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The characteristics of a tsunami generated by a submarine landslide are mainly determined by the volume, the initial acceleration, the maximum
velocity, and the possible retrogressive behaviour of the landslide. The influence of these features as well as water depth and distance from shore are
discussed. Submarine landslides are often clearly sub-critical (Froude number <<1), and it is explained that the maximum tsunami elevation gene-
rally correlates with the product of the landslide volume and acceleration divided by the wave speed squared. Only a limited part of the potential
energy released by the landslide is transferred to wave energy. Examples of numerical simulations with fractions of 0.1-15 % are presented. Fre-
quency dispersion is of little importance for waves generated by large and sub-critical submarine landslides. Retrogressive landslide behaviour nor-
mally reduces associated tsunami heights, but retrogression might increase the height of the landward propagating wave for unfavourable time lags
between release of individual elements of the total landslide mass. Tsunamis generated by submarine landslides often have very large run-up heights
close to the source area, but have more limited far-field effects than earthquake tsunamis. It is further shown that the combination of landslides and
earthquakes may be necessary to explain observed tsunami behaviour. The various aspects mentioned above are exemplified by simulations of the
Holocene Storegga Slide, the 1998 Papua New Guinea, and the 2004 Indian Ocean tsunamis. Comparisons are also made to tsunamis generated by
rock slides. Rock slides are most often super-critical and the resulting tsunamis are determined by the frontal area of the rock slide, the impact vel-
ocity of the rock slide on the water body, the permeability of the rock slide, and the bathymetry.
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Introduction

Wave formation and propagation due to submarine
landslides are complex phenomena that may be divided
into four parts: Landslide dynamics, energy transfer
from landslide motion to water motion, wave propaga-
tion in open water, and wave run-up along the shores.
This paper focuses on the energy transfer from lands-
lide motion to water motion, i.e. the generation of tsu-
namis by submarine landslides.

Tsunamis are surface waves due to an impulsive pertur-
bation of the sea, having features intermediate between
tidal waves and swell waves in the spectrum of gravity
water waves. Submarine landslides, in addition to sub-
marine earthquakes, are the principal cause of large
tsunamis. Earthquakes can play an indirect role as the
landslide triggering mechanism. The distinctive charac-
teristics of landslide and earthquake generated tsuna-
mis are discussed, as is the special case of landslides
(rock slides) which initiate from subaerial slopes before
entering a lake or the sea.

In agreement with Hampton et al. (1996) and Masson

et al. (2006), the term ‘submarine landslides’ is here
used as a general term for submarine high density flows
(slides, slumps, debris flows, mud flows, granular
flows), driven primarily by gravity.

The first part of the present paper describes how vari-
ous submarine landslide parameters influence wave
characteristics, with emphasis on the importance of
sub- or super-critical landslide velocities. Brief sections
on the importance of two-way landslide/wave coupling,
frequency dispersion, and retrogression are also inclu-
ded. Subsequently landslide tsunamis are compared to
tsunamis generated by earthquakes and rock slides.
Herein is also included a discussion on effects of comb-
ined earthquake/submarine landslide sources.

Although large-scale submarine landslides are rare, tsu-
namis of various origins are relatively frequent in a glo-
bal perspective. With the dramatic consequences in
mind, tsunamis must be considered a high-risk geoha-
zard. Risk assessment of tsunamis generated by subma-
rine landslides includes both geotechnical and geologi-
cal considerations for the probability and the tsunami-
genic power of the landslide, as well as tsunami evalua-
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tions for determination of the consequences in terms of
spatial distribution and run-up heights of the waves.
Because submarine landslides are rare on a human
timescale, unpredictable, and almost impossible to
observe and instrument, numerical modelling is seen as
one of the key ways forward, both for understanding
the submarine landslides themselves and for the predic-
tion of landslide tsunamis. Aspects of tsunami risk
assessment and challenges related to numerical model-
ling of tsunami generation by submarine landslides are
discussed by Masson et al. (2006).

Tsunamis generated by submarine

landslides

Tsunamis generated by submarine landslides can most
often be classified as long waves as most of the energy
transferred from the landslide to the water motion is
distributed on waves with typical wavelengths much
larger than the characteristic water depth. From this
assumption it follows that the pressure is approxima-
tely hydrostatic and that the vertical variation of the
horizontal velocity is small. The particle motion is then
approximately uniform over the entire water column
and effects of frequency dispersion (see below) can be
neglected.

The characteristics of tsunamis generated by submarine
landslides depend primarily upon the volume and the
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dynamics of the sliding masses, as well as the water
depth. The initial acceleration (Lovholt et al. 2005;
Haugen et al. 2005; Grilli and Watts 2005) and the
maximum velocity (Ward 2001; Tinti et al. 2001) of the
submarine landslide are particularly important. Also
the friction on the landslide/water interface might be
important (see, e.g. Harbitz 1992).

In the following we label the linear long-wave speed at a
water depth h as ¢, = (gh)"”, g being the acceleration of
gravity. A Froude number Fr is then defined as Fr =
u/c,, where u is the landslide speed. Sub-critical, critical,
and super-critical landslide motion are then defined as
Fr < 1, Fr = 1, and Fr > 1, respectively. Moreover, the
surface elevations and landslide thicknesses are defined
relative to the water depth, that is ), = n/h and d. = d/h,
respectively.

