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ABSTRACT 
 
The paper presents a unified computing technology for all stages of landslide-type tsunami. The 
computing technology is based on the numerical solution of the Navier – Stokes equations for 
multiphase flows. The method of numerical solution of the Navier – Stokes equations uses a fully 
implicit algorithm. This algorithm removes stiff restrictions on the time steps and allows simulating a 
tsunami propagation in arbitrarily large water basins. The basic sampling equation formulas, 
coefficient types as well as the basic steps of the computational procedure are presented. The landslide 
is modeled by a single phase with its density and viscosity, which is separated by the interface from 
water and air phases. A parallel algorithm of the method implementation based on an algebraic 
multigrid method is proposed for the effective usage of the method to calculate the tsunami in large 
water areas. The multigrid method of implementation is based on algorithms of global level and 
cascading collection. These algorithms do not impose restrictions on the scale parallelization and 
allow the use of the proposed technology in petaflop class systems. It shows the possibility of  
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simulating all the stages of the landslide-type tsunamis: generation, propagation and runup. The 
verification of the method is carried out by using the tests provided by the experimental data. The 
mechanism of bathymetric data accounting and the technology of constructing three-dimensional grid 
models are described. The results of the comparison with the non-linear dispersion theory are 
presented for the historical tsunami that resulted from a volcanic eruption on the island of Montserrat, 
the Caribbean. The results of this comparison are in good agreement. 

 
1. INTRODUCTION 

Tsunami database contains more than 2,200 registered events in the world and more than 9,000 
observations of wave heights on a shore (http://tsun.sscc.ru/hiwg). More than 10% of them are 
tsunamis generated by underwater and aerial landslides, and 5% are generated by volcanic sources, to 
be more precise, by pyroclastic flows formed as a result of a volcanic explosion. According to the 
accumulated data, tsunamis generated by landslides have the highest runup heights, which can reach 
several hundred meters. The most famous landslide-type tsunamis are events in Alaska (Lituya Bay) 
(1853, 1936, 1958), Norway (1936) and Greenland (2000) (Rabinovich et al., 2003; Fine et al., 2005; 
Papadopoulos & Kortekaas, 2005). The greatest tsunami wave height of 60 meters was observed in 
Lituya Bay on 10 July, 1958 with a maximum splash in the bay itself 525 meters. The review of 
historical landslides and tsunamis generated by them can be found in (Langford, 2007; Papadopoulos 
& Kortekaas, 2005). 

Waves excited by underwater and aerial landslides achieve the maximum possible runup directly near 
the source at a distance of 10-15 km along the coastline (Papadopoulos & Kortekaas, 2005). However, 
the tsunami of this kind can propagate significantly further. They can keep their destructive potential 
for hundreds of kilometers. 

Tsunamigenic landslides can be divided into three types: aerial, partially submerged in the water and 
submarine. The initial position of the landslide is the basis for selecting physical and mathematical 
models suitable to describe tsunami generation and propagation. It is advisable to use a three-phase 
system: fluid-air-landslide to describe aerial and partially underwater landslides, whereas for 
underwater landslides it is enough to use a two-phase or a two-layer model with different density 
layers. The landslide itself is modeled by a non-deformable rigid body or a system of such bodies as 
well as by incompressible fluid or a separate layer with its own values of density and viscosity 
coefficients (Fedotova et al, 2004; Watts & Grilli, 2003; Heinrich et al, 1998; Imamura & Imteaz, 
1995; Zahibo et al, 2010; Nikolkina et al, 2010; Didenkulova et al, 2010, 2011). 
Surface waves generated by landslides are specific in their own way. The formation of the wave in the 
coastal zone takes a fairly long period of time comparable to the time of the landslide movement.  The 
characteristic landslide size is often comparable with the depth. Unlike the tsunamis of seismic origin 
the landslide-type tsunamis are shorter (Dutykh & Dias, 2009), which requires considering wave 
dispersion. To simulate these waves nonlinear-dispersive shallow water equations are used which are 
able to reproduce the dispersion. These equations are solved by finite-difference methods built on the 
basis of the second-order accuracy schemes (Watts & Grilli, 2003). However, these systems include 
mixed higher order derivatives. Due to that, building efficient numerical algorithms to solve them it is  
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not a trivial task. The use of nonlinear dispersive equations for simulating landslide tsunamis is 
discussed in (Fedotova et al, 2004; Gusev et al., 2013). 
It is worth noting that the type of landslide tsunami is paid enough attention to. A large series of 
experimental studies (Langford, 2007; Watts &  Grilli, 2003; Sælevik et al., 2009; Fritz et al., 2009; 
Horrillo et al., 2013; Mohammed & Frits 2010; Mohammed, 2010)1, and some theoretical  works 
(Langford, 2007; Papadopoulos& Kortekaas, 2005; Fedotova et al., 2004; Watts &  Grilli, 2003; 
Imamura & Imteaz, 1995; Dutykh & Dias, 2009; Gusev et al., 2013; Beizel et al., 2011; Harbitz et al., 
2006) have allowed substantial progress in the development of numerical methods for tsunami 
calculation.  
Besides experimental data, there are analytical solutions available for calibration and testing the 
developed methods (Pelinovsky, 2003; Okal & Synolakis, 2003; Didenkulova et al., 2010). Numerous 
articles discuss the results of historical landslide type tsunami simulation (Heinrich et al, 1998; 
Rabinovich et al, 2003; Fine et al, 2005; Sælevik et al, 2009; Fritz et al, 2009; Horrillo et al, 2013; 
Macías et al, 2015). The study of the various effects accompanying this phenomenon are described in 
(Pelinovsky, 2003; Watts & Grilli, 2003; Fedotova et al, 2004; Harbitz et al, 2006; Didenkulova et al, 
2010; Beizel et al, 2011).  

According to (Lynett, 2010) two approaches must be used to describe landslide-type tsunami 
formation correctly: the solution of fully 3D hydrodynamics equations or a simplified system based 
on them which is the result of depth integration. Depth integration, in fact, eliminates the vertical 
coordinate and reduces a 3D system to 2D, which serves as the basis for an NLSW (nonlinear 
shallow-water) class models. This class of models is well established in modeling seismic tsunami 
propagation over long distances. The use of NLSW models for landslide-type tsunami leads to the 
incorrect description of wave form and propagation time. It is caused by shorter wave generation in 
comparison with seismic sources (Lynett, 2010). For the majority of landslide-type tsunami it is more 
reasonable to use the Boussinesq equations, although they also have limitations (Watts et al, 2003). 
The use of 3D models to generate a landslide-type tsunami is reduced to the use of special systems on 
the basis of the Laplace equation (Cecioni & Bellotti, 2010 ; Grilli et al, 2002). An attempt to use 
three-dimensional models based on the fully Navier-Stokes equations is represented in a few works 
(Horrillo et al, 2013; Ma et al, 2013; Liu et al., 2005) due to their computational cost. However, in 
recent years there has been a significant increase in computing power and their affordability, so the 
development and application of these models is becoming an urgent task. The use of the Navier-
Stokes equations together with the equation for calculating deformable landslide motion (Ma et al., 
2013). LES (Large Eddy Simulation) approach to this class of problems (Liu et al., 2005) seems 
uncertain due to very strict requirements for the used numerical schemes and the calculation of the 
cascade transfer of turbulent kinetic energy for vortex structures of different scales (Kozelkov et al., 
2016; Kozelkov & Kurulin, 2015). In (Horrillo et al., 2013) a simplified 3D model was used to 
generate the landslide-type tsunami source in the Gulf of Mexico. The use of a complete 3D model to 
calculate all tsunami waves stages including the runup seems promising enough. At present, to 
calculate the propagation (including formation) and runup the multi-layer models are used (Lynett & 
Liu, 2005): one model for propagation, and the other for the runup calculation. The review of physical  
                                                
1Paper [14] gives an extensive bibliography on the experimental and analytical studies of landslide-type tsunami. 
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and mathematical models currently used to simulate the landslide-type tsunami is presented in 
(Mohammed, 2010). 

The main difficulty in using the Navier-Stokes equations in scientific and industrial applications is 
their significant computational cost. The current system study is aimed at developing the methods of 
hydrodynamic calculation acceleration as well as at improving their accuracy (Volkov et al, 2013; 
Kozelkov et al, 2013; Kozelkov et al., 2016). 

This paper presents a computed technique for landslide-type tsunami calculation on the basis of a 
fully implicit method of solution fully 3D Navier-Stokes equations which describe multiphase flows. 
The proposed method significantly weakens the demand for the time steps, which is one of the main 
advantages in the simulation of tsunami propagation over long distances. The fully implicit scheme 
also proves very stable. The algorithm for accelerating the convergence of the proposed method using 
multigrid technologies is presented in the paper. The basic sample formulae, the stages of the 
computational procedure and the algorithm for the bathymetric data accounting are given. The 
efficiency of the technology is tested on the known experimental data. The possibility of using the 
computed technology to calculate all landslide tsunami stages and to simulate tsunami in any part of 
the World Ocean is demonstrated in the paper. Section 2 presents the basic model equations and 
methodology of their numerical solution. The results of the proposed methodology validation in 
problems of tsunami generation which is the result of surface and underwater landslides having 
experimental data are given in Section 3. Section 4 presents the technology of three-dimensional grid 
model construction in the World Ocean with the detailed areas of the slide, runup and tsunami 
propagation. Section 5 describes the technology of calculation acceleration based on the algebraic 
multigrid method. Section 6 presents the landslide tsunami simulation results using different 
approaches from the source and with the simulated pyroclastic flow slide within the Navier - Stokes 
equations. The obtained results are summarized in Section 7. 
 
2. BASIC MODEL EQUATIONS AND NUMERICAL SOLUTION METHOD  
 
Let us consider the “air-water” system as a set of two incompressible media separated by the 
interface. We will use the one-velocity approximation, in which the continuity equation and the 
equation of momentum conservation are the same for both water and air. These equations are solved 
for the resultant medium, the properties of which are linearly dependent on the volume fraction (Hirt 
& Nichols, 1981). This approach is quite widespread and gives good results in solving problems with 
a free surface (Ubbink, 1997) including those for tsunami waves (Horrillo et al, 2013; Kozelkov et al., 
2015; Kozelkov & Pelinovsky, 2016). In the framework of this approximation the motion is described 
by the Navier-Stokes equations, including equations of continuity, momentum conservation, as well 
as the equation for the volume fraction of the phases (Kolev, 2007; Volkov & Emelyanov, 2008): 
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(1) 

here u is a three-dimensional velocity vector ρ(k) is density of k-phase, and α(k) is  its volume fraction (
), p is pressure, µ(k) is molecular viscosity of k-phase, g is gravity acceleration. This system 

is solved directly without the use of Reynolds averaging and the subsequent closure of the turbulence 
model. This allows solving turbulent structures, the minimum scale of which is determined by the grid 
resolution. 
System sampling (1) can be carried out by any known method. The best choice is the finite volume 
method (Ubbink, 1997; Kozelkov & Kurulin, 2015) which possesses good conservative properties and 
enables sampling complex computational areas on arbitrary unstructured grids with cells of arbitrary 
shape. The main difficulty in the numerical solution of the system (1) is to determine the connection 
of the pressure field with the velocity field. The procedure of matching the pressure field with a rate 
field should lead to the simultaneous satisfaction of the continuity and momentum conservation 
equations. The most common methods are SIMPLE type methods based on pressure correction 
procedure, or the principle of splitting the unknown quantities (Ferziger & Peric, 2001; Kozelkov et 
al, 2013). For the SIMPLE-procedure the equation for the volume fraction and the mass forces is 
omitted, a cell P with the faces f = nb(P) is considered, and the system of equations (1) is written in a 
discrete form: 

      (2)

 

where n is time layer, τ is time step, Sf  is the area of the interface f  between the control volumes of 
the computational grid (Fig. 1), uf − is the value of the velocity on the edge (hereinafter, the index f  
means the affiliation of a value to a face), nb(P) − is the number of cell edges (in this case, cell P), see 
Fig. 1. 
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Fig. 1. Adjacent control volumes of the computational grid 

The solution of system (1) by the SIMPLE algorithm assumes that the equation for the transfer of 
volume fractions (n – 1) for the volume fraction  of phases k is solved separately 

from continuity and momentum conservation equations. In the classic formulation of the SIMPLE 
algorithm the connection of velocity and pressure is carried out semi-implicitly. It takes place through 
the use of pressure from the previous iteration step, which often leads to slow the solution 
convergence. To improve the efficiency of work and the SIMPLE algorithm convergence 
modifications that best adapt to the velocity and pressure fields are developed. One such modification 
is a combined algorithm for solving velocity and pressure (Chen & Przekwas, 2010). The combination 
is done by implicit sampling of the pressure gradient and mass flow in the conservation of momentum 
and continuity equations. That helps to avoid the steps of predictor and corrector. Thus obtained 
implicit coefficients are summed into a single diagonally dominant matrix solved by using multigrid 
methods (Volkov et al, 2013; Kozelkov et al, 2013; Kozelkov et al, 2016; Tai & Zhao, 2003). 

For the combined algorithm system solutions (1) the system of equations (2) is rewritten in the form 
of: 

    

(3)

 

here, the “upper line” indicates that the edge value is obtained by interpolation of the adjacent control 
volumes. The continuity equation in the system (3) uses the Rhie-Chow correction (Rhie & Chow, 
1983) which levels the difference of pressure gradient approximation in the continuity and momentum 
conservation equations. The amendment also links the velocity and pressure fields at the simultaneous 
solution of continuity and motion equations. 
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To implement the fully implicit algorithm for the solution of (3) can be rewritten in its algebraic form: 

                              (4) 

The summation over the index «j» for the first equation of the system (4) – continuity equation, gives 
general matrix coefficients to calculate the pressure in the control volume of the discrete model. These 
coefficients are: 

                                  ,   , 

,   ,   ,                                (5) 

                                  , , . 

For these coefficients, a non-orthogonal correction algorithm is used (Jasak, 1996), allowing to 
correct the calculation on arbitrary unstructured grids.  The formula of calculating the edge pressure 
by using linear interpolation from the values in the center cells is also used (Ferziger & Peric, 2001): 

.     (6) 

For the first equation of the system (4) the right side has the form: 

.                           (7) 

The summation over the index «i» for the second equation of the system (4) – for the conservation 
momentum equation - gives the total matrix system coefficients to calculate the velocity component: 

.                            (8) 

The first term of (8) refers to the diffusion term, and the total matrix system coefficients have the 
form: 
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, , , 
(9) 

, , . 

As well as for the coefficients (5), a non-orthogonal correction algorithm for recording is used. 

The second term of the expressions (7) is a convective component, which is approximated by any 
known differential scheme applicable on arbitrary unstructured grids (Volkov et al., 2013; Kozelkov 
et al, 2015, 2016). Commonly used is an upwind difference (UD) or a counter-flow scheme with 
linear interpolation (linear upwind differences, LUD), the QUICK scheme, the central difference 
scheme (CD),  the NVD family schemes (Normalized Variable Diagram), a hybrid scheme in which 
all the above mentioned schemes are mixed with a counter-flow scheme to increase monotony. 

Non-stationary term sampling can be carried out by one of the known implicit schemes (Jasak, 1996; 
Ferziger & Peric, 2001). The contribution of diffusion and convection terms of conservation 
momentum equations applies to diagonal coefficients of the general matrix system, which, 
considering the non-stationary sampled term using the Euler scheme, have the form: 

                            (10) 

For the second equation of (4) the right-hand side has the form: 

           (11) 

Thus, the combined system of linear algebraic equations of the fully implicit algorithm for the 
simulation of a multiphase flow is as follows: 
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.      (12) 

This system is written to calculate the total velocity and pressure of the multiphase flow, but it can be 
generalized in case each phase has its own speed and physical properties such as compressibility and 
turbulence. These generalizations will be held in further. 
To simulate the phase boundaries after solving the system (12), the equation of volume fraction 
transfer is solved (third equation (1)), which can be solved for (n – 1) the volume fractions of phases. 
Its sampling by the finite volume method is carried out according to the scheme completely similar to 
the one used for the conservation momentum equation. To approximate the convective term of 
volume fraction transfer, equation M-CICSAM scheme (Waclawczyk & Koronowicz, 2008) is used. 
It refers to a class of compression schemes of high resolution; it ensures the lowest possible thickness 
of the interface and preserves the volume fraction distribution under parallel transfer and rotation. 

In the algebraic form the given system of equations for the k-phase is as follows: 

.     (13) 

The coefficients of the matrix of the equation implicit solution (13) are of the form: 

                (14) 

where ,  are values of the volume fraction on the edge found by MCICSAM scheme and, the 

counter-flow scheme, respectively,  is the value of the volume fraction on the previous time 
step. These terms are obtained by a non-orthogonal correction along with sampling. 
For the numerical solution the resulting equation system must be supplemented by initial and 
boundary conditions. On solid walls (such as the bottom of the basin), the pressure and the volume 

fraction gradient and the speed is zero: , , u = 0.  

On the «free» borders static pressure is fixed, velocity and volume fraction gradients are equal to zero: 

, , , . In modeling geophysical problems the upper limit should be 

placed high enough to avoid “spilling” water from the computational domain. 
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Initially, water and air are at rest: u0 = v0 = w0 = 0, the pressure distribution is hydrostatic, i.e. satisfies 
the equation: 

      .     (15) 

The volume fraction of phases (e.g. water and air) is determined in accordance with a predetermined 
level of the free surface position. 

The calculation of the landslide movement in this model is carried out by means of a separate phase 
having its own density and viscosity, as well as water and air, i.e. a three-phase hydrodynamic system 
is obtained. Additional boundary conditions for landslide modeling are not required; all interactions 
with the liquid and air are modeled by the corresponding terms of the original system of equations. 
The fully implicit formulation of the numerical scheme relieves severe restrictions on the time step 
and ensures the stability of the iterative process at the maximum possible Courant number. 

The presented method is implemented in the LOGOS software package - a software product designed 
to solve conjugated three-dimensional problems of convective heat transfer, aerodynamics and 
hydrodynamics on parallel computers (Betelin et al, 2014; Kozelkov et al, 2016). The LOGOS 
software package has successfully been verified and shown quite good results in a series of different 
hydrodynamic problems (Volkov et al, 2013; Kozelkov et al, 2013; Betelin et al, 2014) including 
turbulent and unsteady flow calculations (Kozelkov et al, 2015, 2016), as well as tsunami waves of 
cosmogenic origin (Kozelkov & Pelinovsky, 2016; Kozelkov et al., 2015). All the calculations in this 
article are conducted by using the LOGOS software package. 

 

3.  VERIFICATION OF THE NUMERICAL MODEL  

The proposed methodology can be validated by using a number of the available experimental data 
(Langford, 2007; Watts&Grilli, 2003; Sælevik et al, 2009; Fritz et al, 2009; Horrillo et al, 2013; 
Mohammed&Frits, 2010; Mohammed, 2010; Chen & Przekwas, 2010; Grilli et al, 2003; Watts, et al., 
2001). Here we describe some tests for verification of numerical model.  

 
3.1. Aerial  landslide simulation 

Figure 2 shows a schematic configuration of experimental tank with a pneumatic installation to 
generate a tsunami by deformed granular landslides (Fritz et al, 2009; Mohammed & Frits, 2010; 
Mohammed, 2010). 
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Fig. 2. A tank configuration to study a landslide-type tsunami 
(  landslide location,   tide-gauge location) 

The landslide starts its motion along the inclined plane with a predetermined initial velocity of 3.8 
m/s. During the experiment the input landslide speed into the water is measured as well as the water 
displacememnt in some tide-gauge points located in both the “open” water (tide-gauge 1) and in the 
vicinity of artificial barriers to measure the runup (tide-gauges 2, 3). Tide-gauge 1 in “configuration 
1” is located directly in the wave propagation path, and in “configuration 2” it is aimed at measuring 
the envelope of the barrier wave. 
The computational grid consisting of 10 million cells is used for the simulation (Fig. 3). In the area of 
the landslide and wave propagation the grid has a concentration to describe the motion of the 
landslide and flow characteristics more accurately. 

