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Assessment of SKIRON and ERAS Atmospheric Forcing
for the Reconstruction of the Black Sea Circulation
Based on Hydrophysical Modeling Results

O. A. Dymova *, N. A. Miklashevskaya
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Abstract

A modeling of the Black Sea circulation for 2016 was carried out with different sets of
atmospheric forcing data to determine the optimal atmospheric forcing for retrospective ana-
lysis of hydrophysical fields. An eddy-resolving z-model of Marine Hydrophysical Insti-
tute with a resolution of 1.6 km was used for the calculations. Differences in the circulation
structure for the two experiments were revealed. It was shown that in the SKIRON experi-
ment compared to ERAS, the cyclonic circulation of the Black Sea was weakened, the iso-
pycnic surfaces were aligned, and the cold intermediate layer was not determined by the 8°C
isotherm due to the underestimation of the solar radiation flux and weakening of the wind
influence. A comparison of the model thermohaline characteristics calculated using ERAS
and SKIRON atmospheric forcings and measurement data of temperature and salinity ob-
tained by ARGO profiling floats and onboard equipment in 87, 89, 91 cruises of R/V Profes-
sor Vodyanitsky was carried out. According to the validation results, it was obtained that
in the upper 300-meter layer, for all measurement stations the mean RMSE of temperature
and salinity in the ERAS experiment were 28 and 17% lower, respectively, than the RMSE
calculated from the SKIRON data.
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AHHOTaNNUsS

[IpoBeneno moxenupoBanue NUpKyisuu YepHoro mMops B 2016 r. ¢ pa3HEIME HabopaMu
JaHHBIX 00 aTMOC()EepHOM BO3JEHCTBHH C IETBIO ONPEICICHUS ONTUMAIBHOTO aTMocdep-
Horo (opcuHra Uil MPOBEJCHUS PETPOCHEKTUBHOTO aHAIW3a THUAPOPU3HIECKUX MOJIEH.
Jlnst pacdeToB HCIIOIb30BaHa BUXPEpa3penIaomas z-Moieib MopcKoro rupou3ndecKoro
MHCTUTYTa ¢ pasperienneM 1.6 ku. 1o pesympraTtam IByX SKCHEPUMEHTOB BBISBICHbI PA3IHINSL
B CTPYKType ImpKysinud. ITokazaHo, 4To BCieICTBHE 3aHIKEHHOTO ITOTOKAa KOPOTKOBOJIHOBOH
paauaImu 1 ¢aboro BETpOBOTo BO3AeHCTRIS 10 JaHHBIM SKIRON, 1o cpaBHeHwH:O ¢ ERAS, 1uk-
JIOHWYECKas HUPKYIAIHa YepHoro Mops ociabeBaeT, H30MMKHIYECKHE TIOBEPXHOCTH BHIPABHU-
BAIOTCSI, @ XOJIOIHBIM MPOMEKYTOUHBIH ClI0H He onpezaensiercs no uzorepme 8 °C. BeimonaeHo
COIIOCTABJICHHE MOJICTIBHBIX TEPMOXAIMHHBIX XapaKTEPUCTHK, PACCUMTAHHBIX IIPU UCTIOJIH30Ba-
HuM aTMochepHbIX popcrHroB ERAS u SKIRON, ¢ naHHBIMU HATYypHBIX HAOJIOJICHUH 33 TeM-
TIepaTypoi U COJICHOCTBIO, TIOTyYeHHBIME OysiMU-TIpodruoMmerpaMu ARGO u cyoBBIM 000-
pynoBanueM B 87, 89, 91-m peiicax HUC «Ipodeccop Bomsammkuit». [1o pesynpraTam Baiu-
Jalli| MOJYyYeHO, 4To B BepxHeM 300-MeTpOBOM ClIO€ CpeIHUE 110 BCEM CTAHLUSIM H3Me-
peHM CpeJHeKBaIpaTHIYEeCKue OTKIOHEHHS TEMIIEpaTyphl M COJCHOCTH B HKCIEPUMEHTE
ERAS menpie Ha 28 u 17 % COOTBETCTBEHHO, YEM CPEIHEKBAAPATHUECKHE OTKIOHEHHUS,
paccuuTaHHBIE IO AaHHBIM 3KcnepuMeHTa SKIRON.

Karouesbie cioBa: UepHoe Mope, MOJEITHPOBAaHHUE, TEMIIEPATypa, COJICHOCTb, CKOPOCTD
Te4eHui, HaTypHbIe Habmronenus, hopcunr, ERAS, SKIRON

Baarogapuoctu: pabota BeimongHeHa B pamkax roc3aganus ®I'BYH ®UI MI'U no teme
Ne FNNN-2024-0001.

dns uutupoBanus: Juimosa O. A., Muxiawesckas H. A. OueHka TPUMEHHUMOCTH
atMocdepHbix (hopcunroB SKIRON u ERAS i peKOHCTPYKIUU HUPKYJISAIAH YepHOro
MOpSI Ha OCHOBE Pe3yJIbTaTOB MOJCITUPOBAHUS TUAPODUINICCKHUX TOJNeH // DKOIOTHIecKas
6e30macHOCTh PUOPEXKHOH U 1esb(poBoi 30H Mopst. 2025. Ne 1. C. 6-25. EDN TPMTAZ.

Introduction

The Black Sea is a semi-enclosed basin connected to the World Ocean by a narrow
shallow strait with a double-layer current. According to the type of vertical structure
of currents in the Bosphorus Strait, the Black Sea belongs to the estuarine type of
basins with outflow of more fresh water in the upper layer and inflow of more saline
water in the lower one. Due to the fact that water exchange with the World Ocean is
limited in such seas, their circulation pattern depends significantly on atmospheric
conditions.

Based on comparative numerical analyses of the energy budget of semi-
enclosed seas such as the Mediterranean, Red, Black and Baltic seas, it is shown
in [1] that the basin circulation is significantly influenced by buoyancy fluxes
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through the straits in addition to the wind work. The authors attribute qualitative
aspects of the variability of currents in basins to differences between the relative
contributions of the wind work and buoyancy work to the energy budget. Based
on numerical modeling of the Caspian Sea water dynamics, it is shown in [2]
that the level rise in the 1980—1990s was caused by changes in the volume of river
runoff and atmospheric conditions over the basin. Correct reproduction of the water
balance determined by atmospheric forcing helped to reproduce a sharp increase
in the level (up to 2.5 m) in the Caspian Sea. In [3], the results of extreme surges
modeling in the Sea of Azov are presented. It is shown that when using high-resolu-
tion WRF atmospheric data (10 km resolution), the accuracy of storm surge repro-
duction is higher than in the data calculated using ERA-Interim forcing (0.75° reso-
lution). In [4], based on the results of numerical experiments, the effect of such
atmospheric data as wind and thermohaline forcing on the Black Sea circulation is
investigated and it is shown that the mean annual cyclonic vorticity of the wind field
and the seasonal variability of the heat flux from the atmosphere support the large-
scale cyclonic circulation in the basin. It is shown in [5] that changes in the intensity
of the wind influence over the Black Sea lead to significant differences in the struc-
ture of current velocity field: if cyclonic vorticity of the wind field prevails over
the sea, the velocity field is dominated by large-scale circulation; if the wind influ-
ence is weakened, an eddy circulation regime with predominance of mesoscale struc-
tures is formed.

In [1-5] above, the importance of atmospheric forcing in numerical analyses
of the dynamics of enclosed and semi-enclosed seas is demonstrated. Therefore,
the selection of external forcing data, especially wind stress, should be carefully con-
trolled for retrospective analysis of the circulation of such seas. Despite the large
number of high quality reanalyses of the Black Sea (see, e.g., [6, 7] and data set ),
in addition to thermohaline and hydrodynamic arrays, we also intend to calculate
the circulation energy characteristics, which are not provided by the reanalyses
known to us, in order to study the mechanisms of the observed trends in the varia-
bility of hydrophysical fields.

The aim of this paper is to validate the Black Sea circulation modeling results
obtained by using different atmospheric datasets and to select the atmospheric
forcing for the retrospective analysis of the Black Sea hydrophysical fields.

Numerical model

An eddy-resolving z-model of Marine Hydrophysical Institute (MHI model)
was used to reconstruct the Black Sea circulation [8]. The model is based on full
system of ocean thermohydrodynamics equations in the Boussinesq approximation,
hydrostatics and incompressibility of seawater. The equation of state is represented

D Lima, L., Masina, S., Ciliberti, S. A., Peneva, E. L., Creti, S., Stefanizzi, L., Lecci, R., Palermo, F.,
Coppini, G. [et al.], 2020. Black Sea Physical Reanalysis (CMEMS BS-Currents) (Version 1):
Data  set. Copernicus Monitoring Environment Marine Service (CMEMS).
https://doi.org/10.25423/CMCC/BLKSEA_ MULTIYEAR PHY 007 004

8 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2025



by a nonlinear dependence of density on temperature and salinity. The sea level is
calculated from the equation obtained by fulfilling the linearized kinematic condition
on the free surface, the vertical velocity is calculated from the continuity equation.
In the context of solid lateral boundaries, the conditions of equality to zero
of the normal velocity and the normal derivative of the tangential velocity are set
for the components of the velocity vector; for temperature and salinity, the equality
to zero of the normal derivatives is set. A no-slip condition and zero normal heat and
salt fluxes are placed on the bottom. The model takes into account river runoff and
water exchange through the straits, with Dirichlet conditions imposed on the liquid
parts of the boundary. Wind stress, heat fluxes from the atmosphere, precipitation
and evaporation are given as boundary conditions on the free surface. In addition,
sea surface temperature is assimilated on the free surface when data are available.
Vertical turbulent mixing is described using the Mellor—Yamada closure model [9],
while horizontal viscosity and diffusion are described by the Laplace operator
with constant coefficients. The sea level, temperature and salinity, horizontal com-
ponents of the velocity vector are set at the initial moment of time. The model equa-
tions, boundary conditions and coefficients used are described in detail in [8].

The MHI model was implemented on grid C [10] with a resolution of 1.6 km
in horizontal coordinates, which is sufficient to reproduce the mesoscale circulation
features in both abyssal and coastal zones of the Black Sea [11], as it is smaller than
the barotropic Rossby radius of deformation, which averages 15-17 km, and
the baroclinic radius, which reaches 5 km in the coastal zone. According to [12],
the term “mesoscale” will be used in this paper to denote eddy structures with sizes
of 30-150 km. Vertically, 27 z-horizons were set with spacing from 2.5 m
near the surface to 200 m in deep layers. Basin bathymetry was constructed from
EMODnet ? data at a resolution of (1/8)'.

Numerical experiments and atmospheric forcing

Two numerical experiments were performed for 2016 with the same model
settings but different atmospheric forcing. The initial fields for the experiments were
the same and they were constructed from CMEMS reanalysis data for the Black Sea V.
Data from the Copernicus system 3 were taken to set the sea surface temperature.
Temperature, salinity and water discharge in rivers and straits correspond to monthly
mean climatic values from atlas [13]. The first experiment (hereinafter referred to
as the ERAS experiment) used hourly data from the ERA5 reanalysis ¥ provided

2) European Commission. European Marine Observation and Data Network (EMODnet). [online]
Available at: https://www.emodnet-bathymetry.eu [Accessed: 3 March 2025].

3 CMEMS. Black Sea - High Resolution and Ultra High Resolution L3S Sea Surface Temperature:
Product ID. SST BS SST L3S NRT OBSERVATIONS 010 013E.U/CMEMS; Copernicus Marine
Data Store. https://doi.org/10.48670/moi-00158

4 Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horanyi, A., Mufioz Sabater, J., Nicolas, J.,
Peubey, C., Radu, R. [et al.], 2023. ERA5 Hourly Data on Single Levels from 1959 to Present:
Data Set. Copernicus Climate Change Service (C3S) Climate Data Store (CDS).
https://doi.org/10.24381/cds.adbb2d47
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by the European Centre for Medium-Range Weather Forecasts for global climate,
with a resolution of 0.25°. In the second experiment (hereinafter referred to as
the SKIRON experiment), the atmospheric forcing included two-hourly data ob-
tained by the SKIRON/Dust modeling system (Greece) with a spatial resolution of
0.1°[14].

Comparative analysis of SKIRON and ERAS data showed a significant differ-
ence in wind forcing over the Black Sea region. The tangential wind stresses were
calculated using an aerodynamic formula similar to [15] based on wind speed data
at 10 m height. As can be seen from Fig. 1, for both forcings, strong winds over
the Black Sea most often (about 10%) have a direction between northerly and north-
easterly, which is consistent with climatic estimates [15]. This structure of wind fields
favours the formation of cyclonic circulation of waters * in the upper active layer
[16]. However, the maximum values of wind stress differ almost by a factor of 1.4 and
reach 5-10° N/cm? according to ERAS5 and 3.5-10° N/cm? according to SKIRON,
corresponding to wind speeds of about 23 and 18 m/s, respectively. Comparison
with available observations shows that the wind speed from ERAS data is closer
to reality. In confirmation of the above, Fig. 2 presents the wind fields on 3 Decem-
ber 2016 plotted using ERAS5 and SKIRON forcing data and obtained at the Remote
Sensing Department of Marine Hydrophysical Institute from satellite data (available
at: http://dvs.net.ru/mp/data/main_ru.shtml). It can be seen that the high wind speed
areas in ERAS (Fig. 2, b) are more representative.

71073, N/cm?
= [05:10)
[1.0:1.5)

IHnnnnna

F i g. 1. Histograms of repeatability, %, of the wind
directions and the wind stress values 7 for the Black Sea in 2016:
a — ERAS; b — SKIRON. The data are calculated from wind speed
at a height of 10 m

3 Blatov, A.S., Bulgakov, N.P., Ivanov, V.A., Kosarev, A.N. and Tuljulkin, V.S., 1984. Variability of
the Black Sea Hydrophysical Fields. Leningrad: Gidrometeoizdat, 240 p. (in Russian).
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The temporal variability of other fluxes from the ERAS and SKIRON forcing
data is qualitatively similar. For area averages, the total heat flux (sensible and latent
heat, thermal and solar radiation) during the year is 15-20% higher according to
the ERAS data (Fig. 3, a). For the moisture flux (precipitation minus evaporation),
an increase in precipitation is observed in winter and autumn according to ERAS
(Fig. 3, b).

Results of modeling and validation

As a result of numerical experiments, daily temperature, salinity and current
velocity fields as well as sea level data were obtained for the entire study period.
To validate the results, we calculated the root mean square errors (RMSE) of the model
temperature and salinity from the in situ data obtained by ARGO profiling floats ©
and onboard equipment in 87, 89 and 91 cruises of R/V Professor Vodyanitsky [17]
in 2016 provided by the Oceanographic Database of Marine Hydrophysical Institute
[18] (Fig. 4, Table 1). The data array contained more than 200 thousand measure-
ments obtained both in the coastal zone and in the deep sea. As can be seen from
Fig. 4 and Table 1, the coasts of Crimea, Turkey and the central deep sea are well
provided with observation data in the cold and warm seasons. For the North Cauca-
sus coast, the data from two ARGO floats are available for autumn and winter 2016.
No data are reported for the northwestern shelf and the area of the Batumi anticyclone.

N ¢ A3901852

47° A3901854

A3901855

46° A6900805

AG900807

A6901831

45° AG901832

A6901833

. A6O01834

AG901866

A6901895

43° A6901900

¢ AT900591

420 +  AT7900594
+ Vg7
o : 4 PV89
41 PV

28° 30° 32° 34° 36° 38° 40° E
Fig. 4. Map of location the temperature and salinity mea-
surement stations conducted by ARGO floats and R/V Pro-
fessor Vodyanitsky in 2016
9 IFREMER. Coriolis Operational Oceanography. [online] Available

at: https://www.coriolis.eu.org/Data-Products/Data-selection [Accessed: 3 March 2025].
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Table 1. Information about temperature and salinity measurements in 2016

Identifier of float Date of stations Number of Nr;lgzze?f Maximum pro-
A/ cruise PV stations file depth, m
ments
A3901852 6-28 December 6 624 1507
2 November —
A3901854 29 December 13 1507 1509
22 October —
A3901855 78 December 15 1461 1356
2 January —
A6900805 12 November 39 2354 1500
2 January —
A6900807 31 December 137 189737 991
5 January —
A6901831 30 December 74 7126 1513
2 January —
A6901832 27 December 73 6579 1520
A6901833 2 June ~ 42 3614 1517
29 December
5 January —
A6901834 30 December 74 6746 1505
2 January —
A6901866 28 December 74 96639 987
2 January —
A6901895 27 December 73 8321 723
A6901900 4 January - 41 10777 978
22 July
11 January —
A7900591 27 December 38 36836 1012
3 January —
A7900594 25 August 48 18307 1974
PV87 30 June = 124 108681 2180
18 July
30 September —
PV89 9 October 104 60741 2185
PV91 16 November - 107 48945 2068
3 December
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For data obtained from each float, in each cruise and for each model, at the points
closest to the measurement stations on the corresponding date, vertical averaging of
profiles in six layers characterised by specific thermohaline conditions > was carried
out: upper layer (0—5 m), seasonal thermocline layer (5-30 m), cold intermediate
layer (30-100 m), permanent halocline layer (100300 m), two deep water layers
(300—800 m and 8001500 m). Then, along the tracks, the series of temperature and
salinity deviations from the measured data were calculated and the RMSE were ob-
tained. Analysis of the RMSE tables for all tracks (not presented in the paper)
showed that the trend of the RMSE changes in the indicated layers was preserved
for all data. The largest deviations from the observational data were obtained for
the summer season temperature fields in the thermocline, and for the salinity fields
in the halocline. Below a depth of 300 m, the RMSE values are small and close
in two experiments, the difference between them does not exceed 0.025 °C and
0.036%0 for temperature and salinity, respectively. Table 2 further summarises
the RMSE of temperature and salinity averaged over all tracks by the results of both
experiments in the upper 300 m layer.

As can be seen from Table 2, in the whole layer, the values of temperature repro-
duction errors are smaller in the ERAS experiment than in SKIRON. The highest
RMSE of temperature in both experiments were found in the 5-30 m layer,
with the RMSE values in the ERAS experiment being 28% lower than in SKIRON.
For salinity, the difference between the RMSE values in the 0-30 m layer is small,
about 0.03%o, and in the halocline layer, the RMSE of salinity in the ERAS5 experi-
ment is about 17% less than in the SKIRON experiment.

Thus, the thermohaline characteristics in the layers of the permanent halocline
and seasonal thermocline in the ERA5 experiment are closer to the measurement
data than in the SKIRON experiment. The seasonal thermocline formation is prima-
rily due to the warming of the upper water layer, hence, the increased heat flux
in the ERAS data (see Fig. 3, a) gives more realistic temperature fields. The error
decrease in the halocline layer in the ERAS experiment can be related both to the in-
crease in the precipitation flux in autumn and winter (see Fig. 3, ) and to the change
in the current field structure. The latter statement will be verified below by a com-
parative analysis of the current velocity and salinity fields in two experiments.

Table 2. RMSE of temperature and salinity by the results of
the ERAS and SKIRON experiments

Temperature RMSE, °C Salinity RMSE, %o

Layer, m
SKIRON ERAS SKIRON ERAS
0-5 1.175 0.625 0.224 0.258
5-30 2.390 1.706 0.188 0.212
30-100 0.623 0.489 0.454 0.384
100-300 0.199 0.154 0.423 0.312
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To analyse the differences between the experimental results, the spatial distri-
butions of the fields of currents, temperature and salinity at different horizons during
the year were compared. It was obtained that calculations with SKIRON data showed
smoother fields of all considered thermohydrodynamic characteristics in the upper
20 m layer than in calculations with ERAS forcing.

Let us consider in detail the peculiarities of the model temperature fields.
From January to the end of April in the ERAS experiment, the water temperature
in the surface layer in the area of the northwestern shelf was 3—4 °C lower than
in the second experiment. For the basin as a whole, this difference was 1-2°C
at the 5 m horizon, 0.5—-1°C at the 20 m horizon. From the third ten-day period of
April, water began to warm up faster at both horizons in the first experiment than
in the second one. According to the literature data®, as a result of the spring and
summer warming, a thermocline layer is formed in the Black Sea, with a depth of
the vertical gradient summer maximum of 15-20 m [19]. According to the validation
(Table 2), the maximum RMSE of temperature were revealed in the 5-30 m layer
by the results of both experiments.

Fig. 5 shows temperature distributions at the 20 m horizon on 15 June and
15 December calculated in two experiments. It can be seen that in June, the differ-
ence between temperature values from ERAS5 and SKIRON data for the western
part of the basin averaged 3—4 °C, for the eastern part — up to 3 °C (Fig. 5, a, b).

SKIRON
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28° 30° 32° 34° 36° 38° 40° E
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Fig. 5. Temperature fields at the 20 m horizon on 15 June 2016 (a, b) and 15 December
2016 (c, d) obtained by using atmospheric forcings ERAS (a, ¢) and SKIRON (b, d)
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It should also be noted that for each experiment, the largest temperature difference
of 3-5 °C between the western and eastern parts of the basin was observed in the zones
of eddy activity.

In the ERAS experiment, the eastern part warmed to almost the same tempera-
ture values (2024 °C) as the western part by September. For the SKIRON experi-
ment, the temperature difference at 20 m horizon between the western (22.5-24 °C)
and eastern (12.5-15.5 °C) parts of the basin was about 10 °C by mid-September.
Since late October, the temperature fields in two experiments differed insignifi-
cantly (0.5—1 °C) across all the horizon, except for the southeastern region of the sea,
where, according to the ERAS experiment, the temperature was 3—4 °C lower
due to the effect of a cyclonic mesoscale eddy (Fig. 5, ¢).

For the summer period, the heat fluxes from the atmosphere were analysed and
the reconstructed temperature was compared with the data obtained in 87" cruise of
R/V Professor Vodyanitsky (30 June — 18 July 2016). It was found that the difference
in the heating intensity of the upper water layer in two calculations (Fig. 5, a, b) was
related to differences in the magnitude of the solar radiation flux. Thus, the monthly
solar radiation flux at the sea surface for June 2016 was 249.51 and 187.43 W/m?
according to ERAS and SKIRON data, respectively. The spatial distribution of
the flux (Fig. 6) is also consistent with the non-uniformity of the temperature distri-
bution in the western and eastern parts of the sea: for both forcings, the solar radia-
tion flux in the western part is higher than in the eastern one.

