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ABSTRACT. Numerical simulations of the processes of occurrence and
propagation of tsunamis constitute a relevant area of scientific research
and are currently used, for example, in zoning and prediction of tsunami
occurrence. As tsunami flows have a complex three-dimensional structure,
to take into account all their features, it is necessary to use numerical
simulations based on the system of three-dimensional Navier-Stokes equations.

The most labor-consuming of the entire simulation process, as a rule,
is the stage of generating a computational mesh. At the same time, it
is very important, since generating a high-quality mesh model directly
controls the overall accuracy of task calculations. Due to the variability
of the domain in spatial directions and the characteristics of the waves
themselves, correct numerical simulations require special-type computational
meshes with a uniform distribution of cells in the directions of wave
propagation deep into water and a higher resolution at the air/water
interface. To generate such meshes, an automatic generator for tsunami
simulations has been implemented.

The paper describes the algorithms and formulas used in the implementation
of the automatic generator of polyhedron mesh models for simulations of
landslide tsunami waves. This generator enables automatic preparation
of mesh models for simulating the process of tsunami propagation in
order to assess the risk of tsunami occurrence in various water areas.

Keywords: polyhedron mesh, mesh model, mesh generator, tsunami,
unstructured meshes, arbitrary polyhedrons.

1. INTRODUCTION

Currently, simulations of tsunami waves are mainly performed using models
based on the shallow-water theory [1, 2, 3|.
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This theory has been and continues to be used for simulations of historical
and prognostic tsunamis, so the bibliography here is huge. The system of shallow-
water equations is obtained by integration over depth of full three-dimensional fluid
dynamics equations (Euler equations), which excludes the vertical coordinate and
essentially reduces the three-dimensional system to two-dimensional. Such a system
has proven itself in modeling the propagation of tsunami waves, but it is not able
to reproduce the complex structure of their three-dimensional flow. In addition, it
is necessary to take into account the dispersion of waves both on long routes and,
for landslide and volcanic tsunamis, the size of their focus, which is comparable to
the ocean depth. This can be done using the non-linear Boussinesq equations [4, 5],
which in the case of tsunamis are two-dimensional and are also not able to reproduce
the flow structure.

At the same time, tsunamis have a number of physical properties manifested only
in the three-dimensional case, which must be taken into account when zoning and
predicting tsunamis, for example, the movement of liquid in the tsunami focus when
landslides, rock fragments, celestial bodies enter water, or when converting bottom
vibrations into displacements of the water surface. Considering the interaction with
coastal infrastructure, the stage of wave transformation in the shelf zone during its
collapse, rolling ashore and moving over land also has three-dimensional properties.
Special models and algorithms are required to simulate these processes.

To take into account all the features of the three-dimensional structure of tsunamis,
it is necessary to use numerical simulations based on the solution of the Navier-
Stokes system of three-dimensional equations for a viscous liquid [6, 7, 8, 9, 10, 11].
In the general case, this system has no analytical solution, so all solutions are
obtained numerically. The problems of discretization of the Navier-Stokes equations
and their numerical solution belong to the key issues of mathematical modeling [12,
13, 14]. At present, the Navier-Stokes equations begin to be actively used in tsunami
simulations [15, 16].

Mesh model generation is one of the most time-consuming stages in the mathematical
modeling of tsunamis, which often takes a significant part of the time, while the
accuracy of the resulting solution depends directly on the mesh quality. Different
types of computational meshes are used for simulations of different processes:

e adaptive Cartesian template-based polyhedral grids consisting of truncated
hexagons and polygonal prisms [17, 18];

e meshes consisting of tetrahedrons and triangular prisms near solids [19];

e polyhedron meshes of nonconvex cells with an arbitrary number of faces
obtained by merging tetrahedrons [20];

e block-structured meshes [21].

When solving the Navier-Stokes equations in simulations of flows occurring
in various industrial and scientific applications, it is necessary to generate mesh
models bounded by the geometric dimensions of the region under consideration.
The experience of using the Navier-Stokes equations for the numerical solution of
various classes of problems shows that generating a mesh model can take more than
70 percent of the time from setting up the task to obtaining the final result.