 

 

Fig. 3. Grid area (left - a general view, right – the cross section) 
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The parameters of all three phases: water, air and landslide - are chosen in accordance with the 
experiment (Table 1). The water depth is 0.6 m. The landslide dimensions constitute 2.1 m × 1.2 m × 
0.3 m with its rear edge at a distance of 2.8 m from the top of the inclined plane. 

Table 1  
Phase characteristics 

Phase      Molecular viscosity (kg/m/s)) 
 

Density (kg/m3) 

Water 0,001 1000 
Air 1,85е-05 1,205 

Landslide 26 2600 
  

 

Fig. 4. The fluid velocity field at different times 

The simulation is carried out with automatic selection of the time step in accordance with the given 
Courant number equal to unity. The pattern of the landslide entry into the water and its spread to the 
barriers is the same for both configurations. So, the following result presentation refers to 
configuration 1. Fig. 4 shows the velocity field at different points in time of the landslide entering the 
water. The figure shows that at the time of entry into the water (t = 0.6 s), the landslide has a speed of 
about 5.5 m/s, which is in good agreement with the experiment. The maximum medium speed is 
observed for the water phase at the wave breaking point (t = 1.2 s) and is greater than 6 m/s. 
The velocity distribution pattern also allows us to see air disturbances which are very low (about 1 
m/s) as compared with the other phases, which legalizes that air compressibility ca be neglected. At 
the overturn moment the wave has the amplitude of about 50 cm that corresponds to the water 
displacement in the basin (Fig. 5). 
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After the first wave overturn, the landslide still continues moving along the bottom. After the main 
mass sliding at the time of 2 sec the second wave with the amplitude 2 times smaller than the first is 
formed. At the time of 4 sec the landslide is completely in the water, and two waves move on its 
surface one after the other. At time point of 6 sec a wave runup on the artificial “fiords” is observed. 
Their amplitude is about the same and is about 10 cm (Fig. 6). The wave runup is also observed on the 
“fiords” from which the landslide occurred, and its magnitude is about the same. 
 

 

Fig. 5. Snapshots of water displacement in the basin at different times 

 

Fig. 6. Wave pattern (left – configuration 1, right – configuration 2) 
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The computed quantitative characteristics of a wave pattern in the tank can be estimated by tide-gauge 
data (Figs 7 and 8). As can be seen from the figures, numerical calculation reproduces the tide-gauge 
records of all the incoming waves, and their amplitude is almost identical with that obtained in the 
experiment. This applies to both the first wave and the last waves. The only significant difference in 
the numerical experiment is obtained for tide-gauge 1 in configuration 1 for the “averaged” incoming 
waves. In the numerical calculation, the re-reflection wave processes strengthened its amplitude even 
more than it was observed in the experiment. In the experiment there is also a certain gain, although 
much weaker. For fiord 2 all tide-gauges also gave a good agreement on the wave pattern. The slight 
difference in wave heights is observed for the third tide gauge. 
 

 

Fig. 7. Tide-gauge records for configuration 1 

 

Fig. 8. Tide-gauge records for configuration 2   

3.2. Underwater landslide simulation 

Here we use the results of (Langford, 2007; Grilli et al, 2003; Watts, et al., 2001) which describe a 
series of experiments on partially submerged landslides. Schematically, the tank configuration is 
shown in Fig. 9. 
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The landslide starts free sliding down on an inclined plane at an angle of 150. During the experiment 
the surface displacement is measured at several tide-gauge points located on a water surface at a 
certain distance from the shore. 

 
Fig. 9. Tank configuration to study underwater landslide 

The experimental configuration SG3_IS5 is chosen for the study, according to which the landslide 
density is 2830 kg/m3, the water and air parameters are set in accordance with the values of Table 1. 
For the modeling the same type computational grid is used as for the surface landslide (Fig. 3), 
consisting of ~ 100,000 cells. In the area of the landslide movement and wave propagation the grid 
has a thickening to describe the landslide motion and flow characteristics more accurately. The water 
depth is 0.435 m, the tank length is 14.66 m. The inclined plane along which the landslide moves is 
set by the equation 

 

In this case the landslide dimensions are 0.5 m × 0.026 m × 0.25 m. The initial landslide position is 
also set according to the selected configuration (half-emerged state), with its mass located at a 
distance of 0.19 m from the coast and at a depth of 0.1 m below the water level (Fig. 10). 
 

 

Fig. 10. Landslide location at the initial time 
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The simulation is carried out with time step automatic selection with the given Courant number equal 
to 0.5. The pattern of the landslide into the water, its moving along the inclined plane and wave 
propagation is observed in the time interval of 7 sec. After the first wave overturn the landslide 
continues moving along the inclined bottom (Fig. 11). 
After the main mass sliding at one time moment of 1.6 sec the second wave is formed with the 
amplitude smaller than the first. At the point of time of 2.6 sec the landslide is completely in the water 
and successive waves move on its surface. 

The quantitative characteristics of the waves can be found from the tide-gauge data (Fig. 12). Here 
tide gauge 1 is located at a distance of 1.5 m, tide gauge 2 - at a distance of 2.5 m, tide gauge 3 - at a 
distance of 3.5 m, and tide gauge 4 - at a distance of 4.5 m (all distances from the left boundary). 
Computed and observed wave amplitudes are almost the same. This applies to both the first and the 
last waves. Only strengthening (weakening) of the second wave is observed. The most significant 
difference in the numerical experiment is obtained for tide-gauge 1 for the “first” negative and the 
“second” positive incoming waves. In the numerical calculation re-reflection processes more 
strengthened/weakened the wave than is observed in the experiment. The experiment also has a 
certain gain, although much weaker. On the whole, the simulation results well correlate with the 
experimental data. 
 

  

  

  

Fig. 11. Snapshots of landslide motion and wave propagation 
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Fig. 12. Tide-gauge records 

4. GRID PATTERN CONSTRUCTION TECHNOLOGY  

Building a grid model for the numerical solution of the Navier-Stokes equations is one of the key and 
most difficult stages of the entire modeling process. The experience of solving various classes of 
problems shows (Kozelkov et al, 2016; Betelin et al., 2014) that the grid model construction can take 
more than 70% of the time beginning with the task up to obtaining the final result. The quality of the 
constructed grid directly depends on the accuracy of the solution. The most universal type of grid 
models are unstructured grids consisting of arbitrary shape polyhedra. The level of development of 
unstructured grid automatic generators allows building a grid model of the required quality in the field 
of arbitrarily complex geometric configuration in a relatively short time. Automatic generation means 
choosing the average grid cell size for the entire computational domain, which ultimately results in a 
major drawback of this method – the size of the final grid model can reach enormous sizes (hundreds 
of millions and even billions of counting cells). Therefore, the use of this generator type involves the 
introduction of sub-areas of the grid model with its own size and then their aggregation. In addition, 
this grid type imposes restrictions on the used numerical schemes. Then the order of approximation 
schemes, as a rule, does not exceed the second order unless special methods to increase accuracy are 
used (Volkov et al., 2014). In addition, the classical scheme of the second order of the central-
difference type on such grids are completely unstable, and to make calculations on their basis it is 
necessary to build a hybrid scheme adding a share of counter-flow (Jasak, 1996; Ferziger & Peric, 
2001; Kozelkov et al, 2016; Kozelkov & Kurulin, 2015). Despite all the difficulties, these grids are 
essential for most industrial-oriented tasks, and at present they are an integral part of the technological 
chain of the process of mathematical modeling. 
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Another way to build a grid model is the use of block-structured grids. When constructing them, it is 
possible to control the size of the cells and their growth rate in a given direction, and, therefore, to 
control their quantity. The advantage of this method is the ability to use high-order accuracy schemes 
due to pre-known grid model structure. A significant disadvantage of this method is that the 
construction of acceptable quality grid patterns in the areas of complex geometric configuration may 
require the introduction of a substantial number of units and their further conjugation. It results in 
back-breaking manual labor that can last for months. If a total pattern can allocate large blocks which 
enable building a block- structured grid, it is advantageous to do so. The current practice of 
hydrodynamic calculations often uses a combination of block- structured and automated approaches. 
When the Navier- Stokes equations are used in tsunami problems, it is expedient to resort to the 
combination of the two presented approaches. This is primarily due to the different scales of the 
considered tsunami stages as well as wave characteristics. It should be stressed that this applies to all 
types of tsunamis, modeled by using the Navier-Stokes equations: seismic, cosmogenic and landslide 
origin. For the seismic-origin tsunami the different scales of the source and propagation area are not 
as critical as, for example, for cosmogenic and landslide origin, as the size of the seismic source can 
amount to tens of kilometers. In this case, the cell size in the area of the tsunami generation and 
propagation is comparable. For cosmogenic and landslide tsunamis the situation is different. 
Cosmogenic tsunami generation can be caused by a meteorite of only a few meters large (Kozelkov & 
Pelinovsky, 2016; Kozelkov et al., 2015), whereas wave propagation is thousands of kilometers. Grid 
pattern sell dimensions in the area of meteorite movement is times (and, perhaps, dozens of times) 
different from the cell size in the tsunami propagation area. 
This is also characteristic of landslide-origin tsunami, though, perhaps, with less stringent 
requirements, since the landslide size however large, is unlikely to amount to tens of kilometers. Also, 
when modeling the landslide motion it is necessary to take into account the force of friction on the 
“underlying” surface. It involves the selection of the boundary layer for calculating it accurately by 
analogy with the turbulent boundary layer (Kozelkov et al, 2015, 2016; Kozelkov & Kurulin, 2015). 

In addition, to describe tsunami wave propagation in the ocean where the wave amplitude amounts to 
tens of centimeters, it is necessary to use a grid with about the same cell size. Given, that the ocean 
depth can be hundreds of meters and grid generation with cell size of tens of centimeters will lead to a 
grid model of enormous size, it is advisable to apply the mechanism of cell size thickening of the grid 
model to the interface “air water”. All these considerations are the basis of unstructured grid model 
construction technology for tsunami wave simulation on the basis of the Navier-Stokes equations 
presented below. 
Let us consider landslide-origin tsunami near the island of Montserrat in the Caribbean based on the 
works of (Pelinovsky et al, 2004; Heinrich et al., 2001). The calculation area highlighting landslide 
(area 1) and tsunami propagation sub-domains (area 2) is shown in Fig. 13. 

The bathymetric map of the area of the Lesser Antilles, Caribbean is downloaded from the website of 
the International Data Centre for Digital Bathymetry [https://www.ngdc.noaa.gov]. When building a 
grid model, accounting bathymetric data is carried out by excluding from calculation the cells located 
below the earth’s surface bathymetric line and the ocean floor. To do this, the whole bathymetric 
model is immersed in a box with the correct dimensions exceeding the size of the model. Then the  

Vol. 35, No. 3, Page 123, (2016) 



 

 
extra cells are simply removed. This method of constructing the computational model includes 3 
stages: 
• the construction of a computational grid with a flat bottom, the depth of which is determined by 

the maximum depth of the considered water area section according to bathymetric data; 
• the calculation of the local water depth for the coordinates of the each calculated cell center by 

interpolating the data from the next bathymetric points; 
• the exclusion from the calculation model the cells, the vertical coordinate of which lies below 

the bottom. 

 

 

Fig. 13. Calculation domain of highlighting landslide (area 1) and tsunami propagation (area 2) 

This technology is simple to implement, but it leads to a step change in the level of the water area 
bottom (Fig. 14) which is determined by the characteristic cell dimension near the bottom, and can be 
reduced by local refinement of the computational grid. Obviously, the smaller the grid near the bottom 
is, the more accurately it describes the bathymetric line. After the procedure provided, a surface grid 
describing the bathymetric relief of the earth’s surface and the ocean floor is formed on the basis of a 
set of bathymetric points. 
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Fig. 14. Computational grid near the bottom, the line is bathymetric line built on the basis of map 
points ( ) 

To construct a grid in the landslide area (area 1 in Fig. 13) is used an automatic unstructured grid 
generator with highlighting the prismatic boundary layer. Using the boundary layer allows to describe 
the landslide rheology and the frictional force between the landslide and the underlying surface more 
accurately. It is assumed that at the initial time the landslide has a parallelepiped shape with 
dimensions 800×2000×25 m in width, length and height, respectively (Fig. 15). This corresponds to 
the parameters set out in [52, 57] and the volume of pyroclastic flow descended into the sea is 40×10PP

6
PP	

мPP

3 

 

Fig. 15. Landslide motion 

 

Fig. 16. Grid model for the pyroclastic flow gathering field 
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In this case, the input data for the grid generator is a surface grid area 1 (Fig.13). The specification of 
a slope surface in the pyroclastic formation area is achieved by using a refinement unit for the 
boundary layer. The width of the boundary layer is about 30 meters (dimension “a” in Fig.15). This 
value is slightly higher than the maximum height of the pyroclastic flow at the initial time and allows 
simulating it the necessary detailing. When needed, this value can be increased or decreased in 
accordance with the required dimensions of the modeled landslide, i.e. the size of the refinement unit 
is set out considering the pyroclastic flow initial position and its motion size range. With these 
parameters, the base cell size is 75 m (Fig. 16, area 1). In the zone of the boundary layer considering 
the first refinement, the near-wall cell height is 1 m (Fig.16, area 2) with 1.15 growth factor. Fig. 16 
(right) shows an enlarged fragment of the section in the zone of the refinement unit. These grid 
resolution parameters are optimized for the geometry of the problem and can adequately simulate all 
the features of the pyroclastic flow movement and its entry into the water, thus creating a pulse 
provoking a tsunami wave. The size of the grid model of the pyroclastic flow gathering (area 1 in 
Fig.13) contains about 7 million cells. 
In the open ocean, where it is necessary to simulate tsunami propagation, it is advisable to build a 
block-structured grid specifying the interface of “water-air” section. The main purpose of constructing 
the grid in such a way is thus providing a sufficient size cells near the interface of the “water-air” 
section in the entire area for simulating both energy-bearing and fading tsunami waves of small 
amplitude. With the help of the block-structured grid generator is built a regular parallelepiped with 
dimensions 230 km × 230 km, the depth of 5200 m and 1100 m height (it is determined by the 
maximum depth and the height of the area under consideration according to the bathymetric data) 
(Fig.13, area 2). Since the pyroclastic gathering detailing area is not taken into account, from the main 
block a parallelepiped is cut whose coordinates coincide with the coordinates of the block for area 1 
(Fig.13). The methodology of interface separation is as follows. After building the model geometry, a 
three-dimensional block is divided on its edge into 2 parts. The main coordinate of the rib is aligned 
with the surface of the “water-air” section (z = 0). The linear dimension of the cells adjacent to the top 
and bottom of “water-air” interface is 0.1 m. This size is specified increasing by the law of 
geometrical progression with the growth rate from the surface to the bottom and to the top interface of 
the air by a factor of 1.15. This allows to get rid of too “small” cells in the areas that do not require 
simulation. The thickening of the “water-air” section interface is shown in Fig. 17 left. In addition, the 
area is divided into blocks of additional cell refinement near the dock to provide a smooth transition 
from the small cell size in the detailing area to a bigger size in the area of the free wave propagation 
(Fig.17, right). 

 
 

Vol. 35, No. 3, Page 126, (2016) 
 



  

Fig. 17. Computational grid block with interface “water – air” condensation (left) and a transition area 
between the grid blocks (right) 

Next, according to the algorithm described above, the accounting of bathymetric data is carried out by 
excluding the cells, located below the earth’s surface bathymetric line and the ocean floor, from the 
computational domain. Thus constructed the grid model for area 2 contains approximately 13 million 
cells, i.e., the general model consisting of these two areas will contain about 20 million cells. To 
construct the final grid model the grids, obtained in the previous two stages, are to be linked. To do 
this, both grid models are loaded in the LOGOS pre-post-processor package. Further, both grids are 
united into one using the node connection procedure (Fig. 18). Figure 18 below shows an enlarged 
fragment of the section in the joining zone of the two grid models. 

 

Fig. 18.The final grid model for the computational domain 

Thus, the presented technology of this class grid building provides an adequate quality grid model, 
which consists mostly of regular hexahedral cells with adequate resolution for numerical simulation of 
both the pyroclastic flow gathering area and the propagation of waves of varying amplitude. It should 
be noted here that this technology allows constructing grid models for a more accurate calculation of 
tsunami runup. To do this a coast zone must be selected and a grid constructed by an automatic  
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generator in the same way as for area 1 in Fig. 13. The selection of the boundary layer in the runup 
area allows not only setting the desired properties of the underlying surface (roughness accounting 
with special boundary conditions), but also simulating the turbulent wave transformation in the 
collapse by the method of wall functions. 

5. TECHNOLOGY TO ACCELERATE THE COMPUTATIONS  

In many practical problems the discretization of the Navier-Stokes equations yields a system of 
difference equations with ill-conditioned matrix, the condition number of which is often 107-108, but 
for some cases it may be close to 1010 (Kozelkov et al., 2013, 2016 ). As a result, that the matrix 
SLAE decision is the most costly step. When using classical iterative methods it takes about 90% of 
the calculated step computing time. These classical iterative methods either do not work or give a very 
slow rate of convergence. One way to accelerate convergence and improve the stability of the iterative 
process is a multigrid method (Tai & Zhao, 2003; Volkov et al, 2013; Kozelkov et al., 2013, 2016), 
based on the use of a sequence of nested grids and transition operators from one grid to another. Here 
the algebraic and geometric approaches are distinguished. In the algebraic approach the discrete 
equation of the sequence of nested grids are formed without constructing nested grids on the matrix 
level, whereas in the geometric approach – the hierarchy of networks created by merging the control 
volumes of the upper level of the grid (the detailed one). It is easy to build grid levels using original 
matrices generated by implicit discretization of the Navier-Stokes equations. It leads to the simplicity 
of building operators of restriction and continuation thus making the algebraic approach very 
attractive from a computational point of view. The geometric method requires additional algorithms 
of rebuilding the computational grid which can be justified for certain classes of problems. 
Advantages and disadvantages of both approaches are discussed in (Volkov et al., 2013). 

 

Fig. 19. The sequence of nested grids in the matrix (below) and grid levels (top)                                    
(the top of the figure shows Guadeloupe, Lesser Antilles, Caribbean) 
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The construction of an algebraic multigrid method for geophysical problems involves automatic 
coarsening of the original grid on the matrix level (Fig. 19). The calculation of the equation (12) using 
a multigrid method is as follows. Equation (12) can be represented in the general form: 

Ah xh = bh,                                    (16) 

where h is the index of discrete equation belonging to h grid. The interpolation operator P from a 
coarse grid H on a detailed grid h allows you to represent the operator AH on the coarse grid in the 
form of 

AH = R Ah P,                                                                  (17) 

where R = PT. The solution correction step is as follows: 

.                                                        (18) 

The solution correction eH is an exact solution of the equation 

AH eH = rH,                                                                        (19) 

where rH = R rh, . 

Thus, the multigrid method using solution correction scheme represents the following sequence of 
steps (Fig. 20, left): 

1. µ1 solution approximations on the grid h by using the Zeidel method (pre-smoothing) are done. 

2. The residual  is projected onto the space VH, т.е. rH = Rrh. 

3. The approximate solution AH eH= rH on the coarse grid is found. γ multigrid cycles are done 
recursively for this. 

4. The correction eH is interpolated on a detailed grid and decision correction is made on the detailed 

grid . 