Estimates of deviations from the direct measurement data make it possible
to determine which of two experiments gives results closer to the actual observed
temperature. Fig. 7 shows the difference between the measured and calculated tem-
perature at the 15 m horizon at the stations of 87" summer cruise of R/V Professor
Vodyanitsky (see Fig. 4). It can be seen that the temperature deviations in the ERAS
experiment were lower than in the SKIRON experiment: the mean difference
over all stations was almost twice as small in absolute value (Fig. 7) and the RMSE
in the 5-30 m layer was 2.83 °C according to ERAS data versus 3.65 °C according
to SKIRON data.
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Fig. 6. Monthly-mean solar radiation fields for June 2016 according to ERAS
(@) and SKIRON (b) data
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It is known that the main contribution to the heat balance over the Black Sea
comes from solar radiation (with a maximum in June) [19]. It should be expected
that the differences in the magnitude of the total heat flux in the spring and summer
season according to the ERAS data observed in Fig. 3, a, will also be determined
by this component of the balance. Fig. 6 confirms that the solar radiation from ERAS
is higher. Since the setup of the numerical experiments was identical, and only
the atmospheric fluxes at the free surface differed, it can be argued that the under-
estimated solar radiation fluxes in the SKIRON forcing compared to ERAS lead to
significant temperature underestimation in the upper sea layer.

Analysis of the temperature distribution on a zonal section along 43.5°N showed
that the temperature fields in the autumn and winter period were more homogeneous
in the SKIRON experiment than in ERAS. In addition, calculations using SKIRON
data showed that the water temperature in the upper mixed layer was about 0.5—
1.0 °C higher in the first half of the year than using ERAS data. Spring water warm-
ing in the SKIRON experiment started earlier than in the ERAS experiment, but from
the end of April the process intensified in the ERAS experiment and the water started
to warm faster than in the SKIRON experiment. Fig. 8, a shows that in the ERAS5
experiment, the formation of a cold intermediate layer determined by the 8 °C iso-
therm is clearly observed, whereas in the SKIRON experiment, it is almost undeter-
mined by the 8 °C isotherm (Fig. 8, b). Comparison of the model temperature with
data from ARGO profiling float 6901831 (the trajectory of the float in the summer
0f 2016 was in the vicinity of 43°N — see Fig. 4) showed that the results of the ERAS
experiment were closer to the observational data, since the deviation of the model
temperature from the observational data in the ERAS experiment was 0.3—1 °C
smaller than in SKIRON (Fig. 8, ¢). The vertical location of temperature isolines
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Fig. 8. Zonal sections of temperature fields along 43.5° N for 15 June 2016
obtained by using atmospheric forcing ERAS5 (a) and SKIRON (b). Temperature
deviation between the measurement data of ARGO profiler float no. 6901831
and the modeling results of numerical experiments ERAS (stars) and SKIRON
(circles) (¢) at the 75 m horizon

in the 50-110 m layer in Fig. 8 indicates the presence of frontal zones preventing
horizontal mixing which can be stipulated by eddy dynamics in the central deep sea.

Salinity fields at horizons up to 20 m obtained from the results of two numerical
experiments are quantitatively and qualitatively similar in the autumn and winter
period (January—February and October—December), while differences appear from
March to October. Thus, according to the results of calculations using ERAS data,
it was obtained that during this period at the 20 m horizon in the areas of the Danube,
Dnieper and Dniester river mouths, quite extensive zones of waters with salinity
below 16%0 were observed, whereas in the second experiment the salinity was
higher than 16.75%o. In addition, during this period at the mentioned horizon,
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more saline waters occupied a larger area according to the results of calculations
using SKIRON data. Analysis of the sea surface moisture flux (precipitation minus
evaporation) showed that during the spring and summer seasons, the forcing data were
close (Fig. 3, b) and heat and mass fluxes in the mouths of rivers and in the straits were
the same in both experiments. Consequently, change in stratification due to heating
leads to rearrangement of velocity field and then salinity field as a result of advective
transport. Therefore, we assume that differences in the spatial distribution of salinity
field are related to the structure of current field.

Below the 30 m horizon, salinity fields differ more significantly throughout
the entire calculation period. As can be seen from Table 2, the greatest differ-
ence between calculations is observed in the permanent halocline layer. Fig. 9
demonstrates salinity fields at the 100 m horizon in June and December 2016.
It was obtained that in the SKIRON experiment, salinity in the continental slope zone
was about 0.5%o higher in summer (Fig. 9, b) and 1%o higher in winter (Fig. 9, d)
than in the ERAS experiment. Salinity values are close in the zones of action of
mesoscale eddies. By the end of the year, the salinity difference between the deep
sea and the near-slope zone in the ERAS5 experiment is larger (Fig. 9, e) than
in the SKIRON experiment (Fig. 9, f), which indicates indirectly the intensification
of the Rim Current and formation of the salinity field dome-shaped structure with
higher values in the centre of the basin and lower ones in the periphery.

Comparison of model data and along-track measurements of salinity by ARGO
floats at horizons in the constant halocline layer showed that the ERA5 data repro-
duced salinity more accurately. This is confirmed by the analysis of mean and root
mean square deviations of salinity. Table 3 shows the RMSE of salinity from meas-
urement data in the 100-300 m layer for some ARGO floats operating in deep water
(Fig. 4). For most floats, the RMSE of salinity is smaller when using ERAS5 forcing.

Fig. 10 demonstrates deviation between measured and calculated salinity
values at 100 m horizon. It can be seen that in May—August, the RMSE of salinity
in the ERAS5 experiment is two to three times smaller than in the SKIRON experi-
ment, and the annual mean deviation is about 20% smaller.

As shown by the analysis, the differences in the spatial distribution of salinity
have little to do with the difference in the moisture flux from the atmosphere in two
experiments and appear to be determined by a change in the velocity field structure.
In the upper 20 m layer, current velocities and eddies from January to the end
of April 2016 in the SKIRON experiment were less intense, especially in the area
of the Anatolian Coast and Crimea. In January—April, the maximum velocities
in the indicated areas according to the ERAS5 experiment were 1.5 times greater than
the values from the SKIRON data (at the 20 m horizon, 55-60 and 30-35 cm/s,
respectively), with current directions remaining unchanged. In the second half of
the year, the Rim Current is not formed as a single gyre in the SKIRON experiment,
therefore a significant difference in the localisation of the currents is observed,
especially in the area of formation of the Sevastopol anticyclone and also in the area
of the Anatolian Coast. In July—October, maximum velocity values in the area of
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Fig. 9. Salinity fields on 15 June 2016 (g, b) and 15 December 2016 (c, d) at the 100 m
horizon and zonal section of the salinity field along 43°N for 15 December 2016 (e, f),
obtained by using atmospheric forcing ERAS (a, ¢, ¢) and SKIRON (b, d, f)

Table 3. RMSE salinity, calculated in the ERAS and SKIRON experiments, from ARGO
data at a depth of 100-300 m

Float identifier
Forcing
6900805 | 6900807 | 6901832 | 6901834 | 7900591 | 7900594
ERAS 0.267 0.271 0.291 0.266 0.334 0.187
SKIRON 0.241 0.487 0.368 0.45 0.511 0.25
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Fig. 10. The salinity deviation between the measurement data of ARGO profiler
float 6901834 and the results of numerical experiments ERAS5 and SKIRON
at the 100 m horizon

the Sevastopol anticyclone became different by two to three times (55-60 cm/s
for ERAS and 20-25 cm/s for SKIRON at the 20 m horizon). And the current
directed to the east near the coast of Turkey was not observed in the SKIRON
experiment.

Fig. 11 shows time variability of mean current kinetic energy at the first z-level
of the model grid in two experiments. Since the equations of motion include wind
tangential stresses as boundary conditions at this level, the energy change of
the currents here depends directly on the wind. According to Fig. 1, the wind over
the Black Sea was more intense from ERAS forcing data than from SKIRON data,
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Fig. 11. Time variability of mean current kinetic energy in the upper model horizon
according to data of ERAS (red line) and SKIRON (blue line) experiments
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which led to an increase in the velocity of surface currents. The curves in Fig. 11
confirm current velocity increase at the upper horizon in the ERAS experiment and
increasing difference between experiments in the second half of the year.

The change in the currents structure at the upper horizons was also reflected
in the intensity of the Rim Current and mesoscale eddies in the deep layers. Fig. 12
shows model current velocity fields at the 100 m horizon in June and December
2016. It can be seen that the orbital velocities at the periphery of the mesoscale eddies
reach 25-30 cm/s in two experiments in June (Fig. 12, a, b) and the Rim Current
intensity (velocity in the core and current width) is higher according to the data of
the ERAS experiment. The ERAS experiment shows clearly Sevastopol and Batumi
anticyclones with velocities up to 36 and 28 cm/s, respectively, in the current field
in December, when a chain of mesoscale anticyclones is also observed near the Ana-
tolian Coast (Fig. 12, ¢). In the second experiment at a horizon of 100 m in winter,
the number and intensity of mesoscale anticyclones at the periphery of the Rim
Current are significantly lower, and the Rim Current velocity averages about

10 cm/s.
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Fig. 12. Current velocity fields obtained by using atmospheric forcing ERAS (a, ¢)
and SKIRON (b, d) at the 100 m horizon on 15 June 2016 (a, b) and 15 December 2016

(¢, d)
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Comparison of the current fields (Fig. 12) with the salinity fields (see Fig. 9)
at the 100 m horizon confirms that the increase in the salinity gradient between
the deep water and near-slope zones in the ERAS experiment in winter is caused
by more intense cyclonic circulation of waters and evolution of mesoscale anticy-
clones at the periphery of the Rim Current.

Conclusion

Two numerical experiments on the reconstruction of the Black Sea circulation
for 2016 using the ERAS5 and SKIRON atmospheric forcings were carried out.
The results of temperature and salinity modeling were validated on the basis of con-
tact measurements made by ARGO profiling floats and in the cruises of R/V Profes-
sor Vodyanitsky. The comparative analysis of hydrophysical fields obtained in two
experiments was performed.

Validation of the model temperature and salinity fields showed that the thermo-
haline structure of the Black Sea waters was more accurately reconstructed using
the ERAS atmospheric forcing. For this experiment, the RMSE of temperature
in the 5-30 m layer decreased by 28% and the RMSE of salinity in the 30-100 m
layer decreased by about 17%.

Hydrophysical fields of the Black Sea for 2016, calculated using ERAS data
differ from those calculated from SKIRON data by the increase in the temperature
of the upper 20 m layer in the spring and summer season, formation of the cold in-
termediate layer, increase in the horizontal salinity gradient between the periphery
and the central part of the basin in the permanent halocline layer, intensification of
the Rim Current and coastal mesoscale anticyclones (Sevastopol, Batumi anticy-
clones, Anatolian coastal eddies) in the upper 300 m layer.

When comparing the forcing data for 2016, it was obtained that ERAS had
higher wind intensity throughout the year and higher solar radiation intensity during
the warm period of the year. According to the SKIRON experiment results, insuffi-
cient wind energy and underestimated heat flux lead to weakening of the Black Sea
cyclonic circulation, alignment of isopycnic surfaces and temperature decrease
in the 50—150 m layer. Thus, it is reasonable to use the ERAS atmospheric reanalysis
for retrospective analysis of the Black Sea hydrophysical fields.
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Abstract

The paper aims to develop a geophysical model function that allows retrieval of the wind
speed vector from a radar signal scattered from the sea surface. During in sifu experiments
on the stationary oceanographic platform in 2022-2024, a database was created which con-
tained radar information, frequency spectra of sea surface elevations, wind speed and direc-
tion, and geometric properties of breaking wave crests in the active phase. An MRS-1011
360-degree marine radar (X-band, 3 cm wavelength) transmitting and receiving horizontally
polarized signal at large incidence angles was used in the experiments. For these observation
conditions, the main informative parameter that governs the radar cross section is the fraction
of the sea surface covered by wind wave breaking crests (whitecap coverage). The role of
this parameter is qualitatively confirmed by the fact that the radar power and whitecap cov-
erage have similar wind speed dependencies. It was shown that the radar cross section was
proportional to the whitecap coverage with 1.47 as the proportionality coefficient. The inten-
sity of wave breaking also depends on the wave age, which leads to the dependency of the
radar cross section on the wave development stage. The influence of the wave age on the
radar signal level was confirmed experimentally. It was shown that the level of the wind
dependency of the radar signal in the “up-wind” direction increased by a factor of 5 when the
wave age increased from 0.1 to 1.2. Based on the in situ data and physical grounds of the sea
surface radar backscatter formation, we suggest a geophysical model function allowing re-
trieval of wind speed fields in areas within a radius of about a kilometer. The error in wind
speed vector magnitude and direction retrieved from radar data was 1.2 m/s and 30°, respec-
tively, compared to the data obtained by the anemometer.

Keywords: navigation radar stations, radar images, normalized radar cross-section, sea sur-
face, wind speed, in situ measurements, wave age, wave breaking
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BoccraHoBjieHHe MoJIell BeTpa B NPUOPEKHO 30He
M0 PaaHOJIOKAIMOHHBIM JaHHBIM X-INana3oHa
NpH 60JbIINX YIJIaX HA0II0eHUsI MOPCKOii MOBEPXHOCTH

A. E. Kopunenko *, B. B. MajaunoBckuii

Mopcxou euopogpusuueckuii uncmumym PAH, Cesacmonons, Poccus
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AHHOTAUMA

Lens cratbn — pa3paboTaTh reopU3MIECKYI0 MOJAEIBHYIO (DyHKIIHIO, MO3BOJISIONIYIO IO pa-
JIOJIOKAIHOHHOMY CHUTHaJly, OTPa)K€HHOMY OT MOPCKOM NOBEPXHOCTH, BOCCTAHABIHUBATh
MOJIyJb ¥ HAIpaBJICHNE CKOPOCTH BeTpa. B X0/1e HaTypHBIX SKCIIEPUMEHTOB Ha CTAL[MOHAP-
HOM okeaHoTrpadudeckoit mmatpopme B 2022-2024 rr. 66112 chopMupoBana 0aza TaHHBIX,
cojieprKaiasi paJroJIOKallMOHHYI0 HH(POPMAIHIO, YACTOTHBIE CIEKTPhI BO3BBIIICHHH MOP-
CKOH MOBEPXHOCTH, CKOPOCTh U HAIIpaBJICHHUE BETPa, TEOMETPHUYECKUE PasMephbl 00pYIICHHH
B aKTHBHOM (haze. B skcreprMeHTe UCTIONH30BANACh PaIHoIOKaioHHast cTanms MRS-1011
(X-nuana3oH, JUTMHA 3JCKTPOMArHUTHON BOJHBEI 3 ¢cM), paboTaromias B KpyroBom 0030pe
Ha FOPHU30HTAIILHO MOJISIPU3ALMY TIepeadr/IpuemMa CUrHajia npy OOJBIINX yriiax HaOJo-
JeHus. [ JaHHBIX YCIOBUI HaOMIOAEHNWH OCHOBHBIM MH(OPMATHUBHBIM I1apaMeTpOM,
oTpenesonuM d(GGEKTUBHYIO TUIOMIAAb PACCESHUS, SBISETCS A0JIST MOPCKOW MOBEPXHO-
CTH, MOKpHITast 0OpymeHussMu. KauecTBEeHHBIM MTOTBEPIKACHUEM 3TOTO SIBIISIETCS COBIAJIE-
HHUE BETPOBOI 3aBHCHMOCTH PaJNOJIOKAIMOHHOTO CHT'HANA C 3aBHCHMOCTBIO OT CKOPOCTH
BETpa JI0JIN MOpsi, 3aHATOH 0OpymeHusMu. [lokazaHo, 4To 3aBHCUMOCTH 3()(HEKTHBHOH III0-
I3 paccesHUs OT CYMMAapHOH IuIoma i oOpyIeHHH Ha eINHULIE TIOBEPXHOCTH SIBIISIETCS
nuHeHHOH ¢ ko3 dunneHToM 1.47. MTHTEeHCHBHOCTH OOPYIICHUH 3aBUCUT TaKKe OT BO3pacTa
BOJIH, YTO NPHBOJUT K M3MEHEHHIO 3(P(EeKTHBHON IUTOMmIaIN paccesHHUs B 3aBUCHMOCTH
OT CTEIICHH Pa3BUTHA BOJHEHHA. DKCIEPUMEHTAIBHO YCTAHOBIICHO BIMAHUE BO3pAacTa BOJIH
Ha ypOBEHb CUTHaJIa paanosokaTopa. Iloka3zaHo, 4To ypoBEHb paIMOIOKAIMOHHOTO CUTHAJIA
B HAIIPaBJICHUH «Ha BETEP» yBEIWIHMBACTCS B IISITh pa3 IIPU N3MEHEHUH Bo3pacTta BoJH oT 0. 1
1o 1.2. Ha ocHOBaHMY HAaTypHBIX JaHHBIX U (QU3MUECKUX MPEACTaBICHUN 0 (POPMUPOBAHUN
OTPaKEHHOTO OT MOPCKOM MOBEPXHOCTH PAIHUOIOKAIIMOHHOI'O CUTHAJIA MTPe/IoJKeHa reodu-
3u4ecKast MoJeNbHas PyHKIHS, KOTOPAsi TO3BOJISCT ONPEAEIATH ITOJIsl CKOPOCTH BETPa B aK-
BaTOPHAX PAJINYCOM OKOJIO KHuioMeTpa. Onmbka BOCCTAHOBICHHBIX 10 PaIHOJIOKAIIHOHHBIM
JaHHBIM MOJYJISI M HallpaBJIEHUsI CKOPOCTH BETpa COCTaBHIIa COOTBETCTBEHHO 1.2 M/c u 30°
10 CPaBHEHHIO C HH(pOpMAIHMEH, TOIyYCHHOH aHEMOMETPOM.

KuoueBsble cjioBa: pajvoI0KalMOHHbIE CTAHIIUHU, PaJHOJIOKA[HOHHbBIE U300PaKEHNUS,
yneabHast 9QekTHBHAs MI0NIaNb PACCESHUA, MOPCKas IIOBEPXHOCTh, CKOPOCTh BETpa,
HaTypHBIE U3MEPEHHs, BO3PACT BOJIH, OOPYIICHHUS BETPOBBIX BOJIH

BaaronapHocTu: ucciieioBaHie BBITIOJIHEHO 3a cyeT rpaHTa Poccuiickoro HayuHoro doHa
Ne 24-27-20105, https://rscf.ru/project/24-27-20105, u cornamenus ¢ JlemapraMeHTOM
oOpa3oBanus u Hayku T. CeBactomomst Ne 85 ot 19.06.2024 r.

Jas nutuposanus: Kopunenxo A. E., Manunosckuii B. B. BocctaHoBieHue moseil BeTpa
B IpUOPEKHOW 30HE 10 PaAMOJIOKAIMOHHBIM JaHHBIM X-JMana3oHa MpH OOJBIIUX yriax
HAOITIOICHUS MOPCKOM TIOBEPXHOCTH // DKOJOTHYecKast 0e30MacHOCTh MPUOPEKHON U IIEITb-
¢oBoii 30H Mopst. 2025. Ne 1. C. 26-41. EDN JRCXNU.
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Introduction

The most effective means of monitoring the aquatic environment under any me-
teorological conditions and at any time of day and night are radar systems. Currently,
algorithms have been developed that use satellite radar information to determine
wind speed and direction, surface wave characteristics, and to study eddies and
frontal partitioning (see, for example, [1, 2] and the literature cited in these works).
These data processing techniques are based on developed theoretical models of
the formation of the radar signal reflected from the sea surface at incidence angles
of 15-60° [3].

However, satellite data cannot be used for continuous monitoring of wind speed
fields, currents and surface wave characteristics in ports, coastal waters and areas of
heavy shipping. Navigation radar stations (RS) installed on offshore platforms, ships
or onshore structures are used for real-time and continuous monitoring of the se-
lected area. In order to analyse RS data, methods to recover velocity and direction of
surface currents and determining characteristics of surface waves were developed
and tested (see, for example, [4-6] and the literature cited in these works).

Wind speed reconstruction from radar images is mainly based on empirical
models that establish the relationship between the radar signal intensity and wind
speed vector magnitude U. In [7], it was proposed to use a third-order geophysical
model function (GMF). At wind speeds of ~ 4 and 22 m/s, the errors in retrieved
wind speeds were ~ 0.8 and ~ 0.1 m/s, respectively. To determine the wind speed
direction, the radar signal intensity, depending on sea surface observation azimuth
@, is approximated by a harmonic function [8]. The value of the angle at which the
maximum radar signal value is observed is taken as wind direction @y. To determine
U, an empirical model function was proposed in [8], in which the radar signal inte-
grated over all azimuth angles was used. Another way to retrieve wind speed vector
from marine navigation radar images is to use neural networks [9].

Unfortunately, many papers describing algorithms for wind field retrieval from
coastal or ship RS data do not provide information on the linearity of the character-
istics of the radar receiving paths and its calibration dependencies. As a result, it is
not possible to convert the signal intensity into normalized radar cross-section (NRCS)
oo and make comparisons with data from other sources and theoretical models.
The empirical GMFs listed above are not based on physical ideas about the formation
of the radio signal reflected from the sea surface at large sensing angles. Various
methods of smoothing and filtering of the initial signal are applied, which makes it
difficult to use the proposed techniques for other types of radars.
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Onshore or shipboard radars operate generally in horizontal polarised transmis-
sion/reception mode at sea surface sensing angles of 75-89°. Under such observa-
tional conditions, the main contribution to the NRCS formation is made by wave
breaking [1, 3, 10-12]. In current models, oo depends on fraction of sea surface ¢
with whitecap coverage. Accordingly, the NRCS changes with wind speed variation
should be related to the wind dependency of g. At the same time, ¢ depends on
the wave age [13—15], which leads to a change in the level of o, for the same wind
but different wave ages.

Taking into account the physical state of the sea surface is particularly important
for the retrieval of atmospheric parameters in the coastal waters, where the degree of
wave development varies widely depending on the wind direction.

The paper aims to develop a semiempirical model of the wind dependency of
the sea surface NRCS in the X-band at horizontal polarization of the signal transmis-
sion/reception at large incidence angles over a wide range of wave ages.

Experiment location and equipment

The in situ experiment was conducted in August — October 2022-2024
on a stationary oceanographic platform located in Blue Bay near the village of
Katsiveli, the Southern Coast of Crimea (Fig. 1, a). With its coordinates 44°23'38" N,
33°59'09" E, the stationary oceanographic platform is constructed ~ 480 m from
the nearest shore point. The depth at the measurement site is about 30 m.

