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Abstract

Within linear approximation of the long-wave theory, the paper uses the hydrodynamic
numerical model ADCIRC to study resonance properties of the water areas of the Sevasto-
pol bays: Streletskaya, Kruglaya, Kamyshovaya, and Dvoynaya, which includes Kazachya
and Solyonaya bays. The calculations were carried out for the water area of each bay sepa-
rately based on numerical experiments. At the first stage of modelling, waves in the bays
water areas were excited by setting red-noise disturbance at the liquid boundary at the bay
entrance. At the second stage, free oscillations were calculated under condition of their free
passage at the liquid boundary. The resonance periods of the above bays and spatial distri-
bution of the spectral density of sea-level oscillations in their water areas for individual
natural modes were determined using spectral analysis. Most of the resonance periods for
the Sevastopol bays were in satisfactory agreement with analytical estimates. The use of
realistic bathymetry and shoreline profile data in the modelling allowed obtaining addition-
al resonance periods for all the considered bays, which cannot be obtained with analytical
estimates. The spectral composition expansion of the resonance modes due to connection of
these bays via their entrances was revealed in Dvoynaya Bay, which includes Kazachya and
Solyonaya Bays. The spectral density spatial distribution of the main energy-carrying sea
level oscillations in Streletskaya, Kruglaya, Kamyshovaya and Dvoynaya Bays was ana-
lysed to show that the spectral density peaked mainly in the bay tops. In Dvoynaya Bay,
the spectral density maxima manifested in the eastern or western arms (Kazachya or Solyo-
naya Bays, respectively) depending on which of the arms their natural periods belonged to.
The results obtained here can be used in layout designing of hydraulic structures, develop-
ment of mariculture, planning of wastewater outlets, etc.
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AHHOTAIUA

B paMKax JIMHEHHOTO HpI/I6HI/I}KCHI/Iﬂ TCOPUHU JJIMHHBIX BOJIH Ha OCHOBC T'MJApPOJAMHAMHUYC-
ckoit uncnennoir Mmonenu ADCIRC uccnenyroresi pe3oHaHCHBIE CBOWICTBA aKBaTOPHI ceBa-
crononbeckux 0yxT: Crpeneukoii, Kpyrioit, KambiimoBoi, [IBoitHoi, BKIItOUatolieii B cedst
6. Kazaubto u Conenyro. Pacuersl npoBeZieHbI JJIsl aKBATOPHH Ka) 10 OyXThI OT/CILHO Ha
OCHOBE YHCIICHHBIX 3KCIepuMeHTOB. Ha mepBoM 3Tame MoIeIMpOBaHMS BO30YXKAAIOTCS
BOJIHBI B AKBaTOpUAX OyXT C MOMOLIBIO 33aJaHMS Ha JKMIKOH TpaHuLle, HaXOIALIeHCs
y BXoza B OyXTy, BO3MYILEHHs TUIIa «KPAacHBIA rym». Ha BTOpoM 3Tame paccuUuTHIBAaIOT-
csl cBOOOJIHBIE KOJIEOaHUs C YCIOBHEM CBOOOIHOTO MPOXOXKAEHMS Ha JKUAKOM I'paHHMIE.
C 1CroIbp30BaHUEM CHEKTPAIBLHOIO aHAIN3a YCTAHOBIICHBI PE30HAHCHBIE MIEPHOIbI YKa3aH-
HBIX OYyXT M NPOCTPAHCTBEHHOE paclpeleieHHe CIEeKTPaJbHOM IUIOTHOCTH KoleOaHUH
YPOBHS B MX aKBAaTOPHUSX IS OTACIBHBIX COOCTBEHHBIX MOJ. BOJBIIMHCTBO BBIAENEHHBIX
PE30HAHCHBIX IEPHOJOB VIS CEBACTONOJBCKUX OYXT YIOBJIETBOPHTENBHO COIIACYIOTCS
C aHAJIMTUYECKUMH OLeHKaMHU. Vcronp30BaHKe IPH MOJEIHPOBAHUH JAHHBIX OaTHMETPUU
U npouinst OeperoBoil YepThl, MPUONMKEHHBIX K PEaibHbIM, MO3BOJWIO MOMYYHTH IS
BCEX PACCMOTPEHHBIX OYXT IOIOJHHUTEIbHBIE PE30HAHCHBIE MEPHOIbI, KOTOPHIE HENb3s
MOJIYYUTh TIPH aHAIUTHYECKUX OlleHKaX. B 0. J[BoiiHo#, Brirovaromeli B ceds 0. Kazaubto
u ColeHyo, BBISIBICHO PaclIMPEHUE CIIEKTPAIBHOTO COCTaBa PE30HAHCHBIX MOJ, BO3HHKA-
IOIllee M3-3a CBSA3U ITHX OYXT Yepe3 WX BXOABL. AHAJIHM3 NPOCTPAHCTBEHHOrO paclpernese-
HUS CIIEKTPAJIFHON IUTOTHOCTH OCHOBHBIX JHEProHECyImuX Kosebanuii ypoBHA B 0. Ctpe-
neukoii, Kpyrinoi, KameimoBo#, /[BoilHON MmoOKka3ai, 4TO MaKCHUMaJIbHBIE 3HAYEHUS CIIEK-
TPaJIbHON IJIOTHOCTH BO3HHUKAIOT B OCHOBHOM B BepmimHax OyxT. B 6. JBoitHOi mMakcH-
MaJIbHbIEC 3HAYEHHUS CHEKTPaJbHON ILIOTHOCTH NPOSIBISIIOTCS B BOCTOYHOM MJIHM 3aIIaJJHOM
pykaBax (0. Kazaubs mmm ConeHasi COOTBETCTBEHHO) B 3aBHCHMOCTH OT TOT'O, K KaKOMY
U3 PyKaBOB OTHOCHTCSI COOCTBEHHBIN mepuos. [loaydeHHble 31ech pe3ylbTaThl MOI'YT OBITh
HCIIONB30BaHbI MPU IPOSKTUPOBAHUK PAa3MENICHHs] THIPOTEXHUUECKUX COOPYKEHHH, pas-
BUTUH MapHKYJIbTYPBI, INIAHUPOBAHUH BHIITYCKOB CTOYHBIX BOJ U T. I

