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Abstract

Based on the oceanographic survey data taken by Marine Hydrophysical Institute in August
2019, the paper analyzes the structural features of the fields of temperature, salinity,
concentration of total suspended organic matter and coloured dissolved organic matter
in the area along the southwestern coast of the Heraclean Peninsula in the situation of wind
upwelling. The structure of the fields of the studied quantities shows signs of ascending
circulation and pollution due to offshore wind and the presence of two wastewater sources
in the studied area. The numerical experiments performed using the 3D barotropic linear
Felsenbaum model confirmed the observed upwelling and showed that the rise of anthropo-
genic waters from sewer sources to the sea surface was due to both alongshore and offshore
winds oriented normally to the coastline. They also made it possible to trace the distribution
of anthropogenic suspension in the upwelling situation. It is shown that suspension from
sewer sources in the upper layer of water spread to the open sea, and in the intermediate
and near-bottom layers it accumulated along the coastline. With a northerly wind, the effect
of suspended matter accumulation in the coastal zone is more intense.
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AHHO TAUA

Ha ocHOBe naHHBIX OKEaHOJOTUYECKOH CHEMKH, NMPOBEACHHONH MOpPCKUM rHApOQU3nIec-
KUM MHCTUTYTOM B aBrycte 2019 r., mpoaHamM3upoBaHBl OCOOCHHOCTH CTPYKTYPHI MOJEH
TEMIIepPaTypHl, COJICHOCTH, KOHIICHTPANK OOIIEro B3BCIICHHOTO M OKPAIICHHOTO PacTBO -
PEHHOTO OpPTaHMYECKOTO BEIIEeCTB HA ydacTKe BIOJIb FOTO-3amagHoro Oepera I'epaxieii-
CKOTO ITOJIyOCTPOBAa B CHUTYAI[MH BETPOBOTO amBeMHTA. B cTpykType monei paccMaTpu-
BAaeMbIX BEJIMYUH BBIABJICHBI NPH3HAKHA BOCXOJSIICH HUPKYISIHWHA W 3arps3HEHHA, 00y-
CIIOBJICHHBIC CTOHHBIM BETPOM M HaJIMYHWEM HA PacCMAaTPHBAEMOM ydYacTKe ABYX HCTO YHH-
KOB CTOYHBIX BOJ. UHCICHHBIE HKCIEPUMEHTHI, BBHINIOJHEHHBIE C HCHOJb30BAHUEM TpeX-
MepHOW OapoTpomHO# ImHeHOH Momemn @enp3eHOayma, MOATBEPAWIN HaOIIOIAB -
MAiiCsT amBeJUIMHT W MOKa3ajM, YTO TOABEM BOJ AaHTPOIIOTCHHOTO MPOUCXOXKICHHS
W3 KaHAJIM3AI[MOHHBIX MCTOYHUKOB K ITOBEPXHOCTH MOPS OOYCIOBIGH Kak BIOJBOepero-
BBIM, TaK ¥ OPHEHTUPOBAHHBIM [0 HOPMaJIM K OEpEeroBOi JMHUM CTOHHBIM BeTpoM. Mo-
JieNbHbIE PAacyeThl TakXkKe MO3BOJMIHN MPOCIEIUTh PACIPOCTPAHEHHE aHTPONIOTEHHOI B3Be-
CH B CUTyallUH amBeJUIMHra. Iloka3aHo, 4TO B BEpXHEM CJIO€ BOJ B3BeCh M3 KaHaJU3a-
IUOHHBIX MCTOYHUKOB PACHpOCTPAHANACh B OTKPBITOE MOPE, a B MPOMEXKYTOUHOM U MpPH-
JIOHHOM CJIOSIX OHA HaKaIlUIMBaiach BAOJb OeperoBoii muHuu. IIpu ceBepHOM BeTpe dddexT
aKKyMYJISILIUM B3BECH B IPHUOPEKHOU 30HE O0JIee MHTEHCHUBHBIN.

KawuyeBble CJIOBAa. CTPYKTypa BOJ, allBEJUIMHT, 3arpsA3HEHHUE, YUCICHHOE MOJIEIHUPO-
BaHue, [ 'epakneickuii nomxyoctpos, Kpeim
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Introduction

Over the past decade, the water area of the Sevastopol seashore near the Hera-
clean Peninsula has been actively studied both on the basis of actual observations
and at the theoretical level. Such interest is caused by the increasing anthropogenic
pressure on the aquatic environment of this section of the coast.
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To date, a rather capacious literature has been formed [1-11] devoted
to the analysis of the structure and dynamics of waters based on oceanographic
data, sources of pollution and hydrochemical regime of the region, modelling of local
systems of currents and transport of anthropogenic suspension, as well as satellite
studies of pollutant distribution.