An MRS-1011 (produced by Micran JSC, city of Tomsk) short-range vision ra-
dar with high range resolution (A/ = 0.79 m) transmitting and receiving horizontally
polarized signal. The radar power is not more than 1 W, the width of the radiation
pattern in the horizontal plane (A@) is 1°, in the vertical plane — 30°. In this radar,
a continuous linearly modulated signal is generated at an operating frequency of
9430 MHz (wavelength A, = 3.2 cm) modulated by a periodic sawtooth function
with a period of 7 ms. The bandwidth of the sensing signal is 200 MHz relative to
the operating frequency. The received reflected signal is subjected to amplification
and homodyne processing resulting in a beat signal, the spectrum of which represents
the range and radar cross-section ¢ (RCS) of the target.

The radar was mounted on the oceanographic platform at a height of 15 m above
sea level (Fig. 1, b, ¢) and was used during the experiment in the circular view mode
with an antenna rotation angular velocity of 2.79 rad/s. Due to the radar specific
location on the platform, the sea surface viewing sector ranged from 55° to 315°
geographic azimuth.

As an example, the inset of Fig. 1, a shows a radar image of the sea surface,
with clearly visible surface waves. The bright area in the upper left part is due to
reflections of the radar signal from the shore. The dark area is the result of shading
by the platform elements, in this sector the RS transmitter was not activated.
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Fig. 1. Study area (a) and equipment used. The star indicates
the location of the stationary oceanographic platform; the inset shows
a radar image of the sea surface; b — MRS-1011 radar station; ¢ — sta-
tionary oceanographic platform, the arrows indicate the location of
the equipment shown in b, d, e; d — meteorological station; e — string
wave recorder

Wind speed and direction, atmospheric pressure, air temperature and humidity
were recorded using a Davis Vantage Pro2 6152 meteorological station located 23 m
above sea level on the mast of the oceanographic platform (Fig. 1, d). Water temper-
ature was measured at a depth of 3 m.

30 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2025



Wind speed at 10 m horizon for neutral stratification of the atmospheric
boundary layer was calculated using meteorological and surface water temperature
data with the COARE 3.0 methodology from [16].

Surface wave characteristics were recorded using a string wave recorder (Fig. 1, e).
Frequency spectra of sea surface elevations S(f) were obtained as a result of wave
data processing. As a rule, during our measurements, in addition to wind waves,
ripple waves were also observed. Approach [17] was used to divide the wave fre-
quency spectrum into ripple waves and wind-generated waves. As a result, the values
of spectral peak frequency f,, wave peak frequency f,.» and wave age a = c,w/U,
where ¢, is phase velocity of waves at the wave peak frequency, were determined.

The geometric characteristics of wave breaking were determined from video
recordings of the sea surface made with a digital video camera. Additional infor-
mation on the algorithm and calculation of various breaking parameters is given
in [18, 19].

Fig. 2 demonstrates the histograms of values U, ¢y and o measured in the ex-
periment. As can be seen from Fig. 2, a, wind speed ranged from 2 to 20 m/s,
with the majority of observations being made in the U range of 5 to 15 m/s. Dur-
ing the experiments, winds were predominantly easterly (py = 60—120°) and westerly
(pu=250°) (Fig. 2, b). The wave age distribution shown in Fig. 2, ¢ shows that
a varied from 0.1 to 3, with ~96 % of the wave age values ranging within 0.1-1.2.

Cases when the sea was dominated by ripples were excluded from further pro-
cessing. Strong modulations of the radar signal caused by ripples can affect the mean

values of oy significantly, but are not studied in the paper.
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Fig. 2. Histograms of wind and wave measurement conditions: a — wind speed;
b — wind direction; ¢ — wave age
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Data preprocessing

A radar similar in its technical characteristics to the RS in [20], but with in-
creased transmitter power, was used during the experiments.

To convert conventional units of the radar signal into absolute values of NRCS
oo, the RS was calibrated. An inflatable polymer ball (wall thickness ~ 1 mm, diam-
eter Dp. = 67.5 cm) with added aluminum powder was used as a target. To give
conductive properties, the ball was additionally coated with paint with the addition
of aluminum powder. Given that A, << Dp./2, the ball RCS is 6zu = 0.36 m>.
In calm weather, the target was towed by an inflatable boat up to 1000 m from
the platform.

Carrying out calibration works is necessary because the obtained values facili-
tate data interpretation, since the radar scattering models operate with absolute val-
ues of the signal. Note that the calibration constants are different for every device.

As was shown in [20], the receiver characteristics of the RS we use are nonlin-
ear. Accordingly, we should expect that the received signal power from the ball Pr
will not be described by the basic radar formula. Fig. 3 shows the dependency of
Pr/cpa value on the distance to the ball R. Measurement data can be described
by the following power function

Pr/Gpar=C-R™, (D

where coefficients C=1.1-10'? and d = 3.4 are obtained by the least squares method.
The magnitude of the reflected signal scattered by the sea depends on the value
of irradiated sea surface area S. To exclude this influence, the signal reflected
from the sea surface is described as NRCS oy = /.S, where S = 2Al R tan(A/2).
Taking into account the calibration constants, the sea surface NRCS for all
points of the radar image was defined as

Op — C ’PR2'4,
where C' = 1/[2C Altan(A@/2)]; P is power of the received radar signal.

10
=
S 10°} :
f:.;
=
AL Fig. 3. Dependence of the received signal
10%k 1 power normalized to the ball radar cross-section
on the distance to the target. The straight line

shows approximation by power function (1)

R.m
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Model of non-Bragg scattering component

A model for the formation of the sea surface radar NRCS is considered in [3].
In general, oo can be represented as the sum of Bragg cos- and non-Bragg co.s scat-
tering components

6o = oo (1 —q) + com ¢.

According to [3], coms is formed under conditions of quasi-mirror reflections
from very rough parts of the breaking zone, then the whitecap RCS is as follows

G0u5(0, ) =Goun(1 + My O (), )
cons(0) = (sec*(0)/su?) exp(—tan®(0)/sus?) + Swn/Swv’ (3)

where 0 is incidence angle from nadir; ¢ is observation azimuth of the radar station;
M, is modulation transfer function; 0, — is whitecap average inclination; A,x(®) is
coefficient determining the angular distribution of non-Bragg scattering and provid-
ing the difference between radar signals in “up-wind” and “down-wind” observa-
tions; &> is RMS slope of roughness of the breaking zone; €, is constant equal to
the ratio of the whitecap thickness to its length. At high incidence angles (6 > 75°)
[21], the main contribution to the horizontally polarized radar signal is made by cous ,
and the determining role in expression (3) is played by the second summand, hence,
taking into account (2), oo can be written as

60 = (swp/sws?) (1 + M O Aus(9)) g, 4)

According to expression (4), 6o should not depend on the sea surface observa-
tion angle. For very large angles (0 > 88—89°), the NRCS value can be influenced
by the effects associated with shading of sea surface areas by long-wave crests.
As follows from formula (4), the change in signal power will be determined by
the fraction of the sea surface covered by wave breaking.

Traditionally, ¢ is described by power function g = BoU" (see, e. g., [19, 22-24]).
However, the large scatter in the data [13, 14] indicates that wind speed by itself does
not explain all of the observed variability of ¢. In particular, according to [13—15],
coefficient By is wave age function By = f{a). As function f{a) can be nonlinear, let
us define it as power function f{lot) = o”. A general form expression for formula (5),
which is an analogue of GMF, follows from the above:

So(p, 0) = B(9, 0) o U9, )

where b(@, 0), n(p, 0) and B(p, 0) are constants.

Note that, since our data were obtained under conditions close to neutral strati-
fication of the atmosphere, we will neglect the manifestation of stratification effects
on wave breaking.
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Fig. 4. Normalized radar cross-section (NRCS) of the sea surface
s a function of the angle of observation for ‘up-wind’ (@), ‘perpendicular
to the wind’ (b) and ‘down-wind’ (¢) measurements. The blue line is data
averaged over the range U = 7.0 = 1.5 m/s; the red line is 11.0 £ 1.5 m/s;
the orange line is 15.0 + 1.5 m/s. Confidence intervals are given in the bottom
left part of the figure

Analysis of data obtained

Angular dependencies of radar signal

Fig. 4 shows the NRCS dependency on the incidence angle for “up-wind” o,
“perpendicular to the wind” oo™ and “down-wind” c,"" measurements. The RMS
deviation averaged over realisations did not exceed 5 dB. As can be seen from Fig. 4,
the sea surface NRCS for incidence angles 83.5 < 0 < 88° is almost unchanged,
while at higher values of 0, the NRCS decreases due to the influence of shading
by long-wave crests. In order to construct the GMF to recover the wind speed vector,
we will consider the mean value of oo over the range of angles (83.5-88°) and
on the descending section of o for values of 6 equal to 88 and 89°. For our obser-
vational conditions, this corresponds to a distance of 130—-860 m.

Wind dependencies of radar signal

Fig. 5 shows an example of wind dependencies 60", 6o, o™ for the range of
angles 83.5 <0 < 88°, with the colour of symbols corresponding to the wave age
colour scale on the right side.

As follows from Fig. 5, power dependency of 6o on wind speed is observed.
Note that for the same wind speed at the measurement level, the values of oo increase
with increasing a, i. €., in the process of wave development. This regularity is char-
acteristic of all selected observation azimuths. With a changing from 0.1 to 1.2,
the weakest growth of ¢y by ~5 times is observed for co””, and the largest NRCS
increase by about 30 times is characteristic for co”. The obtained dependency of oo

on wind speed and wave age confirms the appropriateness of describing the sea sur-
face NRCS in form (5).
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Fig. 5. NRCS of'the sea surface as a function of wind speed during ‘up-wind’
(a), ‘perpendicular to the wind’ (b) and ‘down-wind’ (c) sensing. The solid lines
correspond to dependence (5) with coefficients given in the table for o = 0.1
(lower line) and a. = 1.2 (upper line)

Coefficients of NRCS wind dependency

. 0=0° 0= 90° 0= 180°
10’B n b 1088 n b 108 B n b

83.5-88 4.2 3.3 0.7 2.2 4.2 14 0.5 4.4 1.1
88.5 2.9 3.3 0.8 6.4 3.6 1.0 4.9 3.1 0.7
89 0.7 3.5 1.0 17.5 2.9 0.9 — - -

The values of coefficients B, b, n given in Table for different values of 0 and
azimuths in the interval 0.1 < o < 1.2 were determined by the least squares method
from experimental arrays of simultaneous measurements of wind speed, wave age
and co(p, 0). In the “up-wind” direction, the values of corresponding powers are
almost the same for specified incidence angles 6. The decrease in B level at obser-
vation angles 0 > 88.5° can be explained by shading conditions.

The obtained values of n fall within the range of wind coefficient estimates
known from [14, 25, 26] for the fraction of the sea surface covered by breaking crests.

The NRCS model considered above at large incidence angles (4) indicates that
oo is determined by the value of g. Hence, wind dependency oy should be determined
by the dependency of g on U. Note that the first two terms in the right-hand side of

expression (4) containing sws%, My, Oys,, can involve in oy = AU), but we did not
determine their values. Let us use the archive data of ¢ and the values of 6o and ¢
obtained simultaneously during measurements in the experiment.
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Fig. 6. Fractions of the whitecap coverage and NRCS: ¢ — wind
dependencies g and co; (M — values of co"? at U =2.2+17.1 m/s,
o — values of g at U = 4.7+21.4 m/s) b — dependency of NRCS on
q derived from synchronous measurements

In Fig. 6, a, squares represent the values of ¥ at wind speeds from 2.2
to 17.1 m/s, circles represent the values of ¢ obtained at U=4.7-21.4 m/s.
Both wind dependencies almost coincide, but a slight difference is observed
at U < 10 m/s; in these cases, a stronger decrease in the value of ¢ is observed with
decreasing wind. This can be explained by the fact that during moderate and weak
winds, small breaking crests that contribute significantly to the value of ¢ are not
identified during video processing [27, 28]. At the same time, such breaking is
involved in the formation of the NRCS.

It is of interest to compare Gy and the fraction of the surface covered by the active
phase of breaking. Indeed, according to model (4), simple relation Go © g should
be observed. Fig. 6, b demonstrates the dependency of the NRCS on ¢ obtained from
our data as a result of synchronous measurements. As can be seen from Fig. 6, b,
the dependency of the NRCS on g is satisfactorily described by the linear function
shown by the solid line 6o = 1.47¢. Such a linear dependency confirms model (4)
of the NRCS formation at large incidence angles of the radar signal.

Azimuthal dependencies of radar signal

Previous studies [29—31] have shown that for maritime navigation stations op-
erating on a horizontally polarised signal at 0 > 75°, the maximum value of the radar
signal is observed in the “up-wind” direction. To describe the azimuthal dependency
of the signal and to find the wind speed and direction, we approximate our data
by a standard dependency in the form of a restricted Fourier series (see, e. g., [32])

o(U, ¢, 0) = 4o + 41 cos(¢ — @) + 42 cos[2(¢ — pw)], (6)

where @, is direction of azimuthal dependency maximum; Ao, 41, 4> are coefficients,
which generally depend on U, o, 0 and, according to the work !, are written as

D) Ulaby, F.T., Moore, R.K. and Fung, A.K., 1986. Microwave Remote Sensing: Active and Passive.
Vol. 3. Dedham, MA, USA: Artech House, 2126 p.
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Ao = (Goup + oo + Godw)/4, (7)
A= (Goup - Godw)/2, (8)
Az = (00" — 200" + Godw)/4, )

In our notations, direction ¢ = ¢,, corresponds to the “up-wind” measurements,
¢ = @y + T — to the “down-wind” ones. In formulas (7)~9), 60", oo, co™ are
described by expression (6), with the values of coefficients B, b, n given in Table.
Fig. 7 shows the NRCS azimuthal dependencies for easterly and westerly wind
directions. The line is for dependency (6) considering expressions (5) and (7)—(9).
The unknowns in formula (6) are Uy, and ., which were determined by the least
squares method (with Ugr, =10 m/s, ¢,,=80° for the line in Fig. 7, a and with
Urt = 14 m/s, @,, = 250° for the line in Fig. 7, b). The wave age in the radar meas-
urements was calculated from the wind wave elevation spectra.

At moderate wind speeds (Fig. 7, a), azimuthal dependency co(¢) has one pro-
nounced maximum when measuring “up-wind”, with the minimum value observed
“down-wind”. When the wind speed increases (Fig. 7, b), the azimuthal dependency
acquires a bimodal character, a second local maximum appears in the “up-wind”
direction. The peculiarities of azimuthal dependencies at large sea surface observa-
tion angles are discussed in more detail in [20].

Speeds Ug;. and ¢, were calculated for the whole data array by the least squares
method according to formula (6) using in situ radar measurements. Fig. 8 shows
the comparison of wind speed direction and vector magnitude retrieved from radar
data with those retrieved from the anemometer.
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Fig. 7. The sea surface NRCS as an azimuth angle function
at U=9 m/s, py=70° aa=0.8 (a); U= 15m/s, py=250°, a=0.2 ().
The dashed lines are for wind direction retrieved from the anemo-
meter data
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Fig. 8. Wind speed direction (a) and vector magnitude ()
retrieved from the anemometer and radar data. The straight
line corresponds to equal values of the two quantities

Fig. 8 shows a linear relationship between ¢, and @u as well as between UrL
and U, with standard deviations between these pairs of values being 30° and 1.2 m/s,
respectively.

Conclusions

The semiempirical model of the wind dependency of the sea surface NRCS is
proposed, which makes it possible to retrieve the driving wind speed for X-band
radar sensing of the sea surface at large incidence angles. Radar, meteorological,
waveform data and video recordings of the sea surface obtained during 2022-2024
at a stationary oceanographic platform in Blue Bay, the Southern Coast of Crimea,
were used for the analysis. Measurements were carried out at wind speeds from 4
to 17 m/s. The observed wave age varied from 0.1 to 3, with 96% of the values of a
being in the interval 0.1 <o < 1.2.

For radar sensing of the sea at large incidence angles, fraction of the sea surface ¢
covered by breaking crests is the main informative parameter that governs NRCS co.
Dependency of the fraction of sea surface covered by breaking crests on wind speed
and wave age a results in the corresponding dependencies of oo on wind speed vector
magnitude U and wave age.

The contribution of wave breaking to the sea surface NRCS was confirmed
experimentally. The linear dependency of o, on the fraction of the sea surface cov-
ered by breaking was obtained: oy = 1.47¢q. Presented wind dependencies 6o and ¢
obtained in situ, are almost identical. This result confirms experimentally adopted
model co(U) o g(U) and the essential role of wave breaking in the formation of
the radar signal scattered by the sea surface at large incidence angles. It is shown that
the degree of wave development affects the NRCS level, which increases five times
with increasing wave age from 0.1 to 1.2 for the same “up-wind” direction.
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The geophysical model function that takes into account wind speed and wave

age o was constructed. Using the results obtained within the geophysical model
function, wind speed and wind direction can be retrieved from the radar data.
The wind speed vector magnitude and direction calculated from oy coincided satis-
factorily with the anemometer readings. The RMS errors of retrieved values Ug;
and ¢,, were 1.2 m/s and 30°, respectively.
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The Danube River Water Discharge
According to Satellite Optical Data of the Landsat Series
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Abstract

The paper aims to find the correlation relationship between the land—water area ratio for
a fixed area of the Danube Delta and the total river discharge using Landsat series satellite
products and SMHI Hypeweb hydrological model. The study period covered 1984-2010.
We used a total of 132 satellite images in one band in the near-infrared spectral range
with a spatial resolution of 30 m. Two study areas were selected: the delta area with channel
and land (44.9-45.4°N, 29.55-29.60°E) and the control area of the mouth seashore (44.9—
45.4°N and 29.80-29.85°E). For each of them a histogram was plotted which charac-
terised the reflected light in relative units and their corresponding numbers of pixels. The
signal from the first area was found to be in the range of 7000-26,000 r.u., whereas from
the second one it was 7000—8000 r.u. This distinction allowed us to separate the delta areas
occupied by river water from those of land. For this purpose, we calculated the ratio
between the number of pixels corresponding to a value of 7000-8000 r.u. to all pixels
in the area. Then we found the correlation between the river discharge from the SMHI
Hypeweb hydrological model and the proportion of pixels corresponding to areas occupied
by water. The regression y = 7.78:10*x %% — 5.98-10* was obtained. The analysis of sea-
sonal variability showed that in the studied delta area, the share of pixels related to water-
occupied areas > 0.5 corresponds to the months from March to May, and the minimum
values < 0.3 correspond to July—September. All this is consistent with the period of intensi-
ty of precipitation and snowmelt in the Danube River basin area. The data from this work
may be useful to researchers assessing the impact of this river discharge on the hydrological
regime and condition of the Black Sea.

Keywords: remote sensing, Danube River, river discharge, Landsat TM, SMHI Hypeweb,
hydrological model, Black Sea
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Pacxon Boabl pexu dynas
M0 ONTHYECKHM CIIYyTHUKOBBLIM JaHHBLIM cepuu Landsat

B. B. Cycaun, C. A. llloaaps, E. A. IToarudaiinos *, O. B. MapTbiHoB

Mopcxoii eudpogusuueckuit uncmumym PAH, Cesacmonons, Poccus

* e-mail: e.podgibailov@yandex.ru

AHHOTALMSA

Henp paGoTBl — HAUTH KOPPEIALUOHHYIO CBSA3b MEXKIY COOTHOIICHHEM IUIOIIAACH CyIIn
1 BOIBI /U1 (DUKCHPOBAHHOTO paifoHa AenbThl J[yHas W CyMMapHBIM pacxolOM pEKH,
UCTIONIB3YSl CITyTHUKOBBIE TPOAYKTHI cepud Landsat w tupponorumdeckyto monens SMHI
Hypeweb. Tlepnon uccnenoanus oxpatbiBan 1984-2010 rr. Bcero Oputo MCTHIOIB30BAHO
132 CHyTHHUKOBBIX CHHMKA B OIHOM CIIEKTPJILHOM KaHaye B OJIMDKHEM HH(paKpacHOM
JMana3oHe CIEKTpa ¢ MPOCTPAHCTBEHHBIM paspemiennem 30 M. BriOpanu aBa paiioHa
MCCIIEIOBAaHMS: YYaCTOK JENBTHI ¢ pyciioM u cymei (44.9-45.4° c. m1., 29.55-29.60° B. 1.),
a Tak)Ke KOHTPOIBHBIN yUaCTOK YCThEBOTO B3MOPBA (44.9-45.4° c. mr., 29.80-29.85° B. 1.).
JI1s1 KaXI0ro U3 HUX CTPOWIIM TUCTOIPaMMY, XapaKTEpU3YIOUIYI0 OTPaKEHHBIN CBET B YCJIOB-
HBIX €JUHHUIIAX U COOTBETCTBYIOLINE MM KOIW4ecTBa mukcenos. IlomyueHo, 4uro curaim,
HUCXOIALIUI OT MepBOro paiioHa, HaxoauTcs B quanazone 7000-26 000 y. e., a OT BTOpoOro —
7000-8000 y. e. JlaHHOE pa3nuuue NO3BOIMIO OTACIUTH YYaCTKU AEIBTHI, 3aHAThIE PEYHOI
BOZIOH, OT cymm. JIJist 3TOr0 BBIYMCIISUIM OTHOIIEHHE MEXKAY YHCIIOM IHKCENIOB, COOTBET-
ctByromux 3HadeHHo 7000-8000 y. e., ko BceM MUKCENaM B JaHHOM paiioHe. 3aTeM Haxo-
JIJTH KOPPEJISILIMI0 MEX[Y PacxolloM PeKH 1o ruaponoruueckoi moaenn SMHI Hypeweb
Y J10JIed MUKCEJIOB, COOTBETCTBYIOIINX 3aHATHIM BooU yuacTkaMm. [lonyyena perpeccus
y=7.7810"*x%% - 598-10*. Ananus ce30HHON M3MEHYMBOCTH MOKA3AJ, YTO B UCCIELYe-
MOM YYacTKe JAENBTHI JI0JE ITMKCENIOB, COOTBETCTBYIOIIMX 3aHATHIM BOAOI ydacTkam, Ipe-
BhIIIatomuM 0.5, COOTBETCTBYIOT MECSIIIBI C MapTa I10 Maii, a8 MUHUMaJIbHbIC 3HAYCHUs (Me-
Hee 0.3) xapakTepHsI UL UIONIA — CEHTAOpA. Bee 310 coracyercs ¢ meprogoM MHTEHCHB-
HOCTH BBIITAJICHAS OCA/IKOB U TasHHS CHETOB B apeasie OacceitHa p. Jynas. lanasle 3T0it
pa60T1>1 MOTYT 6I)IT]) IIOJIC3HBI UCCIICAOBATCIIAM, OLICHUBAOIIIUM BIIMSAHUC CTOKA yKaSaHHOﬁ
PEKH Ha THAPOIOTHUECKUE PEXKUM U COCTOSIHUE YepHOTo MOpsL.

