns specifies the relative amplitude of the P
and S components of the pseudo-Rayleigh wave, making it easy to compute its entire
structure in the substratum, including any excitation coethicients by any combination
of forces {OrAL, 1988, 1990).

The Energy Integrals Iy and Iz

Several applications such as the evaluation of the excitation coefficients of the
various modes require their normalization to unit energy through the computation of
the energy integrals {(KanaMore and Cipagr, 1974).

43 a

Iy :]przylzdr and b 2/,()rzygafr . (2)
f) 0

For Rayleigh waves, and in the limit of a wavelength much smaller than the Earth's
radius {/ = 1), onc can approximate these integrals as:

[eo} X
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where @ is the Earth’s radius, and u, and u, are the vertical and horizontal
componenis of the displacement field of the standard Rayleigh wave of a
homogeneous half-space of density p,. It is straightforward to derive from (3)

‘ : C
a+ﬁbzszﬂﬂam&, (4)

where L2 = /(] 4+ 1). We have verified that (4) provides an acceptable approxima-
tion to the exact energy integrals; for example, for the mode ¢Sigo{7 = 97.255), it
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predicts (2.75 x 10%° g*em? when using p, = 3.3 g/om’, and for ¥ = lcm) as com-
pared to 2.5 x 10% g*em? obtained from (2) using a full normal mode eigenso-
lution derived for the stratified spherical PREM model (Dzigwonsk: and
ANDERSON, 1981}, Given the crude assumptions in our model (e.g., the absence
of layering, and the extension of the integrals (3) to infinity), the agreement is
excellent and justifies our methodology. For fsunami modes, on the other hand,
the integrals in (2) can be limited in practice (o the water layer, where the
horizontal motion is dominant in the long-wavelength approximation {(a/lk > 13,
feading to
(12

72 2 at ’2 2
I]“FL [Q %L [gxpﬂm}’ ipw (1)2 Y . (5)

The difference in behavior with frequency of the energy in the two types of modes
{e! for Rayleigh waves, as opposed to »~? for tsunamis) is fundamental, and has
important consequences on all aspects of spectral excitation hy both dislocations and
landslide sources.

Sources: Modeling of a Dislocation

Farthquake dislocations are modeied as double-couples of moment M,, whose
excitation of any Earth normal mode has been known since the seminal work of
GILBERT {1970). We express it here for spheroidal modes in the formalism of
KanaMort and CIpar (1974), which gives the component of vertical displacement at
anguiar distance A as

u, = y1(a)My [Kosp P (cos A) — KygrP] (cos A) + KypaPl{cos A)] - cos{wt) . (6)

which is equivalent to a spectral amplitude in the far field (KaNAMORI and STEWART,
1976)

) a o .
() = M 2}%% 577 Ko ~ prl’Ks — igplKy| . (7)

In these formulae, ¢ is the Earth’s radins, @ its angular frequency, and U/ the

and order m. We refer to Kanamori and Crrar (1974) and K aNaMOR) and STEWART
(1976) for the exact expressions of the excitation coefficients K; (which depend only
on lrequency and source depth) and of the geometric coefficients py,gp, sz which
depend only on the oricntation of the dislocation relative to the Earth’s surface and
to the azimuth of the receiver.

As the size of the earthquake increases, source finiteness results in the saturation
of spectral amplitude at any given {requency. This can be schematized across the
frequency band by introducing a source spectrum characterized by a corner
frequency s, below which interference effects are absent, and above which the source
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spectrum falls off as w™ (GELLER, 1976). An estimate of the scaling of @, with
moment My is given in Appendix 1 following GEeLLER {1976}

Numerical values. For a large earthquake, capable of generating a transpacific
tsunami (My = 5 x 10** dyn-cm), Equations (A9) and (A1l) predict corner periods
of 49 s and 130 s, for Rayleigh waves and tsunamis, respectively. These values would
grow to 166 and 445 s, respectively for a mega-thrust event of the size of the 1960
Chilean earthquake (Mp = 2 x 10°® dyn-cm). Furthermore, it is interesting to note
the influence of the rupture velocity 7y in Equation (A7); for an earthquake with siow
rupture, such as the 1992 Nicaragua “tsunami earthquake,” V% could be as slow as 1
km/s (Kanamor: and KikucHr, 1993), which would increase the relevant corner
periods by a factor of 1.5, to as much as 200 s for the tsunami of a large earthquake
(5 x 10 dyn-cm).

We will also consider an event of the size of the PNG earthquake
(Mo = 3.7 x 10% dyn-cm), which generated a mediocre far-field tsunami, reaching
only decimetric amplitudes at a few Japanese harbors, and unobserved at transpacific
distances.

Sources: Modeling of a Landslide

The excitation of seismic waves in the Earth by the motion of a sliding mass at its
surface was modeled by KANAMORI et af. (1984) in the case of the massive slide
accompanying the 1980 eruption of Mount St. Helens, and their model was later
applied to the 1929 Grand Banks and 1975 Kalapana underwater events (FIASEGAWA
and Kanamori, 1987, FissEFR and KANaMORI, 1987). It considers that the Farth is
subject to the reaction of the acceleration of the sliding mass, —M%. Such sources can
then be represented using single forces F as opposed to moment tensors M.
However, as discussed by OkaL (1990). a major difference arises, since the source
must satisfy a cendition of zero impulse, which brings an additional factor o’ into
the source time function of the landslide at low frequencies. The high-frequency
behavior of a landslide is difficult to describe, since it hinges on the particular
development of the initial phases of sliding, and of the braking phase of the slide at
its toe. OKAL (1990) has studied theoretically several models of source time function.
We will consider here the function

R =R [HO - H— 20) .smzf ()

proposed by KANAMORI ¢f al. (1984) for the Mount St. Helens eruption. Here 1
characterizes the duration of the source, and H{ x ) is the Heaviside function. Relative
to a step function, (8) introduces an additional spectral factor
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Xalw) =

E . (9)

which can be approximated by Xy = %5 @ = (small w} and j‘f} {large ). This amounts to

defining a“corner frequency’ w. wherc 1he fow- and high-frequency trends intersect:

(/3
W, = ({z‘) = 074wy . _ (10)

Note that for other modets of acceleration of the stump, the high-frequency spectrum
may vary, but the low-frequency behavior will always be < ?, in order to satisfy the
zero-impulse condition.

In addition, DAHLEN (1993) has shown that the above description of a shallow
landslide by a singie force acting on an unperturbed elastic medium (which he termed
the “Kanamori force, Fy ") neglects the influence of the development of discontinuities
at the ends of the sliding block, which are equivalent to a series of three quadrupolar

terms. {Note a typographic error in DAHLEN's (1993) Figure 5: in the depiction of the
h)

ad 13 2 ‘e L4 k) M
surface quadrupoles, the first two shouldread “ o e @ o™ and o . respectively.) In

the formalism of OxaL (1982b), these terms contribute three soccond-orcier {three-
index) moment componenis: Mo — % [J%MD; Mogg = [)’éMD; and Mypy = %‘ [%MD, with
the radial axis @y oriented along the direction of sliding,  in Dahlen’s notation. Using
the full set of three-index excitation coefficients derived in Equations (18) and (46) of
ORAL (1982Db), it is easy to verify that DAHEEN's (1993) simple correction to the
Kanamori force Fy, namely the factor fp = (E *’GP holds for tsunami modes in the
limit / = 1. In this formalism, M is the mass of the sliding block, f, the shear velocity
inside it, D the total displacement during the slide, and C the phase velocity of the
refevant mode. Equation (8) can then be used to represent the landslide, with
Fy = Fy - fp.

