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The present paper deals with the potential strong tsunamigenic earthquakes with the sources localized
in the Black and Azov seas at the entrance and exit of the Kerch Strait, respectively. Since, at present
time, the tsunami hazards are usually assessed for the critical earthquake magnitude values, potential
strong earthquakes with a magnitude M = 7 are studied. The seismic sources of elliptical form are
considered. When choosing the source location in the northeast of the Black Sea, the most seismically
dangerous areas of the basin under consideration are allowed for. Numerical simulation is carried out
within the framework of the nonlinear shallow water equations with the dissipative effects taken into
account. Two possible scenarios of tsunami propagation at the chosen source locations are analyzed.
The wave characteristics are obtained for a tsunami wave motion both from the Black Sea through the
Kerch Strait to the Azov Sea. The symmetrical problem for a tsunami wave propagation from the
Azov Sea through the Kerch Strait to the Black Sea is also considered. Spectral analysis of the
tsunami wave field is carried out for the studied basin. The wave and energy characteristics of the
tsunami waves in the area of the bridge across the Kerch Strait are subjected to the detailed
examination and assessment.
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Introduction. According to the data reported by hydrogeologists, the Kerch Strait
is actually a spot of a tectonic fault, and both the Kerch and Taman shores are located
on different tectonic blocks. Seismicity of the site is 9 points. The Kerch Strait bottom
topography possesses a rather complex structure. The transverse profile of the strait
floor is asymmetric. The strait itself is delimited into three parts by two natural lintels
[1]. Water level oscillations in the Kerch Strait are of a different nature. The most
significant in magnitude are the surge oscillations [2]. The Kerch Strait, separating the
Kerch Peninsula of the Crimea and the Taman Peninsula of continental Russia, is the
most important waterway connecting the Black and Azov Seas [3].

As is known, since the 7" century BC, there was a communication between the
western and eastern shores of the Kerch Strait. There were the repeated projects to
build a bridge across the Kerch Strait, but the implementation of these projects was
stopped by the WWI and WWII. And only in 1944 the Kerch railway bridge was
built, which survived until February, 1945 [4]. In March, 2014, due to the
reunification of the Crimea and Russia, preparations for the construction of the
bridge became much more active. In June, 2014 the project was approved, and the
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construction of the bridge is planned to be completed by the end of 2018. The
planned height of the bridge is 35 m; its length is 19 km.

As previously noted, the geological conditions in the Kerch Strait are quite
complex due to seismicity, tectonic fault and weak soils. The bridge was designed
taking into account the earthquake resistance for magnitudes M up to 9.1, which
occurs in the area approximately once every 1000 years [5-8]. However, in
addition to taking into account the possibility of an earthquake in the Kerch Strait
itself, it is necessary to consider the possibility of the appearance of tsunami waves
coming from the basin of both the Black and Azov Seas.

There is scarce information about the tsunami of seismogenic nature in the Azov
Sea [9-13]. Epicenters of historical relatively weak underwater earthquakes are
concentrated in its southern and southwestern parts [5—7, 11]. The Azov Sea is
a relatively small, being actually the Black Sea gulf. Meanwhile, here storms appear
61-98 times a year [14], and the passage of a tsunami has also been monitored.
Therefore, the tsunami was recorded on September 11-12, 1927, December 28,
1939 and July 12, 1966, when waves from the Black Sea went through the Kerch
Strait to the Azov Sea. The echoes of these tsunamis were registered in a number of
points in the Azov Sea [15]. So, on October 28, 1969, the tsunami was manifested
by a 5-meter water shaft in the Azov Sea southeast. In 1971, such an event, but on
a larger scale, repeated for the same part of the Azov Sea [11, 14].

A number of authors have been engaged in the forecast of tsunamis in the
Black and Azov Seas [7, 9, 10, 16 and 17]. So, in the work of Sergey F. Dotsenko
and Andrey V. Ingerov, a numerical analysis of the tsunami wave propagation in
the Azov Sea was carried out. According to this work, "the issue on the
effectiveness of tsunami generation in the Azov Sea by seismic sources remains
relevant and little explored™" [10, p. 3]. This problem is currently very acute due to
the bridge construction across the Kerch Strait.