KuroueBble cj10Ba: TUCTAHIIMOHHBIE METOABI UCCIenoBanui, [yHail, pacxox pek, Landsat
TM, runponoruyeckast Moziesib, UepHoe Mope

BaarogapHocTu: paborta BBINOJHEHA B paMKax rocynapcrBenHoro 3aganus OUL MI' PAH
FNNN-2024-0012 «AHanmu3, AMarHo3 W OMEPAaTHBHBIN MPOTHO3 COCTOSIHUS THAPOQpU3IUIE-
CKUX U FMJIPOXUMHUYECKUX MOJEH MOPCKHUX aKBAaTOPUH Ha OCHOBE MareMaTH4eCcKOro Moje-
JIMpOBaHUA € MCIHOJB30BAHUEM JAHHBIX AUCTAHIHUOHHBIX W KOHTAKTHBIX METOJ0B H3MEPE-
HUI».

Js umtupoBanusi: Pacxon Bojbl peku JlyHas MO ONTHYECKUM CITyTHHUKOBBIM JAHHBIM
cepuu Landsat / B. B. Cycnun [u np.] // Dxonorudeckas 0€30MacHOCTh MPUOPEKHOM
u menb(oBoii 300 Mops. 2025. Ne 1. C. 42-50. EDN GJZXGP.
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Introduction

The Black Sea occupies a unique geographical position due to the system of
the Bosphorus, Dardanelles and Gibraltar Straits, making it the most isolated water
body in the Atlantic Ocean basin. Under such conditions, the water mass coming
from the estuaries has a particularly pronounced effect on the dynamics as well as
the optical and biochemical characteristics of waters at the mouths of marine areas.
For the Black Sea, the Danube River runoff is a decisive factor in physico-chemical
processes both in the north-western shelf area and in the whole sea in general [1, 2].
The contribution of the Danube to long-term and seasonal changes in sea level is
also significant [3]. Therefore, quantification of the volume of water flowing from
the Danube into the Black Sea is highly demanded in different fields of scientific
knowledge.

With the development of the Earth surface remote sensing from artificial
satellites, new opportunities arise for monitoring the areas of the river mouth
interface with a lake or sea 2.

The problem of studying river discharge from satellite data in the optical
spectral range is not new. For example, this problem is addressed in [4—6]. In these
works, a two-band approach [5] or an automatic classification system (ISODATA) [4]
are used to separate the surface occupied by water and land. Application of
the obtained results with synchronous measurements of river discharge at gauging
stations made it possible to construct a regression relationship between these
parameters, which can be used for monitoring the river discharge based on satellite
measurements only.

Altimetric methods [7-9] and estimation with high-resolution data from
the Sentinel-2 satellite [10—13] are also known. However, it should be noted that
the above methods, despite their advantages, are difficult to use by domestic re-
searchers, as access to satellite products is currently limited. The use of these
methods requires consideration of many factors (vegetation cover, water chroma-
ticity, atmosphere aerosol component, spectral indices based on several bands,
etc.), which complicates the estimation of river discharge.

The paper aims to find the correlation relationship between the land—water
area ratio and the total water discharge of the Danube River from observations of
a fixed area of the river delta using medium resolution second level satellite data
(i.e. after atmospheric correction) in the near-infrared spectral range, using one
band. The article uses materials of the report on the XII All-Russian Conference
with international participation “Current Problems in Optics of Natural Waters
(ONW’2023)” [14].

D Scott, J.W., Moore, L., Harris, W.M. and Reed, M.D., 2003. Using the Landsat Enhanced Thematic
Mapper Tasseled Cap Transformation to Extract Shoreline. U.S. Geological Survey Open File
Report OF 03-272. 14 p. https://doi.org/10.3133/0fr2003272

D NASA. The Thematic Mapper. 2025. [online] Available at: https://landsat.gsfc.nasa.gov/thematic-
mapper/ [Accessed: 11 February 2025].
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Materials and methods

Reanalysis data obtained from the SMHI Hypeweb website > were used as in-
put data of the discharge at the Danube River mouth. The source provides infor-
mation on daily water discharge (sector 9600704) from 1 January 1981 to 31 De-
cember 2010 (Fig. 1).

Landsat series satellite products (a joint project of the US Geological Survey
and NASA) were obtained from the Landsat Missions website ¥. For the study,
cloud-free images of the second level, i. e. after atmospheric correction, were se-
lected from the entire available image array in band 5, wavelength range 1.55—
1.75 um with a spatial resolution of 30 m. This satellite product characterises the
reflection coefficient of natural sunlight (in r. u.) of the study area of the Earth sur-
face, taking into account atmospheric influence and observation geometry. For
the water surface, the reflection coefficient values themselves and its variability
associated with the observation geometry are minimal, as when selecting scenes,
we excluded data with sea surface glare. The choice of band was stipula-
ted by its lower sensitivity to errors associated with aerosol in the atmosphere and
high content of mineral suspension in river waters, which determined a better sepa-
ration of land and water surface.

T T T T T T T T

=27 i
Y

: |
5

s

5! 1
Wn I

0 | | | | ! | | | | | | | | | | | | | | | | ! | | | | |
1980 1985 1990 1995 2000 2005 2010

Fig. 1. Water discharge at the Danube River mouth (sector 9600704) according to
reanalysis data from the SMHI Hypeweb website

% SMHI. Europe Time Series. 2025. [online] Available at: https:/hypeweb.smhi.se/explore-
water/historical-data/europe-time-series/ [Accessed: 11 February 2025].

9 US. Geological Survey. Landsat  Missions. 2025. [online] Available at:
https://www.usgs.gov/landsat-missions [Accessed: 11 February 2025].
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A total of 132 images were selected for 1984-2010:

January 3 July 22
February 5 August 19
March 8 September 11
April 9 October 11
May 14 November 5
June 18 December 7

As would be anticipated, the largest number of suitable scenes is observed
in the warm period of the year, a phenomenon primarily attributable to the frequen-
cy of cloud coverage throughout the year. The selected images are distributed uni-
formly over the years in the time interval under consideration, with an average
of five months of the year being covered.

The study area (fixed delta area) coordinates are 44.9—45.4°N and 29.55-
29.60°E (Fig. 2, @). In addition, a control area of the mouth seashore with coordi-
nates 44.9-45.4°N and 29.80-29.85°E, located close to the study area, was se-
lected (Fig. 2, b).

Fig. 2. Study areas: a — the fixed section of the delta;
b — the control area of the mouth seashore (adopted from:
https://earthexplorer.usgs.gov/)
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For Band 5, histograms (Fig. 3) were plotted for the two selected areas
(Fig. 2). The control area of the mouth seashore (Fig. 3, b) exhibits
variability in signal amplitude from the water surface, ranging from 7000
to 8000 r.u. Conversely, the entire range of variability for the fixed delta
area (Fig. 3, a) extends from 7000 to 26,000 r.u. Fig. 3 demonstrates the obvious
fact that the signal from the water surface (Fig. 2, b) is significantly weaker than
that from land (Fig. 2, a) for the near-infrared range.

Thus, the share of water-occupied surface at the fixed delta area in Fig. 2, a
(weight water) was found as the ratio of the number of pixels in the histogram
from the range of 7000-8000 r.u. to all pixels in the area. The relationship
between the discharge of the Danube River and the weight water was determined
by the corresponding date of the survey, i.e. the same day. Since the cross-
section of the channel (effluents) varies with depth, there must be a
relationship between the width of the channel (effluents) and the water
discharge. At the same time, the width of the channel (effluents) is obviously
related to the area covered by water observed on the satellite scene.

Results and discussion

Fig. 4 shows the result of the relationship between the proportion of pixels
(weight water) occupied by water at a fixed delta site and the Danube River dis-
charge for 1984-2010. The correlation coefficient is 0.78 and the total number of
points is 132.

The choice of individual effluents in the Danube River delta as a fixed delta
area has little effect on the nature of the obtained relationship (Fig. 4). A similar
observation can be made regarding the increase in the fixed area within the delta.
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Fig. 3. An example of count in Band 5 (1.55-1.75 pm)
signal histograms for the fixed delta area (a) and the control area
of the mouth sea-shore (b) for 5 September 2009
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separate scenes and the line is the general regression relation-
ship: y=7.78-10*x%% —598-104

The nature of the obtained functional relationship can be qualitatively ex-
plained within the framework of a simple hypothesis, for which it is sufficient to
consider two trivial cases of river channel cross-sections: rectangular and triangu-
lar. In the first case, the channel width is fixed; hence, a change in discharge will
not affect the increase in channel width or surface area occupied by water, i.e. it is
a period of low discharge. In the second case, the relationship will be a quadratic
function of channel width, and all other variants with less steep channel cross-
sections will approach the relationship obtained.

The seasonal variability analysis shows that weight water over 0.5 corresponds
to the months from March to May, whereas the minimum values of weight water
under 0.3 correspond to July—September. All this is consistent with the period of
intensity of precipitation and snowmelt in the Danube River water intake area .

Conclusions

To solve the problem of determining the Danube River discharge using Land-
sat series satellite products, a simple one-band method was proposed, which is
characterised by its accessibility to a wide range of users. The possibility of divid-
ing the river delta area into land- and water-occupied zones based on their signal
in the near-infrared spectral range is shown. It was found that the water surface
corresponded to the range of 7000—8000 r.u. and the land to 7000-26,000 r.u.

3 Tvanov, V.A. and Minkovskaya, R.Ya., 2008. [Sea Estuaries of Rivers of Ukraine and Estuarine
Processes). Sevastopol: ECOSI-Gidrofizika, 448 p. (in Russian).
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By calculating the ratio of the number of pixels corresponding to water-occupied
areas to all pixels of the selected delta area and relating this share to the river dis-
charge from the hydrological model reanalysis data for the same date, we obtained
regression relationship y = 7.78:10 *x*% — 5.98-10™*. The above relationship can be
applied to calculate the inflow of the Danube river water into the Black Sea. It was
found that water—land pixel ratio exceeding 0.5 was typical for spring months and
less than 0.3 corresponded to summer — early autumn, which coincides with the
period of precipitation intensity and snowmelt in the Danube River basin.
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Abstract

Accumulative marine coastal forms of the Black Sea are exposed to a number of natural
threats, including sea level rise and increased wave action. Monitoring of accumulative
forms dynamics in order to timely identify adverse trends in their development is a necessary
component for coastal zone management and the development of coastal protection measures.
The aim of the work is to determine the qualitative and quantitative characteristics of
the transformation of the western branch of the largest accumulative form in the northwest-
ern coast of Crimea — the Bakalskaya Spit — as a result of the storm on 2627 November 2023.
We used cartographic, literary and archival sources as well as remote sensing data, materi-
als of long-term monitoring observations and results of mathematical modeling. In terms of
wave parameters and overall power, the 2627 November 2023 storm was extremely strong
but not unique, and in terms of power and other wave parameters it is comparable to
the 11 November 2007 storm. It was found that during the extreme storm, the accumulative
body shifted to the east. The magnitude of the displacement varies significantly along
the length of the spit and exceeds the magnitude of the main shore retreat. The position of
zones with different magnitudes of the coastal bar displacement or formation of washouts
does not coincide with that in previous storms. Differences in the character and scale of
the accumulation body transformation are determined by local in terms of time and space
conditions, primarily by the relief of the underwater slope and beach at the time of storm
formation. Monitoring of the accumulative body dynamics following the storm recorded
self-restoring processes confirming that the lithodynamic system had not been not brought
out of the dynamic equilibrium.
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AHHOTANNA

AKKyMyJIITHBHBIE MOpcKHe OeperoBbie (hopMbl UepHOTo MOpsI TIOIBEPIKEHBI PSIY MPUPO.-
HBIX YIpo3, B YHCJI€ KOTOPBIX MOABEM YPOBHS MOPS U YCHJIEHHE BOJHOBOIO BO3JEHCTBHUS.
MOHHTOPHHT IUHAMUKHN aKKyMYJISTHBHBIX (DOpM JIsi CBOEBPEMEHHOTO BBISIBJICHUS HeOa-
TOTIPUATHBIX TEHACHIUH UX Pa3BUTHA SABIETCS HEOOXOOMMOW COCTABIISIOUICH Ul yIpaB-
TeHns1 OeperoBoii 30HOH U pa3paboTku Mep 1o 3amuTe Oeperos. Llens paboTel — onpenene-
HHUE Ka4eCTBEHHBIX M KOJIMUYECTBEHHBIX XapaKTEPHCTHK TpaHc(opMaluy 3arajHol BETBH
KpYyIHEeIIei akKyMyJIsITUBHOH (OpMBI ceBepo-3amnaqHoro nodepexbs Kppima — bakanbckoit
KOCBI — B pesynbTare mropMma 26—27 HosOps 2023 . Mconb3oBaHbl KapTorpaduieckue,
JIUTEpaTypHbIE U apXUBHBIE UCTOYHUKHY, JAHHbIE NUCTAHIIMOHHOTO 30HAMPOBAHUS, MaTepU-
aJIbl MHOTOJIETHUX MOHUTOPUHTOBBIX HAOMIOACHUH, pe3yIbTaThl MaTeMaTH4eCKOTro0 MO~
poBaHus. [1o BOTHOBEIM IapaMeTpaM W 0o0mmIei MOIHOCTH mTopM 26—27 HOs0ps 2023 T
SIBIISIETCS. UPE3BBIYAiiHO CUJIBHBIM, HO HE YHHMKAalbHBIM, a 110 MOIIHOCTHU M JIPYTUM Ia-
pamerpam BOJIHEHHUS] CpaBHUM co 1TopMoM 11 HosiOpst 2007 . YcTaHOBIEHO, YTO B XOJE
IITOPMa MPOU3O0LIIO CMELICHUE aKKyMYIATHBHOTO Tella Ha BOCTOK. BenmmumnHa cMerneHus
CYIIECTBEHHO pa3iNyaeTcs Ha MPOTSHKEHHOCTU KOCHI U MPEBBIIAET BEIUUNHY OTCTYTaHUs
KopeHHoro Oepera. Ilono)keHue 30H ¢ pa3HBIMU BEIHYMHAMU CMELIEHHs OSperoBoro Bajia
nnm oOpa3oBaHNEM IIPOMOWH HE COBIAAACT C TTOJOKEHUEM TAKUX 30H B NIPOILIBIE INTOPMBI.
Paznuums B xapakrepe n Macmrade TpaHcopMary akKKyMyJIATUBHOTO TeJIa ONIPEAEIIOT-
CsI JIOKaJIbHBIMH BO BPEMEHH M MPOCTPAHCTBE YCIOBUSIMH, IPEXKAE BCETo pesbedoM moa-
BOJHOTO CKJIOHa M IUISDKA HA MOMEHT ()OPMHpPOBaHHS IITOpMa. MOHHUTOPUHT ITUHAMHKH
AaKKyMYJISITUBHOTO Tejla IHOCie ITOopMa 3a(MKCHpOBall IMPOLECCH CaMOBOCCTaHOBIICHUS,
MOATBEPIKIAIOIINE, YTO JIUTOAUHAMUYECKas CUCTeMa He Oblja BBIBEACHA U3 COCTOSHUS U~
HaMHUYECKOTO PaBHOBECHSL.

KimoueBnle ciioBa: UepHoe Mope, noimyoctpoB KpbiM, bakanbckas koca, SKCTpeMallbHBIN
HITOPM, penbed, OeperoBast IMHUS

BaarogapuocTu: paboTa BRIIOJTHEHAa B paMKaxX rocynapcTBeHHBIX 3amanmii 1O PAH
FMWE-2024-0027 u ®ULl MI'1 PAH FNNN-2024-0016.

Jnst murupoBanms: Tpanchopmarwst 3ananHoi BeTBu bakanbckoii kockl (CeBepo-3anaiHbiii
Kpbim) B pesynbrate mropma 2627 Hosi0ps 2023 roga / B. B. Kpeutenko [u np.] /
Okonorndeckas 0€30MacHOCTh MPUOPEKHOH 1 mIenbPoBoit 30H Mopst. 2025. Ne 1. C. 51-71.
EDN NJYEOA.
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Introduction

The Bakalskaya Spit is located in the Karkinitsky Gulf of the Black Sea on the
northwestern coast of the Crimean Peninsula. The principal difference between the
Bakalskaya Spit and other large accumulative forms of the Black Sea is its location
in the depth of the Karkinitsky Gulf, where the action of a number of natural fac-
tors is weakened and of some others is intensified. It is a unique natural object de-
termining the hydrodynamic regime of the Karkinitsky Gulf and, at the same time,
exposed to hazardous natural phenomena. Transformation of the accumulative
body, on the one hand, is a consequence of certain natural impacts (e. g. storms or
surges) and, on the other hand, is caused by changes in lithodynamic, hydrodynam-
ic or hydrochemical processes in the bay water area. It is important that the litho-
dynamic system of the Bakalskaya Spit is little changed anthropogenically, which
allows studying the natural transformation of large marine coastal accumulative
forms under conditions of sea level rise and increased storm activity [1, 2].

Specialists of Marine Hydrophysical Institute and Southern Branch of Shir-
shov Institute of Oceanology have been monitoring the Bakalskaya Spit. The scien-
tific material obtained during the expeditions as well as by remote sensing and
mathematical modeling methods is reflected in works [3—7]. In the Black Sea, an
increasing tendency to frequency and intensity of storm waves was noted [8—11].
Storms, especially extreme ones, lead to the transformation of coastal accumulative
forms [12, 13] and in some cases to their degradation [14]. Meanwhile, the impact
of extreme storms on accumulative forms is most often considered theoretically
[15-17].

In November 2023, the Black Sea was exposed to a series of strong Mediterra-
nean cyclones. Winds of up to 40 m/s were observed over much of the water area
[18].

On 2627 November 2023, a storm surge was formed, the parameters of which
reached or exceeded the level of previously observed storms in the region. This
allows classifying this storm as an extreme natural phenomenon [19]. As the scien-
tific observations on the transformation of marine coastal accumulative forms of
the Black Sea during extreme storms are limited, it seems relevant to consider the
impact of the storm on the Bakalskaya Spit. In [20], the impact of this storm on
another accumulative form, the Lake Bogaily barrier beach, was considered. It was
shown that as a result of the storm, the structure of relief and vegetation cover
within the barrier beach that had existed for several decades was completely trans-
formed. The Bogaily barrier beach has undergone a much greater transformation
than in the preceding period of 40 years.

It should be noted that the Bakalskaya Spit and the adjacent water area have
the status of a landscape and recreational park of regional significance. Neverthe-
less, sketch projects for the development of a large recreational zone have already
been developed by order of local authorities. Unfortunately, these projects ignore

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2025 53



completely natural processes taking place on the coast, including dangerous ones.
It is expected that the comparison of new data with the results of previous studies
will make it possible to assess the changes that occurred during a single storm in
comparison with the previous long-term dynamics.

The work aims to determine the qualitative and quantitative characteristics of
the transformation of the Bakalskaya Spit western branch as a result of the extreme
storm on 26—27 November 2023.

Materials and methods of study

Satellite images of different years from open sources (Google Earth, Yandex,
Bing, etc.) were used to analyse the coastal relief dynamics. Data from the Europe-
an Space Agency Sentinel-2 spacecraft imagery were used to provide a rapid as-
sessment of the changes caused by the storm on 2627 November 2023 Y.
To achieve accurate spatial reference, geometric correction of satellite data was
carried out [20]. The sea and lake (lagoon) edge line, coastal bar and cliff’s edge
were digitised from the images. As a spatial reference of the obtained results, we
used a system of virtual reference profiles (RP) drawn through points located at
a distance of 200 m from each other. As a result of this work, information on the
dynamics of the water’s edge and other morphological elements in different time
periods was obtained.

The detailed study of the relief and its dynamics required the creation of digital
elevation models (DEM). Aerial photographs from unmanned aerial vehicles
(UAV) were used [21, 22]. Using the photogrammetric processing technology im-
plemented in Agisoft Metashape software, orthophotos with 0.1 m resolution and
DEMs with grid spacing of 0.15 x 0.15 m were constructed.

In addition to remote sensing materials, data from granulometric analysis of
beach and bottom sediment samples, morphometric characteristics, archival mate-
rials and geobotanical descriptions obtained during expeditions were used.

Calculations of climatic characteristics of wind waves in the Black Sea were
carried out using modern spectral wave model MIKE 21 SW 2. Full description of
the model as well as issues of its verification and adjustment are outlined in [23].
Based on the results of calculations, the array of spatial fields of surface wave pa-
rameters with a discreteness of 1 h was formed for the entire sea area for the period
from January 1979 to December 2023.

 European Space Agency. Sentinel-2. 2023. [online] Available at:
https://sentinel.esa.int/web/sentinel/technical-guides/sentinel-2-msi/level-1c/product-formatting
[Accessed: 12 December 2023].

2 DHI, 2007. MIKE 21/3 Coupled Model FM: Step-by-Step Training Guide: Coastal Application.
Heorsholm, Denmark: DHI, 190 p.
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General characteristics of the Bakalskaya Spit

Morphologically, the Bakalskaya Spit (Fig. 1) is a free double accumulative
form up to 8 km long [24]. Both branches are rooted adjacent to active cliffs devel-
oped in the Pliocene and Quaternary clay strata. At the junction point of the west-
ern branch, the main shore changes its direction sharply from northeastern to
eastern. The spit western branch extends almost straight from the point where it is
adjacent to the main shore. During the first 4 km, the western branch forms a narrow
(60—100 m) barrier beach separating the lagoon (Lake Bakalskoe) from the sea.

The underwater slope in the vicinity of the Bakalskaya Spit is asymmetric,
reflecting the development of the spit. The underwater slope to the west of the spit
is a shallow water plain descending westwards, with a sharp drop in depth to 7 m
on the eastern side close to the shore, followed by a flat gulf bottom. The coastal
bar and sediments up to a depth of 2—6 m consist of shell sand with a large admix-
ture of oolites, gravel and pebbles. A layer of grey lake silt emerges on the seabed
at depths of up to 2 m against the Lake Bakalskoe barrier beach front.