A significant difference between tsunami and Rayleigh modes then arises from
the difference in phase velocity C. DAHLEN (1993) was able to cxplain the general
success of the Kanamori force in modeling such events as the Mount St. Helens
landslide (Tor which there exists a precisely witnessed estimate of its kinematics),
by noting that sliding structures are bound to be strongly beCLEclted, and
therefore to feature low shear velocities for which the correction § 5 becomes
negligible. For example, # fi, falis below 1 km/s, the Dahlen cmrcctzon (fo—1}
becomes only —11% for a long-period Rayleigh wave with C=35 km/s. However,
for a tsunami mode with C=220 m/s, the same material would entice fp = —35,
while the cohesive slumping of a crustal block (f, = 3.5 km/s) would lead to
Jp = —075; note in particular that the negative values of fp would result in a flip
of phase. In real life, and for an underwater landslide, the situation is made more
complex by the possible evolution of the slide into a turbidity current, in which
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case the value of f, could be regarded as evelving with time from a finite value to
essentially zero.

Numerical estimates. Given the small number of well-studied cases of underwater
landstides as sources of tsunamis, it 18 difficult to estimate typical values of the
parameters Fy, 1y, and fp, let alone of their scaling with the overall size of the slide.
For the 1929 Grand Banks slide, HaseGawa and Kanamor: (1987) suggested
Fie = 1.4 x 10°® dyn, but found little resolution of the duration 1, of the source,
which they estimated af between 25 and 90 s. For the 1975 Kalapana event, ANDO
(1979 and EissLER and KaNAMORI (1987) suggested a volume ¥ 2 1000 km® and 2
characteristic time 1, A 90 s. Despite its locally catastrophic tsunami, the 1998 PNG
event was considerably smaller, with ¥ &~ 4 km?® and 7 = 22 s (SYNOLAKIS ef al.,
2002; SWEET and Sizvir, 2003).

In this framework, and for the purpose of comparing the order of magnitude
of various characteristics of tsunamis generated by dislocations and landslides, we
will consider a reference landslide with a volume ¥ = 500 km?®, 7; = 60 s, and use

Rayleigh mode). On an ocean floor sioping 10°, these values lead to
Fy =22 % 10% dyn (note (DanLEN, 1993) that the true density of the sliding
material, wncorrected for buoyancy, should be used in the excitation calculations),
and Fy = 1.1 x 107 dyn for the tsunami modes; these numbers may be applicable
to the underwater landslide suggested as a source of the catastrophic near-field
runup of the 1946 Aleutian tsunami (FrRYEr and WaTts, 2000; PLAFKER er al.,
2002). We also consider the slide discussed theoretically by Oxar and SyNoLAKIS
{2003), which is ipspired by the PNG event (albeit larger). It features a
considerably smaller volume than our reference slide (10km’; Fx = 6.8 x 10®
dyn), but we use a larger value of the correction, fp = —200, the slide having
been contained in the amphitheater, and thus presumably kept a greater level of
cohesion. For that smaller, “PNG-1ype” slide, we use a shorter characteristic time,
= 22 s.

3. Average Excitation and Spectral Amplitudes

Excitation by a Dislocation

The excitation of a normal mode (seismic or tsunami) by a shaliow dislocation
will i general depend on the geomeiry of the source, but an average value can be
estimated as follows. The various coeflicients &; arc expressed as combinations of the
components of the mode’s eigenfunction (Kanamori and Cipar, 1974). For
example,
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20+ 1 ey

Ky = .
P dne?l 4+ 2L (1)

where r. is the distance from the seismic source to the Earth’s center.

Rayvleigh Waves

In the limit of a shallow source (r, — a), using {4) and the classical surface aspect
ratio of the standard Rayleigh wave, /y; = —0.687, it is straightforward to obtain
vyl 0.00246

Ky —0.034 . —

2p, Gl ¢ (12)

if C is in kim/s, K> in units of 107 dyn™', and for a standard normalization V=1
cm). We have verified that (12) provides an accepiable estimate of Ky: sub-Moho
values are computed at —2.43x 107% and —1.46 x 107% for 48y and (S,
respectively, as compared to —3.04 x 1079 and —1.50 x 1079 in the PREM model
(Dziewonskl and ANDERSON, 1981}

The pure dip-siip coeflicient, K, which is proportional to the eigenstress
component y of the mode, vanishes at the surface, and hence can be taken as 0 in
Equation (6). Finally, the coefficient Ky behaves as ~5/3-L?K> for the Rayleigh
waves of a shailow source (OKaL, 1988). We can then assume an average value of

km/s on average, to obtain an asymptotic expression of the spectral amplitude

o ()} = 0.118772 M0 (13)
sin A

where u. is in cm*s and My in 107 dya-om. It predicts values of 1.74 cm*s at
T =40 s ([ = 222) and 0.70 cm*s at 7 = 250 s (I = 36), for a moment of 10°7 dyn-
cm, observed at A = 90° in the absence of attenuation. These results are in general
agreement with those obtained from the formalism of the mantle magnitude M,
{OKkAL and TarLanpier, 1989) (2.04 cm®s and 0.60 cm®s, respectively), which
indicates that our approximations provide adeguate orders of magnitude of the
scaling of spectral amplitudes with moment, despite the drastic simplifications used
in the present study. Note in particular that we use constant values for € and U, in
view of the fact that in the real Earth, they are stowly varying parameters in the range
of frequencies considered (typicaliy 2 to 10 mHz); we also neglect the influence that
crustal layering would have on excitation coefficients.

Tsunanti Modes

In the case of & tsunami mode, we use Z = {(4/3)uk and the structure of the
pseudo-Rayleigh wave in the solid to infer lys/yv — —1/3 at the top of the solid
(Oxar, 1988 and erratum, 1991). Recalling (11) and (5), we obtain
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Y»—l

Kym— s
> 8 la?

Ko~ 12K, . (14)
We then consider a mantle source (z = 7 % 10" dyn/em?), an ocean of depth =5
ki {C=U =220 m/s}, and use an average value of 0.37 for the trigonometric
coeflicient sz — pp| to obtain

()] = 1.491172 (15)
which predicts spectral amplitudes of 28 cm®s and 15 em™®s at periods of 300 s
{1 = 362) and 1800 s {/ = 101), respectively, for My = 10”7 dyn-cm.

At this stage, an important conclusion is that the spectral amplitudes of Rayleigh
waves and tsunamis excited by dislocations both grow with frequency as w'/? (under
the assumption of a constant phase velocity). The difference in behavior of the energy
integrals (4) and (5} is exactly compensated by the variable ratio, decaying like w in
the tsunami mode, between the horizontal motion in the solid, /y;, and the surface
amplitude of the wave, Y. Beyvond the corner frequencies, the spectral amplitudes
would decay as w2, as sketched on Figure 1. Note that this high-frequency
behavior would be characteristic of a receiver feeling the full effect of saturation, ie.,
lying owutside the lobes of the directivity pattern; a slower fall-off with frequency
beyond w, would be expected inside the lobes. Finally, we stress that, by using
constant values of C = U = /gh, we neglect the effects of dispersion inherent at high
frequencies in the exact expression, C* = { tanh(kh).

