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Purpose. The paper is aimed at studying the seiche structure in the adjacent bays' system of real 
configuration. 
Methods and Results. The response of the Sevastopol and Quarantine bays (Black Sea) to sea level 
fluctuations set at the open boundary of the computational domain has been studied. A number of 
random harmonics within the range of the eigen periods of these bays were used as fluctuations. 
The ADCIRC numerical model was applied for simulating. The numerical experiments were 
performed for three ranges obtained from the analytical estimates: 30–52, 8–30 and 1–15 min. 
The energy-bearing periods of seiche oscillations were revealed for both bays. The mutual influence 
of these bays was also studied. 
Conclusions. The above mentioned wave disturbances lead to generation of the seiche oscillations in 
the bays. For the Sevastopol Bay, their periods are 48, 22, 16, 10 and 6 min, for the Quarantine Bay – 
11.4 and 4.8 min. The number of the generated modes is determined by the interval of the wave 
disturbance periods. The bays have a mutual influence on each other due to the wave energy 
exchange through their entrances. At that intensity of the eigen modes of the Sevastopol Bay 
penetrating the Quarantine Bay can exceed intensity of those of the Quarantine Bay. In both bays, 
the seiches with the largest amplitudes are induced by the disturbances, the periods of which are in 
the interval 30–52 min. 
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Introduction 
There is a system of bays having various configurations, sizes and bathymetry 

in the coastal zone of Sevastopol. The Sevastopol Bay (length 7 km, average width 
1 km and average depth 11.7 m) is the largest one. To the west adjacent to it is 
the Quarantine Bay (length 1.6 km, average width 0.2 km, average depth 8.2 m) 
(Fig. 1). 

 

 
 

F i g.  1. System of the Sevastopol bays and location of the points, at which the sea level fluctuations 
were analyzed 
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Despite the importance of bays for Sevastopol, they have not yet been studied 
enough. Oceanologic research was carried out mainly in the Sevastopol Bay [1]. 
Sea level fluctuations were recorded using a tide gauge at the Marine 
Hydrometeorological Station Sevastopol. Examples of typical mareograms are 
shown in Fig. 2 [2]. The characteristics of the currents in the Sevastopol Bay were 
measured by ADCP probe during Marine Hydrophysical Institute expeditions [3]. 
Current fluctuations occurring at the bay entrance with a period of about 
60 minutes were monitored during these expeditions. In [4], a numerical 
calculation of the eigen modes of the Sevastopol Bay was carried out. Based on 
mathematical modeling the currents in this bay were studied in [5] and 
the dynamics of the contaminating impurity spread – in [6]. There are no 
observational data on hydrophysical parameters for the Quarantine Bay. 

 

 
 
F i g.  2. Observed mareograms for the Sevastopol Bay [2, p. 249]: a) – “background” seiches, b) – 
intensive seiches 

 
In bays seiches are generated either by direct action of atmospheric 

disturbances on the bay surface, or by disturbances coming to the bay through open 
boundaries. Disturbances coming from the open sea have different time scales. 
Seiches observed in bays and gulfs of the Black Sea have periods from several 
minutes to 1–2 hours and amplitudes up to 20–25 cm [7]. Seiches of small periods 
(2–3 min) are more often recorded during the storm [7] and are caused by 
the transformation of storm waves in the coastal zone. So, in [8] it is indicated that 
as a result of the nonlinear interaction of storm waves with periods of 8–10 s, 
infragravity waves with characteristic periods of 30 to 300 s appear. Seiches of 
longer periods (15–20 min) are caused by sharp fluctuations of atmospheric 
pressure [7]. Seiches of this type are most often generated during the passage 
of cyclones, especially their peripheries, determining the wind amplification [7]. 
If the periods of disturbing oscillations coincide with the natural periods 
of the bay, resonance amplifying the oscillations is possible. In bays, one of 
the dangerous phenomena associated with seiches is  harbor oscillations (harbor 
currents) [8]. The works [9, 10] study the conditions for the appearance of harbor 
oscillations in a number of Sevastopol bays. 