The features of numerical simulations of tsunami propagation impose certain
requirements on the mesh models. First of all, this is due to the mutliscale nature
of the domain and parameters of simulated waves. The size of the mesh model cells
at the wave source is no more than several tens of meters, while the domain itself
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can be as large as hundreds of kilometers. Thus, the cell sizes at the wave source, as
a rule, differ several times from the cell sizes in the region of tsunami propagation.
To improve the level of detail of mesh models, control volumes with specified cell
sizes can be used, which allows avoiding a significant increase in the total number
of cells in the task.

Thus, it becomes necessary to create a method for generating a computational
mesh for modeling tsunami waves in water bodies taking into account their topology
based on bathymetric data. The developed methodology includes the steps of preparing
a closed mesh of triangles based on bathymetric charts for the domain and generating
a computational mesh from the resulting mesh of triangles.

To describe the motion of tsunami waves in the open ocean, where the wave has
a small amplitude, the cells must be as small as several centimeters, while the ocean
can be several kilometers deep. As a result, generating meshes with so many cells
results in mesh models composed of hundreds of millions or billions of cells. One of
the solutions to achieve the required cell size in the simulated region of wave motion
with an acceptable number of cells in the mesh model as a whole is to generate a
mesh refined at the water/air interface.

When constructing a mesh model, it is necessary to take into account bathymetric
data of real bodies of water, that is, the distribution of their bottom topology

heights.

For this purpose, based on bathymetry data, one creates a triangular

surface mesh by triangulation at bathymetric points and uses it then as an input
mesh for generating the computational model.

The approach used previously [10] for constructing a volume mesh consisted of
several stages:

This

constructing a mesh for the most of the model using a block-structured

mesh generator;

constructing an unstructured mesh in a part of the mesh model in the
bottom topology region using a trimming generator for more accurate approximation
of the surface and detailing of the landslide area;

combining the constructed models into one for further calculations

approach produced acceptable results, but it had significant drawbacks:

preparation of the geometry and mesh model using the block structured
mesh generator was carried out by hand, which required a lot of time and
effort of the user;

when constructing an unstructured mesh by the trimming generator [Borisenko
et al., 2018] in the bottom topology region, cell sizes were adapted based
on the minimum cell size setting in the region, which, together with the
multiscale nature of the model, led to an uncontrolled number of computational
cells;

the constructed meshes were to be matched and a single mesh was to be
constructed from the fragments obtained.

The purpose of this article is to present a developed methodology for constructing
a computational grid for modeling tsunami waves in water areas, taking into account
the surface topography based on bathymetric data. This methodology includes
stages for preparing a closed mesh of triangles based on bathymetric maps to define
the modeling area, as well as the automated construction of the computational grid
from the generated triangular mesh.
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2. PREPARATION OF A CLOSED MESH OF TRIANGLES BASED ON BATHYMETRIC
MAPS FOR FORMING THE MODELING AREA

The methodology for constructing a grid model includes stages for creating a
closed computational area based on bathymetric maps, filling it with a surface grid
of triangles, and then constructing a special type of volumetric grid based on that.
Bathymetry consists of a set of coordinates with associated height values relative to
the surface of the world Ocean. In the case of water bodies, this height determines
the depth at the surface point. To obtain the bathymetry of the selected water
body, the special program is used, which provides information about the terrain of
the area defined by ranges of latitude and longitude. Figure 1 shows the program
window with the selected water area.

FIGURE 1. Bathymetry of the water area

For the specified water area, a topographic map is created, consisting of a regular
uniform grid where the elevations from the bathymetric map are known at the
nodes. Based on this map, a closed computational domain is then constructed along
with a surface mesh of triangles, which will be used as initial data for creating a
specialized computational grid for tsunami modeling, as illustrated in Figure 2 and
Figure 3.

3. BUILDING A COMPUTATIONAL GRID BASED ON A CLOSED SURFACE MESH OF
TRIANGLES

The process of volume mesh generation consists of the following stages:

e checking the initial triangular mesh for geometric and topological errors;

e recovering/obtaining characteristic curves of the model from the surface
mesh;

e constructing a Cartesian template mesh with varying sizes in each spatial
direction;

e trimming the template mesh cells with the surface mesh triangles;

e improving the quality of the trimmed cells.
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FIGURE 2. Surface grid by bathymetry (external boundary)

Because the surface mesh supplied to the generator must be of satisfactory
quality, it is checked for errors, such as open contours and intersections, before
generating the volume mesh. If the surface mesh is of poor quality, the volume
mesh is not generated.