Effects of submarine landslide parameters for clearly sub-
critical motion

Submarine landslides are often clearly sub-critical, i.e.,
the Froude number is much less than one. This implies
that the tsunami will run away from the wave-genera-
ting landslide, limiting the build-up of the wave.

The wave pattern introduced by a sub-critical landslide
spreads out within a certain sector as displayed in the
simulations of the Storegga Slide by Bondevik et al.
(2005), and appears as a characteristic, symmetric sic-
kle-shaped surface elevation followed by a surface
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Fig 1: Perspective of
the Storegga slide tsu-
nami, surface elev-
ation after 30 minutes
of simulation. The
colourbar shows the
surface elevation in m.
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Fig 2: Schematic represen-
tation of the slide model by
Haugen et al. (2005), for a
slide with a slower accele-
ration (initial acceleration
a,) than deceleration (final
d deceleration a;). The wave
generation by a) the front,
b) the rear, and c) superpo-
sition of a) and b). The
figure shows that the maxi-
mum  surface elevation
generated in this example
is due to slide deceleration.

depression, Figure 1. The effects of dispersion are negli-
gible for such large landslides, see below.

For strongly sub-critical landslide motion (Fr << 1), the
maximum surface elevation generally correlates with the
product of landslide volume and acceleration divided by
the wave speed squared, whilst the elevated water volume
correlates with the product of the landslide volume and
the Froude number (Lovholt et al. 2005).

The reasons behind this scaling behaviour, i.e. the effects
of landslide dimensions and dynamics, were demonstra-
ted by Haugen et al. (2005), by considering a block with
uniform thickness moving on a horizontal seabed with
constant velocity. Ignoring dispersion, the length of the
block affects only the wavelength, while the surface elev-
ation is determined by the thickness of the block, the
landslide velocity, and the wave speed (which again
depends on the water depth). Secondly, a more complex
velocity distribution was introduced, where the landslide
accelerated from rest, demonstrating how the landslide
length now influences both the wavelength and the sur-
face elevation. They also showed how a higher accelera-
tion implies that the frontal wave reaches a larger elev-
ation. Similarly, an abrupt deceleration might also con-
tribute to larger surface elevations, see Figure 2. In con-
trast, an elongated run-out as a result of less abrupt
deceleration implies reduced wave heights. Since the first
positive wave propagating in the opposite direction of
the submarine landslide (normally landward) is genera-
ted in this deceleration phase, this wave will also be gene-
rated further offshore and in deeper water as a result of
elongated run-out. This can cause either lower surface
elevations along the coast as a result of more room for

radial damping, or higher surface elevations as a result of
shoaling from deeper to shallower waters. More preci-
sely, the surface elevation for a non-dispersive wave spre-
ading radially over a distance r is proportional to h™r"”,
Finally, an elongated landslide velocity profile delays the
appearance of the first positive landward propagating
wave and hence reduces the chances of constructive
interference along the coast.

Grilli & Watts (2005) found that assuming a realistic
maximum displacement for a slump, everything else
being equal, the slump generates smaller tsunami sur-
face elevations and wave lengths than a corresponding
slide, particularly in the far-field. With identical initial
acceleration, tsunami characteristics of similar slides
and slumps are initially similar, but differences arise
since the acceleration phase lasts longer and the displa-
cement is larger for a slide. Grilli & Watts (2005) also
found that landslide deformation may enhance tsu-
nami generation (particularly in the far-field), see also
section on retrogression below.

Extension to critical and super-critical submarine lands-
lide motion

Submarine landslide motion in shallow waters is often
characterised by a higher Froude number, since the
speed of wave propagation is lower here. This implies
higher waves. Moreover, shallower water normally
means less distance to the coast and a shorter distance
available for radial damping.

In Ward (2001) wave generation for sub-critical, criti-
cal, and super-critical submarine landslides was investi-
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gated with a frequency domain method for linear full
potential flow. An example with constant water depths
and constant landslide speeds omitting effects of accele-
ration and deceleration is reviewed here. Landslide geo-
metries were limited to solid blocks of finite widths,
lengths, and thicknesses. The maximum relative surface
elevation generated by the landslide, here labelled 1,
was then investigated as a function of the Froude num-
ber. Not surprisingly, as shown in Figure 3, Ward (2001)
found increasing values of ],... for sub-critical landslide
motion, reaching its maximum at Fr = 1, while for
super-critical landslide motion, ;... slowly decreases to
unity for large Fr. For Fr << 1, a linear relation similar
to Lovholt et al. (2005) was found. Figure 3 also shows
that 1),... increases for large widths and lengths, and that
Nsmex increases with decreasing depth. The wave patterns
found by Ward (2001) for critical landslide motion
revealed a large surface elevation located at the landslide
front that totally dominated the solution. For Fr = 0.5
this effect is much less pronounced, but still the surface
elevation close to the landslide front is clearly larger
than the surface elevation close to the landslide rear due
to the Doppler shift. Similar Doppler shift effects were
also found by Haugen et al. (2005).