The study of the mutual influence of adjacent bays is of great practical 
importance. So, in [11], the interaction of two model bays with the characteristic 
dimensions: the Sevastopol Bay and Quarantine Bay, was considered. In [12], 
the interaction of adjacent large and smaller bays was studied by the example of 
the Ciutadella and Platja Gran inlets located on the west coast of Menorca Island, 
one of the Balearic Islands in the Western Mediterranean. 
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 The results of studies of the mutual influence of two bays, obtained in [13] 
based on laboratory experiments using a hydraulic model are of undoubted interest. 
The promising experimental studies of seiche oscillations in the Far East bays and 
gulfs should be mentioned. They were carried out by the Pacific Oceanographic 
Institute and the Institute of Marine Hydrophysics and Geology, Far Eastern 
Branch of the Russian Academy of Sciences using laser interferometers and laser 
hydrophones [14–16]. In the aforementioned works, the natural periods of a large 
number of Far Eastern bays were established. 

The present paper is aimed to study the resonant response of the Sevastopol 
and Quarantine bays to disturbances coming from the open sea, and the mutual 
influence of these bays on each other. 

 
Numerical model and algorithm for estimating periods of seiche oscillations 
To study seiche oscillations in the Sevastopol and Quarantine bays, 

the numerical hydrodynamic Advanced Circulation Model for Shelves Coasts 
and Estuaries (ADCIRC) was used in this work; its detailed description is given in 
[17–20]. Below the model variant based on linearized depth equations of motion 
averaged over depth without taking into account the Coriolis force was used: 
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Here U, V are the depth-average components of the velocity vector along the x and 
y axes, respectively; t is the time; η  is the water level in the basin; H = h + η  is 
the dynamic depth; ∆ is the Laplace operator on spatial variables; hA  is 
the horizontal turbulent viscosity coefficient; ,UHqx =  VHqy =  are the full flow 
vector components. 

On the solid side walls of the computational domain, the boundary non-
leakage condition was used. To exclude the friction nonlinearity effect at 
the bottom, a boundary sliding condition was set. 

Numerical algorithm of the ADCIRC model is based on the finite element 
method using triangular elements with linear basis functions. To reduce 
the computational noise level during the numerical integration of system (1), 
the continuity equation is represented in the Generalized Wave Continuity 
Equation (GWCE) form [17]. GWCE computational noise level is controlled by 
a parameter 0τ . 

Simulation of seiche oscillations in the system of Sevastopol bays was carried 
out on an unstructured computational grid of 56,354 nodes (107,202 finite 
elements), shown in Fig. 3. For the numerical algorithm stability, the integration 
time step was Δt = 0,025 s, the turbulent viscosity coefficient hA  = 3 m2/s; 

.005,0τ0 =  The values of all the aforementioned coefficients were selected based 
on the recommendations given in [17, 18]. 
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F i g.  3. Unstructured computational grid for modeling seiche oscillations in the system of 
the Sevastopol bays 

 
As an initial approximation for estimating the periods of eigen oscillations Tkm 

of the bays under study, the formula from [21] was used: 
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where a , b and h  are the average length, width and depth of the bay; k = 0, 1, 2, 
…; m = 0, 1, 2, .... Calculations by formula (2) give the following estimates of 
the values of eigen periods for the Sevastopol Bay: 43,8; 14,6; 8,8; 6,3; 2,8 min, for 
the Quarantine Bay – 11,7; 3,9; 2,3; 1,7; 0,7 min. In [4], a numerical calculation of 
the Sevastopol Bay eigen periods was carried out taking into account the real 
profile of the coastline and bathymetry, which gave the following values: 50; 22; 
14,7; 12; 9,5; 7,9; 6,4 min. 

Numerical modeling was carried out for three intervals of disturbance periods, 
covering the range of eigen periods of the Sevastopol and Quarantine bays and 
calculated using the formula (2): 

.151,308,5230 321 −=∆−=∆−=∆ TTT                             (3) 
 

Selection of intervals (in minutes) was carried out for the following reasons: 
the 21, TT ∆∆ ranges contain high-frequency modes of the Black Sea seiches and 
disturbances caused by the movement of cyclones over the sea and tsunami waves; 

3T∆  range – infra-gravity waves and disturbances caused by atmospheric pressure 
fluctuations. 