5. µ2 decision approximations are done on the detailed grid to suppress interpolation errors (final 
smoothing)  

Depending on the number of recursive method calls γ on each grid level emit different types of cycles 
are singled out. When γ = 1 there is a V-cycle, if γ = 2 – there is a W-cycle (Fig. 20, right). If at each 
level is recursively called one a W-cycle, and then the a V-cycle , we obtain an F- cycle (Kozelkov et 
al., 2015). 
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Fig. 20. Matrix sequence (left) and the V- and W- cycles (right) 

In the aggregation method of coarsening with constant interpolation all variables divided into Ik  units 
containing all the indices i, which correspond to the cells included in the unit k. The operator 
construction on the coarse grid is produced by the relation: 

,   , (k, l ∈ C).                                  (20) 

The multigrid method parallelization implies that the matrix coarsening during the transition from one 
level to another occurs independently on each MPI-process (Kozelkov et al., 2016a,b). The coarsening 
process in parallel mode creates two problems. Firstly, the coarsening is stopped if in each the process 
there is one left. Secondly, on a gross level where the matrix dimension is small the time spent on the 
inter-processor communication, due to communication environment latency, begins to repeatedly 
exceed computed time. To solve these problems (Kozelkov et al., 2016) suggests performing the 
collection of small matrices in one process, forming one global level and continuing coarsening and 
solution in sequential mode (Fig. 21, left). 

          

Fig. 21. Global level formation (left) and its cascading collection (right) 
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Using a global level can complete the coarsening process in a parallel case, and also, can avoid the 
overhead expenses resulting from inter-processor communication in the coarse grid level processing 
because of the global level storage on one process. The analysis of the proposed algorithm 
effectiveness, held in (Kozelkov et al., 2016), showed that the average time of computations 
increasing as compared with the classical iterative methods is 4-6 times. A major shortcoming of the 
global level is that it is performed in a sequential mode. When determining the amount of the 
problem, the memory of the unit on which the main processor is located may not be enough to build a 
global level. This aspect will also affect the limitation of the algorithm when using large-scale grids of 
hundreds of millions of cells (such grids are typical of geophysical problems). The way out here is the 
use of cascading level algorithm to gradually reduce the number of processes involved in the analysis 
while maintaining the advantages of the global level. The cascading level algorithm is also presented 
in (Kozelkov et al., 2016). It includes the stage of breaking the whole initial set of residual matrix 
after coarsening in pairs and performing their twinning. In the second stage the operation is repeated 
until the total coarse level matrix is obtained (Fig. 21, right). The level consolidation level in itself, in 
addition to generating information on a new level, contains a procedure of re-definition information 
about inter-processor exchanges, which also requires spending some of the CPU time. In addition, the 
parallel procedure of cascade level coarsening requires the introduction of additional inter-processor 
communication, which are absent in the case of scalar implementation at the global level collection. 
The main advantage of the cascade summation scheme is the algorithm scalability. It actually removes 
restriction on the maximum size of the problem to be solved because of the possible lack of memory 
unit on which the global level is developed. Furthermore, the global level speed increases since its 
component parts are formed and coarsened independently. 

 

6. TSUNAMI SIMULATION  

6.1. Tsunami from the “model” source 

To verify the performance of the presented methodology was simulate the tsunami propagation in the 
one part of the World Ocean. It is based on the tsunami generated by the slide of the pyroclastic flow 
into the water resulting from the eruption of the Soufriere Hills Volcano on Montserrat, Caribbean 
(Pelinovsky et al., 2004). In (Pelinovsky et al., 2004) this tsunami modeled by using two approaches. 
In the first case the model cone-shaped source was used as initial approximation, and the wave 
propagation was computed using the code TUNAMI (Goto et al., 1997) (recommended by UNESCO 
for tsunami research), which is based on shallow-water theory. In the second case the pyroclastic flow 
was generated by the model described in (Watts & Waythomas, 2003) and the propagation was 
computed by the code FUNWAVE (Kirby et al., 1998) based on the nonlinear-dispersive theory. 
Later, after adding the block to calculate different initial perturbations this code got the name  
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GEOWAVE. In (Pelinovsky et al., 2004) is shown quite a significant difference in the results obtained 
using these approaches both in predicting wave heights and wave pattern as a whole. It is also noted 
there that non-linear dispersion theory is more preferable to use. Taking into account that 
hydrodynamic cone-shaped source (Fig. 22,a) was used in (Pelinovsky et al., 2004) for both 
calculations as an initial tsunami approach, here, to compare  tsunami propagation adequately, was 
taken a source generated by the model described in (Watts & Waythomas, 2003). The source 
produced by this model is also cone-shaped (Fig. 22,b). Its geometric parameters correspond to the 
descended pyroclastic flow. The amplitude of the initial wave in the tsunami source is 1.26 m. The 
distance between the nodes of the computational grid has a resolution of 500 m. Fig. 23 shows the 
comparison of wave patterns produced by different approaches (here is the comparison only with the 
GEOWAWE code (the wave pattern with use the TUNAMI program is similar). As you can see, 
qualitatively, the pictures are practically identical. 

 

 

 

Fig. 22. Tsunami source: a – hydrodynamic source; b – source gained by code GEOWAVE;                         
c – computation domain; d – the location of gauges 
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Fig. 23. Snapshots of tsunami propagation: GEOWAVE (left) and LOGOS (right) 

Quantitative comparison of tide-gauge records shown in Fig. 24 can also be considered very 
satisfactory. The leading waves that came in the north-western part of the island of Guadeloupe and  
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the island of Antigua are almost identical. The first three waves are predicted by both calculations, 
though they have slightly different heights. Subsequent waves are described differently, and the 
Navier-Stokes equations give a more pronounced oscillatory character, while the waves calculated by 
nonlinear-dispersive shallow-water theory fade quicker. These differences may be related to many 
factors and require further study. These factors include primarily the models themselves - they are 
different and are solved by various numerical approaches - finite differences and finite volumes. The 
secondary factors include grid model resolution and numeric approximation schemes. 

 
Here should be noted the temporal characteristics of the calculations. The grid model for programs 
based on the shallow water and nonlinear dispersive equations are always two-dimensional with a 
fixed height above sea level at each computational point. The total number of points is only about 200 
million (the grid is 430×430). With the help of these models on the grid only tsunami propagation is 
calculated which requires about 3 hours of computer time opposed to 40 minutes of physical time on a 
single processor. The LOGOS software package carries out the numerical solution of the Navier-
Stokes equations exclusively in three-dimensions. In the three-dimensional grid, taking into account 
topographic features, tsunami propagation requires within 40 minutes of physical time about 15 hours 
on 96 processors. So, the computation is 5 times longer than two-dimensional and occupies 100 times 
greater volume of CPU field. The difference can be explained by the models used. The above-
mentioned two-dimensional models only describe the wave propagation and do not allow 
supplementing by source and runup calculation. In this regard, the three-dimensional model based on 
the Navier-Stokes equations is more versatile - it includes the presence of these stages, and does not 
limit the physical properties of propagation such as viscosity, dispersion and nonlinearity. Expectedly, 
in any in any case, the Navier-Stokes equations reproduce the process more accurately, but they 
require more resources than such simplified models as the shallow water equations. 
 

       

Fig. 24. Comparison of tide-gauge records on Guadeloupe and Antigua 
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6.2. Tsunami with the simulated slide of the pyroclastic flow 

To generate a tsunami directly by pyroclastic flow slide a multi-phase system of the Navier-Stokes 
equations and the method described in Section 2 will be used. In this problem setting the landslide is 
modeled as a Newtonian fluid with its physical characteristics. The properties of all system phases 
correspond to Table 1 (Section 3). The grid model, the technology of its construction and the 
geometric parameters of the computational area the landslide are described in Section 4. The 
movement of the pyroclastic stratum is due to gravity, the initial velocity is absent. The input speed of 
a landslide in the water as well as sea-level in the same gauges is recorded. The simulation is carried 
out with the automatic selection of the time step in accordance with the given Courant number equal 
to 1. Figure 25 presents the velocity field at different moments of the landslide entering the water. The 
figure shows that at the time of entering the water (t = 10 c) the landslide has a speed of about 25-30 
m/s. The landslide maximum speed is observed at the moment of it entering the water (t = 30 c) and 
exceeds 35 m/s. The velocity pattern also allows seeing the disturbance of the air, which are 
negligible in comparison with the other phases. This fact proves air compressibility neglect justified. 

 

 

Fig. 25. Snapshots of velocity of the multiphase system at the landslide entering the water                    
(on the axes are marked meters) 

Figure 26 demonstrates 3D view of wave pattern in the entrance area of the landslide. As you can see, 
the model based on the Navier-Stokes equations gives a more detailed picture of the landslide motion 
than the previously discussed models (Fig. 22,a and 22,b), and can essentially give a comprehensive  
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picture of the landslide tsunami source. Moving along the side of the mountain, the landslide takes the 
form of its topography precisely fitting all its features. About a minute later the landslide completely 
enters the water, at the same time a tsunami wave is generated. The wave height at the source is high 
enough and reaches 20 meters, which is equal to the data (Heinrich et al., 2001). 

 

Fig. 26. 3D view of the entrance area 

Figure 27 shows a further development of 3D wave perturbations. Here secondary waves departing 
from major wave at the source can be observed. These are edge waves propagating along the 
shoreline, and their amplitude is small as compared with the main source of the disturbance. All this 
points to the capabilities of the model used to describe complex fluid physics. Wave propagation in 
the Caribbean is shown in Fig. 28. It is next to impossible to define the difference in the wave pattern 
between the three models used. 

It should be recalled that the grid model used in these calculations is built with a detailed landslide 
area and consists of about twenty million three-dimensional cells. On this grid tsunami propagation 
for 40 minutes of physical is calculated for about 72 hours on 320 processors when using the implicit 
integration method of the Navier-Stokes equations. It is 5 times longer than a similar 3D calculation 
with a model source and 12 times longer than the 2D calculation. It takes 320 times bigger processor  
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field as compared with the 2D calculation and more than 3 times bigger as compared with the 3D 
calculation, but with the model source. This increase in the time of the calculation can be accounted 
for by the detailed entrance area of the landslide. However, the latter made it possible not only to track 
the movement of the landslide on the slope, but also to identify additional physical aspects of a 
tsunami generation formed by a pyroclastic flow slide. 

 

Fig. 27. Snapshots of 3Dl wave pattern with detailed wave disturbances 

 

Fig. 28. Snapshots of tsunami propagation 

Figure 29 demonstrates the comparison of tide-gauge records in the framework of the Navier-Stokes 
equations with a pyroclastic flow slide (LOGOS), shallow-water equations (TUNAMI) and nonlinear-
dispersive equations (GEOWAVE). The first waves that came on the north-western part of the island 
Guadeloupe differ greatly. The wave height computed by the LOGOS is twice higher, which better 
agrees with observations. The gauges «OldRoad» located on the island of Antigua shows a higher  
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result, which better agrees with reality as the island is in close proximity to Montserrat, and there has 
to be one of the peaks. The gauges on Nevis Island, located on the opposite side from the eruption 
site, shows at once a fading wave. The result obtained by LOGOS is closer to the result obtained by 
the shallow-water equations. Nonlinear-dispersive equations give much greater attenuation (fading). 
Subsequent waves are described in different ways, and the Navier-Stokes equations give a more 
pronounced oscillatory character, while the waves, calculated by the nonlinear-dispersion model, also 
fade faster. 

 

Fig. 29. Comparison of tide-gauge records according to three models 

As a result, all the models show that in the north-western part of the island of Guadeloupe a tsunami 
wave is generated, although the shallow-water and nonlinear-dispersive theories show a more modest 
result in amplitude. The model based on the Navier-Stokes equations is much closer to the 
observations (Pelinovsky et al, 2004). It is not difficult to guess and, it really is obvious, that it all 
depends on the description of the tsunami source. The Navier-Stokes equations reproduce the 
landslide tsunami source more accurately. 

 

7. CONCLUSION 

The paper describes the technology for computations the landslide-origin tsunami based on the 
Navier-Stokes equations. The landslide source is modeled by a separate phase representing a 
Newtonian fluid with its own density and viscosity. The methodology of numerical solution of 
multiphase system is based on a fully implicit method, which removes strict restrictions on the time 
step, and allows simulating tsunami propagation at arbitrarily large distances. The formulas for  
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discretization of equation sampling and coefficient types are given. To effectively calculate tsunami 
propagation in large water areas is presented an algorithm based on an algebraic multigrid method. 
The results of a full-scale experiment calculation are given. They demonstrate the possibility of using 
computed technology provided all stages of the landslide-origin tsunami - generation, propagation and 
runup. The algorithm to account bathymetric data for tsunami simulation in real waters of the World 
Ocean is described. The technology of building 3D grid models with the detailed area of generation 
and runup is demonstrated. The results of the comparison with the nonlinear- dispersive theory on the 
example of the historical tsunami of volcanic origin are presented, which showed a fairly good 
agreement for identical sources but different results for the parametric source and the actual slide. 
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ABSTRACT 

 
Tsunami generated by submarine landslides are now recognised as an important hazard, following 
several historical events. Submarine landslides can occur in a variety of settings such as on 
continental slopes, volcanic slopes, and submerged canyons and fjords. While significant progress has 
been made in understanding tsunami generation processes on open slopes, the problem of tsunami 
generation by landslides within submarine canyons has received less attention. In this paper we 
examine the tsunami hazard posed by submarine landslides in the Cook Strait canyon system, near 
Wellington, New Zealand. Understanding of the hazard posed by this tsunami source has practical 
value because of its proximity to a populated coast. Our studies also provide general results 
highlighting the differences between tsunami generation on open coasts and tsunami generation  
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within canyons. Geotechnical and geological studies of the Cook Strait region reveal evidence for 
many large landslide scars in the canyon walls, these are interpreted to be failures of consolidated 
material which descend the slopes on the sides of the canyon. Scouring of the base of the canyon 
slopes by strong tidal currents is believed to be an important process in bringing slopes to the point of 
failure, with most large failures expected to occur during earthquake shaking. We present the results 
of computer simulations of landslide failures using simplified canyon geometries represented in either 
2D (vertical slice) or 3D. These simulations were made using Gerris, an adaptive-grid fluid dynamics 
solver. A key finding is that the sudden deceleration of the landslide material after reaching the 
canyon floor, leads to larger amplitude waves in the back-propagation direction (i.e. in the opposite 
direction to the initial landslide motion). 

1. INTRODUCTION 
 
     Submarine landslide-generated tsunami are now a widely recognised hazard with documented 
historical events (Fine et al., 2005; Labbe et al., 2012; Rahiman et al., 2007; Tappin et al., 2008), 
landslide-specific hazard assessments (e.g. Argnani et al., 2011; Iglesias et al., 2012; Walters et al., 
2006), and a limited number of regional hazard assessments (e.g. Grilli et al., 2009). Submarine 
landslides are recognised to occur in relatively specific geological environments, including open 
slopes, submarine canyons, fiords, and volcanic cones and ridges (Hampton et al., 1996). Submarine 
canyons are an environment where relatively few landslide studies have been carried out, yet where 
the hazard associated with landslide-generated tsunami may be high due to steep slopes, proximity to 
land, and the potential for landward-directed slope failures. 
 
     Whereas much of the world’s landmass sits adjacent to a wide continental shelf, providing a buffer 
zone to continental slopes, submarine canyons enable areas of steeply sloping seafloor to come within 
close proximity of populated coastal areas. Examples of canyons in reasonably close proximity to 
populated areas can be found in Mediterranean Europe, Central eastern USA, and New Zealand. In 
comparison to open slopes, where landslide features are commonly beautifully preserved (e.g. Berndt 
et al., 2012), landslides in submarine canyons are frequently represented by relatively subtle 
geomorphic features (e.g. Greene et al., 2002; Lastras et al., 2007; Mountjoy et al., 2009). Landslides 
in submarine canyons typically occur on canyon walls and can be subject to geologically rapid post-
failure modification, making them difficult to parameterise. In addition, failure often involves bedrock 
rather than recent sedimentary deposits adding additional complications for landslide analysis. 
 
     An important aspect of the submarine canyon geological environment in terms of landslide 
tsunami hazard is that material is falling into a confined seafloor environment, meaning that failed 
slope material and hydrodynamic disturbance is likely to interact with the complex terrain of the 
canyon system. Modelling of landslide-tsunami sources has predominantly considered material 
displaced down a planar slope with an unconstrained lower boundary (e.g. Ward, 2001; Watts et al., 
1999). Applying this simplified source geometry to the complex terrain in submarine canyons may not 
be appropriate and could lead to failure to identify wave focussing areas, and under-estimation of the 
tsunami hazard. 
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     Here we use a regional case study to explore the difficulties associated with landslide-generated 
tsunami hazard analysis in complex canyon terrain. The Cook Strait canyon system in New Zealand is 
a large submarine canyon that comes within 15 km of the capital city of Wellington, and has a large 
number of mapped submarine landslide scars (Micallef et al., 2012; Mountjoy et al., 2009). We 
present some results for this specific area regarding the age distribution of observed landslides, as this 
is a particularly difficult issue for landslide-tsunami hazard assessments. However the study is 
primarily focussed on identifying pitfalls for landslide-generated tsunami studies in submarine canyon 
terrain and suggesting a way forward for quantifying landslide tsunami hazard and risk in these 
complex environments. 
 
     We also present a modelling study into the tsunami-generation properties of landslides on canyon 
slopes, with particular regard for the differences compared to tsunami-generation on open slopes. The 
geometrical model of a submarine canyon that is used as the baseline for these studies is based on a 
simplified cross-section of part of the Cook Strait Canyon, yet is sufficiently generic to be used to 
draw general conclusions. Modelling was conducted using Gerris, a solver for the variable density 
Navier-Stokes equations, permitting more accurate fluid dynamics to be represented than can be 
achieved using standard depth-integrated tsunami models. The specific features of tsunami-generation 
by slope failures in canyon systems were investigated by varying the representation of the far wall, i.e. 
the slope opposite the mass failure, in the geometrical model of the canyon.  

2. LOCAL SETTING 
 
     The seaway of Cook Strait divides North Island and South Island of New Zealand. The Cook Strait 
canyon system is a deeply incised submarine canyon formed on the continental slope of the southern 
Hikurangi Margin subduction system (Figure 1). The canyon is highly sinuous across the continental 
slope but branches into three canyon heads from the shelf break and extends 40 km across the 
continental shelf. Following Mountjoy et al (2013) the Cook Strait canyon system is divided into four 
components: the upper canyons - Cook Strait Canyon, Nicholson Canyon, and Wairarapa Canyon; 
and the Lower Cook Strait Canyon which extends from the shelf break to the deep sea Hikurangi 
Channel (Figure 1). In this study we focus on the upper, shelf-incising canyons as these are in 
shallower ocean depths, and come closer to land, meaning they are most likely to pose a tsunami 
hazard. 
 
      The head of Nicholson Canyon lies just 8 km off the coast of Wellington, New Zealand’s capital 
city with a population of approximately 400,000. Wairarapa Canyon is just over 1 km from the coast 
at its closest point and all three of the upper canyons are less than 20 km from the coastline. The upper 
canyon rims vary in water depth from 50 – 200 m, and the canyon floor depths from 250 – 1200 m 
depth. The upper canyons are between 18 and 45 km long and 3 – 10 km wide. 
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Figure	1.	Regional	setting.	A)	Study	location	in	the	context	of	the	New	Zealand	tectonic	setting.	

B)	Canyon	physiography	showing	mapped	landslides	(after	Micallef	et	al.	2012).	‘NC’	is	
Nicholson	Canyon,	‘WC’	is	Wairarapa	Canyon,	‘CSC’	is	Cook	Strait	Canyon,	and	‘WGTN’	labels	the	

southern	suburbs	of	Wellington	City.	

