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Study of the tsunami wave propagation in the coastal zone is an important practical task in the field of 
oceanology. Although tsunami in the Black Sea is a rare phenomenon, however, the level of seismic 
activity in the region does not permit to exclude generation of strong tsunami waves due to the un-
derwater earthquakes. The computation experiments make it possible to analyze the features of the 
tsunami type wave transformation and to determine the sea level changes in the coastal zone. 
The geo-information system is shown to be is applied to visualize the tsunami type long wave propa-
gation modeling results in the Black Sea coastal area. Within the framework of the nonlinear long 
wave theory, the Propagation of Surface Long Tsunami Type Waves in the Black Sea Coastal Zone 
software model is developed. It is integrated into the Black Sea geo-information system. The software 
module providing data exchange between the geo-information system and the model is developed. 
It permits to analyze the wave field transformation features and to quantify the wave amplitude char-
acteristics when they propagate towards different sections of the Black Sea coast.  
The results of the software module operation are represented based on the example of the Feodosiya 
Gulf. The instantaneous fields of sea level displacements in the gulf and the horizontal velocity fields 
are constructed. The values of the sea level maximum elevation and sink in the basin are calculated. 
The mareograms in the specified zones which allow the assessment of tsunami risk for the Feodosiya 
Gulf coast are also constructed. 
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Introduction  
The sea coast is always exposed to intense wave action. The coastline and bot-

tom topography nature affects the propagation of long waves in coastal zones of 
the marine basins [1]. Inhomogeneity of the depth and shoreline geometric parame-
ters can lead to a significant amplification of the waves. The issue of how the edge 
effects caused by the geometry of the coastline of an arbitrary shape and the bottom 
topography affect the long wave field formation near the shore needs to be investi-
gated. 

Tsunami type waves are surface gravitational long waves that occur in the sea 
due to large-scale disturbances such as earthquakes, eruptions of underwater volca-
noes, landslides, abrupt changes in meteorological conditions, etc. Tsunami waves 
are quite rare in the Black Sea: about 20 events have been noted in this region for the 
last two thousand years [2, 3]. Historical descriptions show that the tsunami waves 
that occurred in Sukhumi (AD 20), Chersonesos (Sevastopol) (AD 103), Varna 
(AD 543), the Bosporus (AD 557) ), Evpatoria (1341), Foros (1427), in the north of 
Turkey (1598), were catastrophic. The sea level elevation height reached 2–3 m, 
which led to heavy floods and destruction [4]. 
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This phenomenon can take place anywhere on the coast. It is caused both by 
underwater and land earthquakes. 

When a long tsunami wave propagates in shallow water, its front slope slows 
down, and the back one moves faster. The shape of the wave is transformed: the 
crest becomes higher, and the hollow is deeper. As a result, the front slope of the 
wave becomes steeper, the crest begins to crash forward, and, splashing on the 
shore, the wave produces heavy damage. 

The study and analysis of the features of tsunami wave propagation and their 
timely forecast can prevent the death of people and reduce the material damage. 
Under the guidance of Sergey Dotsenko the numerical simulation of tsunami wave 
propagation in the Black coastal zone Sea [5–9] were carried out. Such models 
need reliable information support, the geo-information systems (GIS) are created 
for. They help to computerize the processes of obtained data processing and 
presentation. A set of software was developed. It permits to digitize the mare-
ograms, to estimate the frequency spectra, to select the energy-carrying vibrations 
and calculate the tsunami propagation and duration time for various coastal points 
[10]. The idea of integration of the models into GIS, which evaluates the evolution 
of waves and their amplitude characteristics, is also worth considering. Similar sys-
tems are discussed in [11, 12]. 

At the moment, Marine Environmental & Information Technologies Depart-
ment of FSBSI Marine Hydrophysical Institute RAS is developing such infor-
mation systems [13, 14] applying the Mapserver [15]. To provide users with a spe-
cial tool for rapid response, the software modules have been created. They permit 
to visualize the results of work conducted under the guidance of Sergey Dotsenko 
(numerical simulation of the propagation of nonlinear long tsunami type waves in 
the sea coastal zone, in bays and gulfs). These modules allow displaying the evolu-
tion of waves as they propagate in shallow water and in the coastal zone, and also 
to quantify their amplitude features. Thus, it becomes possible for the user to 
quickly predict possible danger in the area of interest of the Black Sea coast due to 
the exposure of long tsunami waves. 

 
Description of the Propagation of Surface Long Tsunami Type Waves in the 

Black Sea Coastal Zone software model 
In the horizontal plane Oxy (x and y are the Cartesian coordinates of the point 

on the plane), a bay with depth h = h (x, y), varying continuously according to a 
known law, is considered. 

To describe the surface long wave propagation, a nonlinear long-wave model 
is applied. It operates with projections of the horizontal velocities averaged over 
the depth u = u (x, y, t), v = v (x, y, t), where t is the time, and the free surface dis-
placement of the liquid ζ = ζ (x, y, t). 
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Within the framework of this approach, the nonlinear dynamics of long waves 
in the two-dimensional case taking into account the quadratic bottom friction is 
described by the following system of three equations 
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where g is the free fall acceleration; k = 2.6 ∙ 10–3 is the quadratic bottom friction 
coefficient. 

The initial conditions for the system of equations (1) require the fields u, v and 
ζ to be set at the initial instant t = 0. We assume that under t = 0 the liquid in the 
bay is in an unperturbed state, i.e. 
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Through an open boundary ( 0,0 =≤≤ yLx , L is the liquid boundary length), 
a flat wave of a half-sinusoid shape, simulated by the following boundary condi-
tions, enters the bay  
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where 0a  is the maximum initial displacement of the free surface of the liquid; λ is 
the initial wavelength; )0,(xCC =  is the local propagation velocity of linear long 
waves. 