KiaroueBble cjioBa: cedIeBble KONEOaHWS, CEWINH, CEBACTOMONBCKHE OYXTHI, MOJCITH
ADCIRC, matemaTnieckoe MOJCIUPOBAHHUE
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Introduction

The city of Sevastopol is located mainly within the Heraclean Peninsula and
its shoreline is indented with many bays and capes. They form a system consisting
of main Sevastopol Bay and several smaller adjacent bays. Seiches, i.e. standing
water mass oscillations, are often observed in such water bodies. Unlike seiches
in completely enclosed basins, they are excited by the penetration of long waves
from the open sea through the liquid boundary, with wave energy mainly being lost
through radiation at the bay entrance [1]. In contrast to enclosed water bodies, bays
also generate the Helmholtz mode (zero mode). This mode usually dominates all
other types of natural oscillations and determines the general character of motions
in the water area [2, 3]. The danger of seiches in bays is that they can cause intense
periodic currents that threaten coastal infrastructure and ships [4]. It is also known
that adjacent bays can interact by exchanging energy across their open boundaries,
resulting in the penetration of natural modes of one bay into another [5, 6]. The Se-
vastopol bays form a system of interconnected oscillators, resulting in an expansion
of the seiche mode composition in each bay.

Periods of seiche oscillations are determined by geometrical parameters of
the water area, such as depth, shoreline outlines and bathymetry. In the Black Sea,
it is known that seiche periods in bays and gulfs range from several minutes to two
hours, with periods of 5-10 min occurring in all of them. Level oscillations with
periods of 2—-3 min can be caused by the transformation of long waves in the coastal
zone or by sharp gusts of wind in one direction. Oscillations with periods of 15—
20 min can be caused by sharp changes in atmospheric pressure as well as changes
in wind direction and speed. Seiches of this type most often appear at the passage
of cyclones, especially in the peripheral zone, where wind intensification occurs
[7]. At the same time, level oscillations with a period of up to 10 min are the most
common. Of the seiches with a longer period on the Crimean coast, the most fre-
quent are those with a period of 30-50 min [7]. Analysis of short-term measure-
ments taken with an ADCP probe during expeditions by Marine Hydrophysical Insti-
tute in 2008 and 2014 revealed that current oscillations occurred at the entrance
to Sevastopol Bay with a period of ~60 min [8].