The geographical position determines the specificity of the hydrodynamic
regime of the water area adjacent to the Bakalskaya Spit. The periods with the pre-
dominant influence of either waves or currents alternate in the development of
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Fig. 1. Schematic map of the Karkinitsky Gulf in the Black Sea (data
on underwater topography are given using SonarChart™ materials) (available
at https://webapp.navionics.com). The star denotes the point for which the
main wave parameters were calculated
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the accumulative form. The recurrence and velocities of currents from the open
sea to the Karkinitsky Gulf and back are comparable, while the wave regimes
for the western and eastern sides of the spit are different [25-28]. Northerly and
westerly winds are prevailing but the acceleration length is not the same for them.
Westerly winds generate a large long open sea wave, while northerly winds gene-
rate a low short wave. In terms of power and duration of action, westerly and
southwesterly winds exceed considerably easterly and northeasterly winds: average
power values to the west of the spit are about 1 kW/m and to the east — 0.5 kW/m
[25]. Episodically, storm waves can develop, which are several times more power-
ful than average storms. For the spit western branch, the most severe storms were
observed in 1981 and 1992, north-northwesterly; in 2007, west-northwesterly;
in 1981, 2000, 2017, west-southwesterly; and in 1981, 2008, south-southwesterly.
The 2007 storm was the most powerful — 60 kW/m. Such extreme events determine
the lithodynamic appearance of the spit in many respects. The characteristic trend
components of climatic variability of wind waves in the area of the Bakalskaya
Spit since 1979 are as follows:

— decrease in the recurrence of west-southwesterly storms;

— significant decrease in the average wave height during north-northwesterly
and south-southwesterly storms;

—increase in wave height during west-northwesterly and north-northeasterly
storms.

The wave regime determines the cardinal difference in the relief structure and
dynamics of the western and eastern branches of the spit. In the multi-year regime,
the dominant role of the eastward-directed wave can be observed. The accumula-
tive body of the Bakalskaya Spit (including the underwater part — the Bakalskaya
Bank) shifted eastward during its development, which is reflected in the transverse
profile of the spit (Fig. 1): the western slope is gentle, while the eastern slope is
steep [29]. For the above-water part of the spit, this process is manifested by wash-
out of its western branch and accumulation on the eastern shore. The sediment
budget depends on the products of coastal abrasion and shell directly from the under-
water slope. Although the main volume of sediments enters the lithodynamic system
from the west, the western branch shifts eastwards (the shore retreats) in the form
of a coastal bar 1.2-1.6 m high and 20-50 m wide. In waves with a significant
longshore component, the movement of sediment here occurs in a distal direction;
in cross-shore waves, the previous sediments are washed out, transporting material
to the inner part of the spit. The eastern branch advances into the sea area (accumu-
lation is observed) as new generations of coastal bars 0.5-1.2 m high and 5-10 m
wide are formed.

Thus, the current development of the Bakalskaya Spit is determined by chang-
es in the number, direction and intensity of storms, fluctuations in the volume
of sediment input and anthropogenic sediment extraction [1, 7, 24].
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Structure of the western branch

The relief of the above-water part of the western branch of the Bakalskaya Spit
is based on a full profile sand-shell beach (Fig. 2). Within the western branch,
the following main zones can be distinguished, traced in one form or another along
almost the entire length of the spit:

1. Active beach zone. It is characterised by the most variable relief, exposed
to the action of waves throughout most of its development. The width is rarely
more than 10 m (Figs. 2, 3) and the slope towards the sea is characteristic. Within
the beach, a storm bank (less often several) is usually formed, and sometimes culp
formation is observed. When the longshore currents intensify and are accompanied
by material export, a beach scarp is formed (Fig. 3, ¢). Dense matting of algal rem-
nants is occasionally formed at the root part of the spit along the edge (Fig. 3, a).
As the shore retreats near the water’s edge, sediments of the inner part of the spit
are exposed, i.e. bars (shell, sand, pebbles, often lithified) or inter-bar depressions
(silt with a mixture of shell, with a framework of vegetation remnants). The latter
are more resistant to washout and contribute to the formation of capes (Fig. 3, ¢).
The greatest variability of the plan position of the coastline, formation and destruc-
tion of storm banks and terraces are observed near the distal part of the coastline
(Fig. 3, e), where fluctuations in the volume of sediments moving in different
directions are most significant.

2. Ridge zone. The most elevated part of the coastal bar (from 0.6 m at the Lake
Bakalskoe barrier beach to 1.4 m at the root and northern parts), it is located
10—-15 m from the sea’s edge (Fig. 2). The main features of the relief of this zone
are formed during the strongest storms, when wave overtopping of the ridge of
the coastal bar is observed along its entire length and is accompanied by the trans-
fer of material to the rear side. During moderate storms, the wave splash crosses
the ridge only through depressions in it, where seawater flowing into the inner part
of the spit is concentrated and runoff troughs are formed. Between storms, runoff
troughs are transformed into erosion cuts under the action of precipitation. Within
the ridge zone, a more or less developed vegetation cover is present, which is
destroyed during strong storms. Aeolian forms with associated vegetation have
formed in places on the most elevated parts of the western branch central part.

3. Rear zone (lagoon for the Lake Bakalskoe barrier beach). Transition zone
where migration of Lake Bakalskoe material transported by waves from the sea
slope or surface runoff from the ridge zone is completed. The relief is represented
by the surface sloping away from the sea, dissected by runoff troughs. The transi-
tion to the surface of the inner part of the spit has a pronounced bend, the transition
to the bottom of the lagoon is smoother and is distinguished only by the composi-
tion of sediments. Areas of splash flow discharge are characterised by tongue-
shaped protrusions (Fig. 3, f), frequency and configuration of which differ signifi-
cantly along the length of the spit. The zone is usually characterised by developed
vegetation cover.
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Fig. 2. The relief of the Bakalskaya Spit western branch (a), trans-
verse profiles (b): left — barrier beach of Bakalskoe Lake, right — main
part of the spit. The numerals indicate the numbers of the profiles

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2025



w WbleH

< N
-

n o

-

o -

© o

o

-

o

) 0 a

(=) o

~ N ©

o

~
TNCROTNS  FNHOOINO  SNCROING  INHOOIND  SNCROING  INHOOYND  TNCROTNG  FNHOOYNS INHROING  FNHQOTYND SN0
- 0000 - cooco —— 0000 - O00O —— 0000 —— OO0 - OO0 - 0000 - OO0O - 0000 - 0000

w'H w‘H w'H w‘H w'H wH w'H w'H w'H w'H wH

59

Distance from water's edge, m

Continued Fig. 2.
Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2025



Fig. 3. The western branch of the Bakalskaya Spit: @ — the root part; b — the barrier
beach of Bakalskoe Lake; ¢ — a cape formed at the sea water’s edge as a result of the ex-
posure of vegetation remnants of the inner part of the spit; d — the beach in the central
part of the spit; e — the distal part of the spit; f — the overflow cone on the shore of
Bakalskoe Lake

4. Shore of Lake Bakalskoe along the barrier beach. This zone is developed
under the influence of the sea. The overtopping of waves over the barrier beach
ridge is accompanied by the transport of material from the sea slope and the wash-
out of the runoff troughs, resulting in the formation of numerous alluvial fans
on the lakeshore (Fig. 3, f), which create a kind of culp configuration. The deve-
lopment of the shores of Lake Bakalskoe is significantly influenced by lake level
fluctuations caused by seasonal changes in the amount of precipitation or seawater
input during strong storms. Complete drying of the lake was not observed.
The lakeshore, with the exception of active fans, is covered with near-water halo-
phytic herbaceous vegetation, which in dry years develops part of the drying area.
During the seasonal development of algae accompanied by a drop in the lake
water level, a solid cover 15-30 cm thick is formed of dead vegetation remnants
in shallow waters and the drying area. This cover further reduces wave action
on the lakeshores. During periods of high standing water, a bank of vegetation
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and debris is formed along the lake shoreline under the action of waves. Along the bar-
rier beach, during heavy storms at sea, this bank is usually destroyed by the splash
currents and a new one begins to form. No active longshore redistribution of mate-
rial can be observed along most of the lake shoreline, which can be explained
by the low intensity of the corresponding wave direction or the absence of sedi-
ments.

Characteristics of the storm on 26—27 November 2023

To analyse the nature of storm impact on the shore, the main wave parameters
(significant wave heights, peak periods of the spectrum, average propagation direc-
tions) were calculated. The calculation point was located 5200 m from the shore
at an isobath of 10 m (Fig. 1). In addition, the wave power was calculated, which is
a representative characteristic since it depends on two integral wave parameters,
namely wave height and wave energy period. Simplifying a little, we can say that
the energy period is the period of a monochromatic wave with a power equivalent
to the power of given irregular waves. Wave power is expressed in kilowatts per
metre of wave front.

Fig. 4 shows maximum wave heights and power of particular storms west of
the Bakalskaya Spit over the last 45 years. Storms were analysed that developed
waves with significant heights exceeding the 2.5 m level. If this threshold was not
met in a particular year, the characteristics of just the largest storm were chosen
for that year. As can be seen in Fig. 4, over the last 45 years, the 26-27 November
2023 storm is comparable in energy and wave height to the 11 November 2007
storm.
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Fig. 4. Parameters of the largest storms west of the Bakalskaya Spit: ¢ — maxi-
mum significant wave heights; » — maximum wave power; ¢ — general directions
of storms
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Fig. 5. The main parameters of wind waves for the water area west of
the Bakalskaya Spit in November 2007 (blue) and 2023 (red): a — propagation
directions; b — significant wave heights; ¢ — peak and mean wave periods;
d — wave power

Fig. 5 presents a series of significant wave heights, periods, power and wave
directions for the water area west of the Bakalskaya Spit in November 2023.
In addition, the figure provides graphs of the same parameters for November 2007
to compare. It can be seen that both in November 2007 and November 2023
the western branch of the Bakalskaya Spit was under the influence of significant
waves, including a storm with a power of over 25 kW/m on 12 November 2023.
At the time of the greatest development of the storm on 26 November 2023
at an isobath of 10 m, the wave parameters were as follows: significant wave
height — 3.4 m, period — 7 s, length — 75 m. The wave surge height during the storm
was 0.15-0.55 m. It should be noted that the November 2007 storm is slightly
higher in power than the similar storm of 2023. Most likely, these two cases char-
acterise the degree of possible maximum wind wave development for the water

area under consideration.
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Transformation of the western branch during the storm on 26-27 Novem-
ber 2023

As shown in [18, 30], the storm of 2627 November 2023 is extreme for the Wes-
tern Crimea on the scale of several decades in terms of wave parameters and
overall power. A somewhat different picture is observed in the area of the Ba-
kalskaya Spit located in the Karkinitsky Gulf. According to the scale and nature of
changes in the shore configuration and coastal bar relief of the western branch of
the Bakalskaya Spit, it can be concluded that the storm in question was extremely
strong but not unique. This storm is comparable to the storm of 11 November 2007
in terms of power and other wave parameters (Fig. 5).

During the 2007 and 2023 storms, wave action with overtopping of the beach
ridge was observed along the entire length of the coastal bar on the spit western
branch. The bar surface was levelled and existing vegetation was either destroyed
or buried under a layer of sand. The coastal bar width increased considerably,
with clearly visible tongues of sand streams, which were pushing on the inner part
of the spit (Fig. 6). Numerous washouts were formed in the Lake Bakalskoe barrier
beach, with pronounced traces of sediment movement from the seashore to the lake-
shore (Fig. 6).

Figs. 7 and 8, a demonstrate the western branch sea’s edge retreat values from
03.09.2023 (pre-storm) to 02.09.2024 (post-storm and restoration of bar integrity).
It can be seen that the amount of retreat varies considerably along the entire spit.
In the section of the main shore south of the spit, the retreat is either absent (RP /)
or does not exceed 5 m (RP 2 — RP 3). At the root part of the spit, the edge retreat is
relatively small (10-12 m), and at the RP § — RP /7 section it does not exceed 5 m.
In the northern part of the Lake Bakalskoe barrier beach (RP /2 — RP 22), the retreat
values increase significantly, averaging 28 m and reaching 45 m at RP /6.
In the section where the western branch is a bar extending over the inner part of
the spit (RP 23 — RP 33), the retreat is slightly less, averaging 16.2 m. Within the dis-
tal end (RP 34 — RP 36), the western shore retreated approximately 60 m.

Fig. 6. Transformation of the western branch of the Bakalskaya Spit during the storm:
left — a washout in the barrier beach of Bakalskoe Lake; right — movement of sand from
the seashore to the inner part of the spit
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Figs. 7 and 8, b show the western branch sea’s edge displacement values
from 03.09.2023 (pre-storm) to 02.09.2024 (post-storm and restoration of bar
integrity). It can be seen that the amount of displacement varies considerably
along the entire spit. The edge retreat is small (10 m on average) at the root part
of the spit (RP 3 — RP 13), while it is either absent or does not exceed 5 m
on profiles /0 and /3. In the northern part of the Lake Bakalskoe barrier beach
(RP 12 — RP 22), the displacement values increase significantly, averaging 49.5 m
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Fig. 7. The transformation scheme of the western branch of the Bakalskaya Spit
since 1962 and during the storm on 26—27 November 2023
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and reaching 80 m at RP /5. In the section where the western branch is a bar
extending over the inner part of the spit, the displacement remains high between
RP 23 and RP 29 (43 m on average) and decreases sharply to 16—-18 m between
RP 30 and RP 31. It is possible that the decline at this section is due to the presence
of a high crushed shell limestone roadbed extending at an acute angle to the edge.
To the north of the road, the bar displacement increases sharply, reaching 80 m
at RP 33. A strong (up to 60 m) displacement to the east of the distal end was noted
(RP 34 — RP 36). During the storm, the distal length was reduced by 380 m and
subsequently restored by 220 m.
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Fig. 8. Retreat of the sea water’s edge (leff) and the rear part of the beach
bar (right) of the western branch of the Bakalskaya Spit during the
storm on November 2627, 2023. The numbers indicate the numbers of
the support profiles, the distance between the profiles is 200 m
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It should be noted that for the entire length of the western branch no evidence
of longshore sediment movement during storms is observed, all changes being
caused by cross-shore water movements. This is probably due to the long wave
lengths. The front of the waves approaching from the open sea, when in contact
with the seabed, turned parallel to the shoreline at a considerable distance from
the shore and approached it almost at normal.

Transformation of the western branch after the storm of 2627 November
2023

During the storm, the Lake Bakalskoe barrier beach underwent the greatest
changes. In its northern part, two groups of continuous washouts with lengths of
550 and 150 m along the barrier beach were formed (image from 30.11.2023
in Fig. 9). During the storm, the flow of both water and sediments was directed
towards the lake. Excess water in the lake led to flooding of the low-lying areas of
the inner part of the spit. After the end of the storm and the lowering of sea level,
the water began to backflow through the washouts, accompanied by the transport
of sand to the seashore. After the levels normalised, the cross-water movement
stopped and conditions were created for the barrier beach integrity to be restored.
During the month following the storm, the northern group of washouts disappeared
completely (image from 01.01.2024 in Fig. 9), while the largest scour holes re-
mained in the southern group, and they were significantly shallower. After another
month, only one washout was observed within the barrier beach (image from
31.01.2024 in Fig. 9), which also disappeared during the following two months
(image from 09.03.2024 in Fig. 9).

The restoration of the barrier beach was accompanied by changes in the posi-
tion of both sea and lagoon’s edges. Furthermore, most of the changes in the con-
figuration of the lagoon shoreline were associated with fluctuations in lake level.
On the seashore, the changes in configuration were associated with the redistribu-
tion of sediment both longitudinally and transversely. In contrast to the Lake Bo-
gaily barrier beach [20], where the seaward movement of the sea’s edge was ob-
served during the post-storm period, on the western branch of the Bakalskaya Spit,
the shore retreat continued after the end of the storm. The washouts were closed
by sediments from adjacent shoreline areas. As a result, the highest values of shore
retreat following the storm were observed in the northern part of the Lake Ba-
kalskoe barrier beach, where washouts had been formed during the storm.

It should be noted that the areas of washout formation and shore retreat during
storms are not stationary. Fig. 9 (images from 08.06.2003 and 15.06.2004) shows
that after a series of October 2003 storms with a power of 25 and 34.2 kW/m,
washout formation and shore retreat occurred in the southern part of the Lake
Bakalskoe barrier beach. Such irregularity is most likely caused by fluctuations
in the volume and location of sediment stores on the underwater slope adjacent
to the Bakalskaya Spit from the west. The presence of sediment stores is indicated
by underwater bars along the spit western branch (see Fig. 2). The irregular nature
of storm passage and the mosaic distribution of sediment accumulations cause
significant variations in the volume of material entering the near-edge zone.
Analysis of space images shows that “plumes” of sediments are periodically formed
along the spit western branch, gradually shifting along the shore from the foot
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of the spit to the distal, which causes significant changes in the relief of the under-
water slope, configuration of the shoreline, beach width and profile. It is this fea-
ture that contributes to changing the position of washouts formed during storms.

Another consequence of the storm was the destruction of vegetation within
the entire coastal bar. By autumn 2024, the vegetation within the coastal bar had
not yet been restored, which is clearly visible when comparing the images from
03.09.2023 and 02.09.2024 (Fig. 9).

Conclusion

In terms of wave parameters and overall power, the 26-27 November 2023
storm is extreme for Western Crimea on the scale of several decades. However,
in the area of the Bakalskaya Spit located in the Karkinitsky Gulf, the storm
in question is extremely strong but not unique, and it is comparable to the storm of
11 November 2007 in terms of power and other wave parameters. A similar conclu-
sion can be drawn from the scale and nature of changes in the shore configuration
and coastal bar relief of the western branch of the Bakalskaya Spit. Most likely,
these two storms determine the limits of possible maximum wind wave develop-
ment for the water area under consideration, and the differences in the nature and
scale of the accumulation body transformation are determined by local conditions
in time and space, primarily the relief of the underwater slope and beach at the time
of storm formation.

The relief of the above-water part of the western branch of the Bakalskaya Spit
is based on a full profile beach, within which the main zones are distinguished,
which can be traced almost along the entire length of the spit. During the 2627 No-
vember 2023 storm, wave action with overtopping of the beach ridge was observed
along the entire length of the coastal bar of the spit western branch. All zones un-
derwent significant transformation. The coastal bar width increased significantly
due to its displacement to the inner part of the spit by a distance that exceeded
the retreat of the sea’s edge. The bar surface was leveled and vegetation was
either destroyed or buried under a layer of sand. Numerous washouts were formed
on the Lake Bakalskoe barrier beach, which transported sediments from the sea-
shore to the lakeshore.

In general, the effects of the 26-27 November 2023 storm on the western branch
of the Bakalskaya Spit are large-scale but not critical. As can be seen from the dy-
namics of the barrier beach following the storm, self-restoring processes can
be traced, confirming that the lithodynamic system was not brought out of the dy-
namic equilibrium.
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Abstract

The paper analyzes the effectiveness of a pile breakwater structure Grebenka for coastal
protection purposes. From 03.10.2020 to 30.04.2023, full-scale testing of the structure was
conducted on the northern shore of the Kaliningrad Oblast near the city of Zelenogradsk
between the eroded and accumulative shore segments. Four breakwater modules were
installed in a single line in the groin pocket at a depth of about 2 m offshore of the groin
end but did not completely overlap the pocket. One module was installed in the immediate
vicinity of the shoreline. The experiment covered several seasons of severe storms, which
allowed us to compare the shoreline dynamics at the breakwater installation site and in the
neighbouring areas. We carried out regular measurements of the beach width, aerial
survey, repeated depth measurement at the installation site and assessed the underwater
slope dynamics. We also determined the thickness of the sand cover layer at the structure
installation site and placed tilting flow velocity sensors on the breakwater. It was found
that the beach width at the breakwater installation site and in adjacent areas was changing
synchronously. The absence of an obvious accumulative effect behind the installed
breakwater was, first, due to the displacement of the breakwater modules and their partial
immersion in the sand and, second, due to the limited line length of the offshore modules
in proportion to their distance from the shoreline. A temporary positive effect was

achieved only for a solitary module as periodic beach progradation to the root of an old
groin adjacent thereto from the east. The results of the full-scale test will be used to further
improve the breakwater design.

Keywords: breakwater, shore protection, Baltic Sea, field experiment, beach dynamics,
underwater slope dynamics, coastal erosion
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AHHOTALUA

IMpoananu3upoBana 3GPEeKTHBHOCTh NPUMEHEHHSI CBAHHOIO COOPY)KCHHUS BUZIAa BOJIHOJIOM
«I'pebenkay mia nener 6eperozamutel. C 03.10.2020 mo 30.04.2023 ObLIM MPOBEACHBI
HaTypHBIE UCTIHITAHKS TAHHON KOHCTPYKIIMHU Ha TpaHHIe aOpa3nOHHOTO M aKKYMYJISITHBHOTO
CETMEHTOB CeBepHOro mnodepexpsi KammHuHTpaackoil obmact BOMM3M T. 3eJIeHOrpajcKa.
Yerbipe MOIYIISl BOHOJIOMA OBLIM YCTaHOBIICHBI B OHY JIMHHIO B OYHHOM KapMaHE Ha TITy-
OuHe OKOJIO 2 M MOpHUCTee KOHIA OyH, HO He NepeKPhIBAIM 3TOT KapMaH MOIHOCThI0. OnuH
MIPUOPEXHBI MOIYNb ObUI YCTAHOBJIEH B HEMOCPEICTBEHHOH OJM30CTH OT JIMHUU ype3a.
DKCHeprMEeHT OXBaTHJI HECKOJIBKO CE30HOB CHIIBHOW IITOPMOBOM aKTHBHOCTH, YTO T0O3BO-
JMJIO CPaBHUTH JTMHAMUKY OSperoBOi JMHHU B MECTE YCTAHOBKU BOJHOJIOMa M Ha COCEJ-
HHUX y4acTKax. [IpoBOIMIINChH perynsipHple U3MEpeHUs] MIMPUHBI TUIsDKa, a3podoTocheMKa,
MIOBTOPHOE M3MEpEHUE ITIyOMH B MECTe YCTAaHOBKH, OLIEHKa TUHAMHUKH IIOJBOAHOIO Baia,
OITpe/IeIeHUE TONLIMHBI CJIOS IIECYaHOI'0 YeXJia B MECTE€ YCTAHOBKH KOHCTPYKIMH, pa3Me-
IIeHNE MHKIIMHOMETPUYECKHX JIATYMKOB CKOPOCTH T€UEHHS Ha BOJIHOJIOME. BBIsSBIIEHO, 94TO
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IIMPYHA IUIDKA B MECTE YCTAHOBKHM BOJIHOJIOMA M HA CMEXKHBIX yJ4acTKaX M3MEHsJIach CHH-
XpoHHO. OTCYTCTBHE OYEBHIHOTO AKKYMYJIITUBHOTO 3(ppekTa mo3ay BOITHOIOMA CBSI3aHO,
BO-TIEPBBIX, CO CMEIIECHNEM MOAYJIEH M UX YACTHIHBIM TOTPYKEHHEM B TIECOK, & BO-BTOPBIX,
C HEJOCTATOYHOW IMHOW JMHUHM MOPHCTBIX MOIYJEH IO OTHOIICHHIO K MX YAAJCHHIO
oT ype3a. BpeMeHHBbIH MOI0KNTENbHBIN 3(GEKT ObLT JOCTUTHYT TOIBKO MO3aH OTAEIBHO
CTOSIIIIETO MOIYJISI M BBIPAXKAJICS B TIEPHOAMYECKOM BBIIBIKCHHUHN IUISDKA K KOPHIO TIPHMBI-
Kalomieil K HeMy ¢ BOCTOKa cTapod OyHBI. Pe3ynmbTaThl MPOBEICHHOI0 HATYPHOT'O MCIBITA-
HUS OyIyT IPUMEHEHBI TSI JaIbHEHIIEr0 COBEPIICHCTBOBAHNS KOHCTPYKIMY BOIHOJIOMA.