Excitation by a Landslide

As discussed for example by EisspLeEr and Kanamor: (1987) and OraL (1990), the
excitation of normal modes by single forces is expressed by an equation similar to (6)

w, = y{@)Fy Ky sp Pl {cos A) + K17 quP] (cos A)] - cos(at) | (16}
where the coeflicients K™ are directly related to the Kj; for example, K = —r.K>.

For a sub-horizontal force, the first term in the bracket can be neglected, leading to

yifa)

Vsin A

or, on the average, given {lgpl) = 2/x,

wod -
()| = Fy ﬂawﬁ-ucff\ (17)

()| = By ,—Sl”;"[g ;j“&*”Kﬂ (18)
In the case of Rayleigh waves, we find
ufw)| = 0.1631 i fod , (19)
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where the product £ - ¢ must be expressed in units of 10°7 dyn*cm to obtain u,(w) in
cm™®s. The comparison of (13} and (19} suggests that the ratic of spectral amplitudes
excited by a single force and a double-couple (at this stage with identical source time
functions, arguably an unphysical situation) is

i ﬁ}-a

Repipe = 1.38 .= 20
SEiDC 3 A (20
In the case of a tsunami mode, we would similarly obtain
F 2oar., 1 1 Fo-a
i, (w)] = e =2 322N 21
() Vsin AV nl U 8nula? Vsin A 2
leading to a ratio of single-force to double-coupie excitation for tsunami modes
1 Fya
Tspine = 216 -~ - 22
SFinC A (22)

In (20) and (22), the numerical coefficients 1.38 and 2.16 are smaller than computed
in OraL (1990) (2.65 and 6.00, respectively), because we have restricted ourselves to
sub-horizontal forces, which are more representative of a mass movement on a
shallow inchine, but less efficient at exciting spheroidal modes. Note also that
Bquations (20) and (22) are not directly comparable, because of the different Dahlen
corrections, which result in different values of £ for the same event.

We then invoke the appropriate source time functions for the dislocation and
landslide sources, and compare the resulting spectral amplitudes on Figure 1. Frame
{a) plots the spectral amplitudes of tsunami modes excited in the far ficid by the two
kinds of sources proposed to model the 1946 Aleutian tsunami: a large dislocation
(My = 5 % 10% dyn-cm) and a major landslide with a volume of 500 km’, while
Frame (b) presents the corresponding spectra for conventional seismic surface waves
(Rayleigh). Several important resuits are immediately apparent:

First and foremost, the far-field tsunami amplitude of the reference landslide
remains smaller than that of the dislocation by more than one order of magnitude; at
frequencies typical of the observed tsunami (1 mHz), this deficiency reaches more
than two orders of magnitude; the landslide would become a refatively more efficient
tsunami generator only beyond the corner frequencies (/' > 10 mHz), outside the
realm of conventional tsunami waves and where many of our approximations break
down, notably our assumption of undispersed propagation (C or U independent of
frequency). In particular, the Aleutian landslide model generates a far-fieid tsunami
whose spectral amplitudes are comparable to those of a dislocation of moment
2 x 10% dyn-cm, 2 size of earthguake knowa not to excite detectable far-field
tsunarmis.

Second, in the case of the landslide, and precisely because the tsunam: spectral
amplitade is peaked around w, {i.c., around 10 mHz), and falls off fast (as w*'?) at
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lower frequencies, it suffers significant dispersion when propagating large distances
over a deep ocean. Indeed, the dispersion {dU{w)} /dw| Is maximum around 150 s for
a 5-km deep ocean where it reaches as much as 2 kmy/rd. Tt will affect shightiy the
spectral amplitudes {computed for constant C on Fig. 1), but strongly the spectral
phases, resuiting in the dispersion of tsunami energy, and a sharp reduction in time
domain amplitude. By contrast, the tsunami generated by the dislocation source falls
off slower with frequency (as w'/?), and thus retains significant spectral amplitude at
the typical frequencies (I mHz) where dispersion is absent, thus allowing the
retention of a significant time domain amplitude.

The bottom line from these calculations is that the combination of a lesser
absolute level of excitation and a more pronounced shift of the spectral energy
towards higher frequencies suffering strong dispersion, makes the landslide source a
significantly deficient far-field tsunami generator, as compared to a classical
dislocation.

In Frame (£), we similarly explore the excitation of Rayleigh waves by the two
sources. The similarity between Equations (13) and (15), and (19) and (21) results in
comparable behavior. However, the lesser value of the IDahlen correction fp for
Rayleigh waves results in an additional deficiency of the landslide source, reaching
more than two orders of magnitude across the spectrum considered (typically 5 to 10
mHz).

In the case of the smaller event, inspired from the PNG source and simulated in
Frames (¢) and (d), the landslide source remains undetectable in the far field (note
the translation of the vertical scale between the left and right frames). Also, for this
model of a supposedly more cohesive slide, there is a greater scatter in the Dahlen
correction ratios { fp = —200 for the tsunami; 0.5 for Rayleigh waves), as compared
to the Aleutian case { fn = 50 for the tsunami; 0.9 for Rayleigh waves). As a result,
the relative Tsunami-to-Rayleigh cfficiency of the landslide is enhanced by an
additional factor of ~ 7. In conclusion, a PNG-type landslide (even taken here as
substantially larger than mapped by SWEET and Siiver (2003)) would remain
undetectable in the far-field: its tsunami would be 20 times smailer than that of the
earthguake; the ratio would reach 300 for its Rayleigh waves. Clearly, the absence of
far-fieid signature cannot be an argument against a fandslide modei for the PNG
local tsunami.

We wish to emphasize that formulae such as (13), (15), (19} and (21), or their
plots on Figure 1 after convolution with the respective source time functions, should
not be applied in the near feld, and this for several reasons. First, the spectral
amplitudes in those formulae are calculated using the asymptotic expansions of the
Legendre polynomials, which break down as A -0, in practice within one
wavelength of the source. While Equations (6) and (16} remain in principle valid,
{7) and {17) do not. Furthermore, propagation in the near field occurs entirely, from
source to receiver, over variable bathyvmetry, a structure that our approach does not
handle.
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4. The Energy of Tsunami Modes

In this section, we address the question of the tofal energy excited into tsunami
modes by dislocation and landslide sources, and of its scaling with the size of the
source.

The Dislocation Source

The energy of an oscillating spheroidal singlet 87 of the Earth can be readily
computed in its kinetic form as

E== /pﬁ2 dv z%wz(zi + 25y A(m) (23)

Earth
where I} and I; were defined in (2) and the azimuthal integrals A{m) are respectively,

47 Inl? 2rl?
, Y e ST —
204+ 1 AG) P AGE) 2041 (24)

To obtain the total energy excited into a multiplet, one simply adds that of the
singlets {which are orthogonal on the sphere), weighted by the appropriate excitation
coeflicients.

o In the case of a Rayleigh mode, we have

4(0) =

) P .
Bmuﬁipim - W [; Yz : Ma [A(O)C%Kg + A4 (*1 )Cz]LZK%

+ A1) + A(=2)c?  LKT + A(2)3L*KT (25}

Here, the coefficients ¢, are variations of sz,qz and pp. They do not vary
mdependently, but their average value for all focal mechanisms is on the order of
1/3. In first approximation, we can neglect the m = L1 terms in (25), since K,
vanishes asymptotically at the surface. Noting that Ky = —(5/3)L°K; at the surface
of a Poisson solid (OxAL, 1990}, and substituting (12) and (24), we find the energy of
a spherotdal multiplet as

BRI = N LM (20
3

where the non-dimensional constant N has the approximate value 4.8 x 1077,
This energy of a single multiplet is, as expected (Warp, 1980), proportional to
the square of the excitation My, and for a constant phase velocity C, grows as o’
e In the case of a Tsumami, we need to replace the expression of the integrals 1)
and 7, with (5), substitute K = L?K;, and use Equation (14) to approximate K> as a

function of . The result is
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ctnam; I p.g
K W 2
The comparison of (26) and (27) reaffirms the fundamental difference noted above,
namely that the fsunami energy grows as ¢, rather than o®. In other words, for the
same dislocation source, the tsunami branch will be lower-frequency or more “red”
than the Ravleigh wave!.