2.1 Tectonic and geologic setting	
 
     The Cook Strait canyon system sits at the southern termination of the Hikurangi Margin at the 
transition from subduction to continental collision on the Pacific-Australian plate boundary. 
Reflecting this active plate boundary setting, the region is dissected by numerous active faults that can 
be divided into reverse faults related to contraction in the convergent margin and strike slip faults 
from partitioning of oblique strain (Pondard and Barnes, 2010). In New Zealand’s largest historical 
earthquake, the Wairarapa Fault ruptured in 1855 producing a Mw 8.2 earthquake centred onland and 
extending into the Nicholson and Wairarapa canyons (Barnes, 2005; Dowrick, 2005). Terrestrial 
seismic hazard assessments indicate that areas of the Wellington region are capable of producing peak 
ground accelerations (pga) greater than 0.4g at a 475 year return period, and they can exceed 1.0g at a 
2500 year return period (Stirling et al., 2012). Earthquake ground shaking is thought to be the main 
trigger of slope failure within the canyon system (Micallef et al., 2012; Mountjoy et al., 2013). 
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2.2 Landslides in the Cook Strait Canyon System 
 
     130 landslides have been mapped through the Cook Strait canyon system (Figure 1). Landslides 
are recognised solely by scars in the canyon walls and canyon floor, as almost no evidence of 
landslide deposits remains in the system. Based on scar geometry, the metrics of the landslide source 
areas can be quantified in terms of key parameters like volume, failure depth and slope angle of the 
basal failure surface (Figure 2). These data indicate a predominance of landslides at volumes less than 
10x106 m3, however a few failures are also above 1x108 m3. Frequency histograms of landslide depth 
have a peak between 70-90 m defining them as deep seated. The failure angle of the basal surface is 
predominantly controlled by bedrock structure and is mainly less than 10°, though it is likely that this 
value is overestimated as surficial material covering the landslide scar will skew results.  
 

 
 

Figure	2.	Landslides	metrics	after	Micallef	et	al.	(2012).	Frequency	histograms	have	been	
derived	from	measured	geometries	of	landslide	scars	in	multibeam	bathymetry.	Note	the	last	

bin	for	Landslide	Volume	is	discontinuous	in	terms	of	scale.	
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3. DATA AND METHODS 

3.1 Determining Landslide Age 
 
     Geophysical data and geological samples were collected in 2011 during the RV Tangaroa voyage 
Tan1103 (Mountjoy et al., 2013). Data relevant to this study was collected from several landslide 
scars within the canyon to assess the age of landslides (Table 2). Cores were collected with a standard 
gravity corer using a 6 m long barrel and a 1.2 tonne weight. Cores were capped and stored upright 
on-board then transferred to a refrigerated facility and logged onshore. Radiocarbon dating has been 
carried out on carbonate material (shell fragments or benthic foraminifera) picked from these 
sediment samples to determine sedimentation rates. The combination of sediment thickness and 
sedimentation rate data allow determination of the age of the surface underlying the sediment drape. 
 
     Digital high-resolution seismic data was collected using a hull-mounted Knudsen Chirp 3260 3.5 
kHz Subbottom Profiler. Sub-bottom penetration was to a maximum of 60 m. 
 

3.2 Modelling methodology 
   
   The modelling for this work took place in two parts. The first part investigated the process of the 
tsunami wave being created by the submarine mass failure, identifying general features that 
differentiate tsunamis caused by landslides in canyons from those on open slopes. This was done 
using modelling of simplified geometries in 2D (vertical slice) and 3D. The second part developed a 
scenario model specific to the Nicholson Canyon of Cook Strait, based on the actual seafloor 
bathymetry of this location and modelled the effect of that scenario. 
 
     The modelling was conducted using Gerris. Gerris is an extensible framework for the solution of 
partial differential equations describing fluid flows and other phenomena (Popinet, 2003). Gerris 
solves the variable-density Navier-Stokes equations with boundary conditions at the interface between 
phases, and uses adaptive mesh refinement to allow the model to adjust dynamically to the details of 
the problem being solved. For the purposes of long-range tsunami propagation modelling, Gerris can 
also solve the (depth-averaged) non-linear shallow water equations to simulate tsunami propagation 
over real bathymetry. The code is parallelised to enable speeding-up of expensive computations. 
 
Navier-Stokes equation solver in Gerris was used to simulate the processes of landslide failure and 
wave generation at water surface in vertically 2D slice modelling and 3D modelling. Using a volume 
of fluid (VoF) approach, the air and water are represented by different phases of fluid.  The landslide 
was modelled both as a third dense semi-rigid fluid.  Solid boundaries were used at the edges of the 
domain for the VoF modelling.  In the specific scenario the propagation of tsunami away from the 
source region was modelled with non-linear shallow water equation solver in Gerris using the water 
surface displacement and depth-averaged velocities from 3D modelling as initial condition.  A 
subcritical boundary condition was used for sea boundaries allowing the tsunami energy to propagate 
out of the domain (Bristeau and Coussin, 2001). 
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3.3 Generalised landslide modelling 
   
    For the purposes of using a 2D vertical slice model to study the influence of canyon walls on 
tsunami generation, a baseline configuration was developed as shown in Figure 3. This geometry was 
based approximately on that estimated for past and future landslides in a cross-section of Nicholson 
Canyon. By modelling a landslide and subsequent tsunami in the baseline configuration, and then 
varying individual parameters, it was possible to estimate the sensitivity of tsunami wave generation 
to those parameters. 

 
 

Figure 3. Baseline geometry used for modelling of a sliding block descending into a canyon. X co-
ordinates in subsequent figures are measured relative to the position of the left post-landslide lip of 

the canyon. 
 

     For the purposes of this model it was assumed that the landslide material slides as a coherent block 
until the point where it hits the bottom of the canyon, after which it is assumed to behave as a dense 
fluid (due to break-up of the landslide body). This was achieved in Gerris by tracking the centre of 
mass motion of the slide and constraining the velocities in model-grid cells within the slide body to 
equal the centre of mass velocity until the canyon bottom was reached. The relative density of the 
landslide was assumed to be 2.0. 
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Figure 4. Geometry used for the models of a sliding block descending an open slope to a flat bottom. 
The influence of the far canyon wall was studied by constructing an alternative model in which there 

was no far wall, i.e. an open slope leading to a flat bottom. In this model the sliding block still 
descends as a solid body, but is assumed to become a dense fluid once it reaches the bottom of the 

slope. 
 
A third configuration was also modelled in order to better understand the role of the far canyon slope. 

In this configuration the far wall is assumed to be almost vertical (Figure 5). 

 
Figure 5. Geometry used for the models of a sliding block descending to a canyon with a very steep 

(near vertical) far wall. 
 

     Equivalent 3D simulations were conducted to investigate the effect the finite width of the landslide 
has on tsunami wave created. Figure 6 shows the configuration modelled.  The cross-sections of the 
landslide and canyon remains the same as the baseline shown in Figure 3.  However the landslide has  
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a finite width while the canyon extends unchanged in both directions.  

 
Figure 6. Three dimensional equivalent of baseline landslide geometry (Figure 3), dimension labels 
are in km. For the baseline 3D scenario the width of the slide, along the canyon axis, was 1.7km, in 

cross-section (perpendicular to the canyon axis) the dimensions are the same as in Figure 3. 
 

The width of the landslide was varied from 1km, to 1.7km, to 2.5km and separate simulations made 
for each case, in order to understand how the validity of the 2D approximation varies according to the 
width of the slide. Watts et al (2005) discuss approaches for approximating 3D models with 2D 
vertical slice models, these use functions of the slide width to correct for the radiation in off-axis 
directions. 

3.4 Cook Strait landslide modelling 
     In Section 2 potentially tsunamigenic submarine landslides within the Cook Strait region were 
identified.  An estimate of the likely worst case scenario, in terms of overall impact on people and the 
built environment, in this region was identified as being caused by a landslide on the south side of 
Nicholson Canyon.  The head of this canyon lies within 10 km of Wellington (see Figure 1).  Table 1 
shows the parameters used for modelling of this scenario.  
 

Slide Parameters Nicholson Canyon 
Latitude (⁰ N) -41.46 

Longitude (⁰ E) 174.8 
Azimuth (⁰) 50 
Depth (m) 250 

Slope (⁰ down from horizontal) 11.31 
Length (m) 1500 
Width (m) 1500 

Thickness (m) 200 
Volume (km3) 0.4 

Relative Density 2.0 
Table 1. Parameters used in 3D initialisation of the Nicholson Canyon scenarios 
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This scenario was modelled in 3D as a rigid descending block, similar to that in Figure 6, which 
becomes a dense fluid after reaching the bottom of the canyon. After 100 seconds of modelled time 
had elapsed the water surface state and the depth-integrated velocity were used to form inputs to the 
non-linear shallow-water equation tsunami propagation model. Bathymetric and topographic data for 
this model were compiled from Land Information New Zealand bathymetric charts and ?. 

4. RESULTS 

4.1 Landslide age models 
 
     To get the required magnitude frequency model for landslide occurrence the most difficult aspect 
is determination of the frequency with which landslides occur. Whereas tectonic faulting is a repeated 
process over longer time periods mass instability is more of a stochastic process being dependant on 
many different local and external forcing factors. Any model for landslide recurrence requires some 
validation of the determined age model. A first order validation for this is the known ages of prior 
landslides, giving an indication that landslides are occurring over short enough timescales to pose a 
hazard.  
     To provide some validation that there is a landslide tsunami hazard associated with the Cook Strait 
Canyons we have analysed data from four separate landslides to get an idea of the age population of 
the landslides observed in geomorphology. 
 

4.2 Radiometric dating results 
 
     Benthic Foraminifera and shell fragments extracted from sediment near the base of sediment cores 
have been dated using c14 radiometric dating techniques (Table 2). A local, averaged sediment 
accumulation rate is calculated between the seafloor (t=0) and the depth of the dated horizon. Other 
radiocarbon analysis in the Cook Strait canyons (Mountjoy et al., 2013) has shown that dating of 
foraminifera is unreliable for definite ages, likely due to both the lack of hemipelagic material and 
reworking of foraminifera material. However dates provide a maximum for stratigraphic ages as 
material cannot be older than the reported age but could be younger if reworked. 
 
Table 2: Landslide dating data 
Core ID Date depth C14 date (yrs 

BP) 
Cover depth Landslide age 

(yrs BP) 
Stn 18 1.8 m 14217 +/- 127 NA 14217 +/- 1271 
Stn 32 2.7 m 1031 +/- 85 6.96 +/- 0.2 m 2658 +/- 295 
Stn 37 2.5 m 159 +/- 79 3.2 +/- 0.2 m 204 +/- 125 
Stn 42 2.4 m 1470 +/- 75 5.84 +/- 0.2 m 3090 +/- 486 
1The calibrated age is for material from sea level lowstand, which agrees with relict shell hash 
material observed in core. This age is applied to the landslide scar with no assumption of 
accumulation rate. 
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4.3 Subsurface imaging 
 
     To determine the amount of sediment that has been placed over the evacuated landslide scars since 
failure occurred we analyse high resolution (3.5 kHz) seismic reflection data. The example shown in 
Figure 8 illustrates the thin sediment drape overlying a landslide scar in Wairarapa Canyon.  
 

 
 
Figure 8. Example of date extrapolation through cover sequence to date landslide in 3.5 kHz seismic 

reflection. Dashed black line shows interpreted pre-failure geometry of slope. Inset detail shows cover 
sequence (red dash line) and penetration depth of core at Stn42. 

 
     The accumulation rate for this location in Table 2 is extrapolated to the full thickness of sediment 
overlying the landslide failure surface to determine the age of the scar (Table 2). Age uncertainty 
takes into account C14 dating error and measurement error in picking seismic horizons. Issues with 
this landslide age determination technique include inherited age in sediment (date is for older material 
transported from somewhere else), variation in sedimentation rates, the possibility of a polyphase 
landslide mechanism, and velocity variation in seismic depth conversion. In this case, the proximity of 
the adjacent much younger landslide (Stn37) with a very similar geomorphology suggest that the 
landslide illustrated in Figure 8 may be younger than the dating suggests. Regardless these age 
determinations indicate a range of post-glacial (20,000 BP) ages for the landslides in the canyon 
system. 

4.4 Tsunami Modelling of canyon landslide in vertical cross-section 
 
     2D tsunami wave generation was modelled as described in Section 3 for the three cases of the 
baseline canyon, the open slope, and the vertical far wall, as shown in Figures 3, 4 and 5 respectively.  
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Results from these simulations are shown in Figures 9 and 10. Figure 9 shows the water surface at 100 
second intervals following the landslide initiation. Figure 10 shows the water level time history above 
a point 4km from the canyon rim on the ‘near’ side (i.e. X=-4000 m, to the left of the canyon rim as it 
appears in Figures 3,4,5). 
 

 
Figure 9. Water surface snapshots at 200 second intervals after landslide initiation, shown for the 

three geometric configurations described in the text: no-far wall (solid), the baseline canyon cross-
section (dashed), and the very steep far-wall canyon (dotted). The no-far-wall case is not shown for 

+ve X at t=400 s; this is to avoid unrealistic effects caused by reflections from the edge of the 
simulation domain. 

 
     From Figure 9 we can see that the leading positive wave on the ‘near’ side of the canyon comes 
progressively earlier as we go from having a steep far wall to the baseline canyon to having no far 
wall. This suggests the timing of the first positive wave is related to the deceleration of the descending 
body. On the ‘far’ side of the canyon the leading wave, which is positive, travels faster in the absence 
of the far wall – which is to be expected given that tsunami wave speed is greater in water of greater 
depth. 
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Figure 10: Water surface time histories at position X=-4000 m, shown for the three geometric 

configurations described in the text: no-far wall (blue), the baseline canyon cross-section (green), and 
the very steep far-wall canyon (red). 

 
     Analysing Figure 10 we see that the presence of the far canyon wall makes a big difference to the 
amplitude of the subsequent wave on the ‘near’ side of the canyon.  In this example the elevation of 
the peak of the wave is about three times greater in the canyon geometry compared to the open slope 
case; this dramatically highlights the differences between tsunami generated by landslides in the two 
situations, and why it is important for hazard assessment not to model canyon landslide tsunami 
sources using procedures and approximations that assume an open slope. The role of landslide 
deceleration on tsunami generation has also been studied in laboratory experiments by Sue et al 
(2011).  
 
                 4.6 Relationship between 2D and 3D models of canyon landslides 
 
Two dimensional vertical slice (2D) modelling is significantly less demanding of computer time than 
fully three dimensional (3D) modelling. Hence it is useful to evaluate the differences in results for 
equivalent scenarios in these two cases. Results of such a comparison appear in Figure 11. Here the 
2D wavefield along the axis of the cross-section is compared against the equivalent 3D model for  
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landslides of different width in the along-canyon direction. What we see is that the 2D model 
overestimates the wave heights compared to the 3D case, as would be expected due to the finite width 
of the landslide in the 3D case as energy is radiated in the off-axis directions. The degree of 
overestimation reduces as the landslide width (in the canyon axis) increases. Ultimately, for a 
theoretical infinitely wide landslide, the two results should converge.  
 
Qualitatively the 2D and 3D solutions show the same basic features. The question of how a 3D profile 
may be generated from a 2D cross-sectional model has been studied by Watts et al. (2005), such a 
solution has the potential to save much computer time in situations where many scenarios need to be 
modelled.  

	
Figure 11: Comparing two-dimensional and three-dimensional modelling of tsunami generated by 

landslide in simplified bathymetry as given in Figure 7.2.  All figures are taken at t = 100 s. Top left: 
vertical slices through y=0 for landslides with widths 1,000 m, 1,700 m and 2,500 m as well as two-
dimensional vertical slice case.  Top right: width = 1,000 m; bottom left: width = 1,700 m; bottom 

right: width = 2,500 m. 
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4.7 Cook Strait modelling scenario model 
 
Maximum water levels produced from the Cook Strait tsunami propagation model initialised by the 
water level and velocity data produced from the 3D landslide model (see Section 3.4) are shown in 
Figure 12. We see that areas on the south coast of the North Island, close to the Wellington Harbour 
entrance, are estimated to experience tsunami waves with crests that approach or exceed 5m above the 
background water level in such a scenario.  
 

 
 

Figure 12. Maximum water levels (relative to background) in Cook Strait over the 3 hour period 
following the tsunami-initiating landslide in the Nicholson Canyon scenario. The colour scale ranges 

between 0 (dark blue) and 5 m (dark red). 
 

These results demonstrate that there is a hazard to Wellington and the Cook Strait region in general 
from landslide-caused generated tsunami. While it is a long-term goal to incorporate landslide 
tsunami sources in a probabilistic hazard framework (See Section 5), it is useful at this time to place 
these events in context with other potential sources of tsunami in this region. Tsunamis of broadly 
similar size (~5m amplitude) may be caused by surface deformation alone during upper plate fault 
ruptures in the Cook Strait region, and larger tsunamis may be caused by earthquakes on the 
Hikurangi subduction interface, especially if such earthquakes rupture beneath Cook Strait (Cousins et 
al, 2007). Further, the modelled landslide was at the upper end of the volume distribution of observed  
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landslide scars, and was placed at the worst possible location. The infrequency with which such large 
landslides appear to occur, relative to the estimated frequency of earthquakes in this region (see e.g. 
Power, 2013), suggests that co-seismic deformation is probably the dominant contribution to tsunami 
hazard here.   

5. DISCUSSION 

5.1 Conceptual framework for building a landslide probability model 
 
     Any multi-source landslide-tsunami hazard model requires an underlying model of some form of 
magnitude frequency relationship defining when/how often landslides occur and their tsunami 
generating characteristics. A generalised magnitude frequency curve is shown in Figure 13. 
Landslides in submarine canyons likely occur from frequent very small events (sub resolution for 
ship-borne data collection) to infrequent events approaching cubic kilometre scale. The region of this 
curve that is of concern in terms of risk assessments however is limited to the central zone where 
landslides are large enough to generate hazardous tsunami, yet occur regularly enough to pose a risk. 
Defining the form of such a curve validated for a real world situation is a difficult task. 
 

 
Figure 13: Conceptual magnitude frequency plot for landslide recurrence in continental margin 

settings. 
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     We consider two approaches to defining magnitude frequency relationships for landslides in 
submarine canyon settings that could be used to underpin hazard and risk assessments. 
 

5.2 Stability modelling approach – an assumption of earthquake triggering 
 
     In deep marine settings, and particularly those that also have an active tectonic setting, the majority 
of submarine landslides are inferred to be triggered by earthquakes (e.g. Sultan et al. 2004). While it is 
also acknowledged that many other processes influence slope stability, including: sediment loading, 
storm/wave loading, fluid/gas pressure/migration and slope erosion (Locat and Lee 2002). Many of 
these processes are factors that (pre) condition the slope for failure and do not necessarily trigger 
actual slope failure without additional external loading (e.g. a seismic load). The majority of 
submarine landslide studies, including those on passive and glaciated margins, invoke/infer 
earthquakes as the ultimate triggering mechanism in the absence of evidence for other specific 
mechanisms. 
 
     Based on this assumption it is possible to calculate the threshold level of earthquake shaking 
required to trigger failure and compare this against known return intervals for earthquake ground 
motion (e.g. Ten Brink et al 2009 Assessment of tsunami hazard to the U.S. East Coast Marine 
Geology 264A) (Strasser et al., 2007). This can be achieved via simple limit equilibrium calculations 
for slope stability, however the controlling parameters for such a model (e.g. mechanical strength, slip 
surface orientation) are not so easy to determine over large complex areas. Some approaches to this 
problem have been made, for example Ten Brink et al (2009) use a database of surface sediment 
samples correlated to mechanical parameters and infer vertical homogeneity. The authors 
acknowledge that this may not be applicable to areas such as submarine canyons where older 
consolidated rocks occur near or at the seafloor and exert a controlling influence on slope stability. In 
the submarine canyon case the problem is further complicated by the need to consider bedrock 
structure controls on slope failure, which is unlikely to be apparent from bathymetry alone. 
 