In addition to seiches, tidal level oscillations inherent to the Black Sea appear
in the Sevastopol bays as a background. In [9], devoted to the study of the Black
Sea tides, it is indicated that the main lunar semidiurnal component (12.42 h) and
the gravitational lunar-solar diurnal component (23.93 h) are the most intense
on the Crimean coast. The intensity values of these tidal modes are close to each
other, which agrees well with the data from [10].
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At present, seiche oscillations in Sevastopol bays remain poorly studied.
Data of in situ observations are only available for Sevastopol and Kruglaya bays.
Sea level oscillations in Sevastopol Bay were recorded using a mareograph located
at the marine hydrometeorological station on Cape Pavlovsky [10]. During the pro-
cessing of the results of in situ observations, the periods corresponding to the semi-
diurnal and diurnal components of the tide as well as with values of 0.9, 1.25, and
2.5 h were identified. The oscillation with a period of 0.9 h is the Helmholtz mode
of Sevastopol Bay. In Kruglaya Bay, data were obtained relatively recently
(in 2023), with level measurements using an ultrasonic sensor and resonance peri-
ods of local seiches identified on the basis of spectral analysis [11]. Among them,
the most intense Helmholtz mode of Kruglaya Bay with a period of 13.7 min was
identified.

The establishment of physical regularities of level oscillations in a system of
connected bays, such as the Sevastopol bays, is possible through mathematical
modelling. Several studies [1, 6, 11, 12] have investigated seiche oscillations
in Sevastopol bays using numerical modelling. In [6], the mutual influence of Se-
vastopol and Karantinnaya bays on each other due to the exchange of oscillation
energy through their entrances was investigated. The study showed that the intensi-
ty of the natural modes of Sevastopolskaya Bay could exceed that of Karantinnaya
Bay when they penetrated into the latter. In [1], the resonance periods of the main
Sevastopol bays and the influence of the duration of the initial disturbance on seiche
generation in them were studied. In [12], different modes of seiche oscillations
in Sevastopol Bay were studied in the context of disturbances with periods of 2.5,
2.9 and 6.2 min, which correspond to the natural modes of the bay with different
spatial structures. The periods of the fundamental modes of the Sevastopol (50 min)
and Karantinnaya (9.25 min) bays were determined based on the numerical solu-
tion of the problem for natural values.

Nevertheless, information on the periods and spatial structure of natural level
oscillations in all Sevastopol bays remains insufficient. Therefore, it is necessary
to develop a comprehensive understanding of long-wave oscillations in the Sevas-
topol bays and determine the resonance (natural) period values of the Sevastopol
bays system and its individual elements within the high-frequency spectrum (hours
— minutes).

The purpose of this study is to analyse the resonance response of sea levels
in the Sevastopol bays: Streletskaya, Kruglaya, Kamyshovaya, Kazachya and Solyo-
naya, in response to disturbances from the open sea, and to determine their natural
periods. Investigating the resonance properties of each bay separately made it pos-
sible to study the mode composition of seiches in detail. Understanding the reso-
nance properties of each bay in the system will enable more accurate interpretation
of modelling and measurement results for the entire system.
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Materials and methods of study

A detailed study of seiche oscillations in Sevastopol bays was conducted using
bathymetric data from digitised nautical charts. Fig. 1 shows the bathymetry of
the Sevastopol coastal zone and its bay system.

Numerical modelling was carried out separately for each of the studied bays:
Streletskaya, Kruglaya, Kamyshovaya, Kazachya and Solenaya. Fig. 2 shows
the bathymetry of these bays. Sea level oscillations were calculated at points 1-23
(Fig. 2).

Streletskaya Bay (Fig. 2, a) is located 3 km southwest of the southern break-
water of Sevastopol Bay and extends 2 km inland. To the west of Streletskaya Bay,
Kruglaya Bay (Fig. 2, b), almost circular in shape, is found. This bay is shallow
with a sandy bottom. Winding Kamyshovaya Bay (Fig. 2, c), about 2.5 km long, is
separated by two protective breakwaters limiting its entrance. Kazachya and Soly-
onaya bays (Fig. 2, d) together form Dvoynaya Bay, which is one of the most com-
plex bays in the Sevastopol bays system. It is located 15 km west of the Sevastopol
city centre, between Kamyshovaya Bay and Cape Chersonese. Kazachya Bay is
approximately 600 m longer than Solyonaya Bay.