After the input surface mesh is checked, characteristic curves are reconstructed
on it. The characteristic curves are mapped from the features of the geometric model
(non-smooth surface joints, sharp geometry edges). The stage of detecting the model
features [22] is performed to describe sharp edges and/or surface details that need
to be preserved when generating the volume mesh. The generator takes into account
three types of characteristic curves: characteristic curves of the model created in the
graphical interface (before starting the generator), boundaries of selected regions,
and geometry features detected automatically at the mesh generation stage.

After the model features are reconstructed, a Cartesian template mesh is created
with dimensions specified for each spatial direction. To create a mesh, one must set
partition laws for each spatial direction, the size of the regular cell of the region (the
maximum cell size), and the number of transition layer cells to balance the levels
of the template mesh. At this stage, the entire domain is filled with parallelepipeds
constructed in accordance with the specified dimensions and partition laws. An
example of a computational mesh condensed at the water/air interface is shown in
Figure 4.

The mesh fragment enclosed in the blue box in the figure is zoomed-in in Figure 5.
Figure 6 shows the mesh lines in this fragment. Figure 6 indicates that the size of
the mesh cells increases as a geometric progression, starting from the water/air
interface.

Since the mesh is partitioned in each direction separately, in fact, the task of
constructing a partition in accordance with the specified law is one-dimensional.
Consider the partition along the axis, assuming that this direction defines the depth
of the water area.
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FIGURE 3. Surface grid by bathymetry (waterbody relief)

FIGURE 4. An example of the computational mesh condensed at
the water/air interface

At the first stage of constructing the template mesh, the input surface mesh is
immersed in the overall box to determine the mesh generation limits in each spatial
direction.

Denote the mesh generation limits along the z axis as [Zmin; Zmax)

The input parameters for generating a geometric-progression mesh are:

e starting point z = z., z¢ € [Zmins Zmaz);



F1GURE 5. The zoomed-in mesh fragment

FIGURE 6. Mesh lines at the water/air interface

e growth rate r > 1;
e the first cell size Cy > 0.

The coordinate of the starting point typically defines the interface. The cell size
at the j-th level of partitioning is calculated using formula (1):

(1) Cj = CoTj

where Cy — is the size of the first cell, C; — is the cell size at the j-th level of
partitioning, r — is the progression growth rate, j — is the partitioning step number.
The cell size at the j-th level of partitioning is calculated using formula (2):

CO — Cj’l‘

(2) Hj=——
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Determine the dimensions of the region along the z axis according to formula (3):
(3) HY = Zmax — “min

where zpax — is the value of the maximum coordinate of the region in the z direction,
Zmin — 18 the value of the minimum coordinate of the region in the z direction.

The one-dimensional space along the z axis can be divided into two half-spaces
relative to the starting point of the z., partition, which we conventionally call
"upper"and "lower"half-spaces. In the formulas, all quantities related to the "upper"half-
space are indicated by the subscript "+"to the right of the quantity, and those
related to the "lower"half-space are indicated by the subscript "-".

Then, the dimensions of the region in the upper and lower half-spaces relative
to the starting point are calculated using formulas (4) and (5) respectively:

(4) HY = Zmax — 2c

(5) Hg = Z¢ — Rmin

where z. — is the starting point of z partitioning.

For the template generator to work correctly, the dimensions of the region must
be adjusted in accordance with the specified mesh generation parameters.

To determine the dimensions of the "upper"and "lower"half-spaces, formula (5)
is transformed into formula (6):

Co — CE¥*r
6 HY =— =
(6) */- 1—7r
where C'?** is the maximum cell size in the half-space.

