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Tsunami causes and occurrence

This section is largely based on the review article of Röbke
and Vött (2017) [1] and references therein.

The occurrence of a tsunami can have several causes. The
main cause, responsible for the strongest tsunamis, are
seaquakes (submarine earthquakes): the sudden uplift of
the seabed due to shifting earth plates. This mainly occurs
in subduction zones, where an earth plate slides under an
adjacent earth plate causing vertical motion of the
submarine crust along the subduction line. The most
important subduction zones lie along the edges of the
Pacific Ocean, the so-called ring of fire (see Fig. 1). The
strength of the tsunami depends not only on the vertical
and horizontal size of the seafloor uplift, but also on the
speed at which the seafloor rises. The strongest response
occurs when this speed is comparable to the local wave
propagation speed[2]. The tsunami wave radiates in both
directions perpendicular to the subduction line.

A second important cause is submarine gravity mass
wasting. Such slides can be triggered by seismic activity at a sloping seabed (e.g., the shelf break) that is
covered with a thick layer of unconsolidated material. The tsunami wave propagates in the direction of the slide
and is strongest if the speed of the debris flow is comparable to local wave propagation speed[1]. Gas formation
(methane) due to the anaerobic degradation of organic material can contribute to the loss of stability of the
sediment layer on the sloping seabed [3].

Tsunamis caused by subaerial landslides are a more local phenomenon. Volcanic activity can also cause a
tsunamis, but generally of moderate strength. A tsunami can in rare cases result from the impact of a large
meteorite.

Another type of tsunamis, so-called meteotsunamis, can arise from atmospheric disturbances. Sudden local
pressure fluctuations can generate a small setup or set-down of the water level that is amplified if the
atmospheric front propagates at a speed comparable to the wave propagation speed or if the spatial/temporal
scales coincide [4]. The amplitude of meteotsunamis is usually small, but it can increase strongly due to
resonance effects in semi-closed basins (e.g., harbor seiches, which are damaging for moored ships).

Tsunami characteristics

A tsunami usually consists of a number of waves (up to about ten) of different amplitude [5]. The first tsunami
wave is not always the highest; subsequent waves (the third, fourth or fifth) can often be higher[6]. The
characteristic wave period is different for each tsunami, but usually much greater than the period of wind-

Figure 1: Ring of fire around the Pacific. Image USGS.
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driven waves (i.e., more than a few minutes) and much smaller than the tidal period (i.e., less than two hours).
The wave height can be a few meters at the place of origin, but when the tsunami starts propagating over the
ocean the wave height quickly becomes smaller and is then usually less than one meter[7]. The wavelength is
much greater than the water depth and the energy loss during ocean propagation is small (approximately
inversely proportional to the wavelength). The propagation speed  can therefore be approximated with the
formula , where  is the average depth and  the gravitational acceleration. Tsunamis travel at
great speed across the ocean (  in the order of a few hundred m/s) covering distances of many thousands of
kilometers without great energy loss. The energy flux  can be estimated with the formula 

, where  is the tsunami wave energy,  the tsunami wave height and  the
water density. When the tsunami reaches the coastal zone, the water depth decreases sharply as does the
propagation speed . However, frictional energy dissipation being relatively modest, the energy flux  remains
almost the same. According to the Green rule, , the wave height 
of the tsunami is strongly increased (for example, the amplification factor is 4 if 

). The wave height can be amplified even more in marine inlets, such as
bays, fjords or harbours, where the tsunami energy flux is concentrated and accelerated due to strong funnel
effects [1]. The tsunami waves are also distorted when entering shallow water; when the rear of the wave train
is still traveling in deeper water it gets closer to the front of the wave train which is already travelling in
shallow water. Differences in propagation speed of wave crest and wave trough contribute to steepening of the
wave front on wide continental shelfs - wide compared to the tsunami wavelength.