Numerical hydrodynamic Advanced Circulation Model for Shelves, Coasts,
and Estuaries (ADCIRC) was used for calculations 2. A variant of the model [14]
based on depth-averaged equations of motion was used in this case

2 2
@+UQ+VQ:_Q@_CdU U +Vv +AhAqX, (1)
o x oy ox H H
2 2 A
NNy X o gn_ o VWUHVE 20 @
at  ox oy ay H H
1%,
@+%+&:0. (3)
. ox oy

Here, U, V are depth-averaged components of the velocity vector along axes x and
y, respectively; n is basin water level;, H = h + n is dynamic depth; Cq is bottom
friction coefficient; A is Laplace operator in spatial variables; Ay is horizontal tur-
bulent viscosity coefficient; g« = UH, qy = VH are components of the vector of total
fluxes.

D Luettich R. A., Westerink J. J., Scheffner N. W. ADCIRC: An Advanced Three-dimensional Circula-
tion Model for Shelves Coasts and Estuaries. Report 1: Theory and Methodology of ADCIRC-
2DDI and ADCIRC-3DL. Vicksburg, MS : U.S. Army Engineers Waterways Experiment Station,
1992. 137 p. (Dredging Research Program Technical Report DRP-92-6).

2 Luettich R. A., Westerink J. J. Formulation and Numerical Implementation of the 2D/3D ADCIRC.
2004. URL.: https://adcirc.org/wp-content/uploads/sites/2255/2018/11/adcirc_theory 2004 12 08.pdf
(mata obparmenus: 2.05.2025).
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Fig. 1. Bathymetry of the Sevastopol coastal zone. Notations: A — Solyonaya Bay,
B — Kazachya Bay (these two bays constitute Dvoynaya Bay), C — Kamyshovaya
Bay, D — Abramova Bay, E — Kruglaya Bay, F — Streletskaya Bay, G — Pesochnaya
Bay, H — Karantinnaya Bay, | — Yuzhnaya Bay, J — Sevastopol Bay

Fig. 2. Bathymetry of Sevastopol bays: a — Streletskaya; b — Kruglaya;
¢ — Kamyshovaya; d — Dvoynaya. Numbers 1-23 stand for virtual mareographs (sta-
tions)
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The numerical algorithm of the ADCIRC model is based on the finite element
method using triangular elements and linear basis functions. To reduce computa-
tional noise during numerical integration of the system, the continuity equation is
represented as so-called Generalized Wave Continuity Equation (GWCE)

§+TOG =0,
ot

where G =0dn/ot+0q, /0x+0q, /0y ; to is non-negative parameter affecting

the phase characteristics and stability of the numerical algorithm. After some iden-
tical transformations, the GWCE takes the following form

2
2t ot ox oy
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The GWCE-based numerical algorithm suppresses short-wavelength noise
effectively when solving the system of equations, without the need for artificial
viscosity or distortion of the long-wavelength portion of the spectrum.

The quasi-linear version of the ADCIRC model was used, taking into account
bottom friction, because it was assumed that the contribution of nonlinear terms
in equations (1)—(3) could be neglected. The Coriolis force was not taken into ac-
count due to its weak influence on the scale of Sevastopol bays. Horizontal turbu-
lent viscosity was also not taken into account, so turbulent viscosity coefficient A,

was assumed to be equal to zero; parameter 1o was 0.005. Bottom friction coeffi-

o] P L C
cient C, =CO[ 1+(H, /H) J , Where Co is minimum value Cq; a = 10 is di-

mensionless parameter that determines the rate of bottom friction growth when
the depth is greater or less than the depth of wave breaking H, = 1 m; p=1/3 is
dimensionless parameter that determines how bottom friction increases with de-
creasing basin depth.

Numerical modelling was carried out on unstructured computational grids,
which numbered from ~4,000 to ~12,200 finite elements for different bays. The grid
step ranged from 20 to 100 m. The time integration step was At = 0.025 s.

Waves in the bays water areas were excited by setting red-noise disturbance
[15] at the liquid boundary of each bay under consideration.
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The boundary condition on the liquid boundary has the following form

cb={c"’ tét"}, @)
0, '[>tp

where (x,y,t) is a random function with red-noise spectrum; t, is pumping

time.