From formula (6) one can determine the maximum cell size in each half-space
based on the dimensions of the input surface mesh using formula (7):

Co—HY, (1=7)

7 C’max —
( ) +/_ r
where HY y is calculated using formulas (4) u (5) for the respective half-spaces.

On the other hand, the maximum cell size, based on the geometric progression,
is calculated using formula (8):
- L
(8) 5qu/a_x = Cor -

~Ymax

where L, — is the number of partitioning levels to reach the value of CY’ i
C’il/‘ix and Cf/‘ix need to be matched. To do this, one needs to determine the
number of levels L+, to achieve Cf/zf‘ calculated using formula (8).

Substituting the value of the maximum cell size from formula (7) into (8) we
convert the latter to (9):

max
Ly +/_
9 S = =
) r -
Next, (10) — (12) are carried out to calculate L“f/’"_T, which is the number of levels
of geometric progression adjusted to the geometry dimensions:
(10) Ly, Inr=In C_T/?‘ —InC)y
(11) L+/_ Inr :th'_ﬁ_nZX—lnC’o
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max

In i —1InCy

19 eorr —
( ) +/7 Inr

corr
The corrected size of the maximum cell in each half-space [ i“/a_"] is then

determined using formula (13):
(13) [cr/f} = Cor tr-
The region dimensions adjusted relative to the maximum cell size in each half-
space Hﬁr‘;ir are calculated by formula (14):
corr
Co— |cm|

1—7r

(14 HT =

The maximum values of the coordinates of the “upper” and “lower” half-spaces
are calculated using formulas (15) and (16), respectively:

(15) 2t =z + HO™
(16) Zc_or'r =Zc— HiOTT

where H{°"™" are the adjusted dimensions of the “upper” half-space, H"" are the
adjusted dimensions of the “lower” half-space.
As aresult, the adjusted dimensions of the region are calculated by formula (17):

S
(17) Hco’rr = Zcorr Zeorr
where 21 ., 2., are the adjusted maximum coordinates of the “upper” and “lower”

half-spaces, respectively.

For this partition, local indexing is introduced from the starting point of the
partition so that the indexes of the quantities are positive in the "upper"half-space
and negative in the "lower"half-space.

The coordinates of the mesh node at the k—th level are calculated using the mesh
indexes by formula (18):

Ld
(18) zr = ze +sgn(k)C, Z rnl
n=1
where sgn(k) is the sign defining the position of the coordinate in the half-spaces.

An additional condition that determines the parameters of the template mesh is
control regions, in which a certain cell size is specified.

The principle of constructing a mesh in control regions is that the size of the
cell of the template mesh that falls into the control region as a whole or in part
cannot be larger than the size specified for this region. The cell inside the control
region is split to the desired size in the region. At the moment, it is possible to
set control regions of the following types: rectangular parallelepiped, sphere, cone,
cylinder, polyhedron and their thin-walled variants, as well as regions in the form
of an arbitrary closed triangulation loaded as an stl-file.

After selecting the region, one needs to set parameters that correspond to the
type of its geometric shape, and the local cell size.

Figures 7 and 8 show the result of volume mesh generation without setting the
control region and with it.
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Jsioroc

FIGURE 7. The result of volume mesh generation without setting
the control region

Jioroc

FIGURE 8. The result of volume mesh generation with the control
region in the form of a rectangular parallelepiped

The next step is to trim the cells of the template mesh with surface mesh
triangles. As a result of this stage, a polyhedron mesh is created, in which each
edge in the cell separates only two faces, while the faces and cells can be convex or
non-convex, and the cells are arbitrary polyhedrons. Regions of the model surface
that do not contain the characteristic features of the model are approximated by
simple-shape polyhedrons. Examples of such cells are shown in Figure 9.

Model surface regions containing characteristic features are approximated by
complex-shape polyhedron cells to improve the accuracy of model approximation.
Examples of such cells are shown in Figure 12.

The next step in mesh generation is improvement of the quality of the trimmed
cells. Within the framework of the implemented specialized generator, cell quality
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FiGURE 9. Examples of polyhedron cells in regions without
characteristic features

FiGure 10. Examples of polyhedron cells in regions with
characteristic features

improvement algorithms [23] were adapted to take into account the structure of the
template mesh used to simulate tsunami waves.