On the liquid sections of the boundary the conditions for the free escape of lin-
ear long waves from the computational domain are set 
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where 1C and nC  are the local propagation velocities of linear long waves along x 
= 0 and x = L, respectively; 1M  and nM  is the length of the liquid boundaries 
along x = 0 and x = L. 

At the liquid boundary the wave (y = 0) enters through, the condition for free 
wave exit is applied only after the wave enters the bay completely: 

 

)/,,( CtyLx
x
uC

t
u λ  00 0 ≥=≤≤=

∂
∂

−
∂
∂ .                          (8) 

 

On solid sections of the shore boundaries, the no-liquid-loss conditions along 
the y and x axes respectively were set 

 

,0=nv                                                         (9) 
 

where nv  is the projection of the horizontal liquid velocity normal to the boundary 
of the region. 

The initial boundary value problem (1) – (9) is solved numerically by the finite 
difference method in an explicitly implicit scheme. For displacements of the free 
surface of the liquid ζ and the projections of the horizontal velocities u and v, the 
spaced grids (Arakawa C grid) are used. The steps of integration over space and 
time are calculated from the Courant condition. 

Possibilities of the program developed allow investigating the propagation of 
nonlinear long tsunami type waves in the coastal zone of real and model geometry. 
An array of distribution of the investigated zone depths is set at the input. At the 
output the data for evaluation of the evolution and transformation of long tsunami 
type waves in a given water area is obtained. Thus, the primary focus in the prob-
lem solution is given to the features of the tsunami type wave propagation and the 
distribution of amplitude wave characteristics in the coastal zone. 

As an example, single long tsunami type wave propagation in the Feodosiya 
Gulf of the Black Sea is considered [8]. The Feodosiya Gulf is located on the 
south-eastern coast of the Crimea. The gulf size is 20 km latitudinally and 40 km 
longitudinally. The depth at the entrance is 30–35 m. The Feodosiya Gulf is char-
acterized by an even flat bottom (Fig. 1). 

 
 

Fig. 1. The Feodosiya Gulf bathymetry  
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An array of depths and the number of grid points by longitude and latitude (nx 

and ny, respectively) are set at the input. For an array describing the Feodosiya Bay 
bottom topography – nx = 389, ny = 196. The computational grid is uniform, with 
space steps Δx = Δy = 100 m, which is 0.00125 longitudinally and 0.0009009 lati-
tudinally. The time step was set to 1 s. The approximate velocity of wave propaga-
tion is estimated from the formula (5). 

To integrate the Propagation of Surface Long Tsunami Type Waves in the 
Black Sea Coastal Zone software model in the Black Sea GIS, a software module 
was developed. It provides data exchange between the GIS and the model, as well 
as launches the model. 

Before launching the software module, the boundary coordinates of the com-
putational area should be specified and the initial parameters of the wave to be set 
(Fig. 2). As an example, the following values were given: the initial height of the 
long wave entering in the Feodosiya Gulf, height = 1 m, the initial wavelength 
length = 10 km. Output time interval = 10 s shows the interval at which it is neces-
sary to derive instantaneous distributions of wave amplitude characteristics in the 
simulation region. 

 

 
 

Fig. 2. Parameter input interface of the Propagation of Surface Long Tsunami Type Waves in the 
Black Sea Coastal Zone software model 

 
At the output we obtain the sea level fields in the simulation region and the 

projections of the horizontal velocities longitudinally and latitudinally with a given 
time interval. 
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GIS permits to give a visual presentation of the data. Fig. 3 shows the distribu-
tion of sea level and the velocity vector field in the Feodosiya Gulf at the time 
point t = 2030 s. 

 

 
Fig. 3. Distribution of sea level and the velocity vector field at the time point t = 2030 s under the 
nonlinear long wave propagation in the Feodosiya Gulf (with the initial wave parameters а0 = 1 m, 
λ = 10 km) 

 
In addition to the data described above, the values of the maximum and mini-

mum wave height change in the Gulf over time, with reference to longitude and 
latitude are obtained. Fig. 4 shows the dependence of the maximum wave height in 
the gulf on the time. 

 

 
 

Fig. 4. Distribution of the maximum sea level height over time under a single nonlinear long wave 
propagation in the Feodosiya Gulf (with the initial wave parameters а0 = 1 m, λ = 10 km) 

 

Having visually evaluated the extreme sea level displacements and determined 
their coordinate dimensioning, the user can obtain the mareograms in those zones 
of the simulation region that appear to be the most dangerous. For example, two 
local maxima in Fig. 4, indicating the wave amplification at time points 1380 and 
2000 s, are singled out. Fig. 5 shows the mareograms of the wave amplification 
zones in the Feodosiya Gulf. It can be seen that in these areas there are both sea 
level rise and extreme depressions.  
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Fig. 5. The mareograms of the wave amplification zones in the Feodosiya Gulf: а – 45,05°N, 
35,59°E; b – 45,10°N, 35,69°E 

 
Conclusions  
The special software modules built in the Black Sea GIS allow qualitative so-

lution of the problems of long tsunami wave simulation in the interface of land and 
sea, providing a quantitative assessment of their amplitude characteristics under the 
propagation of waves in shallow water and in the coastal zone, and also provide an 
intuitive interface and visualization of the simulation results. 
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