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Abstract
The process of tsunami eevolution duriing its generaation under thhe effect of the
t variable velocities
v
of rrealistic
dimensional ccurvilinear sliide model is investigated. Tsunami genneration
submarine laandslides baseed on a two-d
from submarrine gravity m
mass flows iss described inn three stagess. The first stage representted by a rapidd curvilinear down and uplift fauulting with riise time. Thee second stage represented
d by a unilateerally propaggation in
x
too a significan
nt length to prroduce curvillinear two-dim
mensional moodels represeented by
the positive x-direction
a depression slump, and a displaced accumulation
a
slide model.. The last stag
ge representeed by the tim
me variaon slide (blocck slide). By using
u
transforms method, Laplace in tiime and
tion in the veelocity of thee accumulatio
Fourier in sppace, tsunam
mi waveformss within the fframe of the linearized sh
hallow waterr theory for cconstant
water depth are
a analyzed analytically for the movaable source model.
m
Effect of the water depths
d
on thee amplification factoor of the tsunnami generatiion by the suubmarine slum
mp and slide for different propagation lengths
and widths has
h been studied and the reesults are plootted. Comparrison of tsunaami peak ampplitudes is diiscussed
for different propagation lengths, widths and waterr depths. In addition,
a
we demonstratedd the tsunamii propagation wavefforms after thhe slide stops moving at diifferent propaagation timess.
N
Fieldd Tsunami Amplitudes, Shhallow Waterr Theory, Waater Wave, Suubmarine Sluumps
Keywords: Near-Far
a Slides, Laaplace and Fo
and
ourier Transfoorms

1. Introducction
Tsunamis are surface waterr waves caused
d by the impuulsive perturbattion of the seaa. Apart from co-seismic seea
bottom displaacement due tto earthquakess, subaerial annd
submarine lanndslides can aalso produce localized
l
tsunaamis with largee and complexx wave runup especially
e
alonng
the coasts off narrow bays and fjords. In
I recent yearrs,
d
maasignificant advvances have bbeen made in developing
thematical moodels to descriibe the entire process
p
of genneration, propaagation and runn-up of a tsun
nami event gennerated by seism
mic seafloor ddeformation, [1
1-3].
Tsunamis are
a also geneerated by other mechanism
ms
such as subm
marine landsliddes, which offten accompanny
large earthquaakes, and cann disturb the overlying
o
wateer
column as seediment and rock slump do
own slope. Thhe
Copyright © 20010 SciRes.