KiroueBble ciioBa: BOJIHOJIOM, 6€p€FOYKp€HJ'I€HI/I€, bantuiickoe MOpeE, HaTypHLIfI JKCIIC-
PUMCHT, TWHAMUKA IJIsKA, HO,HBO,HHblﬁ CKJIOH, a6pa31/m 6epera

BaarogapHocTu: co3aHMe M yCTaHOBKAa BOJIHOJIOMA, a TaKXKe IPOBEICHHE YAaCTH BU3Y-
IBHBIX 00CIIeI0BaHUI U MpoMepHBIX padoT 2022 T., MOATrOTOBKA CPE/ICTB N3MEPEHHUS Te-
YEeHHUI BBIMIOJHEHHI 3a c4eT pa3paborunka BonHonoMa «I'pedenkay — OO0 «Topro.srit 1om
«bazanproBeie TpyObI», T. MockBa. PaGoTel ObUIM TMO/IEpKaHBI IBYMSI TEMaMH TOCyAap-
cTBeHHOTO 3aaaHusa MacTtuTyTa okeanonoruu um. I1. T1. [lTupmosa PAH: paGoTs! 1o ompe-
JICTICHUIO JTOJITOBPEMEHHBIX M3MEHEHUI IMPHHBI IUIHKA, adpOBU3YAIbHBIC 00CIEIOBaHUS
2022-2023 rr., mpomepHbie padoTsl 2023 T., MOIBOMHAS ChEMKA ¥ OMPEACTICHAES TOIIIUHBI
peixsoro ocagka 2022 r. U U3MEpEHHE TEYEHWM MPOBOJMIIUCH IPU MOANEPKKE TEMBI
Ne FMWE-2021-0012, a aHanu3 pe3yJisTaToB SKCIEPUMEHTA U MOrOTOBKA CTAaTbH — MPH MOJ-
nepxxke TeMbl Ne FMWE-2024-0025. ABTops! 61arogapst HHXEHEpHBIH COCTaB HHCTUTYTA
n niepconanbHO A. I1. TTonydanosa, M. . Hemiosa, 0. H. IlepoBa 3a Bricokonpogeccro-
HaJILHBIA BKJIaJl B IPOBE/ICHHUE SKCIIETUIIMOHHBIX PadoT.

Jnsi untnpoBanusi: VcnsiTanue cBaiiHOro (MPOHUIIAEMOr0) BOIHOIOMA M3 KOMITO3UTHBIX
MartepuaioB Juisi 6eperoykperuienus. Yacts 2. OneHka BIMSHHS Ha cocTosiHUE Oepera /
b. B. Uybapenko [u ap.] / Dxonorndeckasi 6e30MacHOCTh MPHOPEKHOM U MIeNb(OBOI 30H
Mopst. 2025. Ne 1. C. 72-95. EDN TPHYNA.

Introduction

The widespread retreat of the marginal seas coastline [1] is also characteristic
of the Baltic Sea. There is a pronounced trend towards increased coastal erosion
in the southern Baltic [2—4], which is related to geological characteristics [5].
Negative dynamics is observed primarily for sandy shores, which are affected by
storms of north-western, western, south-western directions [6, 7]. The storm impact
along with the increased sea level [8, 9] is one of the main external factors contri-
buting to the coastal erosion and retreat. Sea level rise as one of the vivid manifes-
tations of regional climate change [10] is a characteristic phenomenon for the open
coast of the South-Eastern Baltic, where the rate of sea level rise in the 20" century
was 1.3—1.5 cm/ 10 years [11].

During 2007-2017 [7], the coastal retreat in the Kaliningrad Oblast was esti-
mated to be 0.2 m/year for the Baltic Spit, 0.4 m/year for the Curonian Spit,
0.5 m/year for the western coast of the Sambia Peninsula and 0.2 m/year for the
northern coast.

In the Kaliningrad Oblast, various measures have been taken to counteract
coastal erosion [12], such as installation of breakwaters and groins, reinforcement
of cliff slopes with gabions or geosynthetic covers [13]. There is experience of
coastal protection by inwash of sand obtained as a result of slope terracing
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near the village of Filino [14, 15]. This inwash provided shoreline maintenance
for several years. Experimental dumping of bottom material near Baltiysk obtained
during maintenance dredging of navigation canal [16] did not lead to the expected
result as the near-bottom currents in this area [17] do not allow the material to de-
posit at the water’s edge [18].

The most impressive is the example of a long-term discharge of material ob-
tained by hydraulic washing of rock during amber extraction by the Kaliningrad
Amber Combine. This discharge resulted in a complete change in the natural dy-
namics of the western coast of the Sambia Peninsula, namely, in the prevalence of
accumulation over the naturally occurring erosion and the progradation of the wa-
ter’s edge by hundreds of metres [19]. The cessation of discharges allowed finding
out that annual nourishment of at least 20% of the previously discharged volume is
required to support the material washed up on the open coast [20].

Coastal breakwaters " have never been used before on the Kaliningrad coast.
There is experience in the application of such structures on the neighbouring coast
of Poland [21], but it is not always positive [22], as the success depends largely
on local conditions.

The aim of the work is to confirm or reject the hypothesis that it is possible to
protect the coast from erosion using a relatively inexpensive permeable breakwater
Grebenka (the comb) [23] and to identify its positive and negative aspects. Within
the coastal protection concept for the coast of the Kaliningrad Oblast [24], it was
recommended to apply underwater breakwaters, taking into account the existing
conditions, so in situ testing of possible solutions was extremely useful. The crea-
tion of a permeable version of the structure was driven by the desire to obtain
a lighter and cheaper construction compared to a monolith breakwater.

The experiment was conducted on the coast of the south-eastern Baltic Sea
(Fig. 1, a, b), in the coastal zone of the Kaliningrad Oblast near the town of Ze-
lenogradsk, on the border of a stable and erosion coast (site BC in Fig. 1, ¢).
The tested breakwater of permeable construction Grebenka [23, 25] consisted of
four 12-metre modules (seaward modules /-4, Fig. 1, d), installed at a depth of
2.5 m at a distance of 75-80 m from the water’s edge, the distance between mod-
ules being 1.5-2 m. The modules were installed within the easternmost inter-groin
pocket of a group of old semi-destroyed groins of the early 20" century, located
to the west of Zelenogradsk. Module 5 was installed at a depth of 1.5 m at a dis-
tance of 35 m from the water's edge near the middle of the visible part of the east-
ernmost part of the destroyed old groins.

D A coastal breakwater is a structure located in the water area along the shore to protect the shoreline
from destruction by wave action and to accumulate and retain sediment from movement (Russian
state standard GOST P 54523-2011).
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Fig. 1. Testing site: a — the Baltic Sea; b — enlarged image of the area contoured in
fragment a: the northern shore of the Sambia Peninsula, Kaliningrad Oblast; ¢ — enlarged
image of the area contoured in fragment b: a section of the shore adjacent to the Ze-
lenogradsk city beach from the west; the rectangle highlights the breakwater installation
site, BC — observation area for long-term dynamics of the beach width; d — location of the
modules in 2021 (after installation) and in 2023 (during final inspection)

Details of the breakwater installation and changes in its design during
the experiment are given in the paper [23]. This work uses the materials of
the XXX All-Russian Conference ‘The Coastal Zone of the Seas of Russia
in the XXI Century’ .

2 Ogorodov, S.A., ed., 2024. [Coastal Zone of Seas of Russia in the XXI Century: Proceedings of
the XXX All-Russian Conference. Moscow, 3—7 June 2024]. Moscow: Geografichesky Fakultet MGU,
pp- 150-151 (in Russian).
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Experimental area and meteorological conditions
In the study area, the deposit flow, on average directed from west to east, is

quite saturated. At depths between 18 and 28 m, there is an extensive relic sand
lens * with an area of about 7 km?.

Within the group of old groins of the early 20™ century (2 km long), installed
in 1925-1927, which traps and retains sand, the shore is quite stable with a beach
of an average width of 30—40 m and foredune up to 6—8 m high (Fig. 2, a).
The adjacent from the east shady section of the shore (Fig. 2, b) is more dynamic
and characterised by a clearly pronounced erosion tendency.

Fig. 2. State of the beach: a — stable beach at the western tip of the old groins site
(the early 20" cent.) (27.04.2012); b — lee erosion at the eastern tip of the old groins site
(27.04.2012); ¢ — seasonal beach restoration identified by a strip of washed sand,
including in the shady zone of the groins (27.04.2012) (photo by A. N. Babakov); d — the
state before the period of autumn-winter storms in 2020, 19.10.2020. The arrows indicate

the future position of the breakwater modules

3 Orlenok, V.V., 1992. [Study of Stratigraphy and Lithology of Bottom Sediments of the Sambia
Peninsula Based on Drilling and Seismic Profiling Data]. Report of KGU. Kaliningrad, 64 p.(in
Russian).
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The rate of cliff retreat® in the western part of Zelenogradsk in 1963-1974
reached 0.6 m/year, whereas in terms of volume it was 7.2 m*/(running meter-year).

Only after the construction of a new group of groins in early 2017, the beach
in the previously erosion-prone urban section recovered quickly. However,
in the 700 m interval between the groups of old and modern groins, the beach is
actively eroded by storm events (Fig. 2, d).

The dumping of dredged material from the construction of the International
Marine Terminal in Pionersky, Kaliningrad Oblast (Fig. 1, b), was one of the sources
of sediment in the area under consideration. The marine dump is located 5 km east
of Pionersky within the same lithodynamic cell where the breakwaters were located.
Prevailing westerly winds contribute to the alongshore transport of material [26].
A total of 834,000 m® of dredged material was delivered to the marine dump from
2018 to 2023: 291,000 m® in 2018-2019 and 347,000, 185,000 and 11,000 m* an-
nually from 2021 to 2023, respectively.

The underwater slope of the study area typically has an underwater bar
50-150 m from the water’s edge with a depth above the top of the bar being
approximately 1.3—1.7 m. The bottom topography is uniform along the shore, but
there are localised features in the form of depressions and shallow areas that active-
ly migrate depending on the conditions of the last storm.

According to various estimates, the depth of closure for this area ranges
from 7.5 m [27] to 8.4 m [28]. The wave breaker zone begins at a distance of
more than 200 m from the water’s edge [29].

Seasonal dynamics at this site are traditional. Autumn and winter storms wash
sand away and transport it along and across the beach. Material arriving on the un-
derwater slope from the west and east during the spring—summer period is rewashed
onto the beach by more moderate waves, restoring the beach width (Fig. 2, ¢).
Erosion and accumulation alternate continuously over a period of several years,
and the installation of the breakwaters appears to have occurred during a phase of
active erosion.

During the experiment (spring 2021 — spring 2023), several storms were rec-
orded on the northern coast of the Sambia Peninsula. The longest and most destruc-
tive of them occurred during the autumn—winter period: 19-20 November 2021,
13-21 January 2022, 27-31 January 2022, 17-21 February 2022, 4-8 April 2022,
18-21 February 2023. The average wind speed on these dates exceeded 15 m/s
and the direction was predominantly westerly. The consequences of their impact
on the shores are shown in the work [30].

According to the reanalysis data, for a point with a depth of 17.5 m seaward of
the breakwater location (point 4 in Fig. 1), the highest waves during the study peri-
od were recorded on 30 January 2022, their height being about 6 m and the direc-
tion of wave motion being from the northwest. The number of days during which
a significant wave height reached 2 m was 105. The majority of these days were
recorded in October—March (85%). The largest contributions were January 2022

4 Ryabkova, O.1., 1987. [Coastal Dynamics of the Sambia Peninsula and Curonian Spit in Relation
to Coastal Protection Problems. Extended Abstract of Doctoral Dissertation]. Moscow, 17 p. (in
Russian).
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Parameters of main registered storm events during the experiment

Hinax, Hmax 3h, | Hmean_ 30, Wave Wave
Storm date — - L .
m m m direction period, s
13-22 January 2022 | 5.52 531 2.80 Northern, 5.42
north-western
26-31 January 2022 | 6.09 6.01 2.64 Northern, 5.01
north-western
17-25 February 2022 | 3.73 3.60 1.80 Northern 3.60
30 January —
02 February 2023 3.06 3.02 1.93 South-western 4.22
17-21 February 2023 | 5.84 5.78 2.33 South-western 4.60

Note. Hmax — maximum significant wave height: Hmax 32 — maximum significant wave
height for moving average 3 hours; Hmean_3% — average significant wave height for moving
average 3 hours (re-analysis data).

with 17 days, February 2022 with 12 days, February 2023 with 11 days, and
November and December 2021 with 10 days each. The total number of hours
in which waves with a significant height exceeding 2 m were observed during
the study period was 1139. Thus, the period of the experiment was rich in pro-
longed and rather severe storm events (Table).

Methods and scope of conducted studies

The position of the breakwater, beach and water’s edge on the satellite images
was referenced to the coordinates of fixed reference points; the location of
the breakwater modules and tracing of the water’s edge were carried out using GPS
(error up to 2 m).

Aerial visual observation using a DJI Mini2 unmanned aerial vehicle (UAV)
recorded the position of the shoreline and the boundaries of the underwater bar
(in autumn—summer 2022 and winter—spring 2023). UAV were flying at an altitude
of 120 m, with a longshore coverage of over 900 m, limited to the width of the beach

(inland), and 100 m (seaward) in the transverse direction to the water’s edge.
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The underwater longshore bar was identified visually by its typical yellow colour
without automated techniques. The top of the bar was defined as the area of the most
intense yellow colour in the image.

Periodic beach width measurements (11 measurements between 15 March 2022
and 12 April 2023) near the breakwater were made on three profiles (line 5 in Fig. 3).
The central profile was located between the breakwater modules, the left (west)
profile was located on the traverse of the penultimate old groin, and the right (east)
profile was in the central part of the lee erosion zone at a distance from the central
profile approximately equal to the width of the inter-groin pocket. The data obtained
by optical levelling were used to construct beach height profiles. Beach width
measurements were taken after the winter 2022 measurement period: on 15 March —
21 April 2022 with a frequency of approximately one week, as well as on 1 July
2022, 22 November 2022, 1 December 2022, 12 April 2023. Changes in the beach
width over a long-term period were assessed from the data of the beach width
measurements in 20162023 using a set of profiles in the section from the western
edge of the early 20™ century groin group (previously mentioned old groins) to the
western end of the promenade in Zelenogradsk (section BC in Fig. 1, ¢, lines &
in Fig. 3).

The thickness of the loose sand layer at the cross-section passing through
the breakwater modules (line 7 in Fig. 3) was determined by the hydraulic washing
method: an electric water pump was used to create a constant water pressure, which
was fed into a probing metal tube with a diameter of 20 mm. Under the water pres-
sure, the soil was washed out and the probe was deepened. The measurements were
carried out on 23 April 2023 and the results were normalised to the mean annual
sea level according to the tide gauge in the port of Pionersky.

The bottom relief in the coastal zone changes from year to year due to various
natural factors. At the breakwater location, depths were surveyed (with 40 m sur-
vey line spacing) on 7 September 2022 and 23 April 2023 (Fig. 3). A single-beam
echosounder with navigation reference using a Garmin GPSMAP 421s chartplotter
was used for the survey. The measurement results were referenced to mean annual
sea level and interpolated to a grid with 10 x 10 m spacing. A differential digital
relief model was then obtained by surface subtraction, from which bottom defor-
mation zones were identified and the amount of sand loss and gain between
the survey dates of 7 September 2022 and 23 April 2023 was calculated.

In order to quantify the effect of wave energy attenuation during its passage
through the breakwater, two inclinometer-type current velocity meters were used
[31]. One meter was attached to the seaward and the other to the rear part of
module 3 (Fig. 3, b). As brackets for the inclinometers suspension, we used stapled
together flexible glass-fiber reinforced bars with a diameter of 10 mm, the upper
ends of which were fixed horizontally in the upper part of the module. Lead
weights were tied to the free ends of the brackets. The weights dragged the brack-
ets to the bottom and sank the inclinometers. The flexibility of the glass reinforce-
ment prevented the weights from subsiding into the sand. The inclinometers were
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Fig.3 . Work layout: a — basic reference lines and layout of the Grebenka breakwater
modules, cross sections and work areas: I — the water’s edge on 24.09.2022; 2 — Grebenka
breakwater modules; 3 — old wooden groins; 4 — basic reference line; 5 — profiles for de-
termining the beach width (GBU KO Baltberegozashchita); 6 — profiles for estimating the
width of the underwater bar and its distance from the water’s edge; 7 — profile for de-
termining the loose sediment thickness; & — profiles for measuring the seasonal dynamics
of the beach width (data from previous years were used); 9 — the boundary of the
measuring range; /0— the polygon for calculating the deformation of the underwater slope;
b — inclinometer installation diagram
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attached to 30 cm rope leashes so that they were positioned 1 m from the module
and 1 m from the surface. The inclinometers recorded (at a frequency of 5 Hz)
the absolute value of wave-induced current velocity and longshore transport
from 12:00 on 23 April 2023 to 12:00 on 28 April 2023.

Results and discussion

Observations of beach condition and dynamics were carried out in 2016-2023
along with the eastern wing of the Zelenograd concavity, from the village of Priboy
to the western edge of the Zelenogradsk promenade (section BC in Fig. 1, ¢, lines §
in Fig. 3). The boundaries of the section are 2 km west and 2 km east of the break-
water installation site. Periodic surveys revealed marked variations in beach width
depending on wind-wave and surge activity, as well as the amount of sediment
input from the marine dump of the Pionersky port.

Photo survey of the water's edge position showed its periodic progradation af-
ter spring-summer moderate waves (Fig. 4, a, ¢), and beach erosion and narrowing
after autumn-winter storms (Fig. 4, b—d, f). But the resulting stable beach attach-
ment to the coastal module did not occur. The beach width varied here within
the same range as before the breakwater installation.

A trend towards winter erosion of the beach (22 December 2016, 17 December
2021, 2 February 2022, 22 February 2023) and its re-expansion under weak wave
action (5 May 2022, 25 August 2022, 19 December 2022, 12 May 2023) was ob-
served along the entire section from the village of Priboy to Zelenogradsk (Fig. 5).
Active beach erosion after the extreme storms of February 2022, during which
wind speeds above 20 m/s were recorded on five occasions and the sea level
exceeded the long-term average by 0.5—1 m, is indicative. The beach in the western
section was half washed out to 20 m, while to the east of the old groins it was
washed away completely to the base of the bouldery berm (see the graph for
02.02.2022 in Fig. 5).

The beach width within the early 20™ century old groins (0-2 km) varies sea-
sonally from 20-30 m in winter to 30—55 m in summer with a maximum of up
to 45-55 m at the eastern end of the section (Fig. 5). Historical data > (October
1976 — 43 m, July 1977 — 28 m, August 1978 — 43 m, September 1979 — 19 m,
October 1981 — 25 m, August 1982 — 28 m) indicate the same.

The western two-kilometer section is fairly stable under any waves and fea-
tures a wider beach than the typically eroded eastern section (2-3.7 km) even after
the installation of new groins on the eastern section in 2017.

A noticeable beach protrusion at the eastern end of the early 20" century groin
group, near the breakwaters, was observed throughout the measurement period
(2016-2023), before and after their installation. The local beach dynamics was
similar to that of adjacent sections, indicating that the breakwaters did not influ-
ence on the beach morphodynamics.

The orientation of the wind-wave vector also plays an important role in the dy-
namics of the studied beach. Westerly and northerly winds contribute to surge

3 Personal archive of O. 1. Ryabkova.
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Fig. 4. The beach dynamics after the installation of the breakwaters in 2021-2023:
a — summer accumulation, 06.09.2021; » — beach narrowing after extreme storms,
02.02.2022; ¢ — the state of the beach after the storm period, 05.05.2022; d — beach
nourishment in the finishing phase of the winter storm, 19.12.2022; e — the beach re-
stored by moderate spring waves, 12.05.2023; f'— beach narrowing due to a noticeable
increase in the sea level, 11.08.2023. Photo by A.N. Babakov

and beach erosion, while easterly and southerly winds restore the beach. Thus,
in April-June 2023, moderate easterly winds dominated, which led to the sea level
drop by 10-15 cm below the long-term average water level and the formation
of a very wide beach (see the chart for 12 May 2023 in Fig. 5). However, a reversal
of moderate wind to the southwestern quarter (July—August) resulted in a 45 cm
rise in level and a marked narrowing of the beach (11 August 2023). It should
be added that the beach was even narrower during a moderate south-westerly storm
(8 August 2023), but three days after the end of the storm, an 8—12-meter wide
sandy strip had already been washed up across the entire section.
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Fig. 5. Seasonal dynamics of the beach width (for 2016-2023)
in the area from the western edge of the wooden groins (early
20" cent.), including the area of new groins, up to the western edge
of the promenade in Zelenogradsk. The location of the breakwaters
is shown with a blue bar

Monitoring by the State Budgetary Institution Baltberegozashchita in 2020—
2023 near the breakwater also recorded the presence of a stable wide beach both
before and after the breakwater installation. The fact that after the installation of
the breakwater modules by 23.06.2021, the beach became slightly narrower than
before the installation, confirms the absence of accumulative effect in the shade of
the breakwater (Fig. 6). Apparently, the beach narrowing is related to the above-
mentioned sea level and wave activity fluctuations, whereas the longitudinal varia-
tions of the water’s edge are related to the spatial heterogeneity of the wave field
and morphology of the underwater slope.