The numerical experiment consisted of a 6 h pumping phase and a 6 h free os-
cillations phase. During the pumping stage, wave disturbances were generated
at the liquid boundary of the computational domain due to condition (4). Using
disturbances in the form of red-noise suppressed the high-frequency components
and enabled the response of the bay system to be considered in the long-wave spec-
trum. During the free oscillations stage, the initial conditions were formed based on
the results of calculations carried out in the previous stage. A free passage condi-
tion was set on the liquid boundary of the computational domain. Spectral analysis
of the series of level deviations calculated in the free oscillation mode was used
to identify the periods of modes with the highest intensity.

Modelling results and discussion

Numerical experiments were conducted to calculate the level oscillations at
stations 1-23, which are located within the design area of each of the studied bays.
Fig. 3 shows the calculated marigrams for the regime of free level oscillations.

The most intense seiche oscillations occur in Kamyshovaya (Fig. 3, c),
Kazachya (Fig. 3, d) and Solyonaya (Fig. 3, e) bays. Additionally, damping of
seiches in these bays is slower (within 2 h) than in Streletskaya and Kruglaya bays
(Fig. 3, a, b) where water oscillations damping lasts ~45 min. It should be noted
that Solenaya and Kazachya bays are part of Dvoynaya Bay (see Fig. 2, d), which
results in higher intensity of seiches in more extended Kazachya Bay compared to
Solyonaya Bay. This is consistent with the findings reported in [16], where a bran-
ched bay model with the characteristic dimensions, mean depth and configuration
of Dvoynaya Bay was examined. The paper demonstrates that asymmetry results
in a reduction in the intensity of oscillations in the relatively short bay, as well as
in their significant amplitudes in the longer bay, and an expansion of the mode
composition of seiche oscillations in both bays.

To determine the periods of seiche oscillation in the bays, the calculated mari-
grams were subjected to spectral analysis using scripts developed by Gert Klopman
and Delft Hydraulics?. The energy spectra of the oscillations of sea level E (f)
were obtained using the Fourier transform. The ESD spectral energy density in range
of oscillations [fa; fy] was calculated as

ESD:f\E(f}de : (5)

a

9 Winde H. P. Wave height from pressure measurements. 2012. 49 p. Available at:
https://repository.tudelft.nl/record/uuid:e3b07efd-1ce9-4fd1-b051-c794c72959ca [Accessed: 12 De-
cember 2024].
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Fig. 4 shows the energy spectra of
the oscillations of sea level E (f) in the tops
of the Sevastopol bays. It can be seen
that modes with periods 1.1, 1.6, 2.8,
1.4 min are dominant in Streletskaya Bay
(Fig. 4, a). In Kruglaya Bay, the main
peaks are noted at periods 4.6, 10.6, 1.7,
2.7 min (Fig. 4, b). Modes with periods
7.1, 15, 3.6, 4.5, 2.1 min prevail in Kamy-
shovaya Bay (Fig. 4, c). In fact, Kaza-
chya and Solyonaya bays are intercon-
nected, as a result of which the mode
composition of their seiches expands due
to their mutual influence. The main peaks
occur at periods 17.1, 2.7, 3.3, 1.6, 6.7 min
in Kazachya Bay and at periods 5.1,
17.1, 9.5, 6.7, 3.3, 2.0, 2.5 min in Solyo-
naya Bay. Therefore, three similar peaks
at periods 17.1, 3.3, 6.7 min can be seen
in both bays.

Table shows the periods determined
for the resonance oscillation modes of
the bay tops, ordered by decreasing oscilla-
tion energy. Also given here are the peri-
ods of natural sea level oscillations in the
Sevastopol bays calculated in [1] using
formulas for a stationary-depth basin and
a parabolic-bottom basin (these values are
given in brackets) from [17]. As can be
seen from Table, the values obtained
in most periods in the present study coin-
cide with the values of the periods deter-
mined analytically in [1] or close to them.

Fig. 3. Marigrams calculated for the free
oscillations mode in Sevastopol bays: « — Stre-
letskaya (St. 5); b — Kruglaya (St. 8); ¢ — Ka-
myshovaya (St. 14); d — Kazachya (St. 20);
e — Solyonaya (St. 23)