     In Cook Strait it is apparent that large landslides are controlled by bedrock orientation, in that they 
preferentially occur on bedding plane surfaces (Mountjoy et al., 2009). Given the lack of appropriate 
penetration and resolution subsurface imaging (multichannel seismic reflection data) it is very 
difficult to develop a regional model for failure orientation, bearing in mind that contrary to shallow 
rotational failures the seafloor gradient does not determine the failure plane gradient. As limit 
equilibrium models are very sensitive to failure plane gradient this is an important parameter. Based 
on the population of landslides it is possible to determine geometrical parameters for landslides 
(Figure 2), and these can be extrapolated to define the failure gradient over the extent of the study area 
given an appropriate population of landslides. Other key parameters such as failure depth may also be 
extrapolated from the landslide population.  
 
     The remaining key parameters that cannot be derived from the landslide population are the 
material properties. In all likelihood it will be necessary to infer properties based on studies of similar  
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rock and sediment from elsewhere. To accommodate the uncertainty inherent in this approach it is 
recommended that stability modelling is carried out via probabilistic (e.g. Monte Carlo) methods 
incorporating the appropriate range of values. 
 
 

5.3 Landslide population approach – trigger independent 
 
     An alternative approach to this problem, that avoids the need to attain a thorough database of 
physical properties, is to develop an age model for observed landslides within a landscape. A 
regression of the landslide volume distribution presented in Figure 2 provides a magnitude 
distribution that determines the x-axis of the conceptual curve in Figure 12. While we do not have 
direct evidence for the age of more than four of these failures, the time period over which these 
landslides has occurred can be reasonably inferred. During sealevel lowstand periods the erosion and 
sediment deposition within most global canyon systems is enhanced, and this is expected to be the 
case for Cook Strait (Mountjoy et al., 2009). Thus we expect that the evidence for landslides observed 
in the canyons post-dates the start of sea-level rise, giving a maximum time period of 20,000 years. 
The dates presented in Table 2 do not contradict this. In fact it is possible that most landslides have 
occurred in the Holocene (post 10,000 years) and this may be a lower bound. This information can be 
used to develop a magnitude frequency curve of the form in Figure 12 that can be used to directly 
drive a landslide-tsunami hazard model. We do not present such a curve for Cook Strait as this study 
is meant as a general treatise on the generic issues associated with landslide-tsunami hazard 
assessments across submarine landslides rather than a specific case study. A magnitude frequency 
curve for submarine landslide occurrence may be used to directly control a probabilistic tsunami-
hazard assessment. Alternatively it may be used to validate the results of a stability modelling based 
approach to assessing landslide recurrence.  
 
     Quantifying the likelihood of landslide occurrence in large submarine canyons is an inherently 
difficult problem. Although they are a first-order mechanism for the formation of the canyons, they 
are typically only identified by a scar in the canyon wall, with evidence for the deposit being 
removed. The concentration of currents and other erosion mechanisms means that the morphology of 
scars may be rapidly modified. Despite these difficulties, submarine canyons are one of the main 
mechanisms by which large and steep submarine slopes are able to come within close proximity of the 
land and human populations. This makes them very important in terms of natural hazards and 
demands that the issues and uncertainties associated with quantifying these hazards be overcome. 
 

5.4 Effect of complex terrain on landslide-generated tsunami 
 
     A landslide into a canyon differs in the way it generates a tsunami compared to an equivalent 
landslide on an open slope. One difference is that the motion of the landslide body is suddenly 
decelerated, and rapidly brought to a halt or even reversed, by interaction with the slope of the  
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opposite canyon wall. Another difference is that tsunami waves generated by the landslide are 
themselves modified by the bathymetric features of the canyon – partial wave reflection may take 
place at the canyon walls, and the substantial differences in depth between the canyon floor and the 
surrounding continental shelf will affect the timing and refraction of the wave. Our results 
demonstrate that these influences can be significant, and that tsunami hazard assessments involving 
canyon systems will be more accurate if these effects are taken into consideration, rather than using 
methods that assume an open slope. 

6. CONCLUSIONS 
 
     From the studies presented here we draw the following conclusions: 

• Tsunami generation by submarine landslides in canyon systems is distinctly different to 
tsunami-generation by open coast landslides. 

• Tsunami generation by submarine landslides in canyon systems is influenced by the sudden 
deceleration of the landslide at the bottom of the canyon, and this can lead to significantly 
larger waves in the opposite direction to the initial landslide motion. 

• Tsunami-propagation within canyon systems is influenced by the bathymetry of the canyon 
which changes the wave speed, and hence causes refraction. 

• The Cook Strait canyon system shows evidence for at least 130 landslides large enough to be 
mapped, and the majority of these are believed to have occurred in the Holocene (within the 
last 10,000 years). 

• Landslides on the walls of the Cook Strait canyons predominantly occur in consolidated rock, 
rather than in accumulated sedimentary material as is typical of submarine landslides in 
depositional environments. 

• Submarine landslides in the Cook Strait canyon system pose a risk to the city of Wellington in 
New Zealand, and it is likely that canyon systems elsewhere in the world pose similar risks to 
nearby coasts. 
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ABSTRACT 

 
The present study examines the historical earthquakes and tsunamis of 21 July 365 and of 9 February 
1948 in the Eastern Mediterranean Sea. Numerical simulations were performed for the tsunamis 
generated by underwater seismic sources in frames of the keyboard model, as well as for their 
propagation in the Mediterranean Sea basin. Similarly examined were three different types of seismic 
sources at the same localization near the Island of Crete for the earthquake of 21 July 365, and of two 
different types of seismic sources for the earthquake of 9 February 1948 near the Island of Karpathos. 
For each scenario, the tsunami wave field characteristics from the earthquake source to coastal zones 
in Mediterranean Sea’s basin were obtained and histograms were constructed showing the distribution 
of maximum tsunami wave heights, along a 5-m isobath. Comparison of tsunami wave characteristics 
for all the above mentioned scenarios, demonstrates that underwater earthquakes with magnitude M > 
7  in the Eastern Mediterranean Sea basin, can generate waves with coastal runup up to 9 m.               
 
KEYWORDS: Mediterranean Region, Great Historical Tsunamigenic Earthquakes, Seismic Source, Tsunami 
Generation, Tsunami Propagation, And Numerical Simulation  
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 1. INTRODUCTION 
 

 
The Mediterranean Sea region is characterized by high seismicity.  The historical record 

indicates that potentially destructive tsunamis are possible and need to be further studied. The Eastern 
Mediterranean basin is particularly the most active (Pararas-Carayanis, 2001; Tinti et al, 2005; 
Papadopoulos et al., 2010).  The eastern basin has significant sediment layers, which can reach up to 
5-8 km in thickness (Papadopoulos et al., 2010)). Also, it has seismic arcs  which are characteristic of 
transform zones – such as the Ionian Island Arc and the western and southern Crete Arc which 
extends to the Island of Rhodes, as well as deep sea trenches, such as the Hellenic deep sea trench 
with a depth of up to 5 km. The Hellenic Seismic Arc is one of the best known geological features of 
the Eastern Mediterranean and includes a deep-sea trench (Fig.1, red line) in its convex side (Hellenic 
trench), and an arc of underwater sediments, as well as a volcanic arc and a marginal sea (the Aegean 
Sea) in its concave side (Pararas-Carayanis, 2001; 2005; Papadopoulos et al., 2010).  

         
 

 
 

Figure 1. Scheme of faults (red lines) in Mediterranean region.  
The yellow arrows indicate direction of continental plate motion  ((see, (EC, 2016)). 

 
The seismic activity is high at shallow and moderate depths, and earthquakes that can reach 

magnitude of the order of M ~ 8 are possible. The motions of the continental plates (Fig.1) lead  to an 
increase of stress in fault regions. Such interactions increase the potential of high tsunamicity, which 
gradually increases from the west to the east within the Mediterranean basin, particularly in the 
vicinity of Greece and the surrounding regions (Papazachos, B. C. 1996; Pararas-Carayanis, 2001; 
Papadopoulos et al., 2010; Pararas-Carayannis, Mader, 2011, EC, 2016).  
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Several significant earthquakes have occurred in regions of the Eastern Mediterranean Sea which 
generated local or regional destructive tsunamis in the past.  Based on numerous historical documents, 
a great earthquake on 21 July 365 A.D.  generated a devastating tsunami - now considered as the most 
catastrophic event in the Mediterranean Sea (Pararas-Carayanis, 2001; Tinti et al, 2005; Salamon et 
al., 2007; Shaw et al., 2008; Papadopoulos et al., 2010; Yolsal-Çevikbilen, Taymaz, 2012. Then, in 
February of 1948, another destructive tsunami struck the coasts of Karpathos Island. The main cause 
of such tsunamigenic earthquakes, results from the partial breaking of the African plate and its 
collision with the Eurasian plate (see Fig.1).  
         
 

2.  STATEMENT OF THE PROBLEM  
 

2.1. Formation of tsunami source 
 

Great earthquakes occur in zones of great faults in the Mediterranean basin, as shown in Fig.1. 
Many of the great underwater shallow earthquakes generate destructive tsunami. The tsunami 
generation mechanisms, the initial velocity and propagation of the waves and the terminal 
characteristics of inundation at a given coast (particularly in near-field zone) depend directly on the 
dynamic processes at the earthquake source (Lobkovsky, 1988; Lobkovsky et al., 2006). The present 
study describes the seismic processes of the earthquake source and the keyboard modelling of 
tsunamigenic earthquakes, where the vertical displacement of crustal blocks, is applied to determine 
the above listed parameters.  (Lobkovsky, 1988)). The initial stress distribution in the seismic source 
essentially determines the character of crustal motions that generate a tsunami. The selection of a 
model for the seismic source is first of all determined by the spatial and temporal scales of 
corresponding wave motions in the basin (Lobkovsky, 1988; Lobkovsky et al., 2006). The present 
study addresses the numerical simulation of two historic catastrophic earthquakes in the Eastern 
Mediterranean: the earthquake of 21 July 365 A.D with possible magnitude M = 8.2  near the western  
the Island of Karpathos in the Aegean Sea.  

  
Since the mechanisms of the seismic sources of  both earthquakes are unknown, then, by 

taking the source mechanism from tectonic relationships (Lobkovsky et al., 2006)) and by using 
empirical formulas correlating earthquake magnitudes and displacement values along faults (Wells, 
Coppersmith, 1994), it is possible to compute approximately the size of the seismic source and the 
vertical components of seafloor displacement at the source. The estimate for the 365 A.D earthquake 
with a magnitude 8.2, had a source of 190 km in length and a width of nearly 40 km, while maximum 
displacement value is 9 m. For the 1948 tsunamigenic earthquake with magnitude M = 7.5, the source  
is 26 km in length, 26 km in width and with the crustal displacement estimated  at 5 m.   

       
For the 365 A.D. earthquake, three possible scenarios of  were considered of  crustal motions 

at the seismic source along the fault zone near the western region of the Island of Crete. (Figs. 2-4), 
(cf. with (Pararas-Carayanis, Mader, 2011)) 
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SCENARIO 1: The seismic source being a single block, which can be moved up and down for given 
value with different velocities – the location of seismic source for  this scenario is illustrated in Fig. 2 
a,b. 
SCENARIO 2: A two-block source divided along its length in two equal-in-width blocks, one of 
which is oriented to the Island of Crete (block 1) moving down, and a block 2 which begins to move 
up after the first block motion stops; the location of the seismic source for scenario 2 is illustrated in 
Fig. 3a, b. 
SCENARIO 3: For the third scenario, the kinematic model of three-block keyboard source is 
considered, in which the source blocks move successively to different distance up and down at 
different times. The location of the seismic source for scenario 3 is presented in  Fig.4 a,b.   

                                 . 

                                                                
а)                                     б) 

Figure 2. Location of seismic source at earthquake of 365, SCENARIO 1 
a) bathymetric map; b) topographic map.  

       

 
а)                                     б) 

Figure 3. Location of seismic source at earthquake of 365, SCENARIO 2 
a) bathymetric map; b) topographic map. 
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                                             а)                             б)      

 Figure 4. Location of seismic source at earthquake of 365, SCENARIO 3 

a) bathymetric map; b) topographic map.  
       

         For the second tsunamigenic earthquake of 9 February 1948, two possible scenarios of 
earthquake source were examined: (see Fig.5, and Fig.6)  
 
SCENARIO 4: The seismic source being a single block which can move up and down to given values 
with different velocities; The block motion of this source is presented in Table 1 and the location of 
the seismic source is represented by Fig. 5a, b.    
         

 
 а)       б) 

Figure 5. Location of seismic source at earthquake of 365, SCENARIO 3 

a) bathymetric map; b) topographic map.   
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а)       б) 

Figure 6. Location of seismic source at earthquake of 365, SCENARIO 3 

a) Bathymetric map; b) topographic map.        
 

SCENARIO 5: For the fifth scenario the kinematics of a three-block keyboard model are considered, 
and the model blocks are being moved successively to different distance up and down for different 
length of time. The location of the seismic source for scenario 5 is presented in Fig.6a,b. 
 
   

2.2. Mathematical statement of the problem 
 
To describe the process of generation and propagation of tsunami waves in correspondence 
with above-mentioned assumptions, the nonlinear system of shallow water equations was used  
(Voltsinger et al., 1989; Lobkovsky et al., 2006)).   
 

 
                                        
 
where x, y are the spatial coordinates along Ox and Oy axes, respectively, t is the time, u(x, y, 
t), v(x, y, t) are the velocity components along Ox and  Oy axes, η(x,y,t) is the disturbance of 
free surface relative to its initial level,  H is the depth of the basin, ɸ(х, у, t) is the function 
which describes bottom motion.  
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 3. NUMERICAL SIMULATION OF HISTORICAL TSUNAMIS  
 

3.1. Numerical simulation of the tsunami of 21 July 365  
 

In this section - presented as examples – are the results of implementation of SCENARIO 1 . 
Fig. 4, illustrates the results of numerical simulation for tsunami wave front propagation for six (6) 
time moments. Fig.7.1, shows that the initial tsunami wave front already has reached points on 
Falaserna and Palaiochora at the west coast of the Island of Crete and the nearby islands. At 23 
minutes travel time the initial wave front reaches the south side of the coast of Glyfada, on Attica , 
Greece(Fig.7.2).   

  

 
 

Figure 7. Propagation of the tsunami wave for scenario 1 for six time increments: 
1 - 8 min 20 s; 2 - 23 min 20 s; 3 - 50 min;  4 - 1h 40 min;  5 - 2 h 45 min; 6 - 4h 30 min. 

 
At the 50th minutes the first tsunami wave front reaches the African continent in the region of Point 
Derna of the coast of Libya (Fig.7.3). Further propagation of the tsunami wave front  (for 1 h 40 min), 
strikes another Libyan coastal region of Benghazi and Turku cities, as well as the region of Katakola 
and Kalamata cities on the coast of Greece (Fig.7.4). After 2 h 45 min (Fig.7.5) the forefront of 
tsunami has already struck all three continents as well as the coast of Catania on the Island of Sicily 
(Fig.7.6).  
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       Shown in Fig.8 are the computed distributions of maximum tsunami wave heights in the Eastern 
Mediterranen basin. As seen, the maximum wave heights occurred along the Greek coasts (maximum 
heights near the Island of Crete), the coasts of Italy, and near the northern and north-western coast of 
the African continent.  
 
       In more detail, the distribution of maximum wave heights along the coasts can be seen at the 3D-
histograms of maximum wave heights, at the 5-m isobath (Fig.9). It can be seen that the coasts of Italy 
and the Island of Crete the wave heights reached 5-8 m. At the Island of Cyprus the mean wave 
heights were 2 m with 5 m peaks at some segments. 

 

 
 

Figure 8. Distribution of maximum wave heights over the basin with implementation of scenario 1.  
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Figure.9. 3D-histograms for maximum wave heights at the 5-m isobath: a) Italy; b) Island of Crete; с) 
Island of Cyprus.  

 
3.2. Results of the numerical simulation for scenario 3 
 
For the realization of scenario 3 the keyboard model of seismic source is the same as for scenario 1 ( 
Fig.4). Fig.10 illustrates tsunami wave generation for three (3) time increments and the location of the 
tsunami wave front for five (5) time icrements. The first 3 figures (Fig.10 (1-3)) illustrate this after  
tsunami generation.  
  
Fig.10 (5) shows that the elevation of the wave coming to the Island of Crete and its directivity 
towards southern Greece. Figure 10 (6) shows the northern front striking the southern coast of Greece 
and heading for the City of Katakolo. The 50th minute wave has struck one half of the Island of Crete 
and other parts of Greece while the southern front of the wave is coming to Derna City. Subsequently 
the tsuanmi wave front is seen to propagate towards the coasts of the African continent.   In three (3) 
hours the wave front is seen to have reached Sirt City  in  Libya, while the north-west front of the 
tsunami reaches the eastern coast of Italy, the north-east front begins to reach the coast of Turkey and 
finally the southern-eastern front of the wave begins to strike the City of Alexandria. 
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Figure 10. Numerical simulation of scenario 3: a) generation of tsunami source: 1) 10 sec, 2) 20 
sec, 3) 40 sec; b) wave front localization: 4) 8 min 20 sec; 5) 23 min 20 sec; 6) 46 min 40 sec; 7) 1 

hour 40 min; 8) 3 hours 20 min;  
 

 
Fig.11 illustrates the computed distributions of maximum wave heights within the Eastern 
Mediteranean basin for the given scenarios. As seen the wave heights’ distribution is close to the  
wave heights of the first and second scenarios but differently-oriented motion of blocks at the source 
significantly decreases wave height at the coast of Sicily coast and increases the height of waves at the 
coasts of Turkey. The more dangerous sections of tsunami wave heights concentrates mainly along 
the  remains to be the coasts of Tunisia, Libya, Italy, Greece, Turkey, Egypt, Crete and Malta.  
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    Figure 11. Maximum tsunami wave heights in Eastern Mediterranean basin for scenario 3.   
 
        Presented in Fig.12 are 3D histograms for the coasts of Libya, Tunisia and the eastern coasts of 
Mediterranean Sea: Israel, Lebanon, Syria. Apparently the wave height at eastern coast of 
Mediterranean Sea reached  4 m, and the at coasts of Libya and Tunisia up to 7m. 
             

 
Figure 12. 3D histogram for maximum tsunami wave at 5 m isobath: a) eastern coast; b) 

Libya; c) Tunisia.   
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3.3. Numerical simulation of the tsunami of 9 February 1948  
 
The results of implementation of SCENARIO 5 are presented in this section. It is well known that 
processes occurring at a seismic source (uplift or downfall), can be ultimately recalculated to 
estimates of vertical displacements. Presented in Fig.13 is an illustration of tsunami generation by 
displacements along a three-block seismic source. The process of formation of tsunami source can be 
seen with the  uplift of the first crustal block on the seafloor, then at the downward motion of a second 
block and then by the subsequent uplift of a third block to the same height as the first. 
           

 
Figure 13. Generation of tsunami source with the realization of scenario 5:  

1) 5 s; 2) 14 s; 3) 25 s. 
 

   Illustrated by Fig.14, is the propagation of tsunami waves on the basin for six (6) time icrements. 
In the first time increment (Fig.14 (1), the wave is seen to strike the Island of Karpathos as well as the 
western coast of the Island of Crete. Subsequently, in 21 min (Fig.14 (2)), the leading tsunami wave 
reaches the Greek Island of Rhodes. At further propagation (55 min, middle panel, Fig.14 (3)) the 
wave’s north-eastern front has already reached the Island of Rhodes and stikes the south-eastern cities 
of Dalyan and Marmaris inTurkey.   
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Figure 14. Numerical simulation of scenario 4: a) generation of tsunami source: 1) 7 sec,  
2) 21 sec, 3) 55 min, 4) 1 hour 35 min, 5) 2 hour 10 min, 6) 2 hour 45 min.  