4. AN EXAMPLE OF CONSTRUCTING A COMPUTATIONAL MESH

To demonstrate the performance of the mesh generator, a mesh model was
created for one of the water areas of the Sea of Japan. A surface mesh was prepared
in advance based on the information about the bathymetry of the simulated area
and written to an stl-file.

The mesh generation parameters are shown in Figure 11. The mesh is partitioned
regularly in two spatial directions and geometrically in the third one.

To refine cells in some part of the geometry, a control region in the form of a box
is defined. Parameters and the general view of the region are shown in Figure 77.

Figures 13 and 14 show the view of the input surface mesh and the resulting
volume mesh, respectively, from the same angle (from the water surface side).

Figures 15 and 16 show the same view of the bottom topography on the input
surface mesh and the resulting volume mesh, respectively. Figure 17 shows that
part of cells were further refined during construction to obtain smaller-size cells.
The area of refinement corresponds to the created control region.

Figure 15 shows that the surface mesh near the bottom surface is quite detailed.
Using a standard trimming generator would result in the formation of a significant
number of adaptive computational cells near the bottom surface, which is redundant
for modeling tsunami waves.

Therefore, in the special mesh generator for tsunami wave simulations, the cell
size in the template mesh is not adapted to that in the triangular mesh, and the
cell size is determined only by the user settings. Figure 16 demonstrates that the
mesh is not adapted to the size of the triangles. The area of refinement corresponds
to the created control region.
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Mesh generators 5 x
Parameter Value
Cell growth rate from surface Fast A
Mumber of cells 1 =
Cell growth rate inside the .., Fast i
Mumber of cells 1 =
= Split along axis X
Law Regular partitioning -
Relative zize ]
Relative to base, % 200
Cell size 2000
= Split along axis Y
Law Reqgular partitioning -
Relative zize ]
Relative to base, % 200
Cell size 2000
= Split along axis Z
Law Geometric progression -
Relative zize ]
Relative to base, % 0,1
First cell size 1
Progression growth rate 1,2
Starting point of progr.. 0

FiGure 11. Template mesh parameters

FIGURE 12. Parameters of the control region and its view

Figures 17 and 18 show fragments of the input surface mesh and the volume
mesh in the control region, respectively.

To view the mesh structure in the third spatial direction, let us draw a section
plane as shown in Figure 19. In the section plane in Figure 20, one can see that
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FIGURE 13. The input surface mesh created based on the
bathymetry data (water surface view)

FI1GURE 14. The resulting volume mesh with the control region in
the form of a box (water surface view)

mesh lines are distributed non-uniformly getting condensed towards the water/air
interface.

The generated mesh contained 3,3 million cells, the mesh generation time on
8-core processor CPU @ 3.00GHz 64 GB RAM was about 2 minutes with 1.5 GB
memory consumption.

5. USING COMPUTATIONAL MESHES FOR TSUNAMI SIMULATIONS

Computational meshes constructed by the generator presented in the paper have
been used for numerical simulations of tsunami propagation by the Logos software
package [8] based on historical data. Consider the case of tsunami propagation in
Lituya Bay on the Alaska Peninsula (1958).

Figure 21 shows the landslide location in Lituya Bay [24], and the area of
damage [25]. The numbers along the shore of the bay indicate the height above
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FI1GURE 15. The input surface mesh created based on the bottom
bathymetry data

FI1GURE 16. The resulting volume mesh with the control region in
the form of a box resolving the bottom topology

sea level of the edge of the damaged land area and correspond to the height of the
past wave.

To simulate the landslide and the resulting wave propagation, a three-dimensional
mesh model was constructed, as shown in Figure 22. To simulate the wave propagation
more accurately, the mesh was constructed using geometric progression with refinement
towards the interface. To resolve the nature of the landslide movement and the
run-up of the tsunami wave over the opposite shore in greater detail, an additional
refinement block in the region of descent and run-up was constructed, which is
marked with a frame in the figure.

The constructed mesh contained about 11,6 million cells, which is sufficient for
numerical simulation of this problem. The mesh generation time on 8-core processor
CPU @ 3.00GHz 64 GB RAM was about 8 minutes with memory consumption of
7.4 GB.