commoon mechanisms for triggering failure of suubmarine
slopes are over-steeepening due too rapid depossition of
sedimeents, generation
n of gas createed by decompoosition of
organicc matter, storm
m waves, and earthquakes,
e
w
which are
the majjor cause of laandslides on continental
c
sloopes, [4].
The faiiled material is
i driven by thhe gravity forcces. Any
type off geophysical mass flow which
w
includess a wide
range of
o ground mov
vement such as
a debris flows, debris
avalancches and rock falls can creatte submarine llandslide
which generate tsunaamis. These phhenomena rapidly displace laarge volumes of water, as ennergy from falling debris or expansion is transferred too the water intto which
the debbris falls at a rate
r
faster thann the ocean w
water can
absorb it. They hav
ve been nam
med by the m
media as
“mega--tsunami”.
In teerms of tsunam
mi-generation mechanisms, two sigENG
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nificant differences exist between submarine-landslide
and coseismic seafloor deformation. First, the duration of
a landslide is much longer and is in the order of magnitude of several minutes. Hence the time-history of the
sea floor movement will affect the characteristics of the
generated wave and needs to be included in the model.
Secondly, the effective size of the landslide region is
usually much smaller than the co-seismic seafloor-deformation zone. Consequently, the typical wavelength of
the tsunamis generated by a submarine landslide is also
shorter. Therefore, the frequency dispersion could be
important in the wave-generation region.
The case of particular interest to this study is the mechanism of generation of tsunamis by submarine landslides. When a submarine landslide occurs the ocean-bottom
morphology may be significantly altered, in turn displacing the overlying water. Waves are then generated as
water gets pulled down to fill the area vacated by the
landslide and to a lesser extent, by the force of the sliding mass. Submarine slides can generate large tsunami,
and usually result in more localized effects than tsunami
caused by earthquakes, [5].
Modeling of tsunami generation and propagation caused
by submarine slides and slumps is a much more complicated problem than simulation of seismic-generated tsunami as the characteristics of a tsunami generated by a
submarine landslides are mainly determined by the volume, acceleration, velocity and rise time of the slide
motion. However, we constructed a realistic submarine
landslide based on two-dimensional curvilinear slide
model representing submarine slump and slide involved
in the transform methods that may generate a tsunami
neat the source region.
The speed at which the mass moves across the sea
floor is critical for the wave heights attained. Very fast
slides (debris-flows) generate tsunamis roughly as high
as the slide is thick while very slow moving slides produce little or no tsunamis. However, where slides move
at velocities close or equal to that of the tsunami being
produced, they develop ‘in phase’, building the waves up
to exceptional size.
Constant velocity implies that the slide starts and stops
impulsively, i.e. the deceleration is infinite both initially
and finally. Clearly, this is not true for real slides, and a
more complex shape of the generated wave is expected.
Tsunami waves may be generated by a slide that starts
from rest accelerates with the same maximum velocity
and decelerate back to rest. Another morphological feature of underwater slides is that the mass often travels
significant distances from the headwall scar before coming to rest. This indicates a rapid acceleration and large
translational velocities. Hence, landslides sources are not
impulsive and tsunami propagation starts while the forcing process is still in action. Rock slides plunging into
fjords, lakes, or reservoirs are most often super-critical
and can generate huge, destructive waves. Tsunamis may
Copyright © 2010 SciRes.
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cause large oscillations in basins or fjords, causing a series of incident waves. In this study, we determine the
possibility of similar trends for a submarine rock slide.
We study slide motion and deformation at early times
while the slide is still decelerating and while tsunami
generation is still taking place. These two conditions are
redundant because one can define the duration of tsunami generation by the characteristic duration of slide acceleration [5].
Previous studies of tsunami generation have been
concerned with the surface elevations induced by the
impulsive motion of an impermeable rigid bottom resulting from an undersea earthquake in one direction,
[6-9] and in two directions, [10,11]. All these studies are
taken into account solely for constant depth. It is obvious
that the effects of ocean depth on tsunami amplitudes are
significant. Therefore, in our work, the effects of ocean
depth on tsunami amplitudes are analyzed. To determine
the effects, 19 ocean depths ranging from 200-2000 m
are studied.
In recent years, the results of numerical and analytical
studies, simulating mechanism of tsunami caused by
submarine landslides are discussed. Beisel, et al. [12]
studied numerically the landslide mechanism of tsunami
generation based on a complex of multi-parameters calculations with the help of algorithms. Lynett and Liu
Philip [13] derived mathematically a full nonlinear model to describe the generation and propagation of water
waves by a submarine landslide. The model consists of a
depth-integrated continuity equation and momentum
equations, in which the ground movement is the forcing
function. This model is capable of describing wave
propagation from relatively deep water to shallow water.
They developed a numerical algorithm for the general
fully nonlinear model. Jiang and Le Blond [14] investigated coupling of a submarine slide and the surface water
waves it generates. They found that the two major parameters that determine the interaction between the slide
and the water waves are the density of sliding material
and the depth of initiation of the slide. Rzadkiewicz et al.
[15] simulated an underwater landslide by introducing a
two-phase description of sediment motion and using the
volume of fluid (VOF) technique. Grilli and Watts [16]
simulated waves due to moving submerged body using a
boundary element method. Watts et al. [17] found that,
assuming a realistic maximum displacement for a slump,
everything else being equal, the slump generates smaller
tsunami surface 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
displacement is larger for a slide. Ataie-Ashtiani and
Shobeyri [18] presented an incompressible-smoothed
particle hydrodynamics (I-SPH) to simulate impulsive
waves generated by landslides. Agustinus [19] investiENG
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gated the breaking of long-waves propagating on shallow
water with nonlinear friction on the sloping bottom. He
found from his numerical results that in order to overcome wave breaking, nonlinear friction needs to be below certain level. Also, laboratory experimental studies
on tsunami generation by a rigid solid body moving
along the slope have been carried out by many researchers, [20-25].
The speed at which the mass moves across the sea
floor is critical for the wave heights attained. Very fast
slides (debris-flows) generate tsunamis roughly as high
as the slide is thick while very slow moving slides produce little or no tsunamis. However, where slides move
at velocities close or equal to that of the tsunami being
produced, they develop ‘in phase’, building the waves up
to exceptional size, [26]. The transient wave generation
due to the coupling between the slide deformation and
time variations in the moving velocity and the free surface has been considered by Trifunac et al. [27]. They
discussed the effect of variable speeds of spreading of
submarine slumps and slides on the near-field tsunami
amplitudes. They illustrated the nature and the extent of
variations in the tsunami waveforms caused by simple
time variations of the frontal velocity of spreading for
two-dimensional kinematic models of slides and slumps
and compared the results with those for slide spreading
with constant velocity. They found that the overall nature
of the near-field tsunami amplitudes depended on the
overall average speed of slumping and sliding remains
unchanged, with respect to their previous studies in [6-9]
with constant velocities of spreading. Hayir [28] investigated the motion of a submarine block slide with variable
velocities and its effects on the near-field tsunami amplitudes. He found that the amplitudes generated by the
slide are almost the same as those created by its average
velocity. Both Trifunac et al. [27] and Hayir [28] used
very simple kinematic source models represented by a
Heaviside step functions for representing the generation
and propagation of tsunami.
Therefore, in this paper, we concern about the tsunami
amplitudes predicted in the near-field caused by time
variation of a two-dimensional realistic curvilinear slide
model. The curvilinear tsunami source model we considered based on available geological, seismological, and
tsunami elevation. This model resembles the initial
source predicted according to the initial disturbance recorded in [29,30]. At present, it is difficult to describe the
details of movements at the ocean floor during sliding
because of the paucity of high frequency inverse studies
of ground deformations in the source area of past tsunami, [31]. Therefore, the basic idea is to illustrate the
possible range of tsunami amplitudes using realistic
source model.
The aim of this study is to determine how near-field
tsunami amplitudes change according to variable velocities of submarine slide. We discuss the nature and the
Copyright © 2010 SciRes.
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extent of variations in the peak tsunami waveforms
caused by time variations of the frontal velocity and the
deceleration for the two-dimensional curvilinear block
slide model and compares the results with those for the
slide moving with constant velocity. It will show how the
changes in the slide velocity as function in time acts to
reduce wave focusing. Numerical results are presented
for the normalized peak amplitude as a function of the
propagation length and width of the slump and the slide,
the water depth, the time variation of moving velocity
and the deceleration of the block slide.
The problem is solved using linearized shallow-water
theory for constant water depth by transform methods
(Laplace in time and Fourier in space), with the forward
and inverse Laplace transforms computed analytically,
and the inverse Fourier transform computed numerically
by the Inverse Fast Fourier Transform (IFFT). Particular
cases are compared with the results obtained by Trifunac
et al. [9] and Hayir [28].

2. Mathematical Formulation of the Problem
Consider a three dimensional fluid domain  as shown
in Figure 1. It represents the ocean above the submarine
slump and slide area. It is bounded above by the free
surface of the ocean z    x, y, t  and below by the rigid

ocean floor z   h  x, y     x, y, t  , where   x, y, t 
is the free surface elevation, h  x, y  is the water depth
and   x, y, t  is the sea floor displacement function.
The domain  is unbounded in the horizontal directions x and y, and can be written as   R 2    h  x, y 
  x, y , t  ,  x, y , t   . For simplicity, before the earth-

quake, h  x, y  is assumed to be a constant and the fluid
is assumed to be at rest, thus the free surface and the
z

  x, y,0 

0

  x, y,0 

0 y

hΩ

0 x

Figure 1. Fluid domain and coordinate system for a very
rapid movement of the assumed source model.
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solid boundary are defined by z  0 and z  h , respectively. Mathematically, these conditions can be
written in the form of initial conditions:   x, y, 0  

  x, y, 0   0 . At time t  0 the bottom boundary
moves in a prescribed manner given by z  h 
  x, y, t  The deformation of the sea bottom is assumed
to have all the necessary properties needed to compute its
Fourier transforms in x, y and its Laplace transform in
t . The resulting deformation of the free surface
z    x, y, t  is to be found as a part of the solution. It
is assumed that the fluid is incompressible and the flow
is irrotational. The former implies the existence of a velocity potential function   x, y, z, t  which fully describes the flow and the physical process. By definition,

the fluid velocity vector can be expressed as q  
Thus,   x, y, z, t  must satisfy the Laplace’s equation

 2  x, y, z, t   0 where

 x, y , z   

(1)

Also,   x, y, z, t  must satisfy the following kinematic and dynamic boundary conditions on the free surface and the solid boundary, respectively

z  t  x x   y y on z    x, y, t 

(2)

z   t  x x   y y on z  h    x, y, t 

(3)

and

1
2
(4)
    g  0 on z    x, y, t 
2
where g is the acceleration due to gravity. As described above, the initial conditions are given by

t 

  x , y , z , 0     x, y , 0     x, y , 0   0

(5)

The solution of (1)-(4) for a prescribed bed movement
  x, y, t  is inherently difficult owing to the nonlinear
terms in the boundary conditions and the unknown location of the free surface a priori. The usual procedure for
solving problems of this type is to circumvent these difficulties by substituting a linear approximation for the
complete description of wave motion. In this approximation the nonlinear terms in the boundary conditions are
omitted and the resulting equations are applied at the
initial position of the boundaries.