 
In 1 hour and 35 min (middle panel, Fig.14 (4)), the wave has already reached the Island of  Crete, its 
southern front has already reached the coast of Mersa-Matruh and begins to arrive at  the east of 
Libya. In 2 hour and 10 min (lower panel, Fig.14 (5)) the eastern front actively strikes  part of the 
Island of Crete and the southern coast of Turkey in the region of Alanya City. At the lower panel, (2 
hour 45 min, Fig.14 (6)) the southern front has already reached a large part of the coast of Egypt, 
while the north-western front has reached the south coasts of Greece.   
        

  Presented in Fig.15, is the distribution of maximum wave heights in the entire basin of  the Eastern 
Mediterranean Sea. From the distribution of maximum wave heights for the fifth scenario it is well 
seen that most affected are the near-field segments of the coasts of Libya, Egypt, Turkey, and of the 
Islands of Crete and Cyprus.      
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    Figure 15. Maximum tsunami wave heights on the Eastern Mediterranean basin at the 
realization of scenario 5.   

 
 

Fig.16 shows the 3D-histograms for maximal wave heights at 5-m isobath for the coasts of Turkey, 
the  Island of Crete, and  Israel, Lebanon and Syria.  
 

 
 

Figure 16. 3D-histograms for maximum wave heights at 5-m  isobath for the coasts of:  a) 
theeast coast of Mediterranean Sea; b) Crete island; c) Turkey. 
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4. COMPARISON OF MAXIMUM WAVE HEIGHTS FOR EARTHQUAKE AND 
TSUNAMI OF 21 JULY 365 AND 9 FEBRUARY 1948 
 

4.1. Comparison of maximum wave heights for earthquake and tsunami of 21 July 365 
 
Fig.17 shows histograms of maximum wave heights for the coast of the Island of Crete. As it can be 
seen, at the west of the southern coast, the  maximum wave height of  7.6 m is reached with the first 
and second (single block and two-block source, respectively) scenarios. For the third scenario (three-  
 

      

                                          
а)                                                                     b) 

Figure 17.  Histograms of maximum tsunami wave heights  for the Island of Crete: a) southern coast;  
b) eastern coast.  

 
block source) the maximum wave height is 6.5 m, while mean values of the tsunami wave height are 
near 2.8 m. Fig.18 illustrates histograms for the coast of Sicily. It can be seen that maximum tsunami 
wave heights to 5.5 m are reached with the realization of scenario 2. However, at the eastern coast of 
the Island of Sicily, the maximum wave height to 6.5 m is reached with the realization of scenario 3. 
 

 
                               а)                                                                                 b) 

Figure 18. Histograms of maximum tsunami wave heights  for the Island of  Sicily: a) south-eastern 
coast; b) eastern coast. 

  
Fig.19a shows a histogram of maximum wave heights for the Turkish coast. It is well seen that with 
the realization of all scenarios, the maximum wave heights in the  the west reaches 2,75 m but at 
eastern side the maximum wave heights are reached with the realization of scenario 1.  
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                                              а)                                                                       b) 

Figure 19. Histograms of maximum tsunami wave heights  for the Turkish coast (a)  and for the coast 
 of Egypt (b).  

 
Fig.19b ahows the histograms of maximum wave heights on the coast of Egypt. It can be seen that the 
maximum wave height of  7.2 m is reached with the realization of scenario 3.Table 5 shows the data 
from virtual tide gauges, namely maximum wave height, as well a depression of water level and time 
of arrival for scenarios 1-3.   
     

 

4.2. Comparison of maximum wave heights for earthquake and tsunami 9 February 
1948  

 

 Fig. 20 shows the histograms of maximum tsunami wave heights for the coast of Italy for cases when 
seismic source is a single block (scenario 4) and for a three-block keyboard source (scenario 5). 
Maximum wave heights for both scenarios are reached to 0.6 m.   
 

 
 

Figure 20. Histograms of maximum tsunami wave heights for the coast of Italy coast: a) eastern coast; 
b) southern coast. 
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Fig. 21 shows the histograms of maximum tsunami wave heights for the coast of the Island of Crete. 
A maximum wave height of 4 m is reached with the realization of scenario 4. For scenario 5 the 
maximum wave height id 3.5 m.           
      

 
а)                                                                           b) 

Figure 21.  Histograms of maximum tsunami wave heights for the Island of Crete: a) southern coast; b) 
eastern coast. 

 

. 
Figure 22.  Histograms of maximum tsunami wave heights for the Island of Sicily: a) southern coast;  

b) eastern coast.  
 

          Fig. 22a shows the histograms of maximum wave heights for the southern coast of the Island of 
Sicily for two scenarios. Maximum wave height for both scenarios reaches 0.5 m. Fig. 22b shows  
histograms of maximum wave heights for the eastern coast of Sicily. A maximum wave height of 0.7 
m is reached with the realization of scenario 4. However, the mean wave height near the coast for both 
scenarios is not essentially different.   
 
Fig. 23a shows histograms of maximum wave heights for the coast of Turkey. Maximum wave height 
reaches 3.8 m, however, the mean values along the coast do not exceed  1.5 m.  Fig. 23b is a 
histogram of maximum tsunami wave height for the coast of Egypt. It is well seen that with the 
realization of scenario 4 the wave heights reach 10 m while for scenario 5 their heights range between 
5 and 8 m. With the realization of scenario 4, the mean wave height is essentially larger than with the 
realization of scenario 5. 
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а)                                                                             
b) 

Figure 23.  Histograms of maximum tsunami wave heights  for the Turkish coast (a)  and for the coast 
 of Egypt (b).  

 
      
      The numerical simulation and analysis of maximum wave heights of the historical tsunamis of 
345A.D. and 1948 A.D. for selected 33 points of the Eastern Mediterranean basin, with  the given 
earthquake magnitude but with different realization of initial conditions (see Tables 1 and 2), gives  
far-field values independently of the dynamics of the seismic source. But for the near-field zones the 
values essentially depend on the crustal displacement processes at the source of the earthquake.   
   
      Table 1. shows the data of maximum high and low values of 33 virtual tide gauges (see Figures 
8,11,15) at the 5-meter isobath,  for SCENARIOS 1-5.    
 
Table 1 

 

№ Settlement/inhab
ited locality  

Maximum ampltitudes at the 
5-meter isobath  (m)  

 The largest decrease in the water 
level of 5-meter isobath (m) 

Scenario	№   
1 2 3 4 5 1 2 3 4 5 

1 c. Leuca 3,79 3,67 2,57 0,18 0,19 3,55 3,52 3,01 0,11 0,11 
2 c. Crotone 3,33 3,90 2,40 0,15 0,14 3,21 3,85 2,59 0,18 0,15 
3 c.Catandzaro 2,21 2,19 1,59 0,09 0,11 1,90 1,85 1,44 0,12 0,11 
4 c.RoccellaIonica 3,27 4,29 2,74 0,88 0,48 4,09 4,17 3,15 0,69 0,58 
5 c. Catania 2,32 4,62 1,87 0,34 0,29 3,50 4,10 3,12 0,20 0,26 
6 c. Valletta 3,46 4,13 2,22 0,11 0,11 3,05 3,97 2,72 0,14 0,13 
7 c. Tripoli 3,26 4,95 3,18 0,13 0,09 4,30 5,59 3,92 0,14 0,13 
8 c. Sirt 4,27 4,62 4,82 0,27 0,25 3,75 6,77 3,28 0,26 0,21 
9 c. Benghazi 3,64 5,19 2,71 1,19 1,06 3,17 3,45 2,78 1,16 0,92 
10 c. Derna 4,32 5,10 4,04 0,65 0,69 5,09 5,71 3,98 0,65 0,51 
11 c. Tobruk 5,07 3,21 4,56 1,44 1,29 3,69 3,07 3,47 1,72 1,55 
12 s. MersaMatruh 3,02 3,93 3,27 5,77 5,25 2,66 2,93 2,78 3,69 3,62 
13 c. Alexandria 2,43 2,27 1,92 1,97 1,90 2,82 2,82 2,44 1,80 1,74 
14 c. Al-Arish 0,72 0,58 0,73 0,79 0,88 0,70 0,46 0,62 1,08 0,93 



15 c. Gaza 1,27 1,23 1,18 1,11 1,00 1,06 1,15 0,98 1,15 0,83 
16 c. Katakolo 3,62 3,45 3,76 0,33 0,30 4,02 3,75 3,59 0,41 0,30 
17 c. Kalamata 6,49 5,68 3,96 0,66 0,36 6,93 4,98 5,27 0,73 0,57 
18 c. Glyfada 6,85 6,38 6,82 0,46 0,42 6,52 6,82 8,49 0,54 0,47 
19 c. Phalasarna 6,94 6,09 6,99 0,29 0,28 6,98 7,96 6,56 0,31 0,29 
20 c. Palaiochora 6,98 6,69 6,74 0,61 0,50 5,84 6,23 5,90 0,49 0,42 
21 v. Matala 5,62 5,06 6,98 1,21 1,35 6,17 5,38 5,40 1,52 1,54 
22 c. MakryGialos 6,66 6,40 7,08 1,80 1,57 3,94 5,15 3,23 1,58 1,34 
23 c. Heraklion 3,58 3,07 2,82 0,82 0,81 2,29 3,15 2,15 0,81 0,74 
24 c. Chania 4,32 4,08 3,62 1,12 0,73 4,52 9,42 4,07 1,33 1,01 
25 i. Ios 2,61 2,67 2,58 0,81 0,65 2,79 2,85 3,09 0,80 0,58 
26 c. Prasonisi 3,16 2,81 2,34 3,16 2,87 3,01 3,52 1,92 2,71 2,59 
27 b.Iztuzu 2,75 3,61 3,09 2,00 1,82 3,73 4,34 4,69 2,74 2,53 
28 c. Belek 2,02 3,78 3,80 2,64 2,09 2,70 3,47 5,50 2,47 2,07 
29 c.Paphos 2,53 1,46 2,08 1,30 1,09 2,36 2,07 2,01 1,14 1,17 
30 b. Akrotiri 2,47 1,91 2,70 1,89 1,62 1,38 2,25 2,18 1,56 1,22 
31 c. Larnaca 0,65 0,38 0,54 0,35 0,33 0,62 0,41 0,48 0,35 0,34 
32 p.Karpass 0,37 0,29 0,32 0,21 0,23 0,52 0,39 0,45 0,24 0,18 
33 v. Livera 2,21 2,90 1,91 2,10 1,49 1,94 4,03 1,92 2,31 1,37 

                                        
 
5. DISCUSSION AND CONCLUSION 
 
The above obtained results for potential tsunami waves generated by great earthquakes in the 
Mediterranean Sea, demonstrate that detailed tsunami characteristics can be essentially determined by 
location of seismic source and analyzing the complexity of crustal displacement processes. Use  of the 
key-board model for such tsunamigenic earthquakes permits to take into account such complexities. 
The present data on generation and propagation of tsunami waves at realization of the three listed 
scenarios are consistent with the results of numerical simulation of the 365 A.D. event with another 
model of the seismic source (Pararas-Carayannis, Mader, 2011). So, as it follows from both models 
the western part of Mediterranean Sea is not affected (Pelinovsky et al., 2002)) while in the Eastern 
Mediterranean larger tsunamis can be expected. The somewhat higher wave heights in the deeper sea 
region in the model by Pararas-Carayannis and Mader (2011) can be the result of higher initial 
vertical displacement at the seismic source (~ 50m) as compared with the gradual value of our 
computation. Fig. 24a, shows a histogram of results of computation of maximum wave heights using 
the key-board model for the great tsunamigenic earthquake of 21 July 365 A.D.. Though the general 
character of the histogram is consistent with that computed for the standard model of seismic source 
(Fig. 24b), the distribution of tsunami wave heights is somewhat different. In addition, from Fig. 24a 
it is well seen that maximum wave heights can exceed 5 m, while wave heights in histogram from 
work [11] are somewhat less. 
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а) b) 

Figure 24. Comparison of histograms of distribution of maximum wave heights for great earthquake of 
21 July 1948 A.D. at the east coast of the Mediterranean Sea:  a) present results; b) data from work  [11]. 
 

           So, numerical simulation performed to model historic tsunami in Mediterranean Sea, 
generated by great earthquakes occurred in 21 July 365 and 9 February 1948, demonstrates that 
for large and great earthquake, tsunami wave heights in some points of Mediterranean Sea’s coast 
can reach 9 m. Such result relates mainly to near-field tsunami. It is necessary to note that 
depending on geodynamics of earthquake source, scatter of maximum heights at the coast under 
the same earthquake magnitude can differ in to 1.5-2 times. For far-field tsunami maximum wave 
heights can exceed 5 m.   
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ABSTRACT 

Tsunami hazards are more than evident in the Pacific coast of Ecuador, but especially on its 
westernmost Peninsula called Salinas. As the potential impact time is relatively short for the public to 
reach natural high ground or at least leave the tsunami inundation area, a different approach to rescue 
lives has been applied with geomatic tools. The buildings inside the tsunami hazard zone have been 
first evaluated for their seismic resistance. Those buildings, which have been proven to withstand a 
seismic event, have been chosen to serve as elevated safe zones for a subsequent vertical tsunami 
evacuation. The used geographic tools allowed reducing time spans between initial evacuation points 
towards safe zones inside the tsunami inundation areas. The results of this study demonstrate the 
efficiency of vertical tsunami evacuation in a highly populated and visited touristic area in coastal 
Ecuador, as in Salinas appears a relatively high percentage of the population to far from shelters or 
elevated safe zones during a short-time impact of a tsunami.  
 
Key words: Tsunami, Seismic resistant buildings, Numerical modeling, Vertical Evacuation, 
Ecuador 
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1. INTRODUCTION 
 

Among earthquakes and floods, tsunamis are one of the most destructive and deadliest natural hazards 
(Raschky, 2008; Daniell et al., 2010). In recent years many studies have been performed to 
demonstrate and evaluate the vulnerability of coastal cities of short-warning impacts of potentially 
devastating tsunamis (Walters, and Goff, 2003; Dominey-Howes, and Papathoma, 2007; Taubenböck 
et al., 2009; Steinmetz et al., 2010). Therefore, the implementation of evacuation signs and routes for 
the survival of coastal areas vulnerable of the probable impact of tsunamis is a fundamental aspect of 
risk assessment (Johnston et al., 2005; Yeh et al., 2005; Jonientz-Trisler et al., 2005; Dengler, 2005).  
However, even when evacuation routes are assigned, still people who try to escape towards higher 
ground or outside the flooding zones, may do not reach such safe areas prior the impact of a tsunami 
or due to short warning times (Xie et al., 2012; Park et al., 2012). For such circumstances, it is 
recommended to apply vertical evacuation of in-situ-shelters, which themselves are resistant to the 
seismic event and the incoming tsunami (Reese et al., 2007; FEMA, 2008; Fraser et al., 2012; Muhari 
et al., 2012; Mas et al., 2013; Velotti et al., 2013; Wood et al., 2014). 
 
The main aim of this research has been to demonstrate the efficiency of vertical tsunami evacuation in 
a highly populated and visited touristic area in coastal Ecuador, as in Salinas appears a relatively high 
percentage of the population to far from shelters or elevated safe zones during a short-time impact of a 
tsunami. The geographic tools used shall allow to reduce time spans between evacuation points 
towards safe zones outside the tsunami inundation areas and where applicable towards higher seismic 
resistant elevations within the hazard zones. 
 

2. GEODYNAMIC SETTING  
 

The Ecuadorian active continental platform is a frequent target of tsunamis due to the subduction of 
the oceanic Nazca Plate with the continental South American and Caribbean Plates, both separated by 
the Guayaquil-Caracas Mega Shear (Kellogg and Vega, 1995; Gutscher et al., 1999; Gusiakov, 2005; 
Egbue and Kellog, 2010; Pararas-Carayannis, 2012). Furthermore, in the same area tsunamis are 
generated not only from the mentioned tectonic origin but also due to enormous mass failures 
generating submarine landslides (Shepperd and Moberly, 1981; Pontoise and Monfret, 2004; Ratzov 
et al, 2007; 2010; Ioualalen et al., 2011; Pararas-Carayannis, 2012). A further origin of tsunamis has 
been credited to the Galápagos volcanism (Toulkeridis, 2011).  
 
The Ecuadorian shoreline has witnessed a dozen times impacts of tsunamis (Fig. 1; 2) by mainly local 
origins in the last two centuries with various intensities one being of up to 8.8 Mw in 1906 (Rudolph 
and Szirtes, 1911; Kelleher, 1972; Beck and Ruff, 1984; Kanamori and McNally, 1982; Swenson and 
Beck, 1996; Pararas-Carayannis, 2012; Toulkeridis et al., 2016a; Rodriguez et al., 2016), while 
evidences of paleo-tsunami deposits are scarce (Chunga and Toulkeridis, 2014). Other prominent 
examples of tsunamis along the Ecuador–Colombia subduction zone include tsunamis in 1942 
(Mw=7.8), 1958 (Mw=7.7), 1979 (Mw=8.2) and 2016 (Mw=7.8) within the 600-km long rupture area 
of the great 1906 event (Collot et al., 2004; Toulkeridis et al., 2016a; b). While the 1906 event caused  
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the death of up to 1500 persons in Ecuador and Colombia, the 1979 tsunami killed in Colombia at 
least 807 persons (Pararas-Carayannis, 1980). The evaluation of the last marine quakes, which 
generated tsunamis, suggests that the probability of a major or great earthquake in this margin region 
is enormous, especially as there must be substantial strain accumulation  (Pararas-Carayannis, 2012).  

 
Fig. 1: Panoramic view of the morphology of western Ecuador and location of seismic epicenters, 

which generated tsunamis in the last 110 years. Adapted and modified from Collot et al., 2004. 
 

 

Fig. 2: Bathymetric map and location of Salinas. Adapted and modified from Collot et al., 2004. 
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3. TSUNAMI HAZARD IN SALINAS 
 

The city of Salinas is part of the Santa Elena peninsular and is the most visited touristic area for its 
beaches and hotel infrastructure in Ecuador (Fig. 2; 3). Based on the last census of 2010, the 
population of the peninsula reaches some 281,467 persons and receives some 200,000 visitors at high 
seasons, which means that the area reaches a usual density of some 1082,22 persons per km2 (27,07 
km2) in the urban area and up to 2,164,47 persons per km2 at high seasons. Salinas will suffer serious 
damages when a tsunami will occur because the city is situated practically at sea level, except for the 
"Loma Lighthouse" where a military zone has been established being at some 80 m.a.s.l. The second 
elevated safe zone being relatively accessible for the neighborhoods around the Hotel Barceló 
Miramar is "Petropolis", an oil field located between Salinas and Santa Rosa. That mans, that the 
calculated flood area cover almost the entire city of Salinas, including the hotel and commercial 
infrastructure as well as great part of the military zone (Fig. 4a). 
 

 

Fig. 3: Aerial view of the beach, hotel and commercial area of Salinas. 

The Peninsula is exclusively composed by quaternary sediments of the so-called Tablazo formation 
above some minor outcrops of Cretaceous ophiolites of the Cayo Formation (Olsson, 1931; Senn, 
1940) and it is situated along the Ecuador–Colombia subduction zone, at alatitude of 2.10ºS (Fig. 2, 4, 
5). As the Santa Elena Peninsula is the westernmost continental spot of Ecuador, a tsunami that may 
be triggered in this active tectonic zone will reach Salinas in just a few minutes (Padilla et al., 2009).  
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therefore this sector becomes a critical and highly vulnerable area (Fig. 5 a b). Due to these 
circumstances, an alternative form of potential survival for the public may be the vertical evacuation 
in buildings, which themselves are considered seismic-resistant. 

 
Fig. 4: Tsunami arrival times of Salinas. 