Integration over Frequency

There remains Lo integrate {26) and (27) over frequency to obiain the total energy
carried by the Rayleigh and tsunami waves, replacing summation over [ by
mtegration over  {weighted by a/U)}, and taking into account the source time
function of the dislocation. The total encrgy for the branch becomes:

oy

o

1 i w?

E=a- / UEmuEtipEet(m)d(J) + f UEmuitip]ei((U)wfgdw 3 (28)
0 W,

where, as a further approximation, the integration bounds are extended to zerc and
infinite frequencies, on account of the characteristics of the source functions.
Assuming that U and € can be taken as constant, we find

Pwd

ERay}eigh =137 10&3 "
) UCi?

WM, ETSEm g 3 1o wlMG . (29)

1
UCp,

Note that the legitimacy of carrying the integral (28) to infinite frequency could be
gquestioned, since our simplifying assumptions {e.g., constant €} would clearly break
down as 0 — oc. However, the sharp fali off of the integrand with frequency ensures
that the energy is almost entirely concentrated near o, with @ < 2.15w, contributing
90% of the second term of (28) (95% of the full energy integral), and thus rendering
largely irrelevant any limitations on our assumptions at stiil higher frequencies.

After substituting the expression of the corner frequency (A8), we obtain the final
result for Rayleigh waves:

avleia 1
ERd}’Je’wh = 0.055 mﬂmaxM() = 0-084(8711;1,‘( - M(}) 5 (30)

where # is the ratio of the group velocity U of the wave to the shear veloci ty, which
we take as slightly lower than x (n =0.85), and emay the strain release during the
rupture (see Appendix). Since {£q. - Mp) represents the mechanical energy released at

i Note thal there is no inconsistency between the fact that the energy in the two types of waves behaves
differently with frequency while spectral amplitudes have the same dependence, for the latter is a local
property of the eigenfunction at the surface of the Earth, while the former involves its integral over depth.
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the source by the dislocation, we come to the simple conclusion that the energy
channeled into the fundamental Rayleigh branch scales directly with M, and
represents a constant fraction, about 8%, of the total seismic energy released by the
souree.

The situation is quite different in the case of the tsunami wave. Substituting (27),
we obtain

1/3

Fronami _ 55 10'“3%‘«‘-‘-- ( ;?;2) &5 MY = 104 x 10700 (31
if Mo s in dyn-em and E in ergs. For the reference Aleutian event, we find
ERaYIeieh — 4.2 5 107 ergs, and B = 1.9 % 107 ergs, or 0.4% of (emay - My). For
the smaller PNG event, these numbers would be 3.1 » 10% ergs, 2.8 x 10'% ergs, and
0.08%, respectively. Note that the mtegrand in {28) falls off like «® for w — ¢, as
opposed to w* for Rayleigh waves. The question of the extension of (28) to infinite
frequencies becomes even more irrelevant.

The energy of the tsunami is found to grow faster than Ay, which means that the
fraction of released seismic energy which is channeled into the tsunami, itself grows
like Mdf’"?, in other words scales like the linear dimension of the seismic source, L;.
This result agrees with OKAL and SYNOLAKIS® {2003), who used a simple model of the
deformation of a rigid ccean floor to infer that the energy available to the tsunami
wouid grow as the fourth power of the scaling dimension of a dislocation. Similarly,
the scaling of £ with M’S’fl was mentioned by AIba (1977) and a full model derived by
Kanura (1981), on the basis of the scaling of the static deformation of a
homogeneous half-space by a seismic dislocation. Equation (31} can be directly
compared to Kajiura's formula (12)

Lp.g

13, 403 .
EKnj = 5 ,u3 QZJMO FKaj.(bf,A,H,R) =

] Pl 82/"3
2473 1373 “mex

My Ry . (32)

where the lunction Fi,;. is a non-dimensional average of the square of the vertical
deformation of the ocean boitom, scaled to the seismic slip on the fault, which
depends on the geometry of faulting (dip angle 6, and slip angle 1), on source depth
H, and on the aspect ratio of the faulting area, R = W /L, Finally, in Equation (32),

Equation A4). The comparison of Equations (30} and (32) shows that our approach
based on normal mode theory upholds Kanura's (1981) Equation (12), for an
average value Fi,j. = (.57 i the case of a 5-km deep ocean. However, this value is
about 5 times larger than its maximum proposed by Kajiura (0.11). An additional
shortcoming is that the expression of ETSm™ in (32) is expected to depend on the
ocean depth & (varying like A=2/%), while KAJIURA"s (1981) does not. We will show
below that @ minor refinement to our approach, namely taking into account the finite
depth penetration of the source, resolves this latter discrepancy.



Vol, 160, 2003 Mode Energetics for Far-field Tsunamis 2205

The growth of ETswmemt a5 447 could appear as a paradox, especially since it
would predict that for large enough earthquakes, the energy of the tsunami could
become greater than the total elastic energy released during the earthquake, which
grows only as M. However, it can be verfied that this would occur for an
earthquake of moment 9 x 10 dyn-cm, which in turn would scale to a fault length
Ly =37,000 km; the latter, approaching the Earth circumference, would obviously
violate the scaling laws upon which our discussion is based. Even the 1960 Chilean
earthquake, at 2 x 10 dyn-cm the largest seismic event ever measured, would
channel only 1.3% of its released energy into its far-field tsunami. The physical
origin of the paradox lies in the fact that a characteristic length in the problem,
namely the ocean depth 4, does not scale with the source. Finally, the scaling with
Mg” is also close to the behavior suggested by WarD (1982) (3,), based on an
empirical fit of published parameters such as fault length L, and rise time 1 as a
function of M.