2.1. Linear Shallow Water Theory
Various approximations can be considered for the full
water-wave equations. One is the system of Boussinesq
equations that retains nonlinearity and dispersion up to a
Copyright © 2010 SciRes.
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certain order. Boussinesq model is used to study transient
varying bottom problems. Fuhrman and Madsen [32] and
Zhao et al. [33] presented a developed numerical model
based on the highly accurate Boussinesq-type formulation subjected to exact expressions for the kinematic and
dynamic free surface conditions. Their results show that
the model was capable of treating the full life cycle of
tsunami evolution, from the initial generation of bottom
movements, to the subsequent propagation, and through
the final run-up process. Reasonable computational efficiency has been demonstrated in their work, which made
the model attractive for practical coastal engineering
studies, where high dispersive and nonlinear accuracy is
sought. Another one is the system of nonlinear shallow-water equations that retains nonlinearity but no dispersion. Solving this problem is a difficult task due to the
nonlinearities and the priori unknown free surface. The
simplest one is the system of linear shallow-water equations. The concept of shallow water is based on the
smallness of the ratio between water depth and wave
length. In the case of tsunamis propagating on the surface of deep oceans, one can consider that shallow-water
theory is appropriate because the water depth (typically
several kilometers) is much smaller than the wave length
(typically several hundred kilometers), which is reasonable and usually true for most tsunamis triggered by submarine earthquakes, slumps and slides, [34,35]. Hence,
the problem can be linearized by neglecting the nonlinear
terms in the boundary conditions (2)-(4) and if the boundary conditions are applied on the nondeformed instead
of the deformed boundary surfaces (i.e. z  h and on
z  0 instead z   h    x, y, t  of and z    x, y, t  ).
The linearized problem in dimensional variables can
be written as
 2  x, y, z, t   0 where

 x , y , z   R 2    h, 0 

(6)

subjected to the following boundary conditions

 z  t on z  0

(7)

 z   t on z   h

(8)

t  g  0 on z  0

(9)

The linearized shallow water solution can be obtained
by the Fourier-Laplace transforms.

2.2. Solution of the Problem
Our interest is focused on the resulting uplift of the free
surface elevation   x , y , t  . An analytical analysis is to
examine and illustrate the generation and propagation of
the tsunami for a given bed profile   x, y , t  . Mathematical modeling of waves generated by vertical and
ENG
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lateral displacements of ocean bottom using the combined Fourier–Laplace transforms of the Laplace equation analytically is the simplest way of studying tsunami
development. All our studies took into account constant
depth for which the Laplace and Fast Fourier Transform
(FFT) methods could be applied. Equations (6)-(9) can
be solved by using the method of integral transforms. We
apply the Fourier transform in (x, y) given by

 f   fˆ  k1 , k2   R2 f  x, y ei  k1x  k2 y  dxdy

ET AL.
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z  k1 , k2 , h, s   s  k1 , k2 , s 

The transformed free-surface elevation can be obtained from (9) as
s
g

  k1 , k2 , s      k1 , k2 , 0, s 

 fˆ   f  x, y   1
2
 
 2 

  k1 , k2 , z , s   A  k1 , k2 , s  cosh  kz 

ik xk y 
dk1dk2
R fˆ  k1 , k2 e
1

2

2



For the combined Fourier and Laplace transforms, the
following notation is introduced
£ f  x, y, t   F  k1 , k2 , s 

(10)

z  x, y, h, t    t  x, y, t 

0

(12)

dn f 
n
 n    ik  F  k  , (12)

x



will be

tt  k1 , k2 , z , s    k12  k22    k1 , k2 , z , s   0

(13)

Second, by applying the transforms method to the
boundary conditions (10)-(11) and the initial conditions
(5), yields
s   k1 , k2 , 0, s   gz  k1 , k2 , 0, s   0
2

and
Copyright © 2010 SciRes.

  Ak sinh  kh   Bk cosh  kh 

(18)

Substituting from (18) into (15), yields

  k1 , k2 , h, s 
z

(19)

 Bk and   k1 , k2 , 0, s   A

A

(11)

The solution of the Laplace Equation (6) which satisfies the boundary conditions (10)-(11) can be obtained
by using the Fourier-Laplace transforms method.
First, by applying the transforms method to the Laplace equation (6), gives

By using the property

z

(20)

Substituting from (20) into (14), gives

and the bottom condition (8) will be

F £

  k1 , k2 , h, s 

For the free surface condition (at z  0 ):

tt  x, y, 0, t   gz  x, y, 0, t   0

F £

B  k1 , k2 , s  can be found from the boundary conditions

 Ak sinh  kh   Bk cosh  kh   s  k1 , k2 , s 



dxdy 0 f  x, y, t  e  st dt

Combining (7) and (9) yields the single free-surface
condition

F £

where k  k12  k22 . The functions A  k1 , k2 , s  and
(14)-(15) as follows
For the bottom condition (at z  h ):

£  g   G  s   0 g  t e  st dt

 i  k1 x  k2 y 

(17)

 B  k1 , k2 , s  sinh  kz 

and the Laplace transform in time t,

 R 2 e

(16)

The general solution of (13) will be

with its inverse transform
1

(15)

(14)

 gk
B
s2

(21)

Using (21), (19) can be written as
 gk

Bk cosh  kh  1  2 tanh  kh    s  k1 , k2 , s 
 s


(22)

From which,

A  k1 , k2 , s  
B  k1 , k2 , s  

gs  k1 , k2 , s 

cosh  kh   s 2  gk tanh  kh  
s 3  k1 , k2 , s 

,

k cosh  kh   s 2  gk tanh  kh  

Substituting the expressions for the
A  k1 , k2 , s  and B  k1 , k2 , s  in (17) yields,

  k1 , k2 , z , s   

gs  k1 , k2 , s 



cosh  kh  s 2   2





s2
 cosh  kz   sinh  kz  
gk



.