Numerical simulation. For numerical simulation of the tsunami wave
generation and propagation, the northeastern part of the Black Sea, the Kerch Strait
and the southern part of the Azov Sea were considered (Fig. 1, a). There were virtual
tide gauges registering the water level with a time step t = 1 min on the 4-meter
isobath along these coasts (Fig. 1, b). Two scenarios of possible strong earthquakes
with a magnitude M = 7 from two hypothetical sources of an ellipsoidal form were
considered. The dimensions of the earthquake sources, determined with by the
Wells formulas [18], are about 16.4 x 68 km.
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Fig. 1. Bathymetric map applied during the modeling, — a; a plan of virtual tide gauge location — b.
The dark line is a schematic representation of the position of the bridge under construction
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A positive vertical displacement in the source up to 2.1 m was considered. A
seismic source for the Scenario 1 implementation (the northeastern part of the Black
Sea) is located in the zone of active faults of the Earth crust (Fig. 2, a); the source for
Scenario 2 is in the southern part of the Azov Sea (Fig. 2, b). The computational
domain in this problem was chosen in the 35-38°E, 44.5-47.5°N with a grid
including the number of nodes 345 x 361 = 124545. The Black Sea bathymetry with
the 500 m resolution was used for the simulation.
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Fig. 2. The position of the considered earthquake source by Scenario 1 (a) and Scenario 2 (b)
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The simulation was carried out with a time step of 1 s. In the last seaward
point at a depth of 4 m the condition of total reflection (vertical wall) is set,
allowing to fix the maximum and minimum values of the water level displacement
at this depth. In the numerical solution, the scheme analogical to the scheme [19]
was applied.

To describe the wave generation and propagation process caused by processes
in the seismic source, a nonlinear system of shallow water equations was used in
a two-dimensional formulation with allowance for dissipative effects and bottom
friction [20-22].
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Fig. 3. The data from 4 virtual tide gauges located at the Kerch Strait entrance from the Black Sea for
Scenario 1. Virtual tide gauge number is indicated in the upper right corner: (1) — Yakovenkovo;
(2) — Zavetnoye; (24) — Volna; (25) — Artyushchenko

When the numerical simulation implementing, wave displacement and velocity
fields along the northeastern Black Sea coast, the coasts of the Azov Sea and the
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Kerch Strait were obtained. In Fig. 3, when implementing Scenario 1, the data
from virtual tide gauges can be seen. Their layout is shown in Fig. 1, b. The
calculated tide gauges are shown for 1, 2, 24 and 25 points located at the strait
entrance. It can be clearly seen that the maximum spread in sea level oscillations at
these points is almost 5 m: from +2.3 to —2.5 m. For the same scenario in Fig. 4 the
positions of the wave fronts are shown.
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Fig. 4. Position of tsunami wave fronts for 6 time moments when implementing Scenario 1

It is well seen (Fig. 4, e), that wave front up to 2.3 m in height approaches the
Kerch Strait entrance 30 minutes after the earthquake.

Fig. 5 shows the calculated tide gauges for the points located on the western
and eastern coasts of the Kerch Strait (Fig. 1, b). It can be seen that the maximum
heights of the first waves fitting almost all the points (except the 22" one) do not
reach 1 m.