Detailed measurements of the beach width at three cross-sections opposite
the breakwater from March 2022 to August 2023 confirmed the close dependence
of beach dynamics on wind and wave action. Weak, unstable winds (March to
June 2022) following a series of February storms contributed to significant beach
widening, but wind transition to the south-westerly quarter and its intensification
to 12—15 m/s was accompanied by beach narrowing. Subsequent alternation of
casterly winds (December 2022, March—May 2023) with southwesterly winds
(January—February 2023, July—August 2023) caused corresponding beach widening
and narrowing (Fig. 7).

An analysis of aerial photographs showed that during the experiment
period the underwater bar was no more than 100 m away from the water’s edge.
The width of the bar (according to the data taken at the cross-sections: polygons 4,
5, 6 in Fig. 8) varied significantly from 10 to 70 m and the width of the beach varied
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Fig. 7. Intra-annual beach dynamics on a 200 m long section opposite the break-
water according to measurements of GBU KO Baltbergozashchita at three cross

sections (lines 5 in Fig. 3), 15.03.2022-11.08.2023

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2025 85



from 10 to 15 m. No correlation between the longshore distributions of width
values was observed (correlation coefficients from —0.15 to 0.34 on different
dates). Alongshore variations in the distance from shore of the coastal and seaward
boundaries of the underwater bar on some days correlated with a coefficient of
0.64-0.70.

An analysis of the underwater bar dynamics showed significant variability in its
configuration, width and location of its seaward and coastal boundaries (Fig. 8).
It is clearly seen that the structure of the underwater bar does not correlate with
the presence of groins and the shoreline irregularity. The presence of the Grebenka
breakwater does not affect the structure of the underwater bar and the water’s
edge position. Of note, in the area without groins, the shoreline is more flattened.
A festooned shoreline structure was recorded several times in the section with
groins, when the festoons edges overlapped the position of the groins.

In the study area, the underwater coastal slope between 0 and 5 m depth is
characterised by an average inclination of about 0.016 (or 1:64). At the time
of the 07.09.2022 survey, the top of the longshore underwater bar (Fig. 9) was
adjacent to the breakwater line. However, this was a coincidental event in the dy-
namics of the underwater bar, as, e. g., during measurements on 23.04.2023, its top
was 30 m seaward than the breakwater line and the depth in the area of the seaward
breakwater modules increased by 0.5 m (Fig. 9).

Fig. 8. The visible position of the water’s edge on 10.08.2022 (1),
24.09.2022 (2), 01.11.2022 (3) and the underwater longshore bar on 10.08.2022
(4), 24.09.2022 (5), 01.11.2022 (6). The figure shows positions of the breakwa-
ter modules (7), old wooden groins (8) and the reference line of the artificial
foredune edge (9)
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Fig. 9. The profile of the coastal slope and the loose sediment thickness: a — the layout
of the profile line and points of measurement of the loose sediment thickness; b — profiles
of depths and the loose sediment thickness

The measurements on 7 September 2022 and 23 April 2023 illustrate the vari-
ability in the depth profile around the seaward modules associated with the migra-
tion of the underwater bar due to storm events in January 2023 (see Table).

At the maximum overlap area of the 7 September 2022 and 23 April 2023
measurement areas of 19,000 m* (Fig. 10), 5,000 m® of sand was lost between
7 September 2022 and 23 April 2023, with an average depth increase of 26 cm.
In the area of the Grebenka breakwater modules (contoured by the black rectan-
gular in Fig. 10, with an area of 6,700 m” covering the top of the underwater bar
and its rear part behind the breakwaters), 2.7 thousand m’ of sand was lost and
the depth increased by 41 cm on average. The calculated deformation values ranged
[-2.4..-0.9] m.

The measurements illustrate the changes in depth structure around the break-
water modules associated with the impact of the winter 2023 storm: a general
deepening across the section and a lowering of depths behind the breakwaters.
Given that depths around the breakwater modules were over 2 m in spring 2021
and approximately 1 m in September 2022 (measured on 7 September 2022), it is
reasonable to conclude that storm characteristics vary significantly.

In order to assess the possible dynamics of the underwater shoreline slope
around the breakwater over a longer period, we used the results of measurements
for a similar area near the Zelenogradsk pier. The pier is located within the same
lithodynamic shore segment 2 km east of the breakwater. Along the eastern edge of
the pier (140 m long), which runs perpendicular seawards, depth was measured
from early 2016 with a hand lead three to four times per year in 8.5 m increments,
which corresponded to half the distance between the pier piles. The typical depth
at the end of the pier was 3.5—4.5 m. On rare occasions of the underwater bar top’s
displacement towards the pier end at low sea level, the depth there was 2.0-2.2 m
(20 April 2017 and 12 May 2023).
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The section near the pier of Zelenogradsk may serve as an analogue to the sec-
tion with modules only in terms of deformations associated with underwater bar
migration, but not in terms of absolute depths and inclination of the underwater
shore slope. This is because the thickness of the sandy sediments layer (loose sed-
iments) in the area of the old groins (where the breakwater modules are located) is
generally significantly greater than in the area of the pier in Zelenogradsk. For this
reason, in March 2022, when the Baltic Sea level was extremely low, exposures of
the underwater bar closest to the edge were observed along the entire section of the
early 20" century groins and elsewhere along the shore, but not near the Zeleno-
gradsk pier.

The data of measurements along the pier in 2016—2023 illustrate various
situations: both when the top of the underwater bar was close to the water’s edge
(a quieter period of the year, at a depth of 2.2-3.7 m), and when it was significantly
seaward (a storm period, at a depth of 4-5 m). By analogy to the breakwater sec-
tion, it can be said that deformation of the underwater shore slope due to the migra-
tion of the coastal bar near the breakwater modules could be 2—2.7 m. This is com-
parable to the height of the structures themselves and may cause their subsidence
to sand almost up to their full height.
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We used the results of measurements (23 April 2023) carried out by the hy-
draulic washing method to construct a plot of thickness variations of the loose sedi-
ment (sand) layer along the profile perpendicular to the shore and passing through
module 4 of the breakwater (Fig. 9). The loose sediment layer thickness was 2 m
thick at a distance of 70 m from the water's edge at the rear of the breakwater
(Fig. 9, b), from 3 m at the underwater bar top, from 0.5 m at the seaward base of
the underwater bar, and 4 m at the seaward end of the profile. The inclination of
the underlying surface was approximately 0.017 (or 1:59). Based on the geometric
characteristics of the breakwater, its modules did not reach the level of the moraine
bedrock when subsided in loose sediment (sand). Their subsidence was 0.5—1.5 m.

For technical reasons, the currents were measured from 12:00 on 23.04.2023
to 12:00 on 28.04.2023, and only a short-term episode of wind strengthening
and wave increase was recorded. According to the surface wave reanalysis data
in point 4 (Fig. 1), a westerly wind persisted during the inclinometric measure-
ments and forming waves (the significant wave height averaged 0.6 m and the pe-
riod averaged 2.3 s) propagating southeasterly (Fig. 11).

The most active waves were observed on 26—28 April 2023 under rather weak
westerly wind with an average speed up to 5 m/s and gusts up to 13 m/s. The waves
formed in the westerly wind, refracting on the relief, although turning towards
the shore, ran over the breakwater module virtually with zero angle of attack, very
close to the line of its strike. That is why the obtained record is not so indicative
to judge the damping of waves on the breakwater module. The instantaneous
(pulsation) values of wave velocities (Fig. 11) obtained from the two sides of
the breakwater module did not differ significantly, and the current velocities from
the seaward side of the breakwater slightly exceeded those from the shore side.

For the averaged characteristics, the opposite situation is observed: the average
velocities from the frontal side of the breakwater are slightly less than the veloci-
ties behind the breakwater, which may be a consequence of the calculation of inte-
gral velocities using vector averaging laws. Wave motions from the seaward side

2;|ZOO 240000 241200 250000 25"20077 260000 26|200 270000 271200

Averaging — 1:00:00 0:10:00 —— 0:00:02

Fig. 11. Results of registration of the absolute flow velocity with inclinometers
from 12:00 on 23.04.2023 to 12:00 on 28.04.2023. Red colour is instantaneous values
of current velocities, green colour is 10-minute averaging, black colour is one-hour
averaging
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Fig. 12. Exposure of the top of the underwater alongshore bar in March 2022 shortly
before its attachment to the water's edge at an extremely low sea level: a — the shore seg-
ment where the breakwater was installed (red arrows); b — the shore segment 400 m west
of the breakwater installation site

of the breakwater are naturally asymmetric due to wave deformation on the relief,
so their average value is not equal to zero. However, the waves from the shore
side of the breakwater are significantly more asymmetric due to its influence, and
as a result, the averaged (integral) current velocities may turn out to be larger than
the velocities of the incoming wave.

The episode of extreme sea level lowering in March 2022 should be discussed
separately (Fig. 12). Within a few weeks, the shoals near the water’s edge along
the entire coast became exposed in places where the underwater bar was in a state
prior to its seasonal attachment to the beach in May 2022 (see the characteristic
increase in beach width on 05.05.2022 in Fig. 5).

Notably, this exposure was most substantial in the inter-groin segment where
the breakwater was installed (Fig. 12, «), although there were similar exposures
nearby 200 m to the east and in other inter-groin segments to the west (Fig. 12, b).
This probably indicates the influence of the breakwater when it retained its original
configuration. It is not possible to state this reliably as in-depth monitoring was not
undertaken at that time.

Conclusions

The studies showed that the beach width on the eastern flank of the Zelenograd
concavity, including that at the location of the experimental breakwater installation,
experiences natural seasonal and synoptic variations depending on sea level and wave
action. We recorded a significant variability in the configuration of the underwater
alongshore bar, the location of its seaward and coastal boundaries, and its width.
The structure of the underwater bar correlated with neither the presence of groins,
nor the shoreline irregularity, nor the presence of the breakwater. The migration
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of the alongshore bar provided significant depth variations (up to 1 m) at the break-
water location. Deformation during the 2022-2023 autumn—winter storms varied
between [-2.4...0.9] m. Storm movements in the sandy base (the recorded values of
loose cover thickness were from 0.5 to 2 m) contributed to subsidence of the struc-
tures by 0.5-1.5 m.

The beach width at the location of the Grebenka breakwater and at adjacent
sections changed synchronously, which indicates a unified response to external
impacts of the entire lithodynamic segment of the shore within which the break-
waters were installed.

It was expected that after the breakwater installation, the experiment would
show progradation of the water’s edge relative to the neighbouring areas and, under
favourable conditions, formation of a tombolo behind the breakwater. However,
no positive effect of the installed modules on beach dynamics was noted on either
a seasonal or inter-annual time scale. The exception was the extreme low sea level
event in March 2022, when the exposure of the tops of the underwater bar was
more clearly observed (compared to similar neighbouring sections) in the inter-
groin segment where the breakwater was installed.

The absence of an obvious resulting accumulative effect from the seaward
group of breakwater modules is due to their displacement and partial subsidence
in sand under the action of the wave, which disrupted the linearity of the entire
structure, as well as to the decreased area of their resistance to the wave front.
After the 2021-2022 winter storm period, each module was already acting as a sep-
arate structure. It was not possible to register the response of the shore before this
period, since careful observations were made after the structure had been breached.
Another factor that did not allow achieving a positive effect from the structure in-
stallation was the limited length of the structure relative to its distance from the
water’s edge.

During certain moderate waves, the beach progradated and attached itself to
the coastal module creating a temporary tombolo. However, a similar progradation
of the water’s edge was also noted at adjacent sections. The fact that the water’s
edge adjoined the base of the last, easternmost groin, and this position was kept
in 2023, may indicate a possible temporal (no attachment in spring 2024) positive
effect for the water’s edge in the shade of the coastal module.

The question of whether the permeable breakwater Grebenka can protect
the shore from erosion was only answered in part in the course of the work due to
the flaws in the design of the breakwater, which determined a very weak effect of
the structure on the shore dynamics. An important result of the work is the testing
of the life-size structure directly in natural conditions. The experience gained has
shown the usefulness of such tests and the need for their comprehensive planning
with the involvement of a wide range of specialists to assist the design engineers
in taking full account of all the peculiarities of hydro-lithodynamics, geomorpho-
logical and geological features.
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Abstract

The paper analyses long-term data of the MHI Oceanological Data Bank for spring-summer
seasons (May—September) of 1986-2000 and 2007-2023 and assesses the conditions of
upwelling occurrence, their duration, influence on the change of temperature and oxygen
regimes and content of nutrients in the water area of Goluboy and Yalta Bays. Fourteen
upwellings were detected during the mentioned periods. The volume of analysed data was
3288 values of depth, temperature, sigma-t, oxygen content and nutrients. Upwellings
recorded in the first period (1986-2000) were observed only in the Yalta Bay water area.
They are characterised by large temperature variations, significant changes in sigma-t and
for May upwellings by very high values of oxygen content. An analysis of the current MHI
database from 2007 to 2023 allowed us to identify upwellings in the waters of Goluboy
Bay, including the area of the stationary oceanographic platform, in July 2007, May 2010,
2012 and 2013, June and September 2013 and June 2021. We compared the temperature,
coastal sigma-t and oxygen content for May and June 2012, 2013 and June 2021 and con-
cluded that the intensity of upwellings had significantly decreased, the reasons for which
are still unclear and may require further research. The paper considers differences in the con-
tent of biogenic nitrogen and phosphorus in the coastal water areas of the Southern Coast of
Crimea during upwellings. These differences were manifested in the increase in the content
of mineral forms of phosphorus and insignificant change in the content of mineral com-
plexes of nitrogen. The analysis of the used database for these periods showed the insuffi-
ciency of target measurements and the need to adjust the monitoring system, especially
in the spring—summer period, when the probability of upwelling is maximum.
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KpbiMa 1 uX BiIMsiHME HA KUCJIOPOIAHBIH PEKUM aKBATOPHUHU
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AHHOTAIMA

[Tpoananu3upoBaHbsl MHOTOJICTHHE JAaHHBIE baHka okeaHonormueckux maHHeix MI'U 3a
BECEHHE-JIETHUE Ce30HbI (Mail — ceHTI0ph) 1986—2000 u 2007-2023 rT., OLIEHEHBI YCIOBUS
BO3HHMKHOBEHHS alBEJJIMHIOB, X MPOJODKUTEIEHOCTD, BINSHUE HAa M3MEHEHHE TeMIlepa-
TYPHOTO W KHCJIOPOIHOTO PEXHMOB U COJCp)KaHWE OMOTEHHBIX 3JIEMEHTOB B aKBAaTOPHH
Tony6oro u SlntuHCKOrO 3aMMBOB. B yKa3aHHbIe mepHobsl 0OHapyXeHO 14 anBeJUTMHIOB.
OObeM npoaHaIM3MPOBAHHBIX AaHHBIX cOCTaBWI 3288 3HaueHUl ITyOMHBI, TEMIEPATYPHI,
IUTOTHOCTH, COAEPKaHUsI KUCIOpoJa M OMOTEHHBIX 3JIEMEHTOB. ATBEIUIHMHTH, 3a()UKCHPO-
BaHHbIe B mepBBIi nmepuon (1986-2000 rr.), OTMEYEeHHI TONBKO B aKBATOPHM SIITHHCKOTO
3aJMBa, JUIl HUX XapaKTepHbI OOJbLIME Tepernaasl TeMIeparypbl, CylleCTBEHHbIE H3MEHe-
HUSI TUIOTHOCTH BOJBI,  JUI MAaHCKHX alBEJUIMHTOB — OYEHb BBICOKHE 3HAUCHHUS COJEpIKa-
HUS KHcIopona. AHamm3 coBpeMeHHOW 0a3bl maHHBIX MIU ¢ 2007 mo 2023 1. mo3BowiI
BBISIBUTH allBEJUTMHTH B akBaTopuu [omyboro 3anuBa, BKIIOYast paiioH pacrojoKeHus cTa-
OMOHAPHOW OKeaHorpadmdeckoil miathopmsl, B urone 2007 T, mae 2010, 2012 u 2013 T,
ntoHe U ceHTa0pe 2013 1. u utone 2021 r. B pe3yneraTe cpaBHEHHS TEMIIEPaTyphI, IIOTHO-
CTH TPUOPEXHBIX BOJX M COACP)KAaHUS B HHUX KHCIopoda 3a Mmail, umioHs 2012, 2013 rr
n uonb 2021 1. clienad BBIBOA O CYIIECTBEHHOM CHM)KCHHH WHTEHCHBHOCTH AIBEJUIMHIOB,
MIPUYMHBI KOTOPOTO TOKa HESICHBI M MOTYT CTaTh MPEAMETOM JAAIbHEHIINX HCCIIEIOBaHUM.
PaccmarpuBatoTcst pasiinuus B cojiep)KaHUK OMOTEeHHBIX a3oTa U Gochopa B NPUOPEKHBIX
akBaropusix HOxHoro Oepera KpeiMa B mepHoibl IPOXOXKICHUS allBEJUTMHIOB. DTH pa3iiu-
YW TPOSBIIINCH B YBEJIMUCHHUHU COAEpKaHWS MUHEpaidbHBIX (popm docdopa m He3Haun-
TEJIBHOM HM3MEHEHHM COAEP)KaHUS MUHEPAJIBHBIX KOMIUIEKCOB a30Ta. AHaJIM3 HCIOJIb3ye-
MOH 0a3bl JaHHBIX 32 yKa3aHHbIC MEPUOJIBI TOKA3aJ HEOCTATOYHOCTh 1I€JIeBBIX M3MEPEHHH
1 HEOOXOOUMOCTh KOPPEKTHPOBKH CHCTEMBl MOHHUTOPHHIA, OCOOCHHO B BECEHHE-JICTHUH
TIepHOJI, KOTJ]a MAKCUMallbHa BEPOSITHOCTh BOSHUKHOBEHHS allBEJIMHIOB.

KaioueBble cioBa: npubpexHbiil anBesuiuHr, OxHbIN Geper Kpbima, TemneparypHslid pe-
WM, KHCJIIOPOAHBIN PEKUM, OMOTEHHBIE IIEMEHTBHI

BaaromapHocTu: padoTta BBRIIOIHEHA B paMKax rocynapctBenHoro 3amanus ®T'BYH OUL]
MI'U o reme FNNN-2024-0016 «ccnenoBaHue NpoCcTpaHCTBEHHO-BPEMEHHOM U3MEHYH-
BOCTH OKEaHOJOTHYECKHX IIPOLECCOB B OeperoBoil, mpuOpexxHoNH H Imenb(oBOH 30HAX
UYepHOTo MOpS IOA BO3ICHCTBHEM NPUPOIHBIX M aHTPOIIOTEHHBIX ()aKTOPOB Ha OCHOBE
KOHTaKTHBIX U3MEPEHUH U MaTeMaTHYECKOTO MOJICTHPOBAHIS.
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das uurupoanusi: Cosea E. E., Xmapa T. B., Mezenyeea U. B. IHTEHCUBHOCTb
puOpeXHbIX anmBesunnHroB HOxHoro Oepera KpbiMa M WX BIMSHHE Ha KHCIOPOIHBIN
pekuM akBaTopuu // JKoJormdeckas 6e30MacHOCTh MPUOPEKHON U IMIETb(POBOM 30H MO
2025. Ne 1. C. 96-111. EDN VKPHBI.

Introduction

The coastal zone of the Southern Coast of Crimea (SCC) is characterized
by significant dynamic activity, as evidenced by numerous cases of upwelling
on the sea surface. Upwelling occurs when, due to the Coriolis force and viscosity,
the longshore wind direction deflects surface water away from the shore and deep
water moves up instead. Generally accepted criterion for determining temperature
upwelling corresponds to cases with a sharp (more than 5 °C) decrease in surface
water temperature [1, 2]. The structure and dynamics of coastal upwelling near
the SCC were described in [3], where the authors consider two types of coastal
upwelling near the SCC — Ekman wind-driven and reverse storm surge ones. Cha-
racteristics of their occurrence conditions for 1980-1985 were given and it was
shown that the most intensive and long-lasting Ekman upwellings were formed
near the urban-type settlement of Katsiveli (Goluboy Bay). The paper also consid-
ers the influence of upwellings on the uplift of the cold intermediate layer core
closer to the surface up to 30 m horizon.

In [4], the authors consider that circulation of the coastal anticyclonic eddy is
one of the internal causes creating conditions for the development of upwelling
near the coast of Crimea even with the absence of wind stress longshore compo-
nent or when it is weak. According to the authors of [4], the main hydrodynamic
processes contributing to the occurrence of upwelling in the SCC water area are
as follows:

— intense western and south-western flows of the Rim Current along the south-
ern shores of Crimea;

— interaction of the Rim Current northern periphery with the shelf relief hetero-
geneities (capes, bays) of the Crimean Peninsula;

— longshore eastern and north-eastern flows of the northern peripheries of anti-
cyclonic dynamic formations, realising the Ekman effect at longshore wind intensi-
fication;

— reverse storm surge winds from the western and northern sectors, normal
to the shore.

The interaction of these factors determines complex structure and dynamics of
coastal waters and influences the process of upwelling formation.

The results of determining the regularities of coastal upwelling development
in the Black Sea using satellite data are presented in [5]. The Black Sea water area
was zoned according to the frequency of coastal upwellings. It was shown that
upwellings were more frequently observed in the north-western part of the sea and
much less frequently in the area of Yalta, Feodosiya, Novorossiysk and especially
near the coast of Turkey. These areas are characterised by the absence of
upwellings in certain years. Their occurrence frequency is 1-8 days per month.

Identification of areas with the highest frequency of coastal upwellings during
the warm period for the Black Sea was carried out in [2]. A number of satellite
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images of the entire Black Sea area obtained from AVHRR sensors of NOAA
satellites in 1997-2011 were analysed. The observation time interval was extended
to 2015 for the SCC. Significant interannual variability of the total duration of
upwellings was noted over the period under consideration. For the SCC, estimates
of the interaction of the upwelling with the surrounding multiscale dynamic struc-
tures, such as the area of active anticyclonic eddies formation, under the influence
of the Rim Current southwest of the SCC were presented. As a result, the width of
the developed upwelling can reach 30 km near the SCC. According to the authors
of [2], upwellings are a kind of windows in which the thermocline and subthermo-
cline waters interact with the atmosphere during the warm period of the year.

An analysis of intra- and inter-annual variability of the frequency, speed
and duration of westerly winds contributing to the occurrence of upwellings
near the SCC is presented in [6]. Six-hourly data on wind speed components at 10 m
height obtained from atmospheric reanalysis ERAS for 1979-2021 and temperature
monitoring data at the Black Sea hydrophysical subsatellite polygon of Marine
Hydrophysical Institute (MHI) were used.