When the tsunami wave arrives at the coast it runs up the shoreface (schematically depicted in Fig. 6). If the
slope is steep (the width of the shoreface being smaller than the wavelength of the tsunami), the tsunami 'feels'
the shoreface as a straight wall. The tsunami is then strongly reflected and the wave height can even be
doubled. The tsunami floods the coast as a surging wave with a relatively low speed that often can be outrun
and the wave run-up is not much higher than the wave height on the foreshore [8].

If the shoreface slope is gentle (the width of
the foreshore being greater than the tsunami
wavelength), the tsunami can transform into
an undular bore, with short waves riding on
the main tsunami wave. When reaching the
shore, the tsunami transforms further into a
breaking bore (a wall of water, see Fig. 2)
that propagates at great speed with a very
fast rising water level. Unless the shoreface
is extremely flat, the wave run-up is much
higher than the wave height at the toe of the
shoreface (a factor of 2 and possibly more,

see section #Tsunami models).

The above qualitative description suggests that the character of a tsunami is related to the surf similarity
parameter  [9][8][10],
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Figure 2: The Indian Ocean tsunami of December 26, 2004, invading the
coast at Phuket Thailand as a breaking bore. Picture from a camera lost
on the beach. Image Flickr creative commons.
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where  is the tsunami wave height above mean sea level at the toe of the shoreface slope, 
is the tsunami wave length at infinite depth,  is the shoreface slope and  is the tsunami wave
period. Surging waves correspond to high values of  and breaking waves to low values.

A distinction is often made between two types of tsunamis:
tsunamis where the largest wave crest precedes the largest
wave trough (sometimes called leading-elevation N-wave
or LEN-wave) and tsunamis where the largest wave crest is
preceded by the largest wave trough (sometimes called
leading-depression N-wave or LDN-wave). Both types of
tsunami occur in practice. In case of a LDN-wave, the sea
retreats over a large distance and part of the shoreface falls
dry before arrival of the wave crest, see Fig. 3. This is an
important signal for bathers that a high tsunami wave is
approaching. A LDN-wave approaches the shore at a lower
speed than a similar LEN-wave, but the runup speed on
land is in both cases of the same order [8].

Tsunami impact

Tsunamis can cause enormous damage to coastal infrastructure, crushing houses, deracinating trees and making
many casualties, see Fig. 4. From historical records it has been estimated that more than a million people have
been killed worldwide by tsunamis [12]. In low-lying coastal areas (less than 10 m elevation above mean sea
level) tsunamis can penetrate several kilometers inland. There are even records of tsunamis that have penetrated
several tens of kilometers inland and have reached levels of several tens of meters. The flood water volume is
approximately equal to the water volume above beach level of the incident tsunami wave [13]. Runup velocities
of strong tsunamis are very high; velocities of the order of 5 – 8 m/s are common and speeds up to 20 m/s have
even be observed[14]. The destructive power of tsunamis is largely due to the many debris that are dragged by
the flow.

Upon travelling inland the flow gradually slows down. The coarsest sediments carried by the tsunami are
deposited first whereas the finest sediments are transported further inland. Sedimentary records showing
upward fining deposits over large distances are a distinctive mark of tsunami events [1]. However, not all past
tsunamis can be detected in this way, because at some places upward coarsening deposits may also occur and
sedimentary structures are not always well preserved over time; therefore, other properties of the tsunami
deposits have to be taken into consideration as well [15].

The return flow of the tsunami to the sea (backwash) can be very strong and dangerous; it follows the strongest
topographic slope and is often concentrated in channels, with velocities that can be higher than during the
uprush [16].