functions

(23)
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where   gk tanh  kh  is the circular frequency of
the wave motion.
The free surface elevation   k1 , k2 , s  can be obtained from (16) as

s   k1 , k2 , s 



cosh  kh  s 2   2



(24)

cified   x, y, t  by computing approximately its transform   k1 , k2 , s  then substituting it into (24) and inverting   k1 , k2 , s  to obtain   x, y, t  We are concerned now to evaluate   x, y, t  by transforming analytically the assumed source model then inverting
  k1 , k2 , s  using the inverse Laplace Transform to obwhich

is

further

converted

to

  x, y, t  by using double inverse Fourier Transform.
The circular frequency  describes the dispersion

relation of tsunamis and implies phase velocity c 
k

d
.
and group velocity U 
dk

Hence, c 

g tanh  kh 

Since, k 

k
2

Parameters

First stage

Second stage

100

100

W’ = 100

L = 150

2

2

0.0098

0.0098

-Tsunami velocity,
vt  gh , km/sec

0.14

0.14

-Moving velocity, v, km/sec

0.14

0.14

2

A solution for   x, y, t  can be evaluated for spe-

  k1 , k2 , t 

Table 1. Parameters used in the analytical solution of the
problem.

-Source width, W, km

  k1 , k2 , s  

tain

ET AL.

, and U 

1 
2kh 
c 1 
.
2  sinh  2kh  

, hence as kh  0 , both c  gh


and U  gh , which implies that the tsunami velocity
vt  gh for wavelengths λ long compared to the water
depth h . The above linearized solution is known as the
shallow water solution. We considered three stages for
the mechanism of the tsunami generation caused by
submarine gravity mass flows, initiated by a rapid curvilinear down and uplift faulting with rise time 0  t  t1 ,
then propagating unilaterally in the positive x-direction
with time t1  t  t  , to a length L both with finite velocity v to produce a depletion and an accumulation zones.
The last stage represented by the time variation in the
velocity of the accumulation slide (block slide) moving
in the x-direction with time t   t  tmax and deceleration  , where tmax is the maximum time that the slide
takes to stop with minimum deceleration  min . In the
y-direction, the models propagate instantaneously. The
set of physical parameters used in the problem are given
in Table 1.
The first and second stages of the bed motion are
Copyright © 2010 SciRes.

-Whole width in 1st Stage and
Propagation length in 2nd Stage, km
-Water depth (uniform), h, km
-Acceleration due to gravity,
g, km/sec2

-Duration of the source process,
t, min

t1 

50
200
 23.8
 5.95 t  
v
v

shown in Figures 2 and 3, respectively, and given by:
1) First Stage: Curvilinear down and Uplift Faulting

 down  x, y, t  

 

vt 

 0 2W  1  cos 50 x  1  cos 100  y  150   ,





50  x  50,  150  y  50,

 vt 1  cos  x  ,
 0


50 
W

50  x  50,  50  y  50,


 

vt 
 y  50  ,
 0
1  cos x  1  cos

2
50
100
W




50  x  50, 50  y  150.

(25)

 up  x, y, t  
vt 





 0 2W  1  cos 50  x  200   1  cos 100  y  150   ,




200  x  300,  150  y  50,

 vt 1  cos   x  200   ,
 0


50

 W
200  x  300,  50  y  50,


vt 



 y  50  ,
 0
1  cos  x  200   1  cos

50
100


 2W 
200  x  300, 50  y  150.
(26)

For these displacements, the bed rises during 0  t  t1
to a maximum displacement  0 such that the volume of
ENG
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soil in the uplift increases linear with time and vise verse
in the down faulting.
For t  t1 the soil further propagates unilaterally in
the positive x-direction with velocity v till it reaches the
characteristic length L = 150 km at t  t   200 v .
2) Second Stage: Curvilinear down and Uphill
Slip-Fault (Slump and the Slide)

 down  x, y, t    1down  x, y, t    2down  x, y, t 
  3down  x, y, t 
(a)

(27)

where,

 1down  x, y, t  

(b)

Figure 2. Normalized bed deformation represented by a
rapid curvilinear down and uplift faulting at the end of
50
stage one ( t1 
)(a) Side view along the axis of symmetry
v
at y  0 (b) Three- dimensional view.

 0 
 


 4  1  cos 50 x  1  cos 100  y  150   ,





50  x  0,  150  y  50,

  0 1  cos   y  150   ,
 2 

100



0  x   t  t  v,  150  y  50,
1

 0 



 y  150  ,
  1  cos  x   t  t1  v   1  cos
50
100


 4 
 t  t1  v  x   t  t1  v  50,  150  y  50.

 2down  x, y, t  
 
 0 
 2 1  cos 50 x  ,



50  x  0,  50  y  50,

 0 ,

0  x   t  t1  v,  50  y  50,
  


 0 1  cos  x   t  t1  v   ,
50

 2 
 t  t  v  x   t  t  v  50,  50  y  50.
1
1


(a)

(b)

Figure 3. Normalized Bed deformation model represented
by the accumulation and depletion zones at the end of stage
200

) (a) Side view along the axis of symmetry at
two ( t 
v
y  0 (b) Three-dimensional view.
Copyright © 2010 SciRes.

 3down  x, y, t  
 0 
 


 4  1  cos 50 x  1  cos 100  y  50   ,




50  x  0, 50  y  150,

  0 1  cos   y  50   ,
 2 

100



0  x   t  t  v, 50  y  150,
1

 0 



 y  50  ,
 1  cos  x   t  t1  v   1  cos
4
50
100





 t  t1  v  x   t  t1  v  50, 50  y  150.

 up  x, y, t    1up  x, y, t    2up  x, y, t    3up  x, y, t  (28)
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By referring to Figure 3,  1up  x, y, t  ,  2up  x, y, t 
and  3up  x, y, t  can be expressed in the same manner
as  1down  x, y , t   2down  x, y, t  and  3down  x, y , t  .
The kinematic realistic tsunami source model shown
in Figure 3 is initiated by a rapid curvilinear down and
uplift faulting (First stage) which then spreads unilaterally with constant velocity v causing a depletion and
accumulation zones. The final down lift of the depression
zone and final uplift of the accumulation zone are assumed to have the same amplitude  0 . We assume the
spreading velocity v of the slump and the slide deformation in Figure 3 the same as the tsunami wave velocity
vt  gh as the largest amplification of the tsunami
amplitude occurs when v  vt due to wave focusing
[6,36]. The slide and the slump are assumed to have constant width W.
The spreading is unilateral in the x-direction as shown
in Figure 3. The vertical displacement,  0 , is negative
(downwards) in zones of depletion, and positive (upwards) in zones of accumulation. All cases are characterized by sliding motion in one direction, without loss of
generality coinciding with the x-axis, and tsunami propagating in the x-y plane.
Figure 4 shows vertical cross-sections (through y = 0)
of the mathematical models of the stationary submarine
slump and the moving slide and their schematic representation of the physical process that we considered in
this study, as those evolve for time t  t  . The block
slide starts moving in the positive x-direction at time
t  t  and stops moving at distance L  150 km while
the downhill slide becomes stationary. We discuss the
tsunami generation for two cases of the movement of the
block slide. First, the limiting case in which the block
slide moves with constant velocity v and stops after distance L with infinite deceleration (sudden stop) at time
tmin  t   L v . Second, the general case in which the