Tinti et al. (2001) studied sub- and super-critical subma-
rine landslide motion for constant landslide speeds using
the shallow water approximation neglecting dispersion.
The waveforms are in agreement with both Ward (2001)
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Fig 3: Scaled surface elevation 1, plotted versus Froude number
(from Ward 2001). For critical slide velocities (Fr = 1), strong ampli-
fications are observed for various slide scenarios.
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and Haugen et al. (2005). Waveforms were computed for
a rigid (non-deformable) landslide for both variable and
constant depth. For the constant depth the mean value of
the variable depth was taken. The comparison of the
waveforms for variable and constant depth at different
times of the simulation gave only minor discrepancies
for both sub- and super-critical landslide motion (see
Tinti et al. 2001; their figures 6-8). This also supports the
observation that the initial stages are most important for
the wave generation, as discussed above.

Critical landslide motion at water depths larger than h
= 1000 m requires landslide speeds around 100 m/s,
which are considered unlikely. As an example, De Blasio
et al. (2005) performed numerical simulations for the
Storegga Slide that occurred on the continental slope
off western Norway around 8200 years ago and is one
of the largest and best-studied submarine landslides on
Earth (Bugge et al. 1987; Bugge et al. 1988; Haflidason
et al. 2003; Haflidason et al. 2004; Haflidason et al.
2005; Bryn et al. 2005; Kvalstad et al. 2005). They found
a maximum velocity of #,... = 60 m/s for h = 1500 m
(corresponding to Fr = 0.5). The maximum velocity
was obtained assuming low seabed friction due to
hydroplaning introduced to reproduce the observed
run-out lengths. Although the maximum speed found
for the Storegga Slide was large, tsunami generation
was still clearly sub-critical. However, critical and
super-critical effects cannot be excluded for submarine
landslides in shallower water, especially for steep slopes
causing high landslide velocities. For rock slides, critical
effects will always be of large importance, as rock slide
speeds are often large, and water depths at impact are
generally small (see below).

Two-way landslide/water interaction

Only a limited part of the potential energy released by
the landslide is transferred to wave energy. According to
Ruff (2003), energy conversion can range from essenti-
ally zero to about 50 % as a practical upper boundary
for reasonable geological and hydrodynamic parame-
ters. Calculations of the wave energy for the Storegga
Slide tsunami as simulated by Bondevik et al. (2005), cf.
Figure 1, reveal that the fraction here was about 0.1 %.

The transmission of landslide energy to wave energy
causes a wave resistance to the landslide motion. If for
example 10 % of the initial potential energy of the
landslide is transmitted to wave energy while the lands-
lide accelerates to its maximum velocity without other
energy losses, simple calculations reveal that wave resis-
tance causes a reduction in this maximum velocity of
roughly 5 % relative to the maximum velocity obtained
with no wave resistance. Including other energy losses
due to bed resistance, etc., increases the relative reduc-
tion in maximum velocity due to wave resistance.
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Fig 4: Waves generated by a
rigid submarine landslide
for a dispersive and a non-
disperisve model for con-
stant velocity with abrupt
start and stop. The lands-
lide corresponds to a two-
dimensional version of the
E5 slide defined by Lovholt
et al. (2005).
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Jiang & LeBlond (1992) discuss the two-way coupling
of a submarine landslide (treated as the laminar flow of
an incompressible viscous fluid) and the surface waves
which it generates, i.e., how the submarine landslide
generates the waves and at the same time how the pres-
sure field established by the waves influences the dyna-
mics of the landslide. They find that such a two-way
coupling is of importance only for small flow-to-water
density ratios and only for large flow-to-water depth
ratios. The two-way coupling has most influence upon
the thickness of the landslide. As an example, a flow-to-
water density ratio of 1.2 and depth ratio of 0.4 imply

5-15 % reduction of flow thickness compared to a one-
way coupling. Moreover, the effects are small on the
maximum velocity of the flow, but the front velocity is
reduced by 20 %. The water particle velocities are smal-
ler than the flow particle velocities and are thus less
influenced by two-way coupling. The ratio of wave
energy to loss in landslide potential energy is more
strongly influenced; a maximum value of 15 % is
reported for a flow-to-water density ratio of 1.2. Alt-
ogether two-way coupling is important if the frontal
flow-to-water depth ratio exceeds 0.4 and the flow-to-
water density ratio is less than 1.2. Typical values for
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actual submarine landslides are flow-to-water depth
ratio < 0.1 and flow-to-water density ratio > 2. In other
words, two-way coupling is of little importance in most
practical applications of tsunamis generated by subma-
rine landslides.

Dispersion

Frequency dispersion of waves implies that the wave
speed depends also on the wave-length and must be
considered when the wave-length is not much larger
than the water depth. Effects of dispersion for tsuna-
mis generated by submarine landslides are discussed by,
e.g., Ward (2001), Lynett et al. (2003), and Haugen et al.
(2005). The errors made by using a Green’s function
approach for linear non-dispersive waves compared to
a linear fully dispersive analysis were demonstrated by
Haugen et al. (2005). Figures 4 and 5 demonstrate how
dispersion is important for landslides with rapid acce-
leration or deceleration producing a large content of
short wave-length components, while dispersion is of
less importance for landslides with a smooth (sinusoi-
dal) velocity distribution where large wave length com-
ponents dominate. As stated above, the total wave-
length is determined by the length of the landslide.
Hence, dispersion is of little importance for waves
generated by large and sub-critical submarine landsli-
des with moderate acceleration and deceleration pro-
ducing waves much longer than the water depth. Defor-
mation of the landslide will increase the wavelength
and reduce dispersive effects (Grilli & Watts 2005).