Among the indicated publications, the articles [8, 11] devoted to the water
structure of the considered water area in the wind upwelling system are of particu-
lar interest They show that in the summer months of the year, during upwelling,
the wastewater from deep horizons penetrates through the seasonal thermocline and
exits to the sea surface. This phenomenon confirms the conclusions about the dis-
tribution pattems of polluted bottom waters in the situation of local wind upwelling
off the coast of Crimea, presented in monographs [12, 13]. According to the opin-
ion of the authors of the cited books, in the warm half-year period, in the usual sit-
uation of a sharply stratified environment, wastewater spreads mainly in the hori-
zontal direction under the seasonal thermocline layer. Whereas during upwelling,
which contributes to the weakening of the water column stratification, wastewater
plumes can reach the sea surface.

In August 2019, the employees of Marine Hydrophysical Institute conducted
an expedition in the area located along the southwestern coast of the Heraclean
Peninsula. According to the results of expeditionary studies in the observed situation
of wind upwelling and the presence of a developed seasonal thermocline, the signs
indicating penetration of polluted bottom waters into the surface layer of the sea
and their spread to the beach zone were revealed in the structure of oceanological
value fields [11].

Aims of this article:

— based on the data of this expedition and numerical modelling methods,
to consider the features of water circulation and the spread of anthropogenic sus-
pension from known sources of pollution in the sea area near the southwestemn
coast of the Heraclean Peninsula;

— to analyse the factors that form the coastal zone of upwelling, patterns of
distribution and structure of the suspended matter concentration field;

— to compare the results of expeditionary research and numerical modelling.

The studied water area is a section of the Sevastopol seaside, located along
the southwestemn coast of the Heraclean Peninsula. There is a well-known source
of pollution of the considered region — an underwater pipeline of domestic
wastewater of the Yuzhnye Treatment Facilities in Sevastopol [10] (Fig. 1).

The outlet head of the treatment facilities pipeline is located at a distance
of ~ 3 km from the shore at a depth of 88 m. At the time of the analyzed survey,
there was a leak in the pipeline, which became an additional source of anthropo-
genic suspended matter. The first information about the leak appeared in 2014,
and in 2017 it became known that it was located at a distance of ~ 700 m from
the shore at a depth of 34-37 m [5].
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Fig. 1. Geographical position of the studied water area and map of
stations of the oceanological survey performed on 23 August 2019

Initial data and research methods

To analyze the structure of waters and select the parameters of the numerical
experiment model, we used the data of the expedition conducted by Marine
Hydrophysical Institute (Sevastopol) on August 23, 2019. Within the framework of
this expedition, a complex of synchronous observations of temperature, salinity,
total organic matter (TOM) and colored dissolved organic matter (CDOM) was
carried out. The survey was performed according to a scheme that included 20 drift
stations on five sections oriented approximately along the normal to the coastline
(Fig. 1, a).

The station coordinates were determined using a GPS navigator. The observa-
tions were made from the board of a small vessel. The range of depths on the test
site was 6—-150 m. The limiting sounding horizon was 25-30 m. At each station, all
four environmental parameters were synchronously recorded in the in situ probing
mode with a depth step of 0.1 m using the Kondor measuring complex .

Y HYDROOoptics Ltd. Complex Hydrobiophysical Multiparametric Submersible Autonomous “CONDOR”.
2023. [online] Available at: http://ecodevice.com.ru/ecodevice-catalogue/multiturbidimeter-kondor
[Accessed: 04 June 2023].
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It should be noted that TOM and CDOM belong to the group of the best in-
dicators of pollution (including bacterial one) of coastal marine areas, as well as
other natural water bodies [14-16].

At present, there is no maximum allowable standard for TOM and CDOM
as a numerical indicator of water pollution. Therefore, to assess the significance
of the anthropogenic component in the concentration field of these substances, their
actual content was compared with the concentration characteristic of the open
waters of the Black Sea off the coast of Crimea, which, according to [11], is equal
to 2 mg/L for CDOM and 0.8 mg/L for TOM.