block slide moves in time t2  t . With constant velocity and then with constant deceleration such that it stops
softly after traveling the same distance L in time t3
which depends on the deceleration  and the choice of
time t2 . The variation of the ‘‘block slide’’ we considered could be used to represent the motion of the collapsed blocks at the Blake Escarpment, east of Florida.
(see Figure 7 in Dillon et al. [37]) and the block slide at
the base of Middle Canyon along the Beringian Margin
in Alaska (see Figure 8 in Carlson et al. [38]) and the
Sur submarine landslide originated on the continental
slope west of Point Sur, central California(see Figure 1
in Gutmacher and Normark [39]). So, the evidence of a
huge historical tsunami needs for investigating the possibility of future tsunami generating by submarine landCopyright © 2010 SciRes.

ET AL.

slides.
The velocity v  t  in this case can be defined as
v

v t   
v   t  t2  

t   t  t2

(29)

t2  t  t3

where v  vt  0.14 km/sec and  is the deceleration
of the moving block slide. We need to determine the time
t3 that the slide takes to reach the final distance L and

(a)
v(t)

Displaced

Landslide scar

L'

Landslide scar

(b)

Landslide scar

Displaced
L

L
v(t)

L'

(c)

Figure 4. A schematic representation of a landslide (bottom)
travelling a significant distance L downhill creating a “scar”
and a moving uphill displaced block slide stopping at the
characteristic length L . (a) Case 1: Mathematical model
of the stationary slump and the moving submarine slide; (b)
Case 2: Physical process of the displaced block moving with
a variable slide velocity v  t  ; (c) Case 3: Schematic representation of the used model.
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the corresponding deceleration  . This can be done by
the following steps:
1) Choosing time t2 as t   t2  t    L v  in
which the slide moves with constant velocity v where
t   t1  L v and t1  50 v .
2) Getting the corresponding distance





L  t 2  t  v .



Substituting L n the equation

1
2
 t3  t2 
2

(30)

v  t   v   t3  t2  t3  t2   0

(31)

Eliminating  from (30) and (31), we get a relation
between t3 and t 2 which further on substituting in
(31), we obtain the deceleration  .
For t2  t  t3 , the block slide moves with velocity
v  t   v   t  t2   . Table 2 represents the different

Table 2. Values of t 2 and the corresponding calculated
values of t 3 and  .
Time t3 (minutes)

Deceleration α

t* = 23.80

59.51

6.53 × 10-5

t* + 0.1(L’/v) = 25.58

57.72

7.25 × 10-5

t* + 0.2(L’/v) = 27.37

55.95

8.16 × 10-5

t* + 0.3(L’/v) = 29.37

54.15

9.33 × 10-5

t* + 0.4(L’/v) = 30.94

52.36

1.08 × 10-4

t* + 0.5(L’/v) = 32.72

50.57

1.30 × 10-4

t* + 0.6(L’/v) = 34.51

48.79

1.63 × 10-4

t* + 0.7(L’/v) = 36.30

47.01

2.17 × 10-4

t* + 0.8(L’/v) = 38.08

45.22

3.26 × 10-4

t* + 0.9(L’/v) = 39.87

43.44

6.53 × 10-4

t* + (L’/v) = 41.65

41.65

infinity

Copyright © 2010 SciRes.

So, the stationary landslide scar for t   t and the
movable block slide with variable velocity v  t  for
t   t2  t    L  v 

and

t    L v   t3  t    2 L v 

can be expressed respectively as

When the block slide stops moving, then

Time t2 (minutes)

values of t2 and the corresponding calculated values of
t3 and  .
Figure 5 illustrates the position of the slides in the
third stage for different choice of deceleration  . In this
stage,  min is the minimum deceleration required such
that the slide stops after traveling distance L .
In this case t2  t  and t3  tmax  t    2 L v  
constant velocity with time t   t  t2 and with deceleration  until it stops at time t3 which is less than
tmax .

L  L   t2  t  v .

L   t3  t2  v 

537

59.51min . For any other    min , the slide moves with

3) Evaluating the remaining distance
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 stat.landslide  x, y, t     1  x, y, t     2  x, y, t  



  3 x, y , t 



 block slide  x, y, t    1  x, y, t    2  x, y, t 
  3  x, y , t 

(32)

(33)

 stat.landslide  x, y , t   is the same as (27) except the time
parameter t will be substituted by t  .
For  block slide  x, y, t  , let η(x,0,t)

Figure 5. Slide block position against the instants of times
t   t 2  t    L v  and tmin  t3  tmax .
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t  t v

S 
1
2

 t  t v    t  t2 

2





for t   t  t2
for t2  t  t3

be the distance the slide moves during stage three, hence

 1  x, y , t  


 0 


 4 1  cos 50  x   200  S    1  cos 100  y  150   ,


 
200  S  x  250  S ,  150  y  50,

  0 1  cos   y  150   ,
 

100

2 
250  S  x  250  S  L,  150  y  50,

 0 



 y  150  ,
 1  cos  x   250  S  L    1  cos
4
50
100





250  S  L  x  300  S  L,  150  y  50.

ET AL.