Retrogression

Retrogressive submarine landslides differ from rigid
block slides by gradual or stepwise release of the mass
progressively upslope from the bottom end of the release
zone. The total mass in motion is then a function of
time. Haugen et al. (2005) modelled a retrogressive sub-
marine landslide at constant depth, using a simplified
approach. The landslide of total length L consists of a
train of N fixed block slides released at different times ¢,
but moving with identical velocity distributions. For
simplicity, the blocks have the same thickness d and the
same length L/N. Moreover, the time lag At between the
release of two adjacent blocks is assumed to be equal.

For waves propagating in the same direction as the lands-
lide, increasing At increases the distance between the sur-
face elevations caused by the individual block modules.
This decreases the overlap and results in a smaller ampli-
tude and longer wave (See Masson et al. (2006), their
figure 10). For small time lags, the wave remains smooth,
but as At increases, the distances between the individual
block modules become large and the discrete nature of
the retrogressive landslide starts to show. Eventually,
when At is sufficiently large, the waves generated by the
block modules are completely separated.
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Waves moving in the opposite direction of the block modu-
les also move in the same direction of the retrogressive pro-
cess. Thus, small time lags will decrease the distance bet-
ween the surface elevations caused by the individual block
modules. Consequently, the overlap increases, resulting in a
larger amplitude but shorter wave. When the time lag
equals the time it takes for the wave to traverse a block
module, i.e., At = L/(¢,N), the individual surface elevations
interfere in a perfectly constructive manner and the ampli-
tude is at its maximum. As the time lags are increased fur-
ther, the waves moving in the opposite direction of the
block modules exhibit the same dependence on At as des-
cribed above for the wave moving in the same direction as
the landslide. A retrogressive landslide with short time lags
may lead to both shorter wave components originating
from individual blocks, and a longer total wave-length from
superposition compared to rigid submarine landslides.

Provided that the time lag is relatively small (i.e., that the
waves generated by individual blocks have not started to
separate), the correlation for strongly sub-critical
motion found by Lovholt et al. (2005) (discussed above)
can be generalized such that the maximum surface elev-
ation correlates with the rate of change in landslide
momentum divided by the wave speed squared, whilst
the elevated water volume still correlates with the lands-
lide momentum divided by the wave speed.

Comparison to tsunamis generated by
earthquakes

Tsunamis generated by submarine landslides often have
very large run-up heights close to the landslide area, but
have more limited far-field effects than earthquake tsuna-
mis (Okal & Synolakis, 2004). This rapid damping of the
tsunami is primarily the result of radial spreading from a
local dipole source (for a small submarine landslide,
effectively a point source). It contrasts with the lack of
radial damping seen in some earthquake tsunamis
because these tend to be linear features propagating per-
pendicular to the source fault, provided that the propaga-
tion distance is of the same order as the fault length or
smaller. Farther afield radial damping will again play a
role as it does for a local dipole source. One should be
aware that dispersion can also contribute to the damping.

The energy available for the tsunami is proportional to
the square of the uplift of the seabed. A submarine
landslide moves less material, but might move it verti-
cally up to 100 times as much as an earthquake resul-
ting in a comparable amount of tsunami energy (Okal
& Synolakis 2003). Hence, the energy of the tsunami
might be of the same order. This confirms that large
submarine landslides are potentially catastrophic tsu-
nami generators. However, submarine landslides and
earthquakes have fundamentally different time histo-
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ries and the tsunami radiated by a moderate volume
landslide also decays faster in the far-field because of its
dipole nature. Satake & Tanioka (2003) summarise
these observations by stating that the far-field tsunami
surface elevations are proportional to the displaced
water volume at the source, while the near-field tsu-
nami surface elevations are determined by the potential
energy of the displaced water.

The difference in tsunami generation from submarine
landslides and earthquakes is illustrated by the Storegga
Slide tsunami and the Indian Ocean tsunami. The Indian
Ocean tsunami on the 26" December 2004 was generated
by a magnitude 9.3 earthquake, causing a rupture more
than 1200 km long extending from Sumatra to the Anda-
man Islands (Bilham et al. 2005; Kruger et al. 2005). Cal-
culations reveal that the wave energy for the Storegga
Slide tsunami as simulated by Bondevik et al. (2005),
Figure 1, is about ten times higher than the wave energy
of the Indian Ocean tsunami as simulated by Lovholt et
al. (in review), Figure 6. The fraction of energy transfer-
red from the source to the tsunami is of the order of 0.1
% for the Storegga Slide tsunami (Lovholt et al. in
review), and 0,3% for the Indian Ocean tsunami (Lay et
al. 2005). The tsunami generated by the Storegga Slide
displays an initial dipole structure (Figure 1, time = 30
min), whilst the Indian Ocean Tsunami displays a source
that is initially more similar to a line source (Figure 6,
time = 20 min). Therefore, the propagation of the Sto-
regga Slide tsunami is affected by radial spreading in all
directions, while the Indian Ocean tsunami is only affec-

ted by radial spreading in the north-south directions,
again as long as the propagation distance is of the same
order as the fault length or smaller. The lack of radial
spreading in the east-west direction is also one reason for
the devastating effects in the far-field of the Indian
Ocean tsunami, for instance in Thailand, Sri Lanka and
India (see, e.g., Glimsdal et al. 2006).