The Landslide Source

To compute the energy of a normal mode cxcited by a landslide, we simply
replace, in the second line of Equation (25}, the average excitation of a double-couple
with that of a single force:

1 (AR + A DS PIET A P&V (33)

For a sub-horizontal force, the first term in the bracket is negligible, the coefficients
o3 are, on the average, 1/n (note that they differ from their doubie-couple

counterparts in (25)), and K¥¥ = —aK,. This leads to the energy of a multiplet:

2
Ravleigh }4 . sunami _4 Pl t 2
Emtjnpgut 0. 0012 CQ Erinu ltiplet — 5% 10 ’ug ) “l? ’ F{) s (34}

which must then be integrated over frequency after weighting by the square of the
appropriate source time function (10). In the case of Rayleigh waves,

[

, e 16 w? IER
pRavieigh _ g 0012 a ] 2 M('{,)Wd -+ / hat | d = 0.018%. 0

C:z 7 Togaw ] 0.018 p UCE 1

w,

and in the case of a tsunami,

716
@ o] = 0.0011 5 Pl (g

~Tsunami 4 Pwd 2
prsumami 5107 R py

(36)
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where we have introduced superscripts * and ¥ on K to emphasize that its values in
(35) and (36} differ, due to the Dahlen corrections. In the case of the Aleutian slide,
we find energies of 5.7 x 10" and 1.5 x 10?! ergs, for the Rayleigh and tsunami
waves, respectively (we use a crustal value, 3 x 10" dynfem?, for u). In the case of
the smaller, PNG-type source, we find values of 4.7 x 10'° (Rayleigh) and 2.2 x 10"
ergs (tsunami).

Scaling with Slide Dimensions

We first note that, in the case of the smaller slide, the value computed above is
significantly smaller than calculated (Eps = & x 1079 ergs) from simple deformation
arguments by Oxar and SynNorLaxis (2003). The two figures can however he
reconciled by noting that while (36) assumes a 5-km deep ocean, Eps uses a
shallower water column, 4 = 1500 m in the PNG epicentral area. Although neither
Equation (36) nor OkAL and SynoLAKIS™ (2003} energy estimate expressly involve
. both do indirectly, through the Dahlen correction in the former and through the
dynamic response of the water column, » = v*/2C? in the latter. When the deeper
value # = 5 km is used, the estimate Fog decreases to 7.2 x 10! ergs, only three
times the modal value. This discrepancy is not unexpected, since Fgy compules the
infusion of energy into the initial condition of the gravitational wave, whereas the
maodal approach is expected to break down in the near field. Indeed, it is possible
to explore theoretically the ratio between the full expressions of the two estimates
of the energy generated by the landslide, assuming a similar average depth of the
ocean:

7 272
[ Tsunami _ 0.0011 %}r‘} Eu,()“.S._‘-((SH) ~gsin %%’] - 0.03 g2 sinz (,)S N 15, (37)
Eps 0,98 (6H)* - e | Y

where S, 8 the swrface area of the slide, ¢ its dip angle, and v the average velocity at
which the material moves. The RHS of Equation (37) is obtained by taking v as half
the maximum velocity vy reached during the sliding (OKAL and SYNOLAKIS, 2003),
which is approximately given by v7,,, = 2gz, where z is the total drop of the slide. In
turn, z is approximately D, tan 8, where D, is the horizontal distance over which the
material is accelerated. Note that, in general, D, is only a fraction of the total length
traveled, D, since acceleration stops when the slide encounters a flat bottom. Finally,
we fake cos@ == 1 for typical shaliow-dipping slides. We conclude that a difference
between ET499M and ¢ is predictable from the aspect ratio of the area of the slide,

% (W/Lf) ' (L._f/Da)z-

Finally, we consider the scaling of the tsunami energy (36) to the total change in
potential energy AW resuliing from the sliding. The latter drops a mass of ocean floor
psSs(dh) a vertical distance z, and replaces it with water of density p,. Hence
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Pw__  ging- S:(0H)

AW T . Oy — P hlz

(38}
In the case of the PNG stide, we take an average water depth of 1.5 km, a vertical

Aleutian reference slide, with an average water depth of 3 km, and a vertical drop of
6 km (to the bottom of the Aleutian trench), along a 10° slope, we find a very similar
value of 1.25% for the tsunami cfficiency.

These nuwmbers are significantly greater than their counterparts for dislocation
sources, and thus landslides are found to be refatively more efficient than earthquakes
at partitioning their total available energy into the far-field tsunami. This is not
surprising, since the landslide occurs in the water in the first place, as opposed to the
dislocation, which is released inside the elastic solid Earth, Flowever, even farge
landslides release less total potential energy than do carthquakes, so that their
absolufe levels of far-fleld tsunami energy are no match for that of large dislocation
SOUrces.

3. The Influence of Depth

Until now, we have assumed in all our computations that the excitation
coellicients K; could be approximated by their asymptotic values as the centroid
depth @ — 7y goes to zero. In particular, we have regarded as negtigible the pure dip-
slip coefficient X,. However, when considering large earthquakes under our scaling
model, the fault width W is expected to scale as M(; "'3, and thus the vertical extent of
the source can no longer be neglected. As the Ki's are themselves function of depth,
their dependence will affect the growth of excitation with earthquake size, and this
property must be analyzed carefulty. Note, however, that this kind of cortection is
not warranted for landslides sources, which never penetrate the deep Earth, since
their thickness is limited to at most a few kin by the stratigraphic structure of the
ocean floor.

Constder a source of finite depth, extending from the surface to a depth
H = Wsind,, where &, is the dip of the fault. On the average, # = 2/ /x, and thus
H scales with source size as:

13 13
_Em M,

H = _— 39
s (.14"{':3112k}<}E"3 ( )

All that is needed in principle is to replace the K’s in Eguation (25) by their values

; - H
averaged over the vertical extent of the source: K, = ?‘[ o K dz.
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Rayleigh Waves
We write the seismic displacement at any depth, u, = [y, as the sum of its
components in the inhomogencous P and § waves making up the Rayieigh wave:
iy = Iy = de ™7 + Be ¥¥ | (40)

where the values 4 = —1.6119 ¥} B = 0.9300 Y; y = 0.8475/C; 6 = 0.3933/C are
obtained from elementary Rayleigh wave theory for a homogencous half-space. It is
straightforward to derive, for example, a correction @ to the coefficient &,

Lo 1 4
S A+BTT (A+BHw |v

R i2sd B (1
(1= @)+ = (1 = e ) (41)

which is used to replace K in (25) with

- y-b o1
Ky = Ky®; = —0.0034—

= @y 42
azp, C ? (42)

A similar expression could be derived for the coeflicient Ky, and a finite value (going
to zero for i — 0) for K. The resulting energy of the maltiplet is then substituted
into (28) for the integration over [requency. For the low-frequency part of the
spectrum, the various integrals are merely exponential functions, and the compu-
tation is easy. For example, the term involving K; wili be

R . ity B Nk
Eyy = (0.0034) R EESE CWHz‘f ;(1 — e to{le | dw
0

(43)

The details of the computation, available from the author on request, are of little
interest: note however that since /f scales with the seismic source, the product
H - w./C = & = 1.38 remains invariant with My. As such, the various exponentials in
the coeflicient @, (41) are always integrated to a coustant argument, ¢.g.,
—ayH = —1.17; —2w,86H = —1.09; this property stems from the trivial observation
that the corner frequency scales inversely to the linear dimension of the source. As a
result, all integrals of the exponentials in (43) are proportional to ¥Y?/H, and Eir
scales as MZ/H?, or My. As for the high-frequency part of the spectrum, it requires
the computation of the exponential integrals

E;(x) = / e d ({=6) (44)
1

{e.g.. ABRAMOWITZ and STEGUN, 1965; p. 228), all arguments x being constants of the
type w.yH, which are invariant under scaling of the source. The end result is that the
coerrected value of the energy excited into the Rayleigh wave can be written as:
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avlei . M (0.0162
EROEER — 00162 U?C (HEmax) = - (M - &max) = 0.0207(Mo - &max) - (45)

&

We conclude that taking into account the finite depth of the source does not alier the
scaling of energy with moment, but merely amounis to cutting the fraction of encrgy
excifed inte the Rayleigh wave by a factor of 4. This number is not unreasonable,
given that, at the corner frequency where spectral amplitude is maximum, the vertical
extent of the fault is on the order of 0.5 to 1.2 skin depths of the shear and
compressional potentials, respectively, so that the amplitude of the sigenfunctions is
cut on the average by a factor exp(0.8) = 2.2; the energy should be cut by a factor of
about 5, but some gain is achieved by allowing a contribution from the dip-slip
cocfficient K.