FIGURE 17. A fragment of the input surface mesh in the control region

FIGURE 18. A fragment of the volume mesh in the control region

FIGURE 19. A general view of the section plane

125
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FI1GURE 20. A section plane of the resulting mesh in the control region

FIGURE 21. Lituya Bay and the area of damage

Due to the features of the problem, the most important parameter of the mesh
to provide high-quality simulation is its cell size at the interface and in the direction
of wave propagation [26], as well as the structure of mesh lines in the direction of
increasing depth.

To perform a calculation, the mesh must be topologically correct, so the constructed
mesh was checked for the presence of closed cells, free edges, degenerate cells, etc.
As a result, none of these checks revealed bad cells.

Paper [8] presents comparisons of the results obtained by solving the Navier
Stokes equations on the computational meshes constructed by the presented generator
and observations.

Figure 23 illustrates the process of landsliding and tsunami formation. The figure
shows that the landslide produces a huge splash of water up to 360 m high.
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FIGURE 22. The mesh model for Lituya Bay

F1GURE 23. Wave formation by the landslide

Figure 23 shows the propagation of the tsunami wave at different time points
across entire Lituya Bay. The figures demonstrate a huge tsunami wave that formed
as a result of the landslide in Gilbert Inlet. The wave ran up onto the opposite shore
of the bay and reached a height of 520 m (see Figure 24), which corresponds to real
data, according to which the wave reached a height of 524 m. Then, the wave spread
along entire Lituya Bay. The velocity of the tsunami in the bay was 160 km /h. The
calculated velocity was about 140 km/h.

As can be seen from the figures, the wave rolled over the island of Cenotaph (Figure 19),
the elevation of which is 50 m above sea level, which corresponds to field observations.
According to [24, 25, 27] water in the bay practically calmed down as early as half
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e

-30 0 30

FIGURE 24. Tsunami propagation along Lituya Bay

an hour after the landslide occurred. Figure 25 shows a picture of the water surface
at the time of 30 minutes, and there are practically no waves in the bay

Figure 26 shows the run-up line that shows how far the wave has moved inland.
The numbers along the line indicate how high the wave was as it moved inland across
the mountainous coast of the bay (the observed data are marked in brackets). The
calculated heights are in good agreement with the observations.

The presented comparison of the results calculated within the framework of the
Navier-Stokes equations with the observations showed that there is a fairly close
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t=1800s

FIGURE 25. Water surface in the bay 30 minutes after the landslide

agreement between them in the maximum run-up both, in the tsunami velocity in
the bay, and in the run-up heights along the entire bay.

The comparison showed that the numerical results obtained are in good agreement
with the historical data.

To test the implemented mesh generation method in tsunami simulations, the
cases of tsunami propagation on the Volga River near Nizhny Novgorod and underwater
landslides in Kamchatka Bay of the Pacific Ocean near the coast of the Kamchatka
Peninsula were also simulated [§].

6. CONCLUSION

A mesh generator was developed and implemented for constructing mesh models
of water areas for tsunami simulations, a methodology for constructing the mesh
models was developed, and the mesh generator was verified on test models of varying
complexity and detail.

The implemented generator of computational meshes for tsunami simulations
makes it possible to resolve water areas with a required level of detail depending on
the features of the ongoing physical processes with coarsened or refined description
of the model geometry in the regions where it is necessary. The mesh generator
operates in the automatic mode, which significantly reduces labor and time costs for
preparing/adjusting the model for calculations and allows preparing computational
meshes for modeling tsunami waves more efficiently at a qualitatively new level.

The generator was used to construct mesh models, which were employed for
numerical simulations by the Logos software package of tsunami propagation from
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TN

520(52

FI1GURE 26. Heights of the wave run-up on the shore

an underwater landslide in the Kamchatka Bay of the Pacific Ocean near the coast
of the Kamchatka Peninsula.

The presented method for constructing volume mesh models taking into account
bathymetric data will make it possible to construct a model of any water area
in the World Ocean in the most time-saving manner. Additionally, it offers the
capability for interactive identification of tsunami source zones and wave run-up
areas, enabling the assessment of wave characteristics directly in the wave formation
region, as well as in the area of breaking and inland propagation.
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