Fig. 6 shows a picture of the passage of a tsunami wave along the Kerch Strait
for this scenario. The leading edge of the elevation wave has a convex, arcuate
shape along the entire width of the strait. The height of the crest in the strait an
hour after the beginning of the event reaches 1.5 m. After 1 hour and 13 minutes,
the right edge of the wave front up to 0.7 m in height (point 20 in Fig. 5) reaches
the bridge pillars in the Tuzla Spit area. The rest of the front continues to spread
northward and after about 8 minutes it strikes southern coast of the Kamysh-Burun
Bay and reaches the western bridge pillars. The height of the crest of the wave in
point 7 (Fig. 5) is about 0.7 m. After the passage of the Tuzla Spit, the height of the
right half of the wave front is almost halved and the wave front is turned toward the
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Taman Bay (Fig. 6, c). The middle part of the wave front extends toward the
northern coast of the Kerch Bay and reaches it in 10 minutes with a height of about
1 m (Fig. 6, d). In the rest of the bay, the wave height at the 4-meter isobath is
about 0.5 m. The water level decrease by about 1 m is observed at this time near
the bridge.

: " =) z | (23
{ |'| ] [l Ml s pa Iy i 1: I 4
= n_ﬂunullu lij'l W U" nl" YW AN S o l|r |||||‘|I| ’ Il.r,‘l'lﬂl.-;r“#"m.l\v,»"q A
N | 2
] 150 300 450 Lmin Q ! 150 305 T
) 1 (20

1
E o— ]uﬁiﬂ'lwwﬂ.?"ﬂw'f'r""'u""ﬁ "\"':-'LM"‘NE n—'-l'vrﬁ"-"#d AP Lo\ g

0 150 300 450 1, min 0 150 300 450 1. min
1 % (8) 1 ) {20
N | in “ Ilrl B ; .l. 'l | B i l i
= “_J‘ll,lI | ll'kf‘-'nlf '.'1\"""""4]1%“ m AN S 0— || M/ W \ || JPW"I-';”"""U"-" Wi
-1 I -1 '
o 150 ki1 450 1, min o 150 00 450 1 min
" (109 I (19

2 AN NI o A e e
-1 -1
0 150 300 450 1, min o 150 300 450 1. min

Fig. 5. The data from 8 virtual tide gauges located along the Kerch Strait for Scenario 1: (5) — the
southern part of the city of Kerch; (7) — the southwestern edge of the bridge; (8) — the northwestern
edge of the bridge; (10) — the eastern part of the city of Kerch; (19) — Taman; (20) — the northeastern
edge of the bridge; (21) — the southeastern edge of the bridge; (22) — Tuzla Island shore

45.15°:
3639

(e) §2
36.7° E 36.3°

36.5° 36.5° 36.7° E

Fig. 6. Positions of tsunami wave fronts and water level distribution in the Kerch Strait basin for 6
time moments when implementing Scenario 1
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At t ~ 1 h 46 min from the seismic process start (Fig. 6, d) a wave crest
consisting of two parts approaches the bridge. The bridge center is subjected to the
attack of a pointed shape wave crest, precisely in the area of the Tuzla Spit, where
the eastern bridge pillars are located. Another section of the wave front attacks the
bridge pillars at the site of its bending near the Ak-Burun Cape. The height of the
second crest of the wave in point 7 (Fig. 5) is also about 0.7 m. At the same time,
the leading front of the wave reaches the Chushka Spit, but the crest height is less
than 0.5 m. Approximately 2 hours 30 min after the seismic process start, the area
of the Tuzla Spit (Fig. 6e) is subjected to an attack of the wave with a crest of
about 1 m height (point 20 in Fig. 5) again.

According to the data of Fig. 5 and 6, it can be concluded that when the wave
moves along the entire length of the Kerch Strait, the maximum value of the height
of its leading edge is about 2.2 m (point 22). The wave passes through the whole
strait and reaches the water area of the Azov Sea in 2 hours 20 minutes (Fig. 7),
while having a maximum height of only about 0.2 m.
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Fig. 7. The data from 4 virtual tide gauges for Scenario 1 located at the exit from the Kerch Strait to
the Sea of Azov: (12) — Ovosiny; (13) — Yurkino; (14) — Priazovskiy; (15) — llyich

Fig. 8. Positions of tsunami wave fronts and water level distribution in the basin of the Sea of Azov
for 4 time moments by Scenario 1
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The tsunami fronts in the Azov Sea basin are of a circular shape (Fig. 8). The
mean wave height is 0.2 m. A wave with a 0.05 m mark reaches the northern coast
of the sea in 5 hours 50 minutes (Fig. 8, d). During wave propagation in the Azov
Sea, the maximum wave height remains the same as at the Kerch Strait exit, which
is clearly seen from data from the tide gauges 12-15 (Fig. 7).