These values are conditionally accepted by us as a natural norm for the con-
centration of these quantities in the Black Sea coastal waters near the Crimean
Peninsula. They were used to identify areas with an anthropogenic component
in the fields of TOM and CDOM concentrations and to assess the degree of con-
tamination of the considered water area with these substances.

The atmospheric synoptic situation during the survey was determined by
the southeastem periphery of the anticyclone with the centre over Belarus 2.

The survey was accompanied by a fresh and strong wind, the average daily
velocity of which was 6 m/s, and the direction changed in the sector from north
to northeast. At sea, the wind gusts reached 12—-15 m/s. The excitement of the sea
reached 3-4 points®.

Numerical modelling methods were used to understand the origin of the identi-
fied features in the water structure and the distribution of pollutants in the water
area near the Heraclean Peninsula.

Due to the comparative shallowness of the considered area, the currents here
are mainly determined by the wind. We will assume that the impurity transfer is
carried out by steady currents. To calculate them, we use the 3D barotropic linear
Felsenbaum model [17, 18] generalized to the case when Rayleigh friction is taken
into account.

The 3D character of suspension propagation was taken into account in this
work. The process of passive suspension propagation due to currents and turbulent
diffusion is described by an equation in a divergent form, which has the following
form [19, 20]

Ci+ (UC—puCx+ (VC—pCy)y +((W +w)C—«C,), =0,
where C(x, y, z, t) is suspension concentration; « is vertical, u is horizontal turbu-
lent diffusion coefficient; w. is own velocity of the suspension.

At the initial moment of time, the suspension concentration is equal to zero.
We consider that at the given points the suspension is ejected. At the side boundaries
and at the bottom, conditions are also set for the absence of suspended matter flows.

The problem of impurity transfer is solved numerically. A conservative

scheme is used, which has the property of transportability and positive definiteness.
This scheme is described in detail in [17].

2 Wetterzentrale. Top Karten: Archiv Reanalysis — Eiropa. 2023. [online] Available at:
http://smtp.pilzepilze.de/topkarten/fsreaeur.ntml [Accessed: 04 June 2023].

% Raspisanie Pogody, Ltd. Weather Archive at the Chersonesos Lighthouse. 2023. [online] Available
at: https://rp5.ru/Apxus_mnoroael_Ha Xepconecckom Mmasike [Accessed: 04 June 2023].
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A uniform grid with steps Ax =Ay =40 m was used. An uneven grid was
applied vertically Az, =1, 2, 4, 6, 14, 16, 27, H— 70 m. The middle layers are
at depths: 0.5, 2, 5, 10, 20, 35, 56.5 m. The kinematic coefficient of vertical vis-
cosity is constant 4 = 30 cm®/s; Coriolis parameter f = 10 s™', « = 0.1 cm?/s,
n =100 cm®/s, w, =—2 cm/s. The value of shear stresses at the upper boundary was
assumed to be equal to 1 cm?/s*, which corresponds to a wind speed of 8 m/s.

The integral water circulation is determined by the bottom topography and
wind direction. The numerical experiments were carried out for two main wind
directions that accompanied the survey, north and northeast, with real bottom to-
pography and parameters of pollution sources.

Discussion of the results

Analysis of the results of expeditionary research showed the following.
In the considered section, the direction of the actual wind changed in the sector
from approximately 0° to 45°. Judging by the structure of the temperature, salinity,
TOM and CDOM concentration fields, this wind situation was accompanied by
the rise of water from near-bottom horizons to the sea surface in the ascending
wind upwelling circulation system. Moreover, these waters had clear signs of pol-
lution. This is evidenced by the following characteristic properties (Fig. 2).

The upwelling center was clearly distinguished in the temperature field
in the form of a strip of coastal waters with a temperature lowered by ~ 1 °C
against the ambient background. The temperature field was well stratified with
a pronounced (vertical gradient ~ —1 °C/m) seasonal thermocline elevated near
the coast, which was located between 10 and 15 m horizons and was clearly visible
on the extreme southem section between stations 17-20 (Fig. 1; 2, a).

In the vertical structure of the salinity field, individual desalinated water lenses
with salinity decreased by 0.05-0.17 PSU relative to the background were found.
The vertical and horizontal dimensions of these formations were estimated
to be about 10 and 300 m, respectively. The most significant inhomogeneities
in the haline field were noted in the plane of the median section between sta-
tions 9-12 (Fig. 1; 2, b).