The depth at which submarine landslides and earthqua-
kes occur also influences the wave generation differently.
For a landslide occurring in shallow water, effects of cri-
tical landslide motion give large localized waves as illu-
strated by Ward (2001), resulting in more hazardous
waves than if the same landslide should occur in deep
water. In contrast, tsunamis generated by earthquakes
are more hazardous when the seabed displacement
occurs in deeper waters, as the initial wave (which in this
case depends much less on the water depth) will become
shorter and higher as a result of shoaling when propaga-
ting from deeper to shallower waters.

Tsunamis generated by a combination of
earthquake and landslide: The 1998
Papua New Guinea tsunami

Submarine landslides frequently occur in the aftermath
of an earthquake, causing tsunamis additional to and
much more localized than those from the earthquake
itself, but at the same time potentially very destructive
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(Bardet et al. 2003; Okal & Synolakis 2003). Moreover,
the wave-lengths may occasionally be much shorter than
for tsunamis of seismic origin, which implies that often a
dispersive model must be used (Lynett et al. 2003).

The fact that submarine landslide tsunamis often have
large run-up heights close to the source area but appear
to propagate much less efficiently than earthquake tsu-
namis was exemplified by the 1998 Papua New Guinea
(PNG) tsunami, where run-up heights up to 15 m
affected a 20 km segment of the coast, killing 2200 peo-
ple (Dengler & Preuss 2003; McSaveney et al. 2000),
while farther afield the tsunami was not a significant
event (Okal & Synolakis 2004; Satake & Tanioka 2003).

Initially, the tsunami was believed to originate from an
earthquake. However, attempts to model the tsunami
using solely an earthquake source gave too small amplitu-
des and too late arrival times (e.g Geist 1998). It is now
broadly accepted that the damaging part of the tsunami
was due to a slump (Bardet et al. 2003; Tappin et al. 1999;
Tappin et al. 2003; Sweet & Silver 2003), while the earth-
quake was responsible for the far-field tsunami and
played an indirect role as the mass triggering mechanism.

Okal & Synolakis (2004) compared the 1998 PNG tsu-
nami with the 2002 tsunami of Wewak, also located in
Papua New Guinea. They found that although the 2002
earthquake was more destructive (in terms of structu-
ral damage) than the 1998 earthquake, the 2002 tsu-
nami did not produce nearly as large a run-up as the
1998 tsunami, most likely because the 2002 earthquake
did not produce a significant landslide. This is further
supported by the fact that significant run-up for the
2002 tsunami was found over a larger geographical area
than for the 1998 tsunami (Borrero 2003), showing that
the earthquake generated tsunami is less affected by
radial damping (Okal & Synolakis 2004 ).

The findings cited above illustrate that differences in
source characteristics for the PNG tsunami are impor-
tant for the spatial distribution of run-up heights. Sug-
gested landslide sources produce (relatively) short-
wave components, large offshore surface elevations,
and evident dipole characteristics. The large offshore
surface elevation is required to reproduce the devasta-
ting near-shore effects. However, the dipole shape and
the short-wave components contribute to radial sprea-
ding (Okal & Synolakis 2004) and frequency dispersion
(Lynett et al. 2003), respectively, which reduce the sur-
face elevation in the far-field.

Tsunamis generated by rock slides

Rock slides plunging into fjords, lakes, or reservoirs are
most often super-critical and can generate huge,
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destructive waves. Tsunamis may cause large oscillati-
ons in basins or fjords, causing a series of incident
waves. The first wave is not necessarily the largest. Wave
activity may last for hours.

Such waves may especially endanger reservoirs due to
the potential overtopping of the dam crest, causing flo-
ods in the down-stream valley. Examples of well docu-
mented rock slides in fjords are the 1934 Tafjord event
in Norway (Harbitz et al. 1993) and the 1958 Lituya Bay
event in Alaska (Miller 1960), causing maximum run-
up heights of more than 60 m and 500 m, respectively.
A well known example of a rock slide into a reservoir is
the 1963 Vajont Dam event in Italy, where a 240 million m’
rock slide caused a wave that reached a height of more
than 250 m around the dam and killed about 2000 peo-
ple living in the villages downstream (Kiersch 1964;
Miiller 1964, 1968).