The calculations were carried out in two stages. At the first stage, zero initial 
conditions were used. At 0>t  an open boundary of the computational domain, 
disturbances of the following form were set 
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where 100 =a  cm  is the amplitude of oscillations; N  is a number of harmonics in 
a row; n  is the harmonics No.; nn Tπ2ω =  is the frequency of oscillations, nT  is 
the period of oscillations; nϕ  is the initial phase of oscillations. The oscillation 
period of each harmonic of series (4) is determined by 
the expression nn TTTT δ)( minmaxmin −+= , where minT , maxT  are the minimum and 
maximum periods of oscillations. The value nδ  represented the increment as 

)1/()1(δ −−= Nnn . The harmonics number N is determined by the step of 
discreteness in time between adjacent periods (in the calculations, the step c10=dt  
was used), including the values of the maximum and minimum oscillation periods 

1)( minmax +−= dtTTN . The initial phase of oscillations nϕ  was determined 
according to the formula )21(δπ −= nnϕ .  

According to the preliminary numerical experiments, the initial phase does not 
significantly affect the calculation results. The calculations continued for 3 hours of 
model time. At the second stage, the boundary condition (4) was replaced by 
the free passage condition. As the initial data, the fields U, V and ηwere set at 
t = 3 hrs. The duration of the second stage of the calculations was 4 hours of 
model time. 

 
The numerical simulation results 

The Sevastopol Bay. Fig. 4–6 show mareograms for points 2, 7 and 9 located 
in the Sevastopol Bay water area (Fig. 1). Fig. 7 shows the energy spectra of level 
oscillations for the same points. As can be seen from Fig. 4–7, the level 
fluctuations generated in the bay on the ΔT1 interval have the highest energy and 
slower fade away. The period of 48 min is clearly traced in these oscillations, 
corresponding to the Helmholtz mode of the Sevastopol Bay. High frequency 
modes are not generated. 

 

 
 

 

F i g.  4. Mareograms for ΔT1: a – at point 2; b – at point 7; c – at point 9 
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F i g.  5. Mareograms for ΔT2: a – at point 2; b – at point 7; c – at point 9 
 

On the ΔT2 interval (Fig. 5; 7, d – f) the oscillation energy generated in 
the Sevastopol Bay oscillations is an order of magnitude less than on the ΔT1 

interval. The Helmholtz mode (48 min period) dominates in the bay. Fast fading 
(within 1.5 h (Fig. 5)) high-frequency modes are superimposed on it. Among them, 
own modes with periods of 16, 22–24; 6; 10 min are most intense; (indicated in 
descending order of energy contribution). In addition to these modes, oscillation 
with a period of 11.4 minutes corresponding to the Quarantine Bay Helmholtz 
mode are recorded throughout the Sevastopol Bay water area. 

 

   
 
F i g.  6. Mareograms for ΔT3: a – at point 2; b – at point 7; c – at point 9 
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On the 3T∆  interval (Fig. 6; 7, g – i) the maximum energy of oscillations 
generated in the Sevastopol Bay is 5–10 times less than on the .2T∆  interval. 
The oscillations fade rather quickly and have the nature of beats (Fig. 6) when 
several modes comparable in energy level interact. The mode with the period of 
16 min prevails over almost the entire bay water area. Other modes with periods of 
48; 22; 10 and 6 min, which are eigen modes of the Sevastopol Bay, also stand out 
(Fig. 7, g – i). Oscillations with periods of 48 and 6 minutes have the greatest 
energy of them. The Quarantine Bay Helmholtz mode with a period of 
11.4 minutes is also well traced in Sevastopol Bay, in addition to its eigen modes. 
At the top of the Sevastopol Bay (point 2), the energy of this mode is 64 % of 
the maximum. 

 

 
 

F i g.  7. Energy spectra of level fluctuations in the Sevastopol Bay (the periods (in minutes) are 
indicated for the major peaks). For the ΔT1 interval: a – at point 1; b – at point 7; c – at point 9. For 
the ΔT2 interval: d – at point 1; e – at point 7; f – at point 9. For the ΔT3 interval: g – at point 1; h – at 
point 7; i – at point  