 
Fig. 4: Tsunami Evacuation times in Salinas. 
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4. METHODOLOGY 
 
4.1 Seismic resistance 
 
Vertical evacuation refuges from tsunamis are valuable risk-reduction facilities for highly populated 
regions where higher ground zones are not accessible or where arrival times of tsunami waves are 
short (Wood et al. 2014). A previously conducted study concluded that the first tsunami wave would 
strike Salinas in 8 to 12 minutes being around six meters high (Padilla et al., 2009; Matheus, 2012). 
Therefore, Salinas is an ideal place where vertical evacuation needs to be considered due to its 
location and geomorphological conditions. In this respect to withstand tsunami forces, and elevate 
evacuees above the maximum expected tsunami wave height (FEMA 2008), a tsunami vertical 
evacuation shelter is a building or earthen mound designed and constructed to withstand tsunami 
forces, and elevate evacuees above the maximum expected tsunami wave height (FEMA 2008).  
 
 
Building a structure for a vertical evacuation shelter may cost up to 20% more than a building without 
tsunami preventive construction techniques. Instead, existing heavy constructions such as reinforced 
concrete buildings may be considered as potential tsunami shelters once detailed structural analyses 
are conducted to establish if the structures are capable of withstanding ground motions and forces 
associated with tsunamis waves (FEMA 2012). A tsunami vertical evacuation shelter must be 
designed to resist the generating earthquake plus eight different types of tsunami forces: (1) 
hydrostatic forces; (2) buoyant forces; (3) hydrodynamic forces; (4) impulsive forces; (5) debris 
impact forces; (6) debris damming forces; (7) uplift forces; and, (8) additional gravity loads from 
retained water on elevated floors (FEMA, 2008). 
 
Regarding the structure, ductile and redundant systems that remain functional after an earthquake are 
required. Additionally, open systems that offer minimum resistance to water flow, and strong and 
deep foundations play an important role when choosing an appropriate structural configuration for a 
vertical evacuation facility. Reinforced concrete moment resisting frame buildings and structural wall 
systems with their walls parallel to the predicted wave flow accomplish these conditions. 
Accessibility for individuals with physical disabilities should also be considered when selecting on a 
vertical evacuation facility.  
 
Our study has been conducted to identify possible vertical evacuation buildings / shelters in Salinas. 
The survey included a total of 61 buildings inspected. Considering most of the criteria described 
above and a minimum number of stories equal to five, only seven buildings in Salinas were selected 
as potential vertical evacuation shelters (Fig. 6). Once these buildings have been selected, a second 
phase of the study would consist of performing detailed structural evaluations to verify if the 
buildings are certainly capable of withstanding strong ground shakings according to the Ecuadorian 
Construction Standards NEC-15 and the described forces originated from a tsunami (NEC-15, 2015). 
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Figure 6: Potential vertical evacuation shelters on seismic resistant buildings in Salinas. 
 

Such vertical evacuation shelters in addition to be earthquake resistant features, they have wide 
access, which will allow the rise of the evacuees safely and relatively quickly. The streets and avenues 
that can reach each security checkpoints are in good condition, are spacious and have no congestion 
by automotive traffic, which would provide a good value access to areas near these points. 
 
4.2 Modelling the vertical evacuation accessibility 
 
Based on the mentioned consideration about limited evacuation times and accesses, we have 
considered to evaluate and apply vertical evacuation as a plausible alternative towards the potential 
tsunami hazard. Once we have identified which buildings are considered to be safe, the next step has 
been the creation of scenarios for different evacuation times, for the subsequent determination of the 
coverage areas of each building. Within such we need to identify the accessibility values, times of 
mobilization and determine the optimal evacuation routes. 
 
4.2a Methodology to determine evacuation scenarios  
 
Time is always crucial when different scenarios are generated. In case of using an immediate 
evacuation, the time factor determines the amount of people who may be able to be saved from the 
tsunami hazard. In a representative building with 10 floors, we took the time a person needs to access 
the uppest terrace starting from the opposite sidewalk. In order to have unbiased information of such 
race, we have chosen four persons with different characteristics of gender, age and health status 
(Table 1). 
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Table 1: Times of ascent. Awareness is the addition of one minute to the taken time for the ascent. 
The 2´38´´is the average time of the first three persons 

 

 Gender Age Physical condition Time Awareness 
Person 1 Female 23 years good 1´40´´ 
Person 2 Male 26 years good 1´20´´ 
Person 3 Male 50 years good 1´54´´ 

2´38´´ 
 

Person 4 Male 55 years bad 2´40´´ 3´40´´ 
 

As indicated in Table 1, the times obtained by the first three people determined a difference of about 
34 seconds between them, while the fourth person obtained a very remote time related to the others. 
Therefore, it has been decided to average the first three times and have a second time value obtained 
by the fourth person of the ascent towards the security areas. These are, at least the fifth floor of the 
buildings that function as security points. To the obtained times we added one extra minute which 
would be the time range calculated for a person to react about the psychological impact caused by the 
earthquake and or activation of a tsunami warning (Table 1). The values obtained were subtracted 
from the times of the arrival of the first tsunami wave and thus the different scenarios of times in 
order to reach safe areas (Table 2). These and other data and parameters were used to obtain 
evacuation maps as illustrated methodology of in Fig. 7.  
 
 
 

Table 2: Impact time and corresponding scenarios for the city of Salinas 

 Arrival of tsunami (T) Arrival in safe zone (T) Total (T) 
Scenario 1 11´ 2´38´´ 8´22´´ 

Scenario 2 11´ 3´40´´ 7´20´´ 
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Fig. 7: Methodology to obtain maps due to a vertical evacuation model 

4.2b Determination evacuation coverage areas (ECA) 

In order to obtain the coverage areas of each safe area or site, the road network with a field showing 
all times impedance of each track segment were needed. These were elaborated with basic tools of 
ArcgisTM, and the application ClipTM. With these applications we proceeded to recalculate the 
mobilization times for each road segment, for which two new fields were created in the attribute table 
of coverage of roads, called: RECALC_MIN and speed. In the second field the velocity data were 
entered with the given parameter of which people move on foot in an emergency being equivalent to 
150m / minute (FEMA, 2008). 
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The field "RECALC MIN" I was assigned for values through the Field Calculator tool, using the 
following formula: 
 
Where, 

Length:  Distance in meters of each road segment. 
Speed:   Speed, expressed in meters per minute at which people move walking. 
Impedance:  Value of penalty that is given to each track according to obstacles or facilities being 
provided while using it. 
 
With such calculation we obtained the mobilization times of the main road or path axes. For the 
following process we loaded the coverages of the safe areas and sites and the recently modified road 
network. Network analysis was performed using the tool allowing us to determine the coverage area 
for each evacuation safe area. While the tool has been deployed we proceeded to enter the safe area 
points and values of the scenarios, of which we seeked to obtain the coverage areas of each point. We 
further proceeded to resolve the function and coverage area for each safe area site, expressed as a 
polygon. With the obtained coverage polygons, we used editing tools in order to delimit the polygons 
avoiding any overlap of their areas to each other. The criteria we have used for the delimitation has 
been capacity of reception of each safe site. 
 
4.2c Shortest ways 
 
Only the evacuation points (input), that were situated within each coverage area using the ClipTM tool 
were extracted. With the layer of the evacuation points of each coverage area a new network analysis 
through GIS has been realized. With that we were able to determine the shortest route between two 
points coverages, with the time expressed in minutes being a determining factor. In order to obtain the 
mobilization times, we entered the coverage evacuation points and they were compared versus the 
safety point of each coverage area. After performing this process a new linear coverage of the most 
optimal routes was obtained with a corresponding table attribute. 
 
The same procedure was performed to obtain accessibility times, with the difference that this time we 
entered and compared the coverage evacuation points versus the coverage destination points, which, 
for purposes of understanding represent the identical points. Consequently the routes coverage were 
obtained with their table attributes. With this linear coverage of the shortest routes, we elaborated the 
different evacuation route maps for each coverage area. From this point on, different procedures were 
determined to obtain the models of mobilization times and accessibility, pending on the methodology 
used. 
 
4.2d Mobilization time model 

With the tool JoinTM we related the data in the table with the mobilization times with the attribute 
table coverage evacuation points (input) by the common field EVT_ID. By obtaining the mobilization 
timesheets corresponding to a coverage point, we proceeded to perform an interpolation using the  
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Inverse Distance Weighting method. The parameters for the tool to perform the process were entered, 
and the mobilization time model has been obtained. 
	
4.2e Accessibility model 

For an accessibility model, the average time of accessibility obtained before has been obtained by 
applying the equation: 
 
𝐴𝑐𝑐𝑒𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦=𝑇𝑖𝑚𝑒𝑠 𝑜𝑓 𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦 (𝑓𝑟𝑜𝑚 𝑒𝑎𝑐ℎ 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑣𝑎𝑐𝑢𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡 𝑢𝑛𝑡𝑖𝑙 𝑠𝑎𝑓𝑒 𝑠𝑖𝑡𝑒)𝑁𝑢𝑚𝑏𝑒𝑟 
𝑜𝑓 𝑒𝑣𝑎𝑐𝑢𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡	
 
The table data  were related with the average times of accessibility, with the attribute table coverage 
evacuation points (input) by the common EVT_LABEL, while using JoinTM. By receiving the 
timesheets accessibility corresponding to a coverage point, we proceeded to perform an interpolation 
using the Inverse Distance Weighting method. The parameters for the tool to perform the process 
were entered, and the mobilization time model has been obtained. 
Unlike the model of mobilization times, accessibility values were expressed as a percentage, for 
which we proceeded to normalize the values of coverage using the Raster Calculator tool, applying 
the following equation: 
 
𝐴𝑐𝑐𝑒𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦=1−𝑡𝑜𝑡𝑎𝑙 𝑎𝑐𝑐𝑒𝑠𝑠−min𝑎𝑐𝑐𝑒𝑠𝑠𝑀𝑎𝑥 𝑎𝑐𝑐𝑒𝑠𝑠−min𝑎𝑐𝑐𝑒𝑠𝑠 
 
Where, 
Acce.total:  Raster of averaged times  
Acce.min.:  Minimum value of Acce.total 
Acce.max.: Maximum value of Acce.total. 
 
Whereupon we obtained the model in percentage values for each area of coverage. 

5. RESULTS AND DISCUSSION  

5.1 Evacuation coverage areas (ECA) 

The evacuation coverage areas (ECA) represent the area of influence of buildings or security points, 
based on mobilization times expressed by a polygon on the ground. These coverage areas were 
obtained based on the times of each of the previously determined scenarios. The value of the existing 
population within each evacuation coverage area, has been obtained based on the index of population 
density through the last census in 2010 and the information given by the municipality of Salinas 
(INEC, 2010). During the vacation period the population increases by some 100%, which is also 
expressed and calculated in the second index of population density (Table 3). 
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Table 3: Population density of Salinas. 
 

Public Amount 
(Persons) 

Urban area 
(Km2) 

Population density 
(Persons/Km2) 

Residents 29.294 27,07 1082,22 

Tourists 58.588 27,07 2164,47 
 

Based on the the two scenarios with the delimited times of 7 minutes and 20 seconds and 8 minutes an 
22 segundos, respectively, we determined some seven evacuation coverage areas each, one for each 
safety point (Fig. 8). Based on the polygons obtained, which represent evacuation coverage areas and 
by the rate of population density, the number of existing population has been calculated within each of 
these areas, both at the time of low and high population density (high season, weekends and holidays; 
Table 3, 4). 

 

 

Fig. 8: The seven evacuation coverage areas (ECA), for the first scenario of Salinas. 
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Table 4 ECA attributes (first scenario) of Salinas. 
 

Coverage area Population 
(low season) 

Population 
(high season) Locations 

ECA 1 - Equinoccio Building 196 392 Adapted 

ECA 2 - Riviera del Mar 2 134 268 Adapted 

ECA 3 - Riviera del  Mar 1 132 264 Adapted 

ECA 4 - Suites Salinas 141 281 Adapted 

ACE 5 - Aquamarina Building 123 247 Adapted 

ECA 6 - Condominios FAE 157 314 Adapted 

ECA 7 - Port Royal Place 193 385 Insufficient  
(high season) 

 

Table 5: ECA attributes obtained for the second scenario of Salinas. 
 
 
As  

 

 

 

 

 

 

As the value of the population density has been calculated based on the urban area, a polygon within 
the study area defined as vertical evacuation area for the city of Salinas has been taken into account 
(Fig. 9). 
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Coverage area Population 
(low season) 

Population 
(high season) Locations 

ECA 1 - Equinoccio Building 237 474 Adapted 

ECA 2 - Riviera del Mar 2 145 290 Adapted 

ECA 3 - Riviera del  Mar 1 147 294 Adapted 

ECA 4 - Suites Salinas 179 359 Adapted 

ACE 5 - Aquamarina Building 123 247 Adapted 

ECA 6 - Condominios FAE 187 374 Adapted 

ECA 7 - Port Royal Place 214 429 Insufficient  
(high season) 



 
 

Fig. 9: Urban area (green) within the vertical evacuation zone of Salinas. 

The urban area within the vertical evacuation zone covers a total of 2,241Km2. The corresponding 
existing population value has been calculated within this zone and compared with the population 
which would be able to reach a safe area before it will affected by the first tsunami wave (Table 6). 
 
Table 6: Calculated final amounts within the evacuation of Salinas. 
 
 
 
 
 
 
 
 
 
 
 
 
Seven different models of accessibility for each specific scenario for the city of Salinas were obtained. 
To describe the results of accessibility three of the seven corresponding models are presented to each 
time scenario (Fig. 10; Table 7, 8). 
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Season   Indicadors Scenario 7´20´´ Scenario 8´22´´ 

Total population  2425 2425 
Evacuated persons 1076 1261 Low  

Human loss 1350 1164 
Total population  4851 4851 

Evacuated persons 2151 2522 High  

Human loss 2699 2329 



 

 

Fig. 10: Accessibility models for the first scenario of Salinas 

Table 7: Description of the Accessibility Model for the first stage (scenario) of Salinas. 
 

 

EQUINOCCIO BUILDING 
 
High values of accessibility reaching 

between 80% and 100% towards the 

center of the coverage area, 

specifically between the streets 

Guillermo Ordoñez and Eugenio 

Espejo. Low percentages between 

0% and 20% were obtained in the 

extreme west, east and south of the 

coverage area. 



 

SUITES SALINAS  
 
High values of accessibility were 

obtained being of up to 80% to 100% 

towards the center of the coverage 

area, specifically between te streets 

Rafael de la Cuadra and Armando 

Barreto. Low percentages between 

0% and 20% were obtained in the 

extreme west and east of the 

coverage area. 

 

PORT ROYAL PLACE 
 
High values of accessibility were 

obtained being of up to 80% to 100% 

towards the center of the coverage 

area, specifically between te streets 

José Alberto Estrella and Dra. 

Martha Valverde. Low percentages 

between 0% and 20% were obtained 

in the extreme west and east of the 

coverage area. 

 
 

The models obtained from the second scenario (stage) corresponding to 8 minutes 22 seconds has 
been very similar, with the difference that the coverage areas are extended ranging between 50 and 60 
meters more, each. 
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5.2 Mobilization times 

The mobilization is represented by the value of time it takes for a person to move from one initial 
point of evacuation to the nearest safety point, through the existing road network. Seven models of 
mobilization times for each of the two scenarios were determined for the City of Salinas, of which we 
have chosen to present three of them. 
 
Table 8: Description of the mobilization model for the first stage (scenario) of Salinas. 
 

 

EQUINOCCIO BUILDING  
 
The lowest mobilization times 

were between 0'07'' and 2'30'' 

and are obviously within the 

area between the streets Pedro 

Jose Rodriguez and Eugenio 

Espejo. Consequently the 

highest times are in the remote 

areas related to the safety 

points. 

 

SUITES SALINAS  
 
The lowest mobilization times 

were between 0'07'' and 2'30'' 

and are obviously within the 

area between the avenues 

Malecón and General Enríquez 

Gallo. Therefore, the highest 

times are in the remote areas 

related to the safety points. 

 



 

PORT ROYAL PLACE 
 
The lowest mobilization times 

were between 0'07'' and 2'30'' 

and are obviously within the 

area between the streets de los 

Ficus and Florencio Ramírez. 

The highest times are in the 

remote areas related to the 

safety points. 

 

According to the coverage areas of the second stage (scenario) corresponding to 8 minutes and 22 
seconds, the obtained models are very similar, with the approximate addition of 1 further minute for 
every 60 meters on the road network. 
 

5.3 Evacuation routes 

The optimal evacuation routes are not necessarily the shortest, were obtained from the linear coverage 
mobilization times. With this coverage we determined the route with their respective mobilization 
time from any initial evacuation point to the safety point. We obtained seven models of evacuation 
routes for the most critical scenario (7'20'') of the city of Salinas, of which we have chosen to present 
three representative examples. 
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Table 9: Description of the evacuation route model for the first stage (scenario) of Salinas. 
 

 

EDIFICIO EQUINOCCIO 
 
With a maximum time span for 

an evacuation of 7'20'' the 

amount of evacuation points is 

considerable. However, road 

access and proper building 

entrances allow suitable 

conditions to facilitate the 

evacuation. 

 

SUITES SALINAS  
 
With a maximum time span for 

an evacuation of 7'20'' the 

amount of evacuation points is 

also in this example 

considerable. The road access 

and proper building entrances 

allow suitable conditions to 

facilitate the evacuation. 



 

PORT ROYAL PLACE 
 
Identical conditions like in the 

first two examples. Nonetheless, 

being an unfinished building, 

still in construction, its lower 

access and sites may be 

modified, so that evacuation 

allows to be optimal. 

In the case of the second scenario (8'22'') determined for the city of Salinas, in the same way we are 
able to determine the optimal route from any initial evacuation point to the safety point of each 
evacuation coverage area. 
 
6. CONCLUSIONS 

For the purposes of this research, the worst case scenario has been taken into consideration, in which 
we incorporated variables that include the most unfavorable conditions that may arise, in order to 
calculate and determine a greater safety margin that allows to save a high amount of human lives 
possible. To narrow vertical evacuation areas, the calculated tsunami arrival times for Salinas were 
used based on previous studies. 
 
The potential areas of vertical evacuation of Salinas, have a high density of buildings with heights 
over four floors, but unfortunately a very low percentage of them are constructed under the existing 
norms and standards of earthquake resistance. In addition, due to the proximity of these buildings, in 
case of of an earthquake occurrence, these circumstances raise the degree of damage between them. 
Las áreas de cobertura de evacuación (ECA), de cada punto de seguridad, conjuntamente con el índice 
de densidad poblacional, nos permiten conocer el número de personas que podrían ser evacuadas a 
cada edificio. 
 
The ECA of each safety point, together with the population density index, allow us to know the 
amount of people who will be able to be evacuated to each building. However, in some cases, the 
buildings have unfortunately insufficient space to accommodate all evacuated persons. 
According to the accessibility maps and mobilization times obtained, those living in the areas closest 
to elevated safe areas are more likely to reach them considering the factors of time, impedance and 
accessibility but being pendent on street network conditions. 
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With models and coverage areas obtained we were able to determine the paths and optimal times from 
anywhere within the ECA towards the safety points. 
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ABSTRACT 

 
We describe a novel modus operandi to survey the ocean floor. We utilize the eruption of 

submarine volcanoes as a light source. The electromagnetic radiation emitted by such eruptions 
illuminate the ocean floor and thus provides information about the barythmetric topology, and a 
geostationary satellite can monitor this. Since the wavelength of the electromagnetic radiation is many 
orders of magnitude shorter than that of the acoustic wave, finer details of the bathymetric features 
can be obtained. We show that a topographical representation of the seabed can be derived from the 
Signal Diagram by a simple transformation (a mirror reflection). In this case the radiation is emitted 
by water molecules stimulated by the heat of the volcanic eruption, in contradistinction to the case of 
tsunami radiation, where the water molecules are stimulated by mutual collisions at high speed. We 
give two examples: Illapel, Chile and Chichi-shima, Japan. We have also shown that water molecules 
in the ocean, when stimulated by the heat of submarine volcanic eruption, will emit infrared radiation 
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1. INTRODUCTION 
 

The deepest part of the ocean is to a large extent still terra incognita. Ocean relief originates 
from tectonic, erosional, depositional and volcanic processes.  We can identify four major divisions 
on the ocean floor—(a) the continental shelf, (b) the continental slope, (c) the continental rise, (d) the 
abyssal plain. Besides these, there are many associated features—ridges, hills, seamounts, guyots, 
trenches, canyons, sleeps, fracture zones, island arcs, atolls, coral reefs, submerged volcanoes and sea-
scarps. A knowledge of the ocean topography is of economic interest; for example, for fisheries, 
mineral extraction and potential source of oil. There is DNA evidence that life on earth began at hot 
ocean vents at the bottom of the ocean. Along the eastern and western rims of the Pacific a deep 
trench demarcates the subduction of tectonic plates. The morphology of oceans influences navigation, 
fishing, mining, climate, exploration and other important activities of man. 