Tsunamis generated by rock slides are determined by
the rock slide volume or the frontal area of the rock
slide, the impact velocity of the rock slide when plung-
ing into the water body, the permeability of the rock
slide, and the bathymetry. When the rock slide penetra-
tes down slope into the sea, the Froude number decrea-
ses because the rock slide velocity is reduced while the
wave speed above the front of the rock slide increases
when the water is deeper. The build-up of the wave per-
sists as long as the Froude number is around unity. This
is demonstrated by the experiments of Fritz et al.
(2004) who investigated wave generation by granular
slides at laboratory scale, mainly for investigating rock
slide generated tsunamis. Depending on the granular
slide characteristics, the investigated waves were
strongly nonlinear in general, with features such as soli-
tary or breaking waves. Fritz et al. (2004) also found
that rock slides with large volumes or high speeds bring
along an air cushion around the sliding masses increa-
sing the effective volume of the rock slide. Based on the
experiments, a power law for super-critical rock slide
motion, Nyme = 0.25Fr*d’, was found using multiple
regression. For the data analysed, a rather good correla-
tion coefficient of 0.93 was found for 1 < Fr < 10. This
result contrasts Ward’s (2001) analysis for linear waves
generated by a block slide in deep water, which predicts
no influence of Fr when Fr >> 1. The different behavi-
our for large Froude numbers is very likely due to non-
linear effects.

For rock slides, nonlinear effects may be important in
the wave generation area, but often only in a restricted
region and during a short period of time. The cumula-
tive effect of non-linearity will probably not exceed the
errors that originate from uncertainties in the configu-
ration and dynamics of the rock slide. Outside the wave
generation area, the characteristic maximum surface
elevation of the waves is normally much less than the
characteristic water depth.
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Concluding remarks

The importance of submarine landslide volume, initial
acceleration, maximum velocity, and possible retro-
gressive behaviour upon the characteristics of the resul-
ting tsunami is discussed. The length of the landslide
influences both the wave-length and the surface elev-
ation, while the thickness and the acceleration or dece-
leration of the landslide as well as the wave speed
(which again is determined by the water depth) deter-
mine the surface elevation. The maximum tsunami
elevation generally correlates with the product of the
landslide volume and acceleration divided by the wave
speed squared, whilst the elevated water volume corre-
lates with the product of the landslide volume and the
Froude number.

Only a limited part of the potential energy released by
the landslide is transferred to wave energy. While calcu-
lations based on the Storegga Slide reveal that only 0.1
% of the potential energy of the landslide is transferred
to wave energy, other simulations with more favourable
conditions for tsunami generation in terms of lands-
lide-to-water depth and density ratios indicate that up
to 15 % of the energy in a flow of a viscous fluid is
transferred to wave energy. A high value of transferred
energy indicates that two-way coupling between a sub-
marine landslide and the surface waves that it generates
can be important, but such a coupling can be neglected
in most practical applications. The relative reduction of
maximum landslide velocity is smaller than the relative
amount of energy transferred from the landslide to the
waves. Calculations also reveal that the wave energy for
the Storegga Slide tsunami is about ten times higher
than the wave energy of the December 2004 Indian
Ocean tsunami, but the fraction of energy transferred
from the source to the tsunami is about the same for
both events.

Frequency dispersion is of little importance for waves
generated by large and sub-critical submarine landsli-
des with moderate acceleration and deceleration where
large wave-length components dominate. Retrogressive
landslide behaviour normally reduces associated tsu-
nami heights, but retrogression might increase the
height of the landward propagating wave for unfavou-
rable time lags between releases of individual elements
of the total released mass. A retrogressive submarine
landslide with short time lags may lead to both shorter
wave components originating from individual blocks,
and a longer total wavelength from superposition com-
pared to rigid slides.

Comparisons are made to tsunamis generated by earth-
quakes, illustrating the importance of three dimensio-
nal effects such as radial spreading of waves from a
more local dipole source as opposed to lack of radial
spreading of waves generated by a seismic fault that is
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often more similar to a line source. Tsunamis generated
by submarine landslides are most dangerous when
generated in shallow waters, while on the other hand
tsunamis generated by earthquakes are more dangerous
when generated in deeper waters. Differences in tsuna-
mis generated by submarine landslides and by earth-
quakes are further illustrated by the possible require-
ment for a combined source in numerical tsunami
simulations. Sometimes observations of natural events
can be reproduced only by using such a source.

Comparisons are also made to tsunamis generated by
rock slides, which are strongly affected by nonlinear
effects, at least in the initial stages. Rock slides are most
often super-critical and the resulting tsunamis are
determined by the frontal area of the rock slide, the
impact velocity of the rock slide when plunging into
the water body, the permeability of the rock slide, and
the bathymetry. For rock slide tsunamis, the wave
height depends on the Froude number.

Acknowledgements: This is contribution number 125 of the Internatio-
nal Centre for Geohazards (ICG). The authors wish to thank ICG and
the Research Council of Norway for supporting this research. Dr. D.
Issler and Dr. S. Glimsdal are thanked for valuable comments on the
manuscript. Also Dr. D. R. Tappin and an anonymous referee are than-
ked for constructive and informative contributions. K.B. Haugen pro-
duced Figures 4 and 5.

References

Bardet, J.-P.,, Synolakis, C.E., Davies, H.L., Imamura, F. & Okal, E.A.
2003: Landslide tsunamis: recent findings and research directions.
Pure and Applied Geophysics 160, 1793-1809.