 
Additional numerical experiments were carried out to explain the reason 

leading to the generation of the Sevastopol Bay Helmholtz mode by disturbances 
whose periods lie in the range of 1–30 min. As disturbances, the liquid boundary 
oscillations at one of the eigen periods of the Sevastopol Bay were considered — 
48; 22 and 16 min, and also on two non-resonant periods of 30 and 60 min. Each 
numerical experiment consisted of two stages. At the first stage, a forced task with 
zero initial conditions was solved. The calculation duration was 3 hours of model 
time. At the second stage, with a duration of 4 hours of model time, the problem of 
free waves with the initial conditions obtained as a result of calculations at the first 
stage was solved. At the liquid boundary, the condition of the free passage of 
waves was set. As a result of numerical experiments with forced waves (the first 
stage), the following was established. In the Sevastopol Bay, a dominant oscillation 
with a frequency equal to the frequency of the driving force is distinguished in all 
the cases considered. As well as insignificant local maxima at the Sevastopol Bay 
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eigen periods of the Sevastopol Bay, which are less than the disturbance period, 
take place on the energy spectra.  

An analysis of the calculation results for the second stages of numerical 
experiments showed that after the perturbation stopped, seiche oscillations 
occurred in the Sevastopol Bay with periods close to those of the eigen modes of 
the Sevastopol Bay. In this case, there has always been an intense Helmholtz mode 
of the Sevastopol Bay. This can be explained by the fact that free oscillations on 
non-resonant periods fade away quickly, as well as by the general property of 
oscillatory systems: they tend to respond to all types of disturbances with 
oscillations at the eigen periods of the system, especially on the period of the zero 
mode. It is also characteristic for an elongated water body with an open narrowed 
entrance that the Helmholtz mode prevails in it. This is particularly confirmed by 
observations of the Sevastopol Bay level [2]. 

A comparative analysis of the simulation results shows that the largest 
amplitudes of level fluctuations correspond to the 1T∆  interval, and the smallest – 
to the 3T∆  interval. In this case, the maximum range of level fluctuations differ by 
more than two times. The main feature of the Sevastopol Bay is that for all 
considered periods of disturbances, the Helmholtz mode is generated in it. 
It prevails over other modes in the 1T∆ and 2T∆ intervals. This can be explained by 
the fact that the Sevastopol Bay is quite narrow and long and has a narrowed 
entrance. As is known [8], in such bays, the Helmholtz mode dominates all other 
modes and determines the general character of movements in the inner water area. 
According to field observations [2], in the Sevastopol Bay, seiches with a period 
corresponding to the Helmholtz mode are observed almost constantly. 

As an example in Fig. 8 the sea level positions for the 2T∆ interval in 
the section passing through points 1–10 and 14–21 (Fig. 1) are shown. It can be 
seen that the level fluctuations are in the form of the Helmholtz mode: they are 
most intense at the top of the bay, do not have nodal lines inside the bay, at 
the entrance to the bay level variations are insignificant, which indicates 
the presence of a nodal line of this mode. 

 

 
 
F i g.  8. Level fluctuations for the ΔT2 interval at the section passing along the Sevastopol Bay axis 
for the characteristic time points within the time interval equal to the Helmholtz mode period. 
Abscissa of the 0 m value corresponds to the bay entrance (point 10 in Fig. 1) 
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The Quarantine Bay. Below the response of the Quarantine Bay to 
disturbances of the form (4) is analyzed. There are mareograms for points 11–13 
(Fig. 1) for .,, 321 TTT ∆∆∆ intervals on Fig. 9–11. The analysis of these curves 
shows that the fluctuations in the 1T∆  interval are periodic, and in 
the 32 , TT ∆∆ intervals  have the beat pattern. The largest ranges of level variations 
are close to each other on all considered intervals of perturbation periods and are 
10–12 cm at the top of the bay. Seiches do not fade for a long time: oscillations 
occur for more than 6 hours. 

 

 
 
F i g.  9. Mareograms for the ΔT1 interval: a – at point 11; b – at point 12; c – at point 13 
 
 

 
 

F i g.  10. Mareograms for the ΔT2 interval: a – at point 11; b – at point 12; c – at point 13 
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F i g.  11. Mareograms for the ΔT3 interval: a – at point 11; b – at point 12; c – at point 13 
 