88 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025



The absence of certain values and the em- 10"

ergence of new ones in our results are relat- 10* a
ed to complex, non-rectangular shapes of £ 10"
the bays and their bathymetry peculiarities. E 10°
Thus, in Streletskaya Bay, all of the previ- e

ously identified periods were detected, ex-
cept for the 13.5 min period corresponding
to the Helmholtz mode of this bay. This
appears to be connected with the impact of
red-noise disturbance. In Kruglaya Bay, new
modes with periods of 4.6, 1.9, 1.6 min ap-
pear. The present studies revealed a mode
with a 12.9 min period in Kamyshovaya
Bay while analytical estimates indicated
a maximum period of 19.8 min. As for Ka-
zachya and Solyonaya bays, which together
form Dvoynaya Bay, almost all of the peri-
ods identified through analysis were detected
in these bays. At the same time, the mode
composition of sea level oscillations is sig-
nificantly expanded due to the bays being
connected to each other via entrances. The
period values calculated for Kazachya (6.7,
2.5, 2.0 min) and Solyonaya (6.7, 3.3, 2.0,
2.5, 2.7 min) bays also agree well with the
values obtained in [16] for the model bay,
which has the same configuration and aver-
age depth as Dvoynaya Bay. At the same
time, the present studies revealed a wider
range of periods for these bays.

Fig. 4. Energy spectra of sea level oscilla-
tions resulting from red-noise disturbance
in Sevastopol bays: a — Streletskaya (St. 5);
b — Kruglaya (St. 8); c— Kamyshovaya (St. 14);
d — Kazachya (St. 20); e — Solyonaya (St. 23)

0 5 10 15 20 23
T, min

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025 89



Periods of natural oscillations in Sevastopol bays, min, for a stationary-depth basin and
a parabolic-bottom basin

Bay Mathematically Perlods_
(station) modelled periods, min from analytical
' estimation, min [1]
135
12 4.5 (4.3)
Streletskaya Bay 2' 8 2.7(2.7)
(St. 5) ' 1.9 (2.0)
1.4
4.2 13
1.2
4.6
lg; 10.2
17 3.4 (2.7)
Kruglaya Bay 3'3 2.0(@1.7)
(St. 8) ' 1.5(1.3)
1.9
3.0
1.6 23
2.0 '
15
7.1 19.8
1.5 6.7 (6.0)
Kamyshovaya Bay 3.6 4.0 (3.8)
(St. 14) 4.5 2.8(2.8)
2.1 15
12.9 14
5.1
17.1
6.7
2.7
3.3
Kazachya Bay 1.6 152
5.1
(eastern arm of 15 3.0
Dvoynaya Bay) 2.1 2'2
(St. 20) 2.5 1' 5
3.0 .
10.0
1.3
2.0
2.2
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Continued

Bay Mathematically Periods
(station) modelled periods, min from analytical
Perios estimation, min [1]
5.1
171
% 9.6
Solyonaya Bay E 32
(western arm of = 19
3.3
Dvoynaya Bay) Y 14
(St. 23) £2 13
2 1.2
2.2 .
3.0
1.6

Note. Values for the basin with parabolic bottom profile are given in brackets. Periods
with good agreement are highlighted in bold. The periods in Kazachya and Solyonaya
Bays, resulting from their interaction, are underlined.

Figs. 5-8 demonstrate spatial distribution of the spectral energy density per
unit time of the main energy-carrying level oscillations in Streletskaya, Kruglaya,
Kamyshovaya, Dvoynaya bays calculated according to formula (5). For Streltskaya
Bay (Fig. 5), the maximum values of the spectral energy density of seiche level
oscillations are observed near the eastern coast of the bay and in its top (stations 3
and 5). In Kruglaya Bay (Fig. 6), most of the energy of seiche oscillations is
concentrated in its top (station 8). Fig. 7 shows spatial distribution of spectral
density of energy in Kamyshovaya Bay, from where we can see that the most
intense oscillations are characteristic of the narrow part of the bay near its top
(stations 12-14). The most complex energy picture was obtained in the case of
Dvoynaya Bay (Fig. 8). It can be seen that the resonance properties of the bay,
which consists of two arms, are manifested in the intensification of level oscillations
in both eastern arm (Kazachya Bay) and western arm (Solyonaya Bay). According
to analytical estimates (Table), modes 5.1, 17.1 and 2.7 min are natural periods of
Kazachya Bay (eastern arm of Dvoynaya Bay), therefore, the maximum values of
the spectral energy density for these periods are noted in this bay (Fig. 8, 4, b, d).
According to the calculations, the mode with a 6.7 min period was also noticeably
pronounced in Kazachya Bay (Fig. 8, c). The highest values of spectral energy
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Fig. 5. Spatial distribution of spectral density of main energy-
carrying level oscillations in Streletskaya Bay for a period T of
1.3 min (a), 1.6 min (b), 2.8 min (c)
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Fig. 6. Spatial distribution of spectral density of main energy-carrying
level oscillations in Kruglaya Bay for a period T of 4.6 min (a), 2.7 min (b),
10.6 min (c)
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Fig. 7. Spatial distribution of spectral density of main energy-carrying level
oscillations in Kamyshovaya Bay for a period T of 7.1 min (a), 1.5 min (b),
3.6 min (c)