During Scenario 2 implementation, when the earthquake source is localized in
the Azov Sea opposite the entrance to the Kerch Strait, the picture of tsunami wave
passage across the strait significantly changes (Fig. 9, 10). Unlike Scenario 1, the
leading front of the elevation wave has a flat shape after entering the strait and
passing the Chushka Spit. The crest height in the strait is of the order of 0.5 m 1 h
after the beginning of the event. After 1 h 46 min, the wave front (points 19, 20 in
Fig. 10) reaches the southern coast of the Taman Bay with a crest height of 0.5 m
in the Taman area. It also reaches the bridge pillars in the area of the Tuzla Spit
with a wave height of up to 0.4 m. The rest of the front continues to spread in the
southwestern direction, reaching the northern coast of the Kerch Bay. After 8 min
it collapses on the southern coast of the Kamysh-Burun Bay and reaches the
eastern pillar of the bridge. The height of the wave crest in point 7 (Fig. 10) is
about 0.7 m.
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Fig. 9. Positions of tsunami wave fronts and water level distribution in the Kerch Strait basin for 6
time moments when implementing Scenario 2

The middle part of the wave front extends towards the southern coast of the
Kerch Bay and reaches it in 10 minutes with a height of up to 0.5 m near the port of
Taman (Fig. 9, d). The right part of the wave front extends in the southwestern
direction, reaching the western bridge pillars and the southern coast of the Kerch
Bay. Two hours after the tsunami generation, the wave front reaches the bridge
pillars along its entire length and enters the Kerch Bay (Fig. 9, d). The wave height
of 0.4 m in the Tuzla Spit area (points 20, 21 in Fig. 10) drops to 0.2 m in the Ak-
Burun Cape area. (points 7, 8 in Fig. 10). After about 13 minutes, the wave passes
through the bridge area, remaining only in the Kerch Bay water area. With the
further propagation, the wave front becomes more slightly sloping with
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a maximum height of about 0.2 m, reaching the coast of the Kamysh-Burun Bay
and then dissipating through the strait.
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Fig. 10. The data from 8 virtual tide gauges located along the Kerch Strait for Scenario 2: (5) — the
southern part of the city of Kerch; (7) — the southwestern edge of the bridge; (8) — the northwestern
edge of the bridge; (10) — the eastern part of the city of Kerch; (19) — Taman; (20) — the northeastern
edge of the bridge; (21) — southeastern edge of the bridge; (22) — Tuzla Island shore

Spectral analysis. To analyze the passage of waves through the Kerch Strait,
a spectral analysis of the wave process was carried out using the data obtained from
virtual tide gauges 2, 7, 8, 12, 15, 20, 21 and 25 (Fig. 1, b) [19, 20]. Fig. 11, a
shows a wavelet spectrogram for point 2, located on the western boundary of the
Kerch Strait entrance.

It is clearly seen that in the interval At 0-300 min, the wave energy is
distributed almost uniformly throughout the frequency domain with an intensity
of up to 50 dB, however, the bulk of the wave energy is concentrated in the
low-frequency domain within the range 1-2.5 cph, which corresponds to
T ~ 15-60-minute waves over a time interval At 0-180 min. The intensity is
about 60 dB. At the southern entrance to the strait, in point 25, the energy is
distributed more evenly over the entire observation range, which is clearly seen on
the wavelet spectrogram for this point (Fig. 11, b). The largest wave intensity, up to
55 dB, within the range of 1-3 cph is observed in the interval At 20-80 min and up
to 2 cph in the interval At 200-380 min. When approaching the Crimean Bridge
a part of the wave energy is lost (Fig. 11, c, 11, d), the low-frequency component
of 1-2 cph prevails. The intensity is about 50 dB. In the area of the western part of
the bridge, moving from point 7 to point 8, the energy concentration in the
frequency range reaches 4 cph.