Fig. 12 shows the energy spectra plotted for points 11–13 for 
the .,, 321 TTT ∆∆∆  intervals. As can be seen, on the 1T∆  interval the oscillation 
corresponding to the Helmholtz mode of the Sevastopol Bay dominates. Two local 
maxima are also distinguished at periods of 11.4 min (the Helmholtz mode of 
the Quarantine Bay) and 16 min (eigen mode of the Sevastopol Bay). If the period 
of disturbances lies in the ΔT2 interval, then the mode with a period of 11.4 minutes 
is most pronounced in the entire water area of the bay. This mode prevails over all 
other modes throughout the bay, with the exception of the area adjacent to the bay 
entrance, where the Helmholtz mode of the Sevastopol Bay dominates. In addition 
to the indicated modes, in the Quarantine Bay modes with periods of 22; 16; 10; 
6 min are also distinguished (Fig. 12, d – f), corresponding to the eigen modes of 
the Sevastopol Bay. 

The 3T∆  interval specific feature is the domination in the bay the Helmholtz 
mode of Quarantine Bay (period of 11.4 minutes). In the area adjacent to the bay 
top, a peak is also distinguished at a period of 4.8 minutes, corresponding to 
the first eigen mode of the Quarantine Bay. In addition to these 
modes, the fluctuations with periods of 16; 10; 6 minutes are monitored in 
the Quarantine Bay. They are the eigen modes of the Sevastopol Bay. In the 1T∆  
interval, the eigen modes of the Quarantine Bay are not practically generated 
and the Helmholtz mode of the Sevastopol Bay dominates in it. At 
the 32 , TT ∆∆ intervals in the Quarantine Bay, the Helmholtz mode of this bay with 
a period of 11.4 minutes dominates over all modes of seiche oscillations. In 
the Quarantine Bay, a number of eigen modes of the Sevastopol Bay with periods 
of 16 and 6 minutes are also distinguished; being the most intense at the bay 
entrance, as well as a mode with a period of 10 min, which has the highest intensity 
at the bay top (Fig. 12, i). 
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F i g.  12. Energy spectra of level fluctuations in the Quarantine Bay (the periods (in minutes) are 
indicated for the major peaks). The ΔT1 interval: a – at point 11, b – at point 12, c – at point 13. 
The ΔT2 interval: d – at point 11; e – at point 12; f – at point 13. The ΔT3 interval: g – at point 11; h – 
at point 12; i – at point 13 
 

It should be noted that observation in the bays of eigen mode fluctuations of 
adjacent bays is known. For example, in the Ciutadella Bay there is a fairly intense 
Helmholtz mode of the adjacent Platja Gran Bay with a period of 5.5 min, and in 
the Platja Gran Bay there is a Helmholtz mode of the Ciutadella Bay with a period 
of 10.5 min [12, 22]. A similar picture takes place in the Posyet Gulf in the Sea of 
Japan. There are two adjacent bays in this bay – the Vityaz (the length, taking into 
account the Tarantsev Islands and Shultz Cape, is about 3.2 km, average depth 
15 m) and Troitsa Bay (length 6.15 km, average depth 12 m). The shape of these 
bays is close to rectangular. Calculation of eigen periods according to the formula 
(2) gives the following values. The Vityaz Bay: 17.7 min (the Helmholtz mode); 
5.9; 3.5; 2.5 minutes. The Troitsa Bay: 37.8 min (Helmholtz fashion); 12.6; 7.6; 
5.4 minutes. The Vityaz Bay was studied in more detail [14, 15]. As a result of 
processing the observational data in [14, p. 99; 15, p. 59], a powerful peak was 
identified over a period of 17.28 min, corresponding to an analytical estimate of 
the Helmholtz mode period of the Vityaz Bay. In [15, p. 59] the presence of peaks 
in the Vityaz Bay at periods of 17.2-17.5; 7.5–6.25; 3.5; 2.5 minutes is shown. 
Values of 17.5; 3.5; 2.5 min periods are in good agreement with the analytical 
estimates obtained above. The period of 7.5 minutes most likely belongs to 
the eigen mode of the Troitsa Bay, adjacent to the Vityaz Bay. In [14, p. 98], for 
the Vityaz Bay, a recording section of a laser demograph containing the response to 
the earthquake on March 11, 2011 east of Japan is given. In this figure, the third 
largest peak over a period of about 38 min corresponds to the Helmholtz mode of 
the Troitsa Bay. 
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Penetration into the bay of eigen modes of the adjacent bay is also confirmed 
by the results of numerical simulation. Thus, for example, in [12] it was established 
that the Helmholtz mode of the neighboring Platja Gran Bay with a period 
of 5.5 min is quite intense in the Ciutadella Bay. In [11], it was shown that 
in the model basin approximating the Quarantine Bay, the eigen modes of 
the Sevastopol Bay are stand out.  