density were obtained for 2.0 and 9.5 min periods in Solyonaya Bay, as these are
its natural periods (Solyonaya Bay is the western arm of Dvoynaya Bay) (Fig. 8, e, f).

Analysis of the calculation results showed that Kazachya Bay (Fig. 8), with
spectral density of over 150 m%Hz for a 5.1 min period, and Kamyshovaya Bay,
with ~120 m?/Hz for a 7.1 min period, had the highest values of spectral energy
density of level oscillations. In Kruglaya Bay, maximum spectral energy density
was ~65 m?/Hz for a 4.6 min period. The lowest values of spectral energy density
were observed in Streletskaya Bay (~0.15 m*Hz for a 1.3 min period).

Fig. 9 demonstrates the spatial distribution of relative (reduced to maximum
values) amplitudes of sea level seiche oscillations in the bays. As can be seen,
the largest amplitude values occur mainly in the tops of the bays, with the exception
of Streletskaya Bay where the transverse mode dominates.

The spatial distribution of the amplitude and spectral density of level oscilla-
tions, as shown in Figs. 5-9, can be useful in identifying local zones where signifi-
cant level rises caused by seiches are possible. This information is important for
ensuring the safety of bay coastal infrastructure, such as ports.
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Fig. 8. Spatial distribution of spectral density of main energy-carrying level os-
cillations in Dvoynaya Bay for a period T of 5.1 min (a), 17.1 min (b), 6.7 min (c),
2.7 min (d), 2.0 min (e), 9.5 min (f)
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Fig. 9. Spatial distribution of relative amplitudes of level seiche oscillations in Sevasto-
pol bays: a — Streletskaya; b — Kruglaya; ¢ — Kamyshovaya; d — Dvoynaya

Conclusion

The hydrodynamic numerical model ADCIRC was used to study resonance
properties of the water areas of the Sevastopol bays: Streletskaya, Kruglaya,
Kamyshovaya, and Dvoynaya, which includes Kazachya and Solyonaya bays.
Analytical estimates were used to control the resonance period values. The following
conclusions can be drawn based on the analysis of the results of the calculations
performed. The calculations were carried out for the water area of each bay
separately. Waves in the bays water areas were excited by setting red-noise
disturbance. The resonance periods of the above bays and spatial distribution of
the spectral density of sea-level oscillations in their water areas were determined.

Most of the resonance periods identified for the Sevastopol bays are in satis-
factory agreement with the analytical estimates of these periods. In Streletskaya
Bay, however, it was not possible to excite the Helmholtz mode (the period of
which, according to analytical estimates, is approximately 13.5 min) by setting red-
noise disturbance. The period of the senior resonance mode of Kamyshovaya Bay
was 12.9 min, which differs significantly from the analytical assessment of
19.8 min. This is because the bay water area has a complex spatial structure and
two protective breakwaters built at its entrance.

The use of realistic bathymetry and shoreline profile data in the modelling
allowed obtaining additional resonance periods for all the considered bays, which
cannot be obtained with analytical estimates.
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The spectral composition expansion of the resonance modes due to connection
of these bays via their entrances was revealed in Dvoynaya Bay, which includes
Kazachya and Solyonaya Bays.

The spectral density spatial distribution of the main energy-carrying sea level
oscillations in Streletskaya, Kruglaya, Kamyshovaya and Dvoynaya Bays was ana-
lysed to show that the spectral density peaked mainly in the bay tops. In Dvoynaya
Bay, the spectral density maxima manifested in the eastern or western arms (Kaza-
chya or Solyonaya bays, respectively) depending on which of the arms their natural
periods belonged to.

To clarify the resonance properties of the Sevastopol bays, in situ observations
of the bay system are required.

The results of the study can be used in layout designing of hydraulic struc-
tures, development of mariculture, planning of wastewater outlets, etc.
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