A0 = g /(2π)L∞ T 2

S T = 2π/ω
ξ

Figure 3: Retreating shoreline before arrival of the
major wave of the Indian Ocean tsunami at Banda
Aceh on December 26, 2004. Image C.E. Synolakis
[11].

http://www.coastalwiki.org/wiki/File:BandAcehTsunamiLeadingDepression.jpg
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Why are tsunamis so devastating

The period of tsunami waves is typically in the range 300 – 6000 s (angular frequency in the order of 0.001 –
0.02 ). Therefore, these waves are not much influenced by the effect of earth's rotation, which corresponds
to a frequency smaller than 0.00015 . Tsunami waves in the ocean have wavelengths typically in the order
of 100 to 500 km and on the continental shelf in the order of 2 – 20 km. This implies that they are refracted and
diffracted by seabed structures with spatial scales of these orders of magnitude. More specifically, this means
that tsunami waves refract to the continental shelf and approach the shore more or less perpendicularly. The
energy flux of tsunami waves is thus directed toward the coast. This contrasts with tidal waves that are too long
for being refracted to the coast. Due to their very low frequency, tidal waves are bent along the coast by the
effect of earth's rotation (see Coriolis and tidal motion in shelf seas). The energy flux of tidal waves, which is
comparable in strength to the energy flux of tsunami waves, is therefore not directed towards the coast, but
along the coast. Hence, the impact of tidal waves on the coast is much less than the impact of tsunami waves.
Just like tsunami waves, wind-generated waves are also refracted to the coast. Their energy density on the
ocean is generally higher than the energy density of tsunami waves. However, the energy propagation speed of
wind waves is much lower and so is the corresponding energy flux. Hence, wind waves are much less amplified
when travelling into shallow water than tsunami waves. Moreover, wind waves lose a great deal of their energy
due to breaking in the surf zone before they reach the shore. This explains why tsunamis have a far more
devastating effect on the coast compared to tidal and wind waves.

Tsunami observation and warning

Just a single experimental measurement of a real-life tsunami in the nearshore zone is known to the authors[17].
Installing observation equipment at specific locations in anticipation of a tsunami makes no sense. Tsunami's
are very rare events for each specific coastal location, even in areas that are very sensitive to submarine
earthquakes. Experimental information about tsunamis that actually occurred is based on the effects observed in
the coastal area after being hit by a tsunami. In some cases, eyewitness reports or amateur films are available.
Although very important, this is insufficient for gaining in-depth understanding of the hydrodynamic processes
that occur when a tsunami hits the coast. For this reason, understanding tsunamis is primarily based on
modelling, as described in the next section.

Fig. 4a. Impact of the Indian Ocean tsunami of
December 26, 2004 at Phuket, Thailand. Image S.
Kennedy, Flickr creative commons.

Fig. 4b. Destruction at the Honshu coast, Japan, by the
tsunami of March 11, 2011. Image J. Teramoto, Flickr
creative commons.
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Tectonic activity that generates tsunamis is recorded by many seismic stations around the world. However,
submarine earthquakes do not necessarily cause a tsunami. Tsunamis traveling across the ocean are very long
waves of small amplitude that cannot be easily detected visually or by ships. For tsunami warning, an extensive
network of monitoring stations has been installed in ocean areas where tsunamis can occur. The largest network
is the DART system [18] consisting of an array of stations in the Pacific Ocean, see fig. 5a. Each station consists
of a seabed pressure recorder that detects the passage of a tsunami. The data is sent by sonar signal to a moored
buoy. This buoy sends a radio signal via satellite to the Tsunami Warning Center, see Fig. 5b. In this way, a
tsunami traveling across the ocean can be detected and an early warning can be issued to countries where the
tsunami will land, allowing timely evacuation of risk populations. The information collected by the monitoring
network also enables to estimate the nature and intensity of the tsunami and the possible impact on the coast.

Tsunami models

Due to the lack of field observations, one has to rely on models for gaining insight into the hydrodynamic
processes involved in tsunami events. The propagation of tsunami waves over the continental shelf and the
shoreface can be simulated in hydraulic scale models. Due to the length scales involved (the tsunami wave
lenght is O(100) m at model scale), conducting a properly scaled experiment is a difficult task, and there exists
only few studies where proper Froude scaling have been applied (see e.g. Schimmels et al. 2016[19] and
Matsuyama et al. 2017[20]). In such studies scale effects may still occur when energy dissipation (wave
breaking and bed friction) comes into play. This imposes a limitation on the simulation of the inland runup
process in the laboratory.

Fig. 5a. The global tsunami monitoring network.