Bilham, R.,Engdahl, R., Fedl, N. & Satyabala, S.P. 2005: Partial and
complete rupture of the Indo-Andaman plate boundary 1847-
2004. Seismological Research Letters 76,299-311.

Bugge, T., Befring, S., Belderson, R.H., Eidvin, T., Jansen, E., Kenyon,
N.H., Holtedal, H. & Sejrup, H.P. 1987: A giant three-stage subma-
rine slide off Norway. Geo-Marine Letters 7, 191-198.

Bugge, T., Belderson, R.H. & Kenyon, N.H. 1988: The Storegga slide.
Philosophical Transactions of the Royal Society of London series A
325, 357-388.

Bryn, P, Berg, K., Forsberg, C.E, Solheim, A. & Kvalstad, T.J. 2005:
Explaining the Storegga Slide. 22, 11-19.

Bondevik, S., Lovholt, E, Harbitz, C.B., Mangerud, J., Dawson, A. &
Svendsen, J.I. 2005: The Storegga slide tsunami — comparing field
observations with numerical simulations. Marine and Petroleum
Geology 22,195-208.

Borrero, J., Bu, J., Saiang, C., Uslu, B., Frecman, J., Gomer, B., Okal, E.A. &
Synolakis C.E. 2003: Field Survey and preliminary numerical model-
ling of the Wawak, Papua New Guinea earthquake and tsunami of
September 9, 2002. Seismological Research Letters 74, 393-405.

De Blasio, E, Elverhei, A., Issler, D., Harbitz, C.B., Bryn, P. & Lien, R. 2005:
On the dynamics of subaqueous clay rich gravity mass flows - the giant
Storegga slide, Norway. Marine and Petroleum Geology 22, 179-186.

Dengler, L. & Preuss, J. 2003: Mitigation Lessons from the July 17,
1998: Papua New Guinea Tsunami. Pure and Applied Geophysics
160, 2001-2033.

Fritz, H.M., Hager, W.H. & Minor, H.-E. 2004: Near Field Characteris-



264 C.B. Harbitz et al.

tics of Landslide Generated Impulse Waves. Journal of Waterway,
Port, Coastal, and Ocean Engineering, ASCE, 287-301.

Geist, E.L. 1998: Source characteristics of the July 17, 1998, Papua New
Guinea Tsunami (abstract) EOS, Transactions AGU, 79, Fall Mee-
ting, pp 571-572.

Glimsdal, S., Pedersen, G.K., Atakan, K., Harbitz, C.B., Langtangen,
H.P. & Lovholt, E. (2006): Propagation of the Dec. 26 2004 Indian
Ocean Tsunami: effects of dispersion and source characteristics.
International Journal of Fluid Mechanics Research, Vol. 33, No. 1.

Grill, S.T. & Watts, P. 2005: Tsunami Generation by Submarine Mass
Failure. I: Modeling, Experimental Validation, and Sensitivity Ana-
lyses. Journal of Waterway, Port, Coastal, and Ocean Engineering 131,
283-297.

Haflidason, H., Sejrup, H.P., Berstad, .M., Nygérd, A., Richter, T,,
Bryn, P, Lien, R. & Berg, K. 2003: A weak layer feature on the nor-
thern Storegga slide Escarpment. In J. Mienert and P.P.E. Weaver
(Eds), European Margin Sediment Dynamics. Springer-Verlag, Ber-
lin, Heidelberg, New York. 55-62.

Haflidason, H., Sejrup, H.P.,, Nygérd, A., Mienert, J., Bryn, P, Lien, R., Fors-
berg, C.F, Berg, K. & Masson, D. 2004: The Storegga slide: architecture,
geometry and slide development. Marine Geology 213, 201-234.

Haflidason, H., Lien, R., Sejrup, H.P., Forsberg, C.E. & Bryn, P. 2005:
The dating and morphometry of the Storegga slide. Marine and
Petroleum Geology 22, 123-136.

Hampton, M.A., Lee, H.L. & Locat, J. 1996: Submarine landslides.
Reviews of Geophysics 34, 33-59.

Harbitz, C.B. 1992: Model simulations of tsunamis generated by the
Storegga slides. Marine Geology 105, 1-21.

Harbitz, C., Pedersen, G. & Gjevik, B., 1993: Numerical simulations of
large water waves due to landslides. Journal of Hydraulic Enginee-
ring 119, 1325-1342.

Haugen, K.B., Lovholt, F. & Harbitz, C.B. 2005: Fundamental mecha-
nisms for tsunami generation by submarine flows in idealised geo-
metries. Marine and Petroleum Geology 22,209-217.

Jiang, L. & LeBlond, P.H. 1992: The coupling of a submarine slide and
the surface waves which it generates. Journal of Geophysical Rese-
arch 97 C8, 12 731-12 744

Kiersch, G.A., 1964: Vaiont reservoir disaster. Civil Engineering 34, 32-39.

Kruger, F. & Ohrnberger, M. 2005: Spatio-temporal source characte-
ristics of the 26 December 2004 Sumatra earthquake as imaged by
teleseismic broadband arrays. Geophysical Research Letters 32,
124312, 2005.