 3  x, y , t  
 0 




 4 1  cos 50  x   200  S    1  cos 100  y  150   ,


 
200  S  x  250  S , 50  y  150,

  0 1  cos   y  150   ,
 

100

2 
250  S  x  250  S  L, 50  y  150,

 0 



 y  150  ,
 1  cos  x   250  S  L    1  cos
4
50
100





250  S  L  x  300  S  L, 50  y  150.

Laplace and Fourier transforms can now be applied to
the bed motion described by (25)-(28) and (32)-(33).
First, beginning with the down and uplift faulting (25)
50
, and
and (26) for 0  t  t1 where t1 
v
£   x, y, t     k1 , k2 , s 

 2  x, y , t  
 0 


 2 1  cos 50  x   200  S    ,

 
200  S  x  250  S ,  50  y  50,

 0 ,

250  S  x  250  S ,  50  y  50,
 


 0 1  cos  x   250  S  L    ,
50

2 
250  S  L  x  300  S  L,  50  y  50.




 e

 i  k1 x  k2 y 





dxdy    x, y, t  e  st dt (34)
0

The limits of the above integration are apparent from
(25)-(26).
Substituting the results of the integration (34) for
 down and  up into (24). The free surface elevation

  k1 , k2 , t  can be evaluated by using the inverse Laplace transforms of   k1 , k2 , s  . From which,



   i 200 k1
2
 i 300 k1
  50   i 300 k
  
e
1
i 200 k1
 e
1

e
ik

 e
2  1

ik1
50     
 


1   k1 

 0v 
 
sin t


  k1 , k2 , t  
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1
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1


ik
e
e
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ik
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1
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2
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1
e
i150 k2
 e
2
ik
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e



 
2

2



ik2
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  e  i 50 k2  e  i150 k2

  100  2  i150 k

1
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ik
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 100     
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Copyright © 2010 SciRes.

(35)



ENG

H. S. HASSAN

ET AL.

539

In case of t  t1 ,   k1 , k2 , t  will have the same ex-

frequency domain function F  p, q  with frequency

pression except in the convolution step, the integral bet
sin t sin   t  t1 

instead of
comes 0 cos  d 

variables p and q, corresponding to k1 and k2. This inversion is done efficiently by using the Matlab FFT algorithm.
Using the same steps,   k1 , k2 , t  is evaluated by ap-



t

0 cos  d 



sin  t

.

Finally,   x, y, t  is evaluated using the double in-

verse Fourier transform of   k1 , k2 , t 

  x, y , t  

1

 2 



2

 e

ik2 y

plying the Laplace and Fourier transforms to the bed
motion described by (27) and (28), then substituting into
(24) and then inverting   k1 , k2 , s  using the inverse
Laplace transform to obtain   k1 , k2 , t  . This is verified

  eik1 x  k , k , t  dk  dk
1
2
1
 
 2

for t1  t  t  where t  

(36)
This inversion is computed by using the FFT. The inverse FFT is a fast algorithm for efficient implementation of the Inverse Discrete Fourier Transform (IDFT)
given by
f  m, n  

1
MN

M 1 N 1

  F  p, q e

 2
i
M


 2
 pm i 

 N

e


 qn


  k1 , k2 , t   down  k1 , k2 , t   up  k1 , k2 , t 
down  k1 , k2 , t   1down  k1 , k2 , t   2down  k1 , k2 , t 
 3down  k1 , k2 , t 

p  0,1, , M  1, q  0,1, N  1,

up  k1 , k2 , t   1up  k1 , k2 , t   2up  k1 , k2 , t 
 3up  k1 , k2 , t 

where f  m, n  is the resulting function of the two spatial variables m and n, corresponding to x and y, from the

(37)

where,

then
and

,

p 0 q 0

200
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v
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Substituting down  k1 , k2 , t  and  up  k1 , k2 , t  into

then inverting  block slide  k1 , k2 , s  using the inverse

(37) gives   k1 , k2 , t  for t1  t  t  . For the case

Laplace transform to obtain block slide  k1 , k2 , t  . This is

t  t ,   k1 , k2 , t  will have the same expression as (37)

verified for t   t2  t    L v 

except for the term resulting from the convolution theorem, i.e.

 t    2 L v  . Then,



t

t t  t
1



cos  e

 ik1   t  t1  v  

d 

1

 2   k1v 









 3  k1 , k2 , t 



,




instead of
t

t t  cos  e

 ik1  t  t1  v

1

d 

1

   k1v 
2

2

 sin  t  t   ik v cos   t  t   ik ve
1

1

1

1

 ik1v  t  t1  v



.

So,   x, y, t  is computed using inverse FFT of

  k1 , k2 , t  .
Finally, block slide  k1 , k2 , t  is evaluated by applying
the Laplace and Fourier transforms to the block slide
motion described by (33), then substituting into (24) and
Copyright © 2010 SciRes.

t    L  v   t3

block slide  k1 , k2 , t   1  k1 , k2 , t    2  k1 , k2 , t 

2

 sin   t  t   ik v cos   t  t   e ik1vt
1
1
1

  sin   t  t   t   ik v cos   t  t   t 
1
1
1


and

(38)

Then,
Finally,   x, y, t  is computed using inverse FFT of

  k1 , k2 , t  .
We investigated mathematically the water wave motion in the near and far-field by considering a kinematic
mechanism of the sea floor faulting represented in sequence by a down and uplift motion with time followed
by unilateral spreading in x-direction, both with constant
velocity v , then a deceleration movement of a block
slide in the direction of propagation. Clearly, from the
mathematical derivation done above,   x, y, t  depends continuously on the source   x, y, t  . Hence,
from the mathematical point of view, this problem is said
to be well-posed for modeling the physical processes of
the tsunami wave.
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3. Results and Discussion
We are interested in illustrating the nature of the tsunami
build up and propagation during and after the movement
process of a variable curvilinear block shape sliding. In
this section three cases are studied. We first examine the
generation process of tsunami waveform resulting from
the unilateral spreading of the down and uplift slip faulting in the direction of propagation with constant velocity
v. We assume the spreading velocity of the ocean floor
up and down lift to be equal to the tsunami wave velocity
vt  gh  0.14 km/sec as it has been verified in [6,36]
that the largest wave amplitude occurs when v  vt due
to wave focusing.

3.1. Tsunami Generation caused by Submarine
Slump and Slide-Evolution in Time
We assume the waveform initiated by a rapid movement
of the bed deformation of the down and uplift source
shown in Figure 2. Figure 6 shows the tsunami generCopyright © 2010 SciRes.



ated waveforms during the second stage at time evolution t  0.4t  , 0.6t  , 0.8t  , t  . at constant water depth h =
2 km. It is seen how the amplitude of the wave builds up
progressively as t increases where more water is lifted
below the leading wave depending on its variation in
time and the space in the source area. The wave will be
focusing and the amplification may occur above the
spreading edge of the slip. This amplification occurs
above the source progressively as the source evolves by
adding uplifted fluid to the fluid displaced previously by
uplifts of preceding source segments. This explains why
the amplification is larger for wider area of uplift source
than for small source area. It can be seen that the tsunami
waveform   0 has two large peaks of comparable
amplitudes, one in the front of the block due to sliding of
the block forward, and the other one behind the block
due to spreading of the depletion zone. These results are
in good agreement with the aspect of the tsunami waveforms generated by a slowly spreading slump and slide
of the ocean bottom presented by Todorovsk et al. [9]
and Hayir [28] who considered very simple kinematic
source models represented by sliding Heaviside step
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(a)

ET AL.