For the eastern part of the strait in point 20 in front of the bridge, three time
intervals At: ~50-100, ~150-200, ~250-300 min are well seen on the spectrogram
(Fig. 11e) in the frequency range 1-3 cph. The intensity is 50 dB. At the exit from
the Kerch Strait, all the wave energy is concentrated in a narrow low-frequency
interval of 1-2 cph with a significantly weakened wave energy (Fig. 11, e, 11, g).
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In the time interval At 100-600 min in the wavelet spectrograms for the tide gauges
12 and 15 there is practically a permanent component with a frequency f ~1-2 cph
(30-60 min period) and the intensity up to 40 dB. Thus, it can be seen that when
the waves pass through the Kerch Strait, the wave energy of the high-frequency
interval is practically lost, and the low-frequency interval is significantly
weakened.
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Fig. 11. Energy characteristics of tsunami waves in the Kerch Strait

Conclusion. The calculation carried out shows that with possible strong
earthquakes in the Black Sea of magnitude M = 7, the heights of tsunami waves in
the Kerch Strait near the bridge under construction can reach 1.5-2 m. When
a tsunami wave moves from the Black to Azov Sea through the Kerch Strait the
water flow velocity near the western pillars of the bridge that surrounds the Ak-
Burun Cape, can exceed 8.5 m/s (~30 km/h), which should be taken into account in
the bridge operation. In the eastern part of the bridge, the Tuzla Spit serves as
a natural dam, extinguishing the destructive energy of the tsunami. One hour and
45 minutes after the tsunami generation, a wave crest up to 1 m high approaches the
middle of the bridge, while the left side of the wave front attacks the western part of
the bridge. A wave with a height of up to 1 m reaches the eastern part of the bridge in
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the Tuzla Spit area after 45 minutes. Further propagation of the wave occurs with
lower heights.

In the reverse problem statement, when the potential source of the tsunami is
located in the Azov Sea, the wave heights in the Kerch Strait are much smaller, up
to 0.5 m. The wave will mainly affect the southern coast of the Taman Bay, so that
when a part of the wave front approaches the bridge line, its energy will have
already been substantially canceled. A characteristic feature of the tsunami propa-
gating through the strait is the flat shape of the wave front as when moving along
the Chushka spit, or when approaching directly to the bridge. Unlike the previous
case, when the tsunami source is located in the Black Sea, an elevation wave
attacks the bridge across its entire width — from the Tuzla Spit in the east to the Ak-
Burun Cape in the west. Note that the wave height here is significantly less than in
the first case, but the entire bridge construction is immediately attacked. The results
obtained are in good agreement with both the few observational data and the
research of other authors.

According to the analysis carried out, during the passage of a tsunami wave
from the Black Sea through the Kerch Strait on the section to the Crimean Bridge,
its amplitude and power are significantly damped. The wave front reaches and
passes through the eastern bridge pillars in the Tuzla Spit area within an hour after
the tsunami generation. In this part of the bridge, the width of the frequency
domain, where the main energy is concentrated, increases by 1.5 times (1-3 cph),
and the intensity also increases by 1.3 times, although the main frequency
component of the tsunami wave remains practically unchanged (~1-2 cph).

On the instantaneous power graph, when passing these supports, 3 peaks
appear instead of the one observed at the approach. Through the western bridge
pillars near the Ak-Burun Cape, the wave front passes about 10 min after reaching
the eastern pillars. Although the frequency range width of the domain the main
energy is concentrated in during the passage of the area of these pillars, increases
insignificantly (1-3.5 cph), the time interval expands more than 2 times at
practically constant intensity (~50 dB). The main frequency component of the
tsunami wave during the passage of the area of the western bridge pillars also
increases by 1.5 times approximately.
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