Tsunamis

The computation In the case of a tsunami proceeds in a conceptually similar
fashion. For example, the structure of the pseudo-Rayleigh wave in the half-space
leads to

o= s = P (07 o) (46)

the coefficients 45 and B3 being now

Ay = — 2« Y

N R TE IV  pe N ey .
2 2V — k3T - x2/3

L=

(Zﬁlcz)zméi\/]—xz\/l—xz/?y

and the skin depth coefficients

L YT=RB S Vi (48)
oo ¢

An additional difficulty arises in the limit x < | {typically x = 0.06 for tsunamis)

since both 43 and B; are of order k%, and hence a formulation such as (46) consists

of subiracting two very large terms to find their finite difference, a notoriously

unstable computational procedure. Nevertheless, the careful expansion of {46} in the

vicinity of x — 0 can yield important results.

The deep point source double-couple. Before examining the influence of finite depth
penetration on the genecration of tsunami energy by a shailow dislocation source, we
address the more general question of the variation of tsunami excitation with depth
by a point source double-couple. This is an important matter, since it has often been
assumed that only the shallowest sources, namely within a few km of the ocean floor,
can excite significant tsunamis, including in the far field.
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While the representation (46¢) is similar to the case of standard Rayleigh waves,
we note that since x = C/f < 1, both y and & are close to 1/C, and both potentials
{as well as all combinations thereof, including excitation coefficients) decay with
depth essentially as e=**/“. This means that the skin depth of the pseudo-Rayleigh
wave 1s comparable to the wavelength of the tsunami, typically hundreds of km. As a
consequence, tsunami excitation in the far field is not significantly decreased in the
first few tens of km inside the Earth. This result was obtained by OxaL (1988) on the
bagis of the computation of individual normal mode selations (his Fig. 7), but was
not previously rationalized theoretically. Although arguably not intuitive, it explaing
the generation of tsunamis detectable in the far field by intermediate depth
earthquakes, such as the Tonga event of 22 June 1977 (TALANDIER and OkaAlL, 1979;
LUNDGREN and OkaL, 1988).

In particular, the contribution of the K, terms to the energy of a multiplet excited
by a point-source double-couple at depth 2 is then

e 7 — s —wdn 2
Emuhiplet{z) v —M -1- (A3€ 4+ Bae ')b") . (49)

This formula generalizes (27} to any focal depth z. (Note that if z — 0, the bracket in
(49} goes to Y2 /16, leading to a constant 1/(576 x), which is half that in (27), since we
have not accounted for the £, terms.)

The shallow source extending at depth. We proceed to average (49) (and similar
terms emanating from Ky and K) over depth (z ranging from O to f), and then to
miegrate over frequency, leading to

361 W UCH? | w S
0

i
i

3 2 2
Mf} png 1 (fﬁ (1 _ e”(u“,'{[) +& (1 - e---corﬁﬁ)) da (50)

as the fow-frequency {w < w.) part of the Ky terms of the energy integral. When
comparing this expression with (43), note the additional factor 1/w in the integrand.
It leads to & more complex set of exponential integrals of the form

H — el _ e—bt
la.b(j) = /(i ):1 )dt : (51}
0

Specificatly, the integral in (50} is a sum of terms of the form %}f;:iiwﬁu(cfc) where 4’
and 4" are cither 45 or 83 (given in (47)), and 7" and 7" either y or & (given by (483},
and the variable &, = w . /C is invariant upon scaling of the source (note that its
value is larger in the case of a tsunami (£ = 9.8) than for a Rayleigh wave). The
leading terms in (50) can be evaluated by expanding 43, B3, v, and & in the vicinity of
x = (. 1t is found that the integral in {50} is equivalent to
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When the other terms (governed by Ky and K1) are included, the total low-frequency
part of the integral adds to:

Mn 2.6C [33 23} ‘ (53)

E 102
= 3en eum |3 e T

As for the high-frequency part of the cnergy, it takes the form {again wriiten for the
K; terms only):

ME pug?? 71t A3 B o\
E,r 20 w 1 — wf),:H +220 — Ik da . 54
WO " 36 RUCH? [ b ( ) 8 (=) ’ (54)
[N
In principle, this amounts to 4 combination of exponential integrals E;(x) whose
arguments x are combinations o Hy and w.H{y + 7). Careful expansion near
xk — 0 shows that the leading term of the integral in (54) is

T4y B\® Oy
6(+(5> o 96 (55)

When the K, and &, terms are included, this expression becomes (33/48) €Y7, and
the total energy of the tsunami wave {replacing Equation {31)):

. MR pug 33 3 35
- il e . T e . 56
B Sen s |3 e — g (56)
1t still formally depends on the ocean depth /4 through the variable &, = 9%’:'3 2,

which would vary from 9.8 for A=3 ki, to 14.5 for 2= 1500 m. The corresponding
valaes of 1) ;, computed by expanding the integral into an alternating series, are 2.08
and 2.56, suggesting only a minor dependence. We then obtain for the 5-km ocean;

M2
— 6.328 % 6; : _‘;};”2 ’>19’;f§ 23 M A0 ()
it Mg is in dva-cm and E in ergs. With respect to Eguation (31), depth averaging
results in a correction of only 30%, which 1s explained by the generally slower decay
of the eigenpotentials with depth, as compared to Rayleigh waves. Note in particular
that £ no longer formally depends on the depth & of the oceanic column, because of
the slow variation of 1; ; in the range of values considered. We can regard (57} as the
final expression of the energy of a far-field tsunami generated by a dislocation of
moment My, as predicted by normal mode theory.
It is rather difficult to assess the accuracy of this formula, because there does not
exist, to our knowledge, a universal experimental method for measuring the energy of
large transoceanic tsunamis. As summarized by Tipa (1963), various methods have
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been used in this respect, which fall basically into two categories: (i) attempts at
integrating backwards to the source the kinetic energy flux estimated from tidal
gauge records at distant stations; and (ii) using some form of scaling law relating
tsunami energy to earthquake magnitude. Obviously, only (i) can be considered an
independent physical measurement of the energy of the tsunami wave. On Figure 2,
we compare the values predicted by (57) to those reported by ¥ipa (1963) as having
been obtained following (i). The large scatter reflects the poor quality of those
measerements, which likely included near-field observations, and could have been
affected by site response at far-field tidal gauge stations.

A more remarkable result is the total similarity of the corrected expression (57)
with KATIURA's (1981} formula (12) (see Equation (32)), which he obtained from the
computation of a purely static deformation field. In this respect, the present
derivation represents an interesting example of the power of the normal mode
formalism to dircetly handle the coupling between liguid occan and solid Eartk. On
the other hand, the corresponding value of Fi,. equivalent to (57} remains too high.
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Comparison of values of tsunami energy obtained from (57} with estimates identified by Iipa (1963) as

obtained from energy flux computations. Only those events for which a seismic moment is available in the

literature (Kanamor:, 1972b; OKAL, 1992} are used. The energy values resulting from (57) are plotted as
solid dots; values reporied by lipa (1963} are shown as triangles.