In the extreme southern area of the test site in the surface layer of the sea,
against the background of a low-gradient field of TOM content, a lens with a verti-
cal size of 5-7 m and a maximum concentration of 2.3-2.5 mg/L within the entire
considered area was clearly distinguished, which was three times higher than
the natural norm (extreme southern section, stations 17—20). In addition, smaller
formations with the content of this substance of anthropogenic origin were noted
(Fig. 1; 2, ¢).

In the northwestern part of the test site, a lens with a maximum CDOM con-
centration (up to 2.4 mg/L) was observed, and it was traced throughout the entire
water column at the extreme northern section between stations 1-4. In the vertical
structure of the CDOM concentration field, as well as in the structure of the fields
of salinity and TOM content, smaller heterogeneities were recorded with an in-
crease in the content of this substance by about 1.5 times relative to the natural
nom (Fig. 1; 2, d).
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Fig. 2. Vertical (left) and horizontal in the surface layer (right) distribution of
oceanological environmental parameters: a — temperature, °C; b — salinity, PSU;
c — total organic matter concentration, mg/L; d — colored dissolved organic matter
concentration, mg/L, near the wastewater outlet according to the data of the Au-
gust 2019 expedition
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Model experiments confirmed the wind upwelling observed during the oceano-
graphic survey and the exit of anthropogenic waters to the sea surface. In add ition,
these experiments showed a number of interesting effects associated with water
circulation and temporal dynamics of the spread of anthropogenic suspension, which
can be applied in practice.

The calculated fields of current vectors along the given horizons for the north
and northeast winds revealed a two-layer kinematic structure and a coastal cell of
transverse water circulation typical of upwelling (Fig. 3).

The currents in the upper layer are directed downwind towards the sea, while
the compensation current near the bottom is directed towards the shore. Near
the shore on the sea surface, the current velocity was about 10 cm/s. The bottom
layer was dominated by weak currents with a velocity of 1+2 cm/s.

With a northerly wind whose vector was directed at an obtuse angle to the coast-
line, and the eastward-oriented alongshore component was well pronounced
(Fig. 3, a, b), the upwelling was determined by the Ekman effect. In the situation
of the northeast wind, whose vector was directed approximately along the normal
to the coastline, a typical upwelling was observed, caused by the wind surge
(Fig. 3, c, d).

When modelling the distribution of suspended matter, the total volume of
the pipeline outlet is assumed to be Q = 43,800 m*/year (according to 1998 data
[10]). Let us assume that 0.8 Q passes through the outlet head, and 0.2 Q passes
through the emergency outlet (leakage). Positions of the sources are indicated
by dots in Fig. 4.

The calculations were carried out on the second day. Fig. 4 shows the dis-
tribution of suspended matter concentration in isolines with a step of 10 % of
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Fig. 3. Vectors of currents at the sea surface and near the bottom at north (a, b) and
north-east (c, d) winds
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Fig. 4. Distribution of suspended matter concentration in two days in three sea layers
(surface, intermediate and near-bottom) at north (a, b, ¢) and north-east (d, e, f) winds

the maximum value in each layer. This method of presentation was chosen to pay
attention not to the quantitative characteristics of pollutants entering the water
column, but to the features of the dynamics and transformation of suspension con-
centration distributions.

Analysis of the fields of the calculated content of suspended matter showed
that from the moment of the “launch” of sources located at the bottom at given
directions and wind speeds, a two-layer structure of the concentration field of
the studied quantity with multidirectional currents is formed in the considered area.
In the near-bottom horizons (layer 3), the suspension spread to the shore, while
in the upper layers 1 and 2 it was carried out to the seaward side.

By the end of the second day, the maximum concentration of suspended matter
appeared in the upper layer in the area of the main outlet, and its predominant cur-
rent was directed to the sea and was traced at a distance of about 2.5 miles from
the coast. In the lower layers, the maximum distribution of suspended matter shifted
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towards the coast and spread to shallow water. Moreover, with the north wind,
the concentration of suspended matter near the coast reached 40 % of the maxi-
mum, while with the northeast wind it was only 10 % (Fig. 4).

Off the coast of Crimea, in the warm half-year period during wind surges
and upwelling, wastewater plumes from the near-bottom horizon penetrate through
the thermocline to the sea surface. This property, first discovered and studied
by the authors of the monograph [13], is confirmed by our results of numerical
modelling (Fig. 4) and in situ observations (see Fig. 2).