Fig. 5b. The DART monitoring system. Image NO

http://www.coastalwiki.org/wiki/File:TsunamiMonitoringNetwork.jpg
http://www.coastalwiki.org/wiki/File:TsunamiWarningDARTsystem.png
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Most of the early experimental tsunami research utilized solitary waves as a representation of the tsunami (see
e.g. Goring, 1978[21], Synolakis, 1986[22], 1987[23]). In the study by Madsen et al. (2008) [24] the use of
solitary waves as a representation of tsunamis was questioned, however. They showed that the scales involved
with a solitary wave are not representative of actual field scales, and are more related to wind waves than actual
tsunamis. The problem is, that with the solitary wave formulation, the wavelength cannot be determined
independently of the wave height and this means that solitary waves are much shorter than leading tsunami
waves on the continental shelf.

To overcome some of the experimental difficulties numerical models can be applied. Non-linear shallow water
(NLSW) models such as TSUNAMI (Goto and Ogawa, 1997[25], MOST (Titov and Gonzales, 1997[26] and
Titov and Synolakis, 1998[27]) and COMCOT (Liu et al. 1998[28]) have been widely used and have had
reasonable success in simulating the propagation and run-up of tsunamis. These models, however, cannot
resolve wave breaking and tsunami boundary layers and cannot handle dispersion. Dispersion can naturally be
handled by Boussinesq type models (see e.g. Lynett and Liu, 2002[29]), but they still do not resolve the
boundary layer nor the wave breaking. Detailed process-based numerical models are required for simulating
these effects. A thorough model study of this type has been carried out by Larsen and Furman (2019)[8], who
used a computational fluid dynamics scheme (CFD) for describing these processes.

A major problem for predicting the impact of tsunamis lies in the fact that the initial tsunami-generating
disturbance cannot be predicted and is therefore generally not well known. When a tsunami wave is detected on
the ocean, the time is too short for an accurate calculation of the impact before the tsunami lands on the coast.
Only simple theoretical or semi-empirical relationships can be used.

Relationships for the tsunami runup height
and runup velocity, validated with
laboratory experiments and advanced
numerical models, are based on the
theoretical work of Madsen and Schäfer
(2010)[10]. They solved analytically the
non-linear shallow-water equations (mass
and momentum balance without friction)
over a sloping bed,

where  is time,  is the spatial coordinate in the propagation direction,  is the average shelf depth,  is the
average shoreface and beach slope,  is the surface elevation and  is the depth-averaged current velocity. The
corresponding schematization is shown in Fig. 6. Madsen and Schäfer considered (among others) an incident
tsunami wave of the form

For a non-breaking tsunami wave they arrived at the following expressions for the maximum runup height 
and the maximum runup velocity :

Figure 6: Schematization of the shoreface and beach used in the tsunami
runup model of Madsen and Schäfer (2010)[10].
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These simple expressions represent fairly well detailed numerical model results that include wave breaking, bed
friction and turbulent energy dissipation[8]. The numerical model gives somewhat higher values of  and 
for a sandy shore, but in practice the values will be lower due to energy dissipation on obstacles that are
generally present in the runup area [9].

The numerical model [8] also provides results for  and  in the case of a breaking tsunami. These results are
best approximated by

The first expression corresponds to the formula established by Hunt (1959) [30] for swash uprush (see the
article Swash zone dynamics) and the second expression corresponds to the initial flow velocity after dam
break (see the article Dam break flow).

Non-breaking tsunamis occur for large -values , corresponding to a steep shoreface/beach slope and
long-period tsunamis. Breaking tsunamis occur for small -values , corresponding to gentle
shoreface/beach slope and short-period tsunamis. A reasonable estimate is [8], .

A purely empirical rule for the maximum runup of a tsunami was proposed by Plafker (1964, unpublised). This
rule states that the maximum runup will not exceed twice the height of the seafloor deformation resulting from
a submarine earthquake [11].

Related articles

Swash zone dynamics
Dam break flow
Tidal bore dynamics
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