(b)

Figure 6. Dimensionless free-surface elevation caused by the propagation of the slump and slide in the x-direction during the
second stage with v  vt at h = 2 km, L = 150 km, W = 100 km and t   200 v sec; (a) Side view along the axis of symmetry
at y = 0; (b) Three-dimensional view.
Copyright © 2010 SciRes.
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functions. It is difficult to estimate, at present, how often
this type of amplification may occur during actual slow
submarine process, because of the lack of detailed
knowledge about the ground deformations in the source
area of past tsunamis.Therefore, we presented here only
the basic ideas and illustrated the possible range of amplification factors by means of a realistic curvilinear
slip-fault models.
Figures 7 and 8 illustrate the normalized peak tsunami
amplitudes  R ,max  0 ,  L ,min  0 respectively in the
near-field versus L h at t  t   t1  L v , the time
when the spreading of the slides stops for h = 0.5, 1, 1.5
and 2 m and for v  vt and L = 150 km, W = 100 km.
From Figures 7 and 8, the parameter that governs the
amplification of the near-field water waves by focusing,
is the ratio L h . As the spreading length L in the
slip-faults increases, the amplitude of the tsunami wave
becomes higher. At L = 0, no propagation occurs and the
waveform takes initially the shape and amplitude of the
curvilinear uplift fault (i.e.  R ,max  0  1,  L ,min  0  1 )

Figure 8. Normalized tsunami peak amplitudes,  L,min  0
at the end of second stage for different water depths h = 0.5,
1, 1.5 and 2 k at t   t1  L v with v  vt and L = 150 km,
W = 100 km.

The negative peak wave amplitudes are approximately
equal to the positive peak amplitudes (  L ,min  0 

 R ,max  0 ) when v  vt as seen in Figures 7 and 8.
The peak tsunami amplitude also depends on the water
depth in the sense that even a small area source can generate large amplitude if the water is shallow.
Figure 9 shows the effect of the water depth h on the
amplification factor  R ,max  0 for v  vt , with L = W =
10, 50, 100 km and L = 150 km, W = 100 km at the end
of the second stage (i.e. at t  t   t1  L v ). Normalized
maximum tsunami amplitudes for 19 ocean depths are
calculated. As seen from Figure 9, the amplification

Figure 9. Normalized maximum tsunami amplitudes
 R ,max  0 for different lengths and widths at t  t  

t1  L v for v  vt .

factor  R ,max  0 decreases as the water depth h increases.

Figure 7. Normalized tsunami peak amplitudes,  R ,max  0
at the end of second stage for different water depths h = 0.5,
1, 1.5 and 2 k at t   t1  L v with v  vt and L = 150 km,
W = 100 km.
Copyright © 2010 SciRes.

This happens because the speed of the tsunami is related
to the water depth ( v  vt  gh ) which produces small
wavelength as the velocity decreases and hence the
height of the wave grows as the change of total energy of
the tsunami remains constant. Mathematically, wave
energy is proportional to both the length of the wave and
the height squared.
Therefore, if the energy remains constant and the wavelength decreases, then the height must increase. The
results shown in Figures 7-9 agree with the results obtained by Hayir (see Figures 5(b) and 1(b) in [40]) who
determined the effects of ocean depth on tsunami amplitudes for very simple kinematic source models represented
by a Heaviside step function, since the ratio L h and
the ocean depth have primary effects on normalized peak
tsunami amplitudes.
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3.2. Tsunami Generation and Propagation-Effect
of Variable Velocities of Submarine Block
Slide
In this section, we investigated the motion of a submarine block slide, with variable velocities, and its effect on
the near-field tsunami amplitudes. We considered the
limiting case, in which the slide moves with constant
velocity and stops suddenly (infinite deceleration) and
the case in which the slide stops softly with constant deceleration for L = 150 km, W = 100 km and v  vt .
3.2.1. Displaced Block Sliding with Constant
Velocity v
Constant velocity implies that the slide starts and stops
impulsively, i.e. the acceleration and deceleration are
infinite both initially and finally. This means that the
slide takes minimum time to reach the characteristic
length L  150 km given by tmin  t    L v   41.65

min. We illustrated the impulsive tsunami waves caused
by sudden stop of the slide at distance L in Figure 10.
Figure 10 shows the leading tsunami wave propagating in the positive x-direction during time evolution
t  t  , t   0.2  L v  , t   0.4  L v  , t   0.6  L v  ,
t   0.8  L v  , t    L v  ec at. LE = 0, 30, 60, 90,

120, 150 km respectively, where LE represents that
part of L (see Figure 4(c)) for v  vt  0.14 km/sec. It
is seen in Figure 10 that the maximum leading wave
amplitude decreases with time, due to the geometric
spreading and also due to the dispersion. At t  tmin 

ET AL.

v  t  up to time tmax as shown in Figure 4(a), followed

by a decelerating phase in which the velocity is given by
v  t   v   t  t    , for t   t  tmax . where v  vt 
0.14 km/sec and  is the deceleration of the moving
block slide. The block slide moves in the positive
x-direction with time t   t  tmax where tmax  t  
2 L  v is the maximum time that the slide takes to stop
after reaching the characteristic length L  150 km
with minimum deceleration  min . Figure 11 shows the
leading tsunami wave propagating in the positive x-direction during time evolution t  t  , t   0.2  L v  ,
t   0.4  L v  , t   0.6  L v  , t   0.8  L v  , t  

 L v 

min in case t2  t  (i.e. minimum magnitude of

 ).
It is clear from Figures 10 and 11 that at the instant
the slide stops, the peak amplitude in case of sudden stop
is higher than that of soft stop.
Figures 12 and 13 show the effect of the water depth
at L = W 10, 50, 100 km and L = 150, W = 100 km on
the normalized peak tsunami amplitude  R ,max  0
when the slide stops moving at length L instantaneously at tmin  t    L v  with infinite deceleration
and stops moving softly at L at the time tmax  t  

 2 L v 

with minimum deceleration for v  vt .
It is clear from Figures 12 and 13 that the waveforms
which are caused by sudden stop of the slide motion after

t    L v   41.65 , the wave front is at x = 693 km and

 R ,max  0 decreases from 7.906 at t  t  to 5.261 at
time tmin . This happens because the amplification of the
waveforms depends only on the volume of the displaced
water by the moving source which becomes an important
factor in the modeling of the tsunami generation. This
was clear from the singular points removed from the
block slide model, where the finite limit of the free surface depends on the characteristic volume of the source
model. This result agrees with the results obtained by
Guard et al. [41] who studied the tsunami wave generation caused by a simple seabed deformation represented
by a translating hump that moves with constant velocity.
It has seen in their results that the tsunami amplitudes are
reduced with time when the hump moves with constant
velocity and that the characteristic wavelength was increased with the increase in the water depth.
3.2.2. Displaced Block Slide Moving with Linear
Decreasing Velocity with Time T
The velocity of the movable slide is uniform and equal
Copyright © 2010 SciRes.