Conclusion

Based on the structure analysis of the fields of temperature, salinity, concentra-
tion of total organic and colored dissolved organic matter, which were obtained
from the materials of the MHI expedition conducted in August 2019, it was found
that with north and northeast winds, waters of anthropogenic origin spread from
the deep horizons to the sea surface. The rise of waters was associated with wind
upwelling, and its source was represented by two outlets in the pipeline of
the Yuzhnye Treatment Facilities.

The results of model experiments confirmed the upwelling observed during
the oceanographic survey and the emergence of anthropogenic waters from the ex-
isting sources to the sea surface. They also made it possible to trace the spread of
anthropogenic suspension coming from the sewer sources of the Yuzhnye Treat-
ment Facilities.

The calculated fields of current vectors generated by north and northeast winds
revealed a cell of transverse water circulation typical of coastal upwelling. It is also
shown that upwelling in the coastal area under consideration is caused by both
alongshore and offshore winds oriented along the normal to the coastline.

It has been established that near the southwestern coast of the Heraclean
Peninsula, due to the special structure of the current field caused by the north and
northeast winds, the suspension from sewer sources in the upper layer of water
spreads into the open sea, and in the intermediate and near-bottom layers it accu-
mulates along the coastline. With a northerly wind, the effect of anthropogenic
suspension accumulation in the coastal zone is more intense.

REFERENCES

1. llyin, Yu.P., Repetin, L.N., Belokopytov, V.N., Goryachkin, Yu.N., Diakov, N.N.,
Kubryakov, A.A. and Stanichny, S.V., 2012. [Hydrometeorological Conditions of
the Ukrainian Seas. Vol. 2. The Black Sea]. Sevastopol: ECOSI-Gidrofizika, 421 p.
(in Russian).

2. lvanov, V.A. and Belokopytov, V.N., 2013. Oceanography of Black Sea. Sevastopol:
ECOSI-Gidrofizika, 210 p.

3. Dulov, B.A,, Yurovskaya, M.V. and Kozlov, L.E., 2015. Coastal Zone of Sevastopol
on High Resolution Satellite Images. Physical Oceanography, (6), pp. 39-54.
doi:10.22449/1573-160X-2015-6-39-54

4. Bondur, V.G. and Grebenyuk, Yu.V., 2001. Remote Indication of Anthropogenic
Influence on Marine Environment Caused by Depth Wastewater Plum: Modelling,
Experiments. Issledovanie Zemli iz Kosmosa, (6), pp. 49-67 (in Russian).

58 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2023



10.

11.

12.

13.

14.

15.

16.

17.

Bondur, V.G, Ivanov, V.A., Dulov, V.A., Goryachkin, Yu.N., Zamshin, V.V., Kondratiey,
S.1., Lee, M.E., Mukhanov, V.S., Sovga, E.E. and Chukharev, A.M., 2018. Structure and
Origin of the Underwater Plume near Sevastopol. Fundamentalnaya i Prikladnaya
Gidrofizika, 11(4), pp. 42-54.d0i:10.7868/S2073667318040068 (in Russian).

Demyshev, S.G., Dymova, O.A., Kochergin, V.S. and Kochergin, S.V., 2020.
Determination of Location of the Concentration Initial Field of a Possible Contamina-
tion Source in the Black Sea Water Area near the Gerakleisky Peninsula based on
the Adjoint Equations Method. Physical Oceanography, 27(2), pp. 210-221.
do0i:10.22449/1573-160X-2020-2-210-221

Ivanov, V.A. and Fomin, V.V., 2016. Numerical Simulation of Underwater Runoff
Propagation in the Heraklean Peninsula Coastal Zone. Physical Oceanography, (6),
pp. 82-95. doi:10.22449/1573-160X-2016-6-82-95

Sovga, E.E., Kondrat’ev, S.I., Godin, E.A. and Slepchuk, K.A., 2017. Nutrient Content
Seasonal Dynamics and Local Sources in the Heracleian Peninsula Coastal Waters.
Physical Oceanography, (1), pp. 53-61. d0i:10.22449/1573-160X-2017-1-53-61

Ivanov, V.A. and Ryabtsev, Ju.N., 2017. Modeling Transport Suspended Waste Outlet
of the Cape Fiolent. Processes in Geomedia, (1), pp. 419-426 (in Russian).