Vol. 169, 2003 Mode Energetics for Far-ficld Tsunamis 2213
6. Direciivity

We examine here in very general terms the directivity patierns of tsunamis
generated by both dislocations and landslides. We recall that the azimuthal dependence
of the ampiitude radiated by a seismic source — dislocation or landslide — is affected
both by the orientation of the source (resulting in the preferential excitation of the
varicus azimuthal orders min {6)), and by the spacio-temporal evolution of the position
of the source. The former, called radiation pattern, is a point-source property; the latfer,
called directivity is rooted in the finite dimension of the source. We refer to Ben-
MrNAHEM (1961) for the definition of the directivity function DIR generated by a
source of length L, moving at a velocity Vi (“rupture velocity”) in the azimuth ¢ from
the direction of observation in the far field:

DIR(¢) = "%X P (Ewcosqs) . (58)

The parameter DIR is to be multipiied into the spectral amplitude predicted in the
azimuth ¢, as given by (7) or (17). Its expression resulis from the simple
decomposition of the moving scurce inio an integral of elementary sub-sources

frequencies requires X =0.

in order to develop a significant directivity pattern, two conditions are necessary
in (58). First, the ratio wl,/Ve must be large, in other words the duration of the
source, Ly /Py must be at least comparable to the period of the wave; otherwise the
source can be regarded as instantancous, and all values of X are small, regardless of
¢. Second, the values of X must change significantly with the azimuth ¢, which
excludes the case C = Fp . These simple remarks lead to fundamentally different
regimes, depending on the ratio F/C, which have fundamental application to
tsunamigenic events.

* Jf the rupture is “sonic,” ie., Vi comparable to C, then (38) is maximum for
cos ¢ = T or ¢ = (1 in the direction (and sense) of rupture, the interference between
all elements of the source is constructive and the amplitude maximum. This is the
classical case of seismic surface waves from large earthquakes featuring conventional
rupture, for which C = ¥ = 3.5 to 4 km/s {Figure 3a).

* If the rupiure Is hypersonic, ie., Vg > C, then X =10 has the exact solution
cos¢p = C/Vp < 1, essentially at right angles from the rupture. This is the case of
tsunamis generated by large seismic dislocations (typically, Fp/C=13), as first
exemplified by Ben-MEenaunMm and RosenmMan (1972) in the case of the 1964
Alaskan earthquake. OxArL and TavranpiErR {1991) later discussed the width of
the directivity lobes and concluded that tsunamis had generally much narrower
lobes than the mantle waves generated by the same dislocations, as iilustrated on
Figure 3b.
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RAYLEIGH 126 s TSUMAMI 900 &
Lf = 200 X Vr = 3.5 km/s L = 200 3m; Vr = 3.5 km/s

(a) (b)
RAYLEKEH 250 = TSUNAME 900 5
Lf = 200 km; ¥r = 1.0 km/y L = 200 kmy; ¥r = 1.9 km/s
{c) {d)
TSUNAMI 800 8 TSURAMEL 200 5
0= 30 ke v = A0 m/s B = 100 km; v = 120 m/s
(e) €]

Figure 3
Theoretical directivity patlerns computed for a number of (sunamigenic sources. Al diagrams are

DIR = 1, by steps of 0.2 units. In the top diagrams, a conventional dislocation source of length
Ly = 200 ko is rupturing to the right. {a): Rayleigh waves at 250 s; (b) Tsunami waves at 900 5. Note the
narrower lobe, oriented about 90° from the ruptare. In the central diagrams, we consider a slower rupture
(“tsunami earthquake”); note the destructive interference of mantle Rayleigh waves {¢), and the essentially
unperturbed digram for tsunamis {d). In the bottom diagrams, we consider the tsunami wavefield of a
landslide source, which moves towards the bottom of the figure, we consider a shallower ocean with
C = 120 m/s. Note in {2} the destructive mterference in all azimuths, (/) Only for unrealistic values of the
velocity ¢ does a2 constructive interference become possible; it does not, however, feature a narrow lobe
) comparable to those in (b and {d).

* If the rupture is subsenic, Le., ¥V < C, then there is no solution to cos ¢ = C/ ¥,
and interference is destructive in ali azimuths (Figz. 3e). Only at the longest periods,
much greater than the duration of the source, can it become constructive, but then
DIR — | for all ¢; azimuthal directivity is never present.

In this very general and classical framework, we discuss two special cases of
relevance to tsunami genesis.

e We first focus on the so-called “tsunami earthguakes,” generating tsunamis of
disproportionate amplitade relative to their conventional seismic waves. Such events,



Vol. 160, 2003 Mode Energetics for Far-ficld Tsunamis 2215

which include the 1946 Aleutian and 1992 Nicaraguan earthquakes {(KANAMORI,
1972a; KaNAMORT and KIKucH!, 1993}, have been atiributed to an exceptionally
slow rupture along the fault plane, due either to propagation in a sedimentary wedge
{FukAO0, 1979), or to a jerky mode of rupture in the presence of asperities on the fault
{TANIOKA et af., 1997), with proposed velocities V; as low as 1 km/s (POLET and
KaNamori, 2000). For such values, the rupture becomes subsonic for Rayleigh
waves, with the smallest value of the parameter C/Fp —cos¢ being 2.5. For
Ly = 200 km, the function DIR remains less than 0.5 in all azimuths for T < 250 s,
resulting in destructive interference across the conventional seismic spectrum (Fig.
3¢). However, the rupture remains hypersonic for tsunami waves (Vz/C = 5), which
keep a very strong directivity pattern (Fig. 3d}, the lobes being slightly displaced
(about 10 to 15°) away from the direction perpendicular to rupture. The conclusion
of this remark is that all large dislocation sources, however slow their rupture may
be, generate tsunamis featuring strong directivity.

» The situation is quite different in the case of Jandslides. The evolution of an
underwater landslide is obviously a more complex and kss well understood process
than that of a seismic dislocation, since the texture and cohesion of the material may
change with time, for example during the development of a turbidity current.
Nevertheless, there is ample evidence that large underwater landslides may occur
over several tens of km (e.g., Lep, 1989), and possibly hundreds of seconds,
occasionally thousands if & turbidity current is involved, as documented for example
by the relative timing of cable breaks (Mrezen and Ewing, 1952, 1935). In this
framework, and as a simplified model, Equation (58) can be used with L, being the
total displacement D of the slide, as defined in Section 2, p. 10, and ¥ the velocity of
the moving block, calied v in (37). ;

In Figure 3e, we present a directivity patiern computed for D = 30 km and
v = 40 m/s. These figures are taken as possibly representative of the landslide
proposed for the 1946 Aleutian event. However, the value of v must be regarded as
an upper bound cn physically acceptable material velocities during underwater
landslides. For example, in the casé of the 1929 Grand Banks carthquake, PIPER e7 al.
(1985, 1989} have estimated velocities of 10 to 20 m/s, both inside the valleys
channeling the initial slump, and later in the turbide phase on the abyssal plain. On
Frames (¢) and ({f}, the source is moving to the bottom of the picture, to ease the
comparison with the dislocation cases (earthquake rupture will propagate along the
coastline, and landstides along the steepest gradient, expected to at right angles to
the coast). We conclude that the parameters DIR remain small, expressing destructive
interference in all azimuths. In ([), we investigate theoretically the unrealistic case of a
sonic fandslide in a shallow source region {v = € = 120 m/s). The interference
becomes constructive in the direction of the slide, but the {obe is broad; it would take
a totally uaphysical value of the velocity, v = 250 m/s, to develop a large, nasrow
lobe in the far field, which, incidentally, would then be at right angles from the
direction of shiding.
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The conclusion of this section is that azimuthal directivity can be a robust
discriminant between dislocations and landslides as generators of tsunamis in the far
field. The presence of narrow lobes of strong low-frequency amplitude at fransocs-
anic distances requires generation by a conventional dislocation.