 
At present, bathymetric sounding is mainly performed by using sonic pulses. There are two 

types of sonars, active or passive. In active sonars, the transducer emits an acoustic signal, which 
bounces off an object, and this echo when received will determine the range of the object. This 
principle is the same as radar using radio waves. Passive sonars do not emit signals; they only receive 
noise from submerged sources such as submarines, whales and ships. The frequencies of the sonar 
signals can be as high as 1Mhz to provide higher resolution, or as low as 50kHz - which has a low 
resolution but is able to travel further distances. 

 
In this paper we propose a novel methodology to sound the ocean depth, utilizing the fact that 

electromagnetic radiation, mostly in the infrared part of the spectrum, emitted by erupting submerged 
volcanoes or vents, will illuminate the ocean floor much as a flashlight will illuminate a dark room. 
This radiation is captured by a geostationary satellite, the analysis of which will yield topographical 
information, which is not available otherwise. The use of electromagnetic waves has the advantage, 
vis-à-vis sonic waves: it travels at the speed of light, its wavelength is many orders of magnitude 
shorter, and it is far more energetic. It can propagate in water, in atmosphere, and in vacuum. The 
record of such events is permanently stored and retrievable in satellite image archives. Although such 
events are limited to periodic eruptions, this is not a serious drawback since portions of the ocean 
floor where such events do not occur are static.   

  
 
1. THE 16 SEPTEMBER 2015, ILLAPEL, CHILE EARTHQUAKE AND TSUNAMI  

 
        The Peru-Chile Trench is the active boundary of collision of the Nazca Plate with the South 
American Plate. Subduction of the Nazca plate beneath the South America continent is not 
homogeneous. As a result, asperities and structural complications have caused segmentation along the 
entire margin, resulting in zones with different rates of slip, seismic activity, volcanism, uplift, 
terracing and orogenic processes (Pararas-Carayannis, 2010).  The northern upper end of the central 
seismic zone from 33º-30ºS is delineated by the oblique subduction of the leading edge of the Juan 
Fernández ridge with the Peru-Chile Trench near Valparaiso and the appearance of volcanism at the  
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southern end (Fig. 1) Five tsunamigenic earthquakes have occurred in this area in historic times: 
November 19, 1811; November 19, 1822; October 16, 1868; August 17, 1906 and March 3, 1985 
(Pararas-Carayannis, 2010).  

 

 
Fig. 1.  Slip model of the earthquake and the aftershocks. The black areas are very locked areas or 

areas accumulating stress and capable of generating massive earthquakes (image via 
@cppgeophysics) 

http://earthquake-report.com/wp-content/uploads/2015/09/Screen-Shot-2015-09-19-at-
11.59.55.jpg  
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      On September 16, 2015 at a distance of 46 km from Illapel, Chile, and at 22:54:33 hours UTC, an 
earthquake with a moment magnitude of 8.3 occurred along the northern central zone bounded by the 
Juan Fernandez Ridge to the south and the Challenger Fracture to the north (Fig. 1). The initial quake 
lasted three minutes, and was followed by several aftershocks  greater than magnitude six. 
The earthquake occurred on thrust faults along the boundary of the Nazca and South American plates. 
[1] The depth of the epicenter, located at 31.57˚ S and 71.65˚ W, was 22.4 km. At the latitude of this 
event, the Nazca plate is moving towards east-northeast at a velocity of 74 mm/yr. with respect to 
South America, and begins its subduction beneath the continent at the Peru-Chile Trench, 85 km to 
the west of the September 16 Earthquake (see Figs. 1 and 2). The size, location, depth and mechanism 
of this event are all consistent with its occurrence on the megathrust interface in this region. The 
length times the width of the event is about 230x100 km, or more concisely, an area of 23,000 sq. km. 
By comparison, the distance from Illapel to Santiago is approximately 230 km. [Lin et al 2016].  

 
In order to compare the functionality of the electromagnetic sounding paradigm and other 

methods such as multibeam echo sounding or satellite radar deep-sea topography, we present in the 
following three figures to visually illustrate the pros and cons of our method vis-à-vis the conventional 
approach. We emphasize that there is a fundamental distinction since the conventional approach and 
our method are measuring different physical quantities. In the former case it is the actual seafloor 
being measured, and in the latter case the heat intensity being reflected into space. 

 

 
Fig. 2: Illapel Seaquake and the Peru-Chile Trench 

          
 In Fig. 2 we show an artist’s version of the event, where the concentric circles radiate outward 

from the epic center. In the drawing we are able to discern the relative locations of the Pacific Ocean, 
the Peru-Chile Trench, the coastline of the South American continent, and the Andes mountain [3]. 
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Figure 3, below shows the topographic features of the Chile Trench [4]: 
 

 
Fig. 3: Topographic profile across the Nazca-South American Plates 

 
Here we recognize the same locations as in the artist’s version, but this is a topographic 

representation of the seafloor relief. It shows that the seafloor steadily rises towards the South 
American continent and culminates in the peak of the Andes Mountain. 

 

 
 

Fig. 4: Latitudinal Signal Diagram on 2015-09-16 at 23:08 UTC for 13.3 µm 
 

In Fig. 4 we show a Signal Diagram [Lin et al, 2016], which represents a slice across the 
satellite image along the latitude of the seaquake event. Referring to the x-axis of Fig. 4, we note that 
the Tsunami Signal (which is the pixel brightness of the satellite image) at longitude 704 pixels is 
very broad, extending approximately 25 pixels in width (corresponding to a terrestrial distance of 
about 100 km); In this figure the Chilean coastline is clearly delineated, as pointed to by an arrow. We 
can also observe the enhanced radiation on the subduction zone from pixel 400 up to pixel 700 (i.e. 
the Continental Shelf) as compared with the Pacific Ocean for pixels less than 400. A very strong  
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peak at longitude 400 pixels demarcates the Peru- Chilean trench. 
 
In comparison to the topographic relief map of Fig. 3., we are able to discern many ‘fine 

structures’, which indicate the existence of ‘hot spots’ such as erupting volcanoes, seamount vents, 
and fractures in the seabed. The sharp spike at 400 pixels indicates that a vast amount of heat has 
evolved due to the subduction of the Nazca plate below the South American plate.   The seaquake 
itself, located at approximately 700 pixels, is remarkably extensive in size as compared to other 
submarine seismic events. A minor fracture appeared at about 550 pixels, and there appear to exist 
another hot spot in the Pacific Ocean at about 100 pixels. This interpretation is confirmed by the 
Signal Diagrams at the other frequencies that we have considered (3.9 µm, 6.5 µm and 10.7 µm) [Lin 
et al, 2016]. 

 

 
 

Fig. 5: Topographical Representation of Seabed at Illapel in Infrared Space 
 
  In Fig. 5 we show a topographical relief map in infrared space taken by the satellite on 2015-

09-16 at 23:08 UTC, which is just 43 seconds after the eruption took place. This map is obtained by 
applying the following transformation (a mirror reflection) to the Signal Diagram: 

 
    Y2 = -1 * Y * θ                                                         (1) 
 

where  Y is the Signal strength in pixels (Fig 3), 
                Y2 is the elevation in meters (Fig. 2) 

 and      θ is a scaling factor (=25 in this case).  
 

 This transformation is possible since the elevation, or depth, is inversely correlated with the  
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temperature or heat content.  The deeper the probe into the mantle, the higher is the temperature. 
While Fig. 3 depicts the physical feature of the terrain, Fig. 5  yields information on the thermal 
energy emitted. We emphasize, however, that the water molecules are stimulated by the heat of the 
volcanic eruption, in contradistinction to the case of tsunami radiation, where the water molecules are 
stimulated by mutual collisions at high speed. They, and not the volcanic output, give off this 
radiation.  

 
We note that, in comparing Fig. 3 with Fig. 5, both figures exhibit the same gross topological 

features such as the Peru-Chile trench and the Chilean coastline, but the former was measured by 
sonic waves, whereas the latter was measured by electromagnetic radiation. 

 
 

2. THE 30 MAY 2015   CHICHI-SHIMA EARTHQUAKE      
 

       On 30 May 2015 at 11:23 UTC a magnitude 7.8 seaquake with a deep focal depth of 664 km 
occurred WNW of Chichi-Shima, Japan at the latitude 27.8˚ N and 140.9˚ E.  It centered in the 
vicinity of Torishima, which is a strategic location of considerable interest to geologists, since it is 
situated at the bisection point of the Izu-Ogasawara arc (Fig. 6).    		
 

 The seaquake occurred within the interior of the Pacific plate, which subducts beneath Japan 
begginning at the Izu trench, a region marked by active volcanism. At this latitude, the Pacific plate 
moves westwards with respect to the Philippine Sea plate at the rate of 39 mm/yr. Structurally, the 
southern segment of the arc is underlain by thin crust of approximately 15 km on average, whereas the 
northern segment of the arc is underlain by an approximately 35 km thick crust.	  Andesitic magmas 
dominate volcanic eruptive products from the former and mostly basaltic lavas erupt from the latter. 
Where the crust is thin, melting occurs at relatively low pressures in the mantle wedge producing 
andesitic magmas.  Where the crust is thick, the melting pressures are higher and only basaltic 
magmas tend to be produced. Since soon after subduction was initiated on earth most crust was thin, 
the rate of continental crust accumulation, which is andesitic in composition, would have been 
greatest. [Tamura et al, 2016]. 
 

The Izu-Ogasawara arc is produced by subduction of the Pacific plate beneath the Philippines 
Sea Plate. The subduction zone is characterized by rapid plate convergence and high-level seismicity 
extending to depth of over 600 km. It extends from 35˚N near Tokyo to 24˚N, the northern end of the 
Mariana arc. All volcanoes along the southern segment, except Sofigan and Nishinoshima, are 
submarine. We are, however, able to illuminate submarine features using electromagnetic radiation 
accompanying volcanic eruptions.  

 
In Fig. 6 we show artist’s version of the physical features of Japan [5], and in Fig. 7 the physical 

relief by sonic measurements. The Izu-Ogasawara arc is visible in Fig. 6 at approximately 140˚ 
longitude.  
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Fig. 6: Physical Features Map of Japan 

 

 
Fig. 7: Submarine Topology and Crustal Thickness at Tonishima   

 
          The Izu-Ogasawara arc is situated between a large depression, called the Shikoku Basin to the 
west, and the Japan Trench to the East. We shall show these features in the Infrared Topography 
derived from photographs obtained by the MTSAT-2 geostationary satellite at the time of the volcanic 
eruption. The satellite image shown below (Fig. 8) was obtained by the Japanese geostationary 
satellite MTSAT-2 on 2015-05-30 11:32 UTC at 10.8 µm wavelength [2].  
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Fig. 8: Chichi-Shima Satellite image at 2015-05-30 11:32 UTC @10.8µm 

 
         The exposure is made 9 minutes after the occurrence of the volcanic eruption. At 10.8 µm, 

this is the long wavelength or IR-C (also classified as IR-4) band [Lin et al 2010; Lin and 
Sookhanaphibarn 2011; Lin et al. 2011; Lin et al. 2012; Lin et al. 2013; Lin et al. 2014]. The IR 
photon energy is between 0.001 and 1.7 eV. This is the atmospheric window covered by detectors 
such as HgCdTe and microbolometers. Satellite images in this frequency region can be used to 
determine cloud heights and types, to calculate land and surface water temperatures, and to locate 
ocean surface features.  These infrared pictures are also used to depict ocean eddies or vortices and 
map currents.  This infrared electromagnetic radiation resulted from the transition of the water 
molecules from the vibrational-rotational level (7 4 4) to the ground state (0 0 0). Quantum 
mechanically this corresponds to a [R L1 L2] (rotation, liberation) configuration conversion [Lin et al 
2011; Lin et al 2012; Lin et al 2015; Lin et al 2015; Lin et al 2016]. Sulphur compounds, such as S-H 
or S-S, or Silicon compounds, such as Si-H or Si-O2, that may be present in the volcanic output, do 
not emit photons at this frequency, which corresponds to a wave number of 925 cm-1.  

 
      In order to be able to locate the epicenter on the satellite image we superimposed a geodetic 
grid onto the satellite image. The result is shown in Fig. 8. The algorithm to accomplish this is shown 
in Fig. 9.. We used the Robinson projection for the overlay. The Robinson projection is neither 
conformal nor equal-area, but is defined by a table at 5 degree intervals. It stretches the poles into 
long lines instead of leaving them as points. The straight parallels imply severe angular distortion at 
the high latitudes toward the outer edges of the map, a fault inherent in any pseudo cylindrical 
projection.  Consequently, since distances are not conserved, it is possible that errors may be 
introduced. We attempt to minimize this error by choosing reference points as close as possible to 
each other, with the epicenter within the extent of these reference points, such as using two arbitrary 
points A and B with A:(30.145) degrees, or (296,193) pixels, and B:(25,135) degrees, or (242,225) 
pixels. 
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I = imread('chi-chi 2015-05-30 11_32 L=27.8 LN=140.5.jpg'); 
latlim = [-20 -50]; 
lonlim = [120 150]; 
figure, imshow(I); 
axesm('Robinson','MapLatLimit',latlim,'MapLonLimit',lonlim,... 

'Scalefactor',[390],'falseeasting', [289],'falsenorthing',[356],... 
'Frame','on','Grid','on',... 
'mlinelocation', [5], 'mlinevisible','on',... 
'plinelocation',[5], 'plinevisible', 'on',... 
'mlabellocation',[5],'meridianlabel','on',... 
'plabellocation', [5],'parallellabel','on',... 
'fontcolor',[1 0 0],  'labelformat', 'signed',... 
'MLabelParallel', 'north','glinestyle', ':','PLabelMeridian','east',... 
'MeridianLabel','on','ParallelLabel','on') 

% 
Fig. 9: Algorithm to overlay geodetic lines on satellite image 

 
 By applying the MATLAB software as described in the Appendix of Ref. [Lin et al 2016] 
using the satellite image of Fig.8 as input, we obtain the East West Signal Diagram shown below (Fig. 
10): 

 

 
 

Fig. 10: Signal Diagram at Chichi-Shima 2015-05-30-11:32UTC @10.8µm 
 
           This Signal Diagram represents a slice across the satellite image in the East-West direction at 
the epicenter of the seaquake. The Signal on the y-coordinate is the pixel brightness. The spikes, 
therefore, represent the relative intensity of the infrared radiation emitted by water molecules at the 
corresponding locations. Since the Signal Diagram is not intuitively accessible to interpretation, we 
have, as before, converted it into the Infrared Topography.  
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          At the boundary of subduction of the tectonic plates, a vast amount of heat is generated 
resulting in prominent spikes or jigged plateaus, some of which we have identified  in the Infrared 
Topography, shown in Fig. 11 below, which is obtained by applying Eq. (1) to the Signal Diagram 
while setting the scaling constant to θ=0.1.  
 

 
Fig. 11: Infrared Topography of Chichi-Shima, Japan 

 
 
      It is instructive to compare the Infrared Topography, Fig.10, with the Physical Topography, 
Fig.6. While both exhibit the same gross features, there are considerable differences, as to be 
expected. 
 

The electromagnetic wave as a probing medium is capable of ‘seeing’ many ‘fine structure’, 
such as seamounts and thermal vents, as we have mentioned earlier. A thorough survey of the entire 
ocean will furnish us with detailed information on the geomorphology at active zones of the ocean 
both past and present.  

 
 

3. CONCLUSION 
 

 In conclusion, in the case of Illapel, Fig2 is the physical relief obtained by sonic measurements 
using a naval vehicle, whereas Fig.4 is the Infrared Topography obtained by electromagnetic radiation 
using a geostationary satellite.  In the case of Chichi-Shima, Fig.6 is the physical relief obtained by 
sonic measurements using a naval vehicle, whereas Fig.10 is the Infrared Topography obtained by 
electromagnetic radiation using a geostationary satellite.  In conjunction, both methods will give us a 
more complete picture of the ocean’s floor. 

 
We have also shown that water molecules in the ocean, when stimulated by the heat of 

submarine volcanic eruption, will emit infrared radiation. 
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Estimation of Coseismic Deformation from the Sea Level Measurements during the Mw 
7.8 Earthquake of 13 Nov 2016 in New Zealand 

A. Annunziato 

Letter to the Editor, 15 Nov 2016 

Dear Dr. Pararas-Carayannis 

I would like to inform you that as a consequence of 

the large Earthquake and following Tsunami Mw. 

7.8 that occurred two days ago in New Zealand, a 

phenomenon, that was already identified in the case 

of Mw. 9.0 Tohoku Tsunami has occurred again. 

Infact the sea level measurement present in the area 

of the larger deformation has shown a behaviour 

typical of an uplift of about 0.95 m. In the case of the 

Japan event, instead, the sea level demonstrated a 

subsidence on the coasts of Japan, confirmed by GPS 

measurements.  

On 13th November at 11:03 UTC a Mw 7.8 

earthquake occurred in New Zealand with epicentre 

42.757°S 173.077°E. As a consequence a Tsunami 

was generated that was measured by all the sea level 

stations in the area. The closest stations in the area are indicated in the map aside and are: Kaikoura, 

Wellington and Castlepoint. The tide gauge of Christchurch was unavailable at the time of the event. 

The largest sea level change occurred in Kaikoura whose measurement level toped to about 1.5 m 

above the normal tide level. 

   
 

What is interesting is that following the sea level measurements in Kaikoura before and much later 

after the event it is possible to recognize that the station shows a sea level change corresponding to 

about 0.95 m. As it can be seen on the next figure the sea level in the long term is about 0.95 m lower 

than it was before the event: the dash curve represents the expected sea level, following the normal 

tide , if the event had not occurred. This means that the sensor of the tide gauge has been lifted by the 



same amount (i.e. coseismic uplift). The measurement in the other tide gauge locations did not show 

any significant long term deformation. 

 

In the case of Japan event a similar behaviour was present in several Japanese tide gauges and 

measurement sites, as shown in Annnunziato (2012)1. In that case the sea level increase after the event 

identified a subduction, confirmed by GPS measurements in the area. 

 

North Myagi sea level measurement after the Tohoku event of 2011 in Japan  

(From Annunziato 2012 paper) 

It will be interesting in the case of New Zealand, to compare this value obtained by the sea level with 

values obtained by other measurements, as GPS ones or satellite radar spectrometry, when 

available. 

Applying the correction factor of 0.95 m to the measurement signal after the event, the resulting 

final curve of the sea level is shown below.  

                                                           
1 A. Annunziato – ‘SEA LEVEL SIGNALS CORRECTION FOR THE 2011 TOHOKU TSUNAMI’ - 

http://tsunamisociety.org/312Annunziato.pdf  (2012) 

http://tsunamisociety.org/312Annunziato.pdf


 

Measured (solid line) and Corrected data (dash line) for Kaikoura 

 

The next figure indicates the difference with the expected tide, i.e. the net sea level increase above 

the expected tide level. The sea level therefore increase was about 2.3 m above the normal sea tide. 

 

Net sea level increase over the expected tide, after the correction of 0.95 m after time 0 
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