Gruzinov, V.M., Dyakov, N.N., Mezenceva, L.V., Malchenko, Yu.A., Zhohova, N.V.
and Korshenko A.N., 2019. Sources of Coastal Water Pollution near Sevastopol.
Oceanology, 59(4), pp. 523-532. d0i:10.1134/S0001437019040076

Lomakin, P.D. and Chepyzhenko, A.l., 2022. The Structure of Fields of Oceanological
Quantities in the Upwelling Zone at the Herakleian Peninsula (Crimea) in August
2019. Ecological Safety of Coastal and Shelf Zones of Sea, (1), pp. 31-41.
doi:10.22449/2413-5577-2022-1-31-41

Zats, V.1, Nemirovsky, M.S., Andryushchenko, B.F., Kandybko, V.V., Stepanov, V.N,,
Agarkov, A.K., Shulgina, E.F., Kiseleva, M.1., Senichkina, L.G. and Fedorenko, L.V.,
1973. [The Experience of Theoretical and Experimental Research on Deep Wastewater
Discharges (the Case of Yalta Area)]. Kiev: Naukova Dumka, 274 p. (in Russian).

Zats, V.I. and Goldberg, G.A,, eds., 1991. Modelling of Selfpurification Processes of
the Shelf Zone Sea Water. Leningrad: Gidrometeoizdat, 230 p. (in Russian).

Boss, E., Pegau, W.S., Zaneveld, J.R.V. and Barnard, A.H., 2001. Spatial and Tem-
poral Variability of Absorption by Dissolved Material at a Continental Shelf. Journal
of Geophysical Research: Oceans, 106(C5), pp. 9499-9507.
doi:10.1029/2000JC900008

Tedetti, M., Longhitano, R., Garcia, N., Guigue, C., Ferretto, N. and Goutx, M., 2012.
Fluorescence Properties of Dissolved Organic Matter in Coastal Mediterranean
Waters Influenced by a Municipal Sewage Effluent (Bay of Marseilles, France).
Environmental Chemistry, 9(5), pp. 438-449. doi:10.1071/EN12081

Karlsson, C.M.G., Cerro-Galvez, E., Lundin, D., Karlsson, C., Vila-Costa, M. and
Pinhassi, J., 2019. Direct Effects of Organic Pollutants on the Growth and Gene
Expression of the Baltic Sea Model Bacterium Rheinheimera sp. BAL341. Microbial
Biotechnology, 12(5), pp. 892-906. d0i:10.1111/1751-7915.13441

Shapiro, N.B., 2006. Modeling of the Currents on the Seaside nearby Sevastopol City.
In: MHI, 2006. Ekologicheskaya Bezopasnost' Pribrezhnoy i Shelfovoy Zon i
Kompleksnoe Ispol'zovanie Resursov Shel'fa [Ecological Safety of Coastal and Shelf
Zones and Comprehensive Use of Shelf Resources]. Sevastopol, MHI. Iss. 14, pp. 119—
134 (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2023 59



18. Shapiro, N.B. and Yushchenko, S.A., 1999. Simulation of Wind Currents in Sevastopol
Bays. Physical Oceanography, 11(1), pp. 47-64. https://doi.org/10.1007/BF02524495

19. Astrakhantsev, G.P., Rukhovets, L.A. and Egorova, N.B., 1988. [Matematical Model-
ling of Suspended Matter Distribution in Water Bodies]. Meteorologiya i Gidrologiya,
(6), pp. 71-79 (in Russian).

20. Mikhailova, E.N., Shapiro, N.B. and Yushchenko, S.A., 1999. Modelling of the Propa-

gation of Passive Impurities in Sevastopol Bays. Physical Oceanography, 11(3),
pp. 233-247. https://doi.org/10.1007/BF02508870

Submitted 6.12.2022; accepted after review 21.03.2023;
revised 03.05.2023; published 26.06.2023

About the authors:

Pavel D. Lomakin, Leading Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Dr.Sci. (Geogr.), Professor,
ResearcherID: V-7761-2017, Scopus Author ID: 6701439810, IstinaResearcherID:
18321047, p_lomakin@mail.ru

Yuri N. Ryabtsev, Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), ORCID ID: 0000-0002-
9682-9969, SPIN-code: 7853-4597, ruab@mail.ru

Contribution of the authors:

Pavel D. Lomakin — general supervision of the study, interpretation of expeditionary data,
statement of the problem and objectives, interpretation of the overall result, writing the arti-
cle

Yuri N. Ryabtsev — model parameter selection, model adaptation, performance of numeri-
cal experiments and their interpretation, revision of the article

All the authors have read and approved the final manuscript.

60 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2023