Figure 10. Normalized tsunami waveforms   0 along the
axis of symmetry at y = 0 and their corresponding moving
slide   0 with constant velocity v along y = 0, at time

t   t  t    L v  for h = 2 km, L = 150 km and W =
100 km.
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Figure 11. Normalized tsunami waveforms   0 and their
corresponding moving slide   0 with variable velocity

v  t  along y = 0, at time t   t  t    2 L v  at h = 2 km,
L = 150 km and W = 100 km.
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Figure 13. Normalized maximum tsunami amplitudes
 R ,max  0 when the slide stops softly at time tmax 

t    2 L v  with different slide lengths L and widths W
and for v  vt .

with variable velocity v  t  with constant deceleration
until it stops at the characteristic length L = 150 km.
Figure 14 shows the tsunami waveforms at the times
calculated in Table 2 when the slide reaches the characteristic length L = 150 km.
In Figure 14, the blue waveform indicates the shape
of the wave at the time t3  tmin  t    L v   41.65
min in the limiting case when the slide stops moving
suddenly. The green waveform indicates the wave in the
other limiting case at the time t3  tmax  t    2 L v 

Figure 12. Normalized maximum tsunami amplitudes
 R ,max  0 when the slide stops suddenly at time tmin 

t    L v  with different slide lengths L and widths W and
for v  vt .

they reach the characteristic length L at time tmin 
t    L v  have higher amplitude than stopping of the
slide with slow motion at time tmax  t    2 L v  . This

agrees with the mathematical relation between the wavelength and the wave height where the wave energy is
proportional to both the length of the wave and the
height squared.
3.2.3. Displaced Block Slide Moving with Constant
Velocity v Followed by Variable Velocity v  t 

In this section, we studied the generation of the tsunami
waveforms when the block slide moves a significant distance with constant velocity v  vt then continues moving
Copyright © 2010 SciRes.

when the slide stops moving with minimum deceleration
at the distance L . In between the two limiting cases, the
slide begins moving with constant velocity a significant
distance followed by decelerating movement until it
stops at the characteristic length L = 150 km at the
time tmin  t3  tmax , see Table 2. It is seen how the peak
amplitudes of the leading waves decreases gradually
from 5.261 to 3.894.
In order to compare the shape and maximum height of
tsunami wave at certain time for different deceleration
 , we choose the time t  tmax . For the limiting case
 min , there is no free propagation, while for the other
limiting case “the sudden stop”, there is maximum free
propagation between time tmin and tmax . For the cases
between the two limiting cases, the propagation time is
tprop  tmax  t3 .
Figure 15 shows the shape of the tsunami propagation
waveform at tmax  t    2L v   59.51 min (curves in

black) for different deceleration  and time t3 (time
at which the slide stops). As the wave propagates, the
wave height decreases and the slope of the wave front
ENG
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Figure 14. Normalized tsunami waveforms   0 along y =
0 at t  t3 calculated in Table 2 with L = 150 km.

becomes smaller, causing a train of small wave forms
behind the main wave. The maximum wave amplitude
decreases with time, due to the geometric spreading and
also due to the dispersion.
Figure 16 represents the normalized peak tsunami
amplitudes  min  0 and  max  0 of the leading
propagating wave in the far-field at the time t  tmax for
the different deceleration  and time t3 (time at
which the slide stops) chosen in Figure 15.

Figure 15. Normalized tsunami propagation waveforms
  0 along the axis of symmetry at y = 0 at time tmax =
59.51 min and at time t 3 for different deceleration  .
Copyright © 2010 SciRes.
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pendence velocity v  t  and different constant decelera-

Figure 16. The normalized peak tsunami amplitudes
 min  0 and max  0 at time t  tmax for the different
deceleration  and time t 3 .

It can be seen in Figure 16 that the absolute minimum
peak amplitudes of the leading propagated waves at time
tmax  t    2 L v  , after the block slide stops moving
with different deceleration  and time t3 , decrease
gradually, while the maximum peak amplitudes increase
progressively.

4. Conclusions
In this paper, we presented a review of the main physical
characteristics of the tsunami generation caused by realistic curvilinear submarine slumps and slides in the
near-field. It is seen that the tsunami waveform has two
large peaks of comparable amplitudes, one in the front of
the block due to forward sliding of the block, and the
other one behind the block due to spreading of the depletion zone. The negative peak wave amplitudes are approximately equal to the positive peak amplitudes. These
results agree with the qualitative behaviour of the tsunami waveforms generated by a slowly spreading slump
and slide of the ocean bottom presented by Todorovsk et
al. [9] and Hayir [28] who considered very simple kinematic source models represented by sliding Heaviside
step functions. We studied the effect of variable velocities of submarine block slide on the tsunami generation
in the limiting cases, in which the slide moves with constant velocity and stops suddenly (with infinite deceleration) and the case in which the slide stops softly at the
same place with minimum deceleration. It is seen that the
leading tsunami amplitudes are reduced in both cases due
to the geometric spreading and also due to the dispersion.
We observed that the peak tsunami amplitudes increase
with the decrease in the sliding source area and the water
depth. We also investigated the more realistic case in
which the block slide moves a significant distance with
constant velocity v then continue moving with time deCopyright © 2010 SciRes.

tion until it stops at the characteristic length. It is seen
how the peak amplitudes of the leading waves decrease
gradually with time between the two limiting cases. In
this case we demonstrated also the shape of tsunami
propagated wave at certain time tmax (time at which the
slide stops with minimum deceleration). The results
show that the wave height decreases due to dispersion
and the slope of the front of the wave becomes smaller,
causing a train of small wave forms behind the main
wave. It can be observed that just a slight variation in the
maximum and the minimum tsunami propagated amplitudes after the block slide stops moving with different
deceleration  and time t3 , see Figure 16. The presented analysis suggests that some abnormally large tsunamis could be explained in part by variable speeds of
submarine landslides. Our results should help to enable
quantitative tsunami forecasts and warnings based on
recoverable seismic data and to increase the possibilities
for the use of tsunami data to study earthquakes, particularly historical events for which adequate seismic data do
not exist.
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