In [13], based on laboratory experiments, it was established that the following 
types of oscillations are possible in a system of two closely spaced identical 
rectangular bays: co-phasic, contra-phasic, a combination of co-phasic and contra-
phasic (in this case, beats are observed in the bays). If the oscillations are co-phasic 
in nature, then the energy exchange between the bays is not carried out and it is 
radiated into the open sea through the entrances to the bays. When the oscillations 
are of a contra-phasic nature, a periodic exchange of energy occurs between 
the bays. As a result, such oscillations do not decay for a long time. The periods of 
co-phasic oscillations are longer than the corresponding eigen periods of the bay, 
and contra-phasic oscillations are smaller. With increasing distance between the 
bays, the periods of co-phasic oscillations decreased, and the periods of contra-
phasic oscillations increased and approached the eigen periods of the bay. In [13], 
it was also shown the interaction between bays. For this purpose, the seiches were 
initially generated in one of the bays (the entrance to the second was closed). Then 
the entrance to the blocked bay was opened, and immediately water level 
fluctuations having the form of beats appeared in it. Over time, the beats turned 
into contra-phasic oscillations with respect to the oscillations in the first bay. 

Also in [13], the results of a laboratory experiment on modeling the response 
of adjacent bays to a tsunami wave are presented. This wave action resulted in 
the co-phasic oscillations generated in both bays. They soon took the form of beats 
and then turned into contra-phasic oscillations, which did not change their form 
until complete fading. 

The above results of laboratory experiments are in good agreement with 
the theory of linear coupled oscillators. So, in [23] it was shown that coupled 
oscillators can perform both co-phasic and contra-phasic oscillations. In common-
mode oscillations, the energy exchange between the oscillators does not occur. 
If the oscillations are out of phase, then the coupling leads to the periodic exchange 
of energy between the oscillators, and the period of pumping depends on 
the coupling magnitude [23]. 

Based on the results of [13, 23], the mareograms at points located at the tops of 
the Sevastopol and Quarantine Bays were analyzed. It was found that as a result of 
the action of disturbances on the bays in the 2T∆  interval, oscillations with 
an contra-phasic character are generated in them (Fig. 5, a; 10, c). When exposed 
to the 3T∆  interval in the bays, the co-phasic oscillations occur, which then turn 
into contra-phasic ones (Fig. 6, a; 11, c). In the case of exposure to the 1T∆  interval 
in the bays, co-phasic oscillations that do not change their character throughout 
the entire calculated time interval are generated (Fig. 4, a; 9, c). As the results of 
this work show, such “foreign” oscillations can be quite intense. Thus, a significant 
intensification of “foreign” oscillations takes place for the Helmholtz modes of 
the Sevastopol and Quarantine Bays, as well as for the eigen mode of 
the Sevastopol bay with a period of 10 min. 
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Conclusions 
Based on numerical modeling, the response of the Sevastopol and Quarantine 

Bays to sea level disturbances at a remote open boundary are studied. Numerical 
experiments were carried out for three intervals of periods of disturbing forces: 30–
52 min; 8–30 minutes and 1–15 minutes 

The influence of the aforementioned disturbances leads to the generation of 
eigen modes of bays: in the Sevastopol Bay – with periods of 48; 22; 16; 10; 
6 minutes, in the Quarantine Bay – with periods of 11.4; 4.8 minutes The number 
of generated modes is determined by the interval of disturbance periods. 

The Sevastopol and Quarantine Bays have a mutual effect on each other due to 
the disturbance energy exchange through their entrances. This effect is expressed in 
the penetration of oscillations with periods of eigen modes of each of the bays into 
the neighboring bay. In this case, the intensity of the eigen modes of the Sevastopol 
Bay (in particular, with periods of 48; 10 min) penetrating the Quarantine Bay can 
exceed the intensity of the eigen modes of the Quarantine Bay. Seiches with 
the largest amplitudes in both bays are caused by disturbances with periods ranging 
within 30–52 min. 
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