Kvalstad, T.J, Andresen, L., Forsberg, C.E, Berg, K., Bryn, P. & Wangen,
M. 2005: The Storegga slide: evaluation of triggering sources and
slide mechanics. Marine and Petroleum Geology 22, 245-256.

Lay. T., H. Kanamori, C. Ammon, M. Nettles, S. N. Ward, R. C. Aster, S.
L. Beck, S. L. Bilek, M. R. Brudzinski, R. Butler, H. R. DeShon, G.
Ekstrom, K. Satake, S. Sipkin 2005: The great Sumatra-Andaman
earthquake of December 26, 2004. Science, 3008, 1127-1133.

Lovholt, F, Bungum, H., Harbitz, C. B., Glimsdal, S., Lindholm, C,,
Pedersen, G. (in review): Earthquake related tsunami hazard along
the western coast of Thailand. Submitted for publication in EGU
General Assembly 2006. Vienna, Austria, 02-07 April 2006, Procee-
dings. NHESS Special Issue.

Lovholt, E, Harbitz, C.B. & Haugen, K.B. 2005: A parametric study of tsu-
namis generated by submarine slides in the Ormen Lange/Storegga
area off western Norway. Marine and Petroleum Geology 22,219-231.

Lynett, PJ., Borrero, J.C., Liu, PL.-E. & Synolakis, C.E. 2003: Field Sur-
vey and Numerical Simulations: A Review of the 1998 Papua New
Guinea Tsunami. Pure and Applied Geophysics 160, 2119-2146.

Masson, D.G., Harbitz, C.B., Wynn, R.B, Pedersen, G. & Lovholt, F.
(2006): Submarine Landslides: processes, triggers and hazard pre-
diction. Phil. Trans. R. Soc. A (2006) 364, 2009-2039.
D0i:10.1098/rsta.2006.1810.

McSaveney, M.]., Goff, .R., Darby, D.J., Goldsmith, P,, Barnett, A., Elli-
ott, S. & Nongkas, M. 2000: The 17 July 1998 tsunami, Papua New

NORWEGIAN JOURNAL OF GEOLOGY

Guinea: evidence and initial interpretation. Marine Geology 170, 81-92.

Miller, D.J. 1960: Giant waves in Lituya Bay, Alaska. Prof. Paper 354-C,
U.S. Geological Survey, 51-84.

Miiller, L. 1964: The rock slide in the Vaiont Valley. Rock Mechanics
and Engineering Geology 2, 148-212.

Miiller, L. 1968: New considerations on the Vaiont slide. Rock Mecha-
nics and Engineering Geology 6, 1-91.

NGI 2006: Tsunami risk reduction measures with focus on land use
and rehabilitation. Norwegian Geotechnical Institue, Oslo, Nor-
way, Report No. 20051267-1. Also  available at
http://www.ccop.or.th/download/pub/tsunami_final_report.pdf

Okal, E.A. & Synolakis, C.E. 2003: Field Survey and Numerical Simu-
lations: A Theoretical Comparison of Tsunamis from Dislocations
and Landslides. Pure and Applied Geophysics 160,2177-2188.

Okal, E.A. & Synolakis, C.E. 2004: Source discriminants for near-field
tsunamis. Geophysics Journal International, 158, 899-912.

Ruff, L.J. 2003: Some aspects of energy balance and tsunami genera-
tion by earthquakes and landslides. Pure and Applied Geophysics
160, 2155-2176.

Satake, K. & Tanioka, Y. 2003: The July 1998 Papua New Guinea Earth-
quake: mechanism and quantification of unusual tsunami genera-
tion. Pure and Applied Geophysics 160, 2087-2188.

Sweet, S. & Silver, E.A. 2003: Tectonics and slumping in the source
region of the 1998 Papua New Guinea tsunami from seismic reflec-
tion images. Pure and Applied Geophysics 160, 1945-1968.

Tappin, D.R., Matsumoto, T., Watts, P., Satake, K., McMurtry, G.M.,
Matsuyama, M., Lafoy, Y., Tsuji, Y., Kanamatsu, T., Lus, W., Iwabu-
chi, Y., Yeh, H., Matsumoto, Y., Nakamura, M., Mahoi, M., Hill, P,,
Crook, K., Anton, L. & Walsh, J.P. 1999: Sediment Slump Likely
Caused 1998 Papua New Guinea Tsunami. EOS, Transactions,
American Geophysical Union 80 329, 334, 340.

Tappin, D.R., Watts, P. & Matsumoto, T. 2003: Architecture and failure
mechanism of the offshore slump. In Locat, J. and Mienert, J.
(Eds), Submarine Mass Movements and Their Consequences. Kluver
Academic Publishers, 383-389.

Tinti, S., Bortolucci, E. & Chiavetteri, C. 2001: Tsunami excitation by
submarine slide in shallow-water approximation. Pure and Applied
Geophysics 158, 759-797.

Ward, S.N. 2001: Landslide tsunami. Journal of Geophysical Research
106, 11,201-11,215.

Watts, P., 1998: Wavemaker curves for tsunamis generated by under-
water landslides. Journal of Waterway, Port, Coastal and Ocean Eng-
ineering 124, 127-137.