7. Conclusion and Perspective: The 1946 Aleution Tsunami

We have obtained theoretical results based on normal mode theory allowing the
comparison of the efficiency of landslides and dislocations as generators of far-field
tsunamis. We show that the modeling of tsunamis generated by landslides will be
strongly affected by the quadrupolar correction derived by DanLen (1993), which
can add a factor of 50 to 200 to the monopole force used to model the landslide. We
find that landslides are always deficient generators in the far fiekd; the bulk of their
spectral amplitude is generated in a range of frequencies where significant dispersion
acts to lessen the resulting amplitude of the wave. We obtain general formulae scaling
the total cnergy carried in the far field by a tsunami wave with the size of the source;
in the case of dislocations, we are able to reproduce exactly {except for a numerical
factor) the expression proposed by KAnura (1981) using an approach based
exclusively on static deformation of the ocean floor, and in particular the scaling of
energy with Mg"“}. Finally, we show that, within acceptable ranges of their kinematic
parameiers, landslides cannot generate strongly lobed directivity patterns in the far
field. Their observation can thus be regarded as a robust discriminant of the nature of
the tsunami source.

The conclusions obtained in this paper provide a framework for discussing the
possible sources of the great 1946 Aleutian tsunami. We recall that this event was
catastrophic both in the near field, where it eradicated the Scotch Cap lighthouse,
and i the far field, where it destroyed waterfronts in Hawaii, at a cost of 159 human
fives, and wrought destruction in the Marquesas Islands and possibly as far away as
Antarctica. Recent fickd work based on the interview of elderly witnesses and on the
surveying ol preserved watermarks, as well as ongoing seismoiogical investigations
have quantified the following parameters:

(a} In the near field, runup reaches 42 m at Scotch Cap on Unimak Island and such
values are concentrated along approximately 35 km of coastline (PLAFKER ef af.,
2002);

(b) In the far field, runup reaches 16 m in Hawaii (LANDER and LOCKRIDGE, 1989),
and between 6 and 13 m in the Marqguesas and Easter Island (OkAL et al., 2002),
these values being measured overiand, i.e., outside river beds:

(¢} Runup is much lower (2.7 m) at Juan Fernindez Island, suggesting a farge
azimuthal variation between this location and Faster (OKAL er al., 2002);

(d) The seismic signature of the event is exceedingly slow, making the precise
determination of its source parameters difficuls. Mantle surface waves stggest a
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seismic moment of at least 5 x 10%* dyn-cm (measured around 200 s), but the

absence of multiple passages on Wiechert records at Uppsala rules out a further

growth of this figure beyond 10%° dyn-cm (OKAL, 1992).

{e) The relocation of all aftershocks of the 1946 event suggests a fault length

Ly = 200 km (OgaL and Lopez, 2002).

As detailed by OxAL er al. (2002), the small tsunami amplitude at Juan
Fernandez, as compared to Easter and the Marquesas, requires a strong directivity
effect focusing the energy of the tsunami in the azimuths 150:£ 15°, which as
discussed in Section 6, is incompatible with generation by a landslide (note that our
examples were computed at 900 s, the dominant period observed on far-field
marcgrams and reported by witnesses). Alse, and as discussed in Section 3, the
amplitudes of the tsunami in the far field are much too large to be explained by a
landstide of an acceptable volume. Thus, the far-field characteristics of the 1946
Aleutian tsunami rule out its generation by a simple landslide. On the other hand, the
extreme amplitude of runup in the near field 15 more than 6 times larger than any
acceptable value of the slip Au on the fault, and its distribution along the near-field
coast is incompatible with generation by a dislocation (HoFFMAN ef af., 2002). We
present as an inescapable conclusion that both phenomena - a large slow earthquake,
and a major fandslide — must have occurred concurrently during the 1946 Aleutian
event.

Appendix 1: Corner Frequency as a Function of Moment

In this section, we derive an estimate of the scaling of the corner {requency w,
with moment My, in the framework of GELLER (1976). Starting with his Equation (6),
we study the evolution with frequency of the finiteness function

gsin wy, SIB@Y sinwyy

¥ . : (A1)
£ WY, Yy

where 1 is rise time, L, source length and W source width, y. =1t/2, ¥, :%’—q
(obtained by averaging the classical expression of directivity over azimuth), and
W Ly

W
W ppr = e § S 1 y e T 2
o = 5 (fcos psindl) = (A2)

(obtained from GELLER (1976) after noticing that one averages the trigonometric
function over the sphere, first over azimuth ¢ (2/=), then over colatitude & (1/2). In
these formulae, C is phase velosity, ¥y rupture velocity, Ly fault length, and ¥ fault
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At long periods {w — 0}, ¥ — 1. At short periods {w -+ oo), ¥ is at most

1 o Sﬁ%gc

_ ) Al
(‘UXI . (’UXLJ S WOY (1)3 . ’L"L? ( )

In scaling the source, we assume that the strain release, £ has a constant value
corresponding {o the threshold at which rupture takes place in the rock, emax, which
we take as 1074 Then the displacement Aw along the fauit plane is approximatety
Emax W OF Al = &y "7’, and the seismic moiment

1 i
ﬁﬁmaxs:i/z = Z“[‘j‘gmax ) {Ad)

V2

My = pSAu =

the constant 1/4 changing only slightly according to the geometry of ruplure.
The rise time 7 can be related to fault size through

_ 2L (A5)
T f
which follows from GELLER’s (1976) Equation (5) by setting L, = 2W. Hence,
V /2 I’Rcﬁfuamax ......... We 3
Bt _ (0 a0
if we define
sio (Ve 1/3 e B3
= 7B 2y LR R s . AT
o () (5 w

If we further assume a constant ratio between rupture and shear velocities,
Vp/B = 0.8, we obtain finally

1375 ]r; HEmax i
= (7/5)" B ( ) . (AS)

2178 M,

¢ In the case of Rayleigh waves in a Poisson solid, x = \/;—2/\.5 = 09194,
and thus for a typical event in the upper mantle (u=7x 10" dynjem?;
= 4.6 km/s),

e =477 x 1080, or T 132 1078 My (A9)

where o, is in rd/s (T, in 8), and My in dyn-cm. y
. _ !
e In the case of a tsunami wave, kx = C/f = ﬁfi) , 80 that

, 1/3
T O GhEmax

My
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For an ocean of depth 5 km, and with the same parameters as previously used,
w. =178 x 108M;'7 or  T.=3.53x 1078 M) (A11)

The corner frequency for tsunami waves is about (.4 times that for Rayleigh waves.
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