Upwelling is detected as temperature decreases due to the rise of colder deep
waters, most often from April to October, when the surface temperature is higher
than the subsurface water temperature [7]. This is most contrasting in the summer
months, with the highest vertical temperature gradient in the thermocline. Such
upwelling is determined by the sea surface temperature obtained from contact
measurements [1], including thermistor chains installed in shelf zones [8—10],
as well as from satellite data [2, 11, 12].

Using modern methods of mathematical modeling (multi-scale coupled ocean—
atmosphere modeling platform NOW (NEMO-OASIS-WRF) with a resolution
of 2 km), one of the cases of wind-driven coastal upwelling in the Black Sea
near the SCC on 24-25 September 2013 was studied in [13], where the authors ap-
plied this model successfully in order to reproduce a sharp decrease in sea surface
temperature by 10 °C within two days. The increased spatial resolution of the simu-
lation made it possible to identify upwelling features associated with the relief and
shape of the coastline.

The above studies did not assess the impact of upwelling on the water area
oxygen regime, nor did they analyse the associated change in the content of hydro-
chemical parameters, in particular, such ecosystem components as elements of
the main biogenic cycle, with their content affecting the productivity of marine
coastal zone ecosystems significantly [11, 14]. Rise of deep waters saturated
with nutrients provides growth of phytoplankton biomass and other components
of the biosphere [15].

In [16], it was shown that the area of Goluboy Bay was a convenient polygon
for synchronous remote and subsatellite studies of natural oceanological processes
and impact of coastal anthropogenic sources of pollution on the state of the marine
coastal environment. An undoubted advantage of this polygon is the location of
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a stationary oceanographic platform (SOP) in its south-western part at a distance of
430 m from the coast near Katsiveli with a sea depth of 27 m at the sampling
point, which makes it possible to monitor promptly the development of upwelling
in the SCC area based on changes in surface water temperature. In [11], the upwel-
ling that occurred in May 2010 was studied using not only contact methods but also
satellite data. In [16], the authors discuss the results of expedition research con-
ducted on the SOP by the MHI Marine Biogeochemistry Department in 2009-2014
and analyse the impact of upwelling mainly on the content of individual compo-
nents of the carbonate system, dissolved oxygen and elements of the main biogenic
cycle. It was shown that not affecting the content of inorganic forms of nitrogen,
the powerful upwelling observed in May 2014 in the SOP area led to an increase
in phosphate concentration by 3—4 times compared to background values.

In the present study, the conditions of upwelling occurrence in the water area
of Goluboy (including the SOP near Katsiveli) and Yalta Bays, their duration and
influence on the changes in temperature and oxygen regimes and the content of
nutrients were studied. We analysed data for May—September of these periods
as the season of the most frequently occurring upwellings, easily registered due to
the large temperature difference between surface and deep water layers.

Given the importance of upwelling for assessing the ecological state of coastal
waters, further study of this phenomenon, especially its seasonal dynamics with
detailed information on oxygen and nutrient content, is particularly relevant.

The aim of the paper is to assess the intensity and duration of coastal
upwellings formed in spring and summer in the water areas of Goluboy and Yalta
Bays by analysing changes in sigma-t, their temperature and oxygen regimes and
the content of nutrients.

Materials and methods of study

The paper analysed long-term data of the MHI Oceanological Data Bank (ODB)
for 19862000 and 2007-2023 in order to assess the conditions of upwelling occur-
rence in the water area of Goluboy (including the SOP near Katsiveli) and Yalta
Bays. We assessed the intensity and duration of upwelling, as well as its influence
on changes in temperature and oxygen regimes, sigma-t and content of nutrients
(inorganic and total phosphorus and inorganic nitrogen) for May—August. The data
analysed for the selected upwellings for the 19862000 period (July 1986, May
1987 and 1989, July 1997) comprised 2108 values of all water parameters in-
cluding oxygen and nutrients. The distribution of values by year was found to be
uneven, namely, 580 — in 1986, 575 —in 1987, 666 — in 1989 and 287 —in 1997.

In 2007-2023, upwellings were recorded in July 2007, May 2010, 2012
and 2013, June and September 2013, June 2021. The analysed data comprised
1180 values of the above parameters. The distribution of values by year was found
to be uneven, namely, 384 values of all analysed parameters in 2007, 224 — in 2010,
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137 —in 2012, 323 —in 2013 and 112 — in 2021. Only one upwelling was identified
in the provided database on 7 September 2013 with a maximum temperature differ-
ence of up to 14 °C. In the analysed MHI ODB, upwellings were not recorded
for 2014 (data for July and August only), 2015 (September), 2016 (May and Ju-
ly), 2017 (June and September), 2018 (July), 2019 (July), 2020 (September).
In the 2022 and 2023 spring—summer period (data for May—September), no up-
wellings were recorded in the water area of Yalta and Goluboy Bays, which was
| | confirmed by the conclusion
Yalta = | of the authors of [5] that
&, the SCC coastal waters be-
78 long to the part of the Black
44459 - Sea where upwellings are not
p ™ registered every year.
Katsiveli o o ST o

2 o 5 Fig. 1 shows the location

. AT e o scheme of sampling stations.
s o *Sop i It should be noted that
' . [ three of the analysed upwel-
lings were observed in Yalta

34 34.1° 32°E
Fig. 1. Study area. The circles are stations per- Bay (1986—1989) and 11 ones
formed in 1986-2000 and the dots are those per- ip Goluboy Bay (1997, 2007—
formed in 2007-2023 2021)

N

Results and discussion

In the SCC coastal zone (summer 1986—2000), the characteristics of coastal
waters during the period of upwellings in the water area of Goluboy (including
the SOP near Katsiveli) and Yalta Bays were considered. The duration of upwel-
lings during this period varied from 6 to 28 h with a temperature decrease by 8-9 °C.

The 6 h upwelling observed on 14 July 1986 was accompanied by a decrease
in temperature in the surface water layer by 8.33 °C and an increase in oxygen con-
tent to 7.76 mL/L, while before the upwelling, this value in the surface water layer
was 5.39 mL/L. During the upwelling period, a vertical increase in sigma-t from
13.3 kg/m® near the surface to 14.1 kg/m’ at a depth of 20 m was observed as well
as an increase in oxygen content from 7.76 to 8.12 mL/L, an increase with depth
in phosphates and total phosphorus content about three times, with unchanged
inorganic forms of nitrogen (nitrites and nitrates).

The upwelling duration in the Yalta Bay water area on 25 May 1987 was more
than a day (beginning — 25 May at 7:56 a.m., termination — 26 May at 11:00 a.m.),
with a temperature difference of 8 °C (15.60-7.60 °C). The upwelling was accom-
panied by an increase in surface water oxygen content to 8.65 mL/L (7.04 mL/L
before upwelling). Sigma-t also increased from 12.30 to 14.30 kg/m®. An increase
in phosphorus and nitrite nitrogen content was recorded on the second day of
upwelling at a depth of 5 m. It should be noted that upwelling in May was also
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characterised by a decrease in ammonium content as compared to the previous
period.

The upwelling duration in the Yalta Bay water area on 11 May 1989 was 6 h
with a temperature difference of more than 9 °C. Sigma-t also increased from 13.24
to 14.10 kg/m* during the upwelling and decreased up to 11.78 kg/m? looking
past it. Of note is the higher oxygen content (8.70-9.01 mL/L) in the bay waters
during the upwelling period, which persisted (8.63 mL/L) even after the upwelling
termination on 15 May 1989. During the upwelling period, an increased content of
total phosphorus was noted at the surface horizon, while the content of nitrates,
phosphates and nitrites did not change at depth.

In the Goluboy Bay water area, the upwelling was recorded on 22 July 1997.
Its duration was 7 h, with a temperature decrease of more than 9 °C. Sigma-t before
its beginning was 10.47 kg/m’ and during the upwelling period — 13.02-14.19 kg/m’.
Dissolved oxygen concentration in the surface layer was 5.86 mL/L on 18 July
1997 and 7.27-6.11 mL/L during the upwelling period. The content of biogenic
compounds (phosphates, total phosphorus and nitrites) did not change vertically,
with nitrates content only increased in the surface water layer.

Thus, in the first period under study, upwellings, regardless of their duration
and temperature difference, were always accompanied by an increase in oxygen
content and sigma-t. No such unambiguous conclusion can be made with regard
to nutrients. An increase in the content of only total phosphorus and phosphates
was recorded during three upwellings in July 1986, May 1987 and 1989 in the Yalta
Bay water area and on 20 July 2007 in the Goluboy Bay water area, where
the phosphates content increased almost three times and that of total phosphorus —
one and a half times. The content of inorganic nitrogen did not change with depth
during the upwelling period. A similar situation is described in [15], when under
the influence of a powerful upwelling lasting one day in May 2014 in the SOP area,
the content of inorganic nitrogen did not change, while the phosphates concen-
tration increased 3—4 times compared to the background values. The reason can
include differences in the cycles of these nutrients: for nitrogen, it is the water—
atmosphere system and for phosphorus, it is the water—bottom system. Unlike
inorganic nitrogen, phosphorus has no gaseous forms in water and its ability to
accumulate near the bottom and return to the water column as a result of oxygen
decrease under reducing conditions is well known. These differences are particular-
ly evident in other water areas. Such conditions were recorded in Sevastopol Bay
and described in [17]. Since upwelling is the rise of deep water, an increase
in phosphorus is understandable.

In 2007-2023, the upwelling was revealed in the Goluboy Bay water area
in July 2007, May 2010, 2012 and 2013, June and September 2013, June 2021.
On the SOP, samples were collected at surface, 0.5 and 5.0 m horizons.

The upwelling duration on 20 July 2007 was one day, with a temperature
decrease of about 10°C, sigma-t increase from 9.96 kg/m* (before the upwelling) to
13.86 kg/m* (during the upwelling) and dissolved oxygen concentration increase
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from 5.5 to 7.96 mL/L at 1 m depth. The upwelling was accompanied by an in-
crease in phosphates concentration almost three times (from 1.6 to 4.3 pg/L) and
in total phosphorus — one and a half times (from 4.3 to 7.4 pg/L), with almost
no effect on the content of nitrites and nitrates.

The 24 h upwelling recorded in May 2010 was accompanied by a decrease
in temperature by 7.5 °C, an increase in sigma-t by about two units and a slight
(up to 7.14 mL/L) increase in dissolved oxygen content.

In May 2012, several upwellings were observed: on 24 and 25 May with dura-
tion from 6 to 48 h with temperature decrease by 9.4-10.4 °C, and on 30-31 May
with duration of a day with temperature decrease by more than 9 °C. All three
upwellings of May 2012 were accompanied by an increase of oxygen content
in the surface water layer up to 7.36 mL/L, with its content before the upwelling
at 5.86 mL/L. During all three upwellings, sigma-t increased from 11.91 to 14.07 kg/m?
(Table). The content of nutrients during the upwelling period in May 2012 was not

measured.

Parameters of coastal upwellings in Yalta and Goluboy Bays found in 1986-2021

Range of
Upwelling Upwelling
date duration, h sigma-t, temperature, oxygen content,
kg/m? °C mL/L
14.07.1986 6 11.40-13.40 13.20-21.03 5.39-7.72
25.05.1987 28 12.30-14.30 7.60—-15.60 7.04-8.65
11.05.1989 6 11.80-14.10 8.30-17.30 8.63-9.01
22.07.1997 7 10.50-13.23 11.70-22.20 5.89-7.27
20.07.2007 24 10.01-13.96 14.90-25.00 5.50-7.96
27.05.2010 24 11.83-13.47 11.46-18.95 6.68-7.14
24.05.2012 6 11.91-14.03 8.15-18.61 5.86-7.36
25.05.2012 48 12.50-14.03 8.60-17.80 6.74-7.22
30.05.2012 24 12.50-14.07 8.62—-18.00 6.74-7.25
25.05.2013 30 12.10-13.89 10.00-18.58 6.54-6.90
28.05.2013 5 12.01-13.78 10.20-18.76 6.25-6.83
01.06.2013 2 11.50-13.46 12.00-20.00 5.95-7.15
07.09.2013 24 11.30-13.79 10.12-21.50 5.60-7.11
02.06.2021 13 12.62-13.60 11.19-17.54 6.30-6.72

Note: The ranges of sigma-t, temperature and oxygen content are given for the surface hori-

zon.
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The overview table of all coastal upwellings detected in the MHI ODB for two
periods 1986-2000 and 2007—2023 makes it possible to compare their influence
on the change of water mass parameters such as sigma-t, temperature and dissolved
oxygen saturation of the SCC coastal water areas on the example of Yalta and
Goluboy Bays. Table does not present data on changes in the concentration of
nutrients during the upwelling period because in the MHI ODB, these elements
were determined only during the upwelling period in May 1987 and 1989, in July
1986, 1997 and 2007 and in September 2013. Nutrients were not determined during
other upwelling periods.

The data in Table show that regardless of the upwelling duration, the change
in oxygen content depends mainly on the change in sigma-t and temperature differ-
ence during the upwelling period. During the identified upwellings, temperature
decreases ranged from 8 to 10.5 °C in May and July, 6.5 to 8 °C in June, with a max-
imum of 11.4 °C in September 2013. The increase in sigma-t resulted from the up-
welling was maximum (by 2.0-2.73 kg/m?) in July 1997 and 2007 and minimum
(by 1.33 kg/m?) in 2021. The maximum increase in dissolved oxygen content was
observed in July 1986 (2.33 mL/L) and 2007 (2.46 mL/L). In May 1987 and 2012,
it was 1.20-1.61 mL/L and the remaining upwellings were characterised by an in-
crease in aeration by no more than 0.58 mL/L.

Figs. 2—5 show changes in coastal water parameters (temperature, sigma-t,
oxygen content) under the influence of coastal upwellings in the Goluboy Bay
water area around the SOP location in the modern period (2012-2021).

When comparing the information presented in Figs. 2, @ and 2, ¢, a clear de-
pendence of oxygen content on water temperature can be seen: at the upwelling,
lower temperatures are accompanied by higher oxygen content. Sigma-t (Fig. 2, b)
increases slightly at the upwelling but in contrast to temperature and oxygen con-
tent, separate decreased sigma-t lenses are observed at the surface and 5 m horizon
up to a value of 12.60 kg/m?®. Later, at the upwelling over the whole area until
31 May, the sigma-t field is almost homogeneous with a value of 13.40 kg/m’.
Fig. 2, b also demonstrates that decreased sigma-t lenses location corresponds to
the area of low oxygen concentrations.

The upwelling of 30 h duration recorded on 25 and 26 May 2013 differed
from the upwelling in May 2012 by a decrease in temperature by about 8 °C and
a lower difference in sigma-t from 12.10 to 13.80 kg/m?, which was also reflected
in a slight (6.54-6.86 mL/L) change in the surface water layer oxygen content (Fig. 3).

The upwelling recorded on 28 May 2013 was characterised by a duration of 5 h,
temperature decrease by 8.5 °C and comparable changes in sigma-t and dissolved
oxygen content (see Table). A very short (2 h) upwelling took place on 1 June 2013
(Fig. 3), with a temperature decrease of about 8 °C. It was accompanied by a de-
crease in oxygen content from 7.15 mL/L during the upwelling period to 5.95 mL/L
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Fig. 2. Parameters of coastal waters: temperature (a),
sigma-t (b) and oxygen content (c¢) during upwellings from
24 to 30 May 2012 in the Goluboy Bay water area (stationary
oceanographic platform — SOP)

after its termination. Sigma-t at the surface horizon increased to 13.46 kg/m® during
the upwelling period and decreased to 11.50 kg/m? after its termination.

When comparing the data presented in Figs. 2 and 3, it can be noted that
in May 2013 the observed upwellings were characterised by a smaller temperature
difference, sigma-t and oxygen content changes than in May 2012.

On 7 September 2013, the upwelling of 24 h duration was recorded in the Golu-
boy Bay water area, with a temperature difference of more than 10 °C (from 21.5
to 10.12 °C), sigma-t increase from 11.34 to 13.79 kg/m?® and subsequent decrease
after the upwelling to 5.6 mL/L with an increase in dissolved oxygen content to
7.11 mL/L (Fig. 4). In addition, the phosphates content doubled as at the upwelling
in July 2007. This is also noted in the findings of [15], where the upwelling of May
2014 was described.

Higher upwelling intensity of on 7 September 2013 compared to May and June
of the same year can be related to the effect of such a climatic factor as wind.
In [6], in which the duration of winds favourable for the upwelling occurrence was
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studied, it was shown that the longest duration (from 6 h to several days) of wester-
ly winds had been recorded from 29 August to 8 September 2013.

The duration of the upwelling on 2 June 2021 was about 13 h (Fig. 5).

Fig. 5 shows that the upwelling of June 2021 can be characterised by minimal
values of temperature difference (by about 6.5 °C), minimal change in sigma-t
(by 1.33 kg/m?®) and the slightest change in oxygen content (by 0.16-0.42 mL/L).
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Analysis of the information presented in Figs. 2—5 makes it possible to con-
clude that during the upwelling on 2 June 2021, the temperature decrease was
the lowest one since 2012. This is probably why the distribution of oxygen content
across all horizons (6.56—6.72 mL/L) was fairly uniform and sigma-t variation was
negligible (from 12.62 to 13.52 kg/m°).

According to the MHI ODB data, analysis of seasonal dynamics of upwelling
occurrence in the SCC coastal water areas showed that eight upwellings were
recorded in May, three — in July, two — in June and only one — in September.

The reasons for our finding of a slight decrease in upwelling intensity
in the spring—summer period from 2012 to 2021 remain unclear, as more intense
upwelling was observed in September 2013. In consideration of the intricacy of
the processes that occur in the SCC coastal water areas, which are subject to factors
of diverse natures, it is evident that further observations and the enhancement of
the monitoring system are imperative to address the raised queries.

Conclusion

Based on the analysis of the MHI ODB in situ data for two periods 1986—2000
and 2007-2023, assessments of the influence of coastal upwellings on changes
in temperature and oxygen regimes and content of nutrients in the Goluboy Bay
water area, including the SOP in Katsiveli, and in the Yalta Bay water area were
obtained. The maximum frequency of upwelling occurrence in the spring—summer
season was confirmed.

It is shown that as a factor of change in water aeration, the upwelling con-
tributes to the increase in dissolved oxygen content at any duration of its effect
as a result of the accompanying temperature difference and change in sigma-t.

The upwellings recorded during the first period were noted in the Yalta Bay
(three upwellings) and Goluboy Bay (one upwelling) water areas. They were
characterised by large temperature differences, significant changes in sigma-t, and
for the May upwellings — by very high oxygen content both before and after
the upwelling. The reasons for such variability of parameters of the identified
upwellings have still been unclear.

The analysis of the data for the second period (2007-2023) showed that
the formed upwellings were detected in the Goluboy Bay waters, including
the SOP area. Comparative analysis of information on the upwelling intensity
for May and June 2012, 2013 and June 2021 made it possible to identify a signifi-
cant decrease in the upwelling intensity based on changes in coastal water parame-
ters (temperature, sigma-t and oxygen content), the reasons for which remain
unclear and can be further studied.

It was concluded that the rise of deep water resulted from the upwelling con-
tributed to the increase in the content of mineral forms of phosphorus and affected
insignificantly the concentration of mineral complexes of nitrogen. The assumption
that the difference in changes in the content of these biogenic complexes under
the effect of the coastal upwelling is associated with differences in the systems of
their circulation and requires further research.
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The analysis of the used database for these periods showed the insufficiency

of target measurements and the need to adjust the monitoring system, especially

in the spring—summer period, when the probability of upwelling is maximum.
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Abstract

The paper aims to analyse the results of long-term studies of dissolved and suspended or-
ganic matter content in the waters of the Northern Caspian and Middle Caspian in the Rus-
sian sector of the Caspian Sea. The paper analyses the main sources of input of organic
matter, its seasonal and inter-annual variability, features of its spatial distribution and caus-
es (allochthonous organic matter flow, production and destruction, water temperature, sea
level changes, etc.) determining the spatial and temporal dynamics of organic matter con-
tent. The paper is written on the results of production environmental monitoring conducted
at the licensed areas of LLC LUKOIL-Nizhnevolzhskneft in 2017-2021. The organic matter
amount was estimated by organic carbon. The dissolved organic carbon concentration was
found to vary from 0.10 to 9.30 mg/dm® in the surface water layer and from 0.10 to
9.60 mg/dm*® in the bottom layer. The maximum enrichment of waters with dissolved
organic matter was noted in the northern part of the water area. The concentration of sus-
pended organic carbon in the surface water layer varied within 0.10-23.40 mg/dm?, where-
as in the bottom water layer it ranged within 0.05-19.40 mg/dm?. The spatial distribution of
suspended organic matter was characterized by seasonal shifts of the area with maximum
concentrations northwards. The main factors affecting the organic matter content in water
were water temperature, suspended matter concentration in water and hydrogen ion concen-
tration. The level of dissolved and suspended organic matter has not changed in the last
20 years of studies. The dependence of dissolved and suspended organic matter concentra-
tions on environment pH indicates the natural origin of the organic matter in the waters of
the monitored sea area.
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AHHOTAIUA

[ens paboTHI 3aKITIOYACTCS B QHAIM3E PE3yJbTaTOB MHOTOJICTHUX UCCIICIOBAHUMN COMEpKa-
HUS PaCTBOPCHHOTO M B3BEIICHHOI'O OPTaHWMYECKOTO BEIIECCTBA B BoJaxX akBaropun CeBepHO-
ro u Cpennero Kacnus B poccuiickoM cekrope Kacmuiickoro Mops. IIpoananmusupoBaHbsl
OCHOBHBIC HCTOYHUKH MTOCTYIUICHHUS OPTAaHUIECKOTO BEIIECTBA, €TO CE30HHBIC U MEKTOIOBBIC
M3MEHEHUsI, 0COOCHHOCTH €T0 MPOCTPAHCTBEHHOTO PACIPENEIICHHS U MPUINHBI (CTOK alIoX-
TOHHOTO OpPTaHMYECKOTO BEIECTBA, MPOIYKIMOHHO-IECTPYKIIMOHHBIE MPOIECCH, TeMIepa-
Typa BOIBI, I3MEHEHUS YPOBHS MOPS W MPOY.), ONPEIEIIMIONINe IPOCTPAHCTBEHHYIO M Bpe-
MEHHYIO JHHAMHKY COJep)KaHMs OPraHWYecKOro BemiecTBa. PaboTa HammcaHa 1Mo pe3ynibTa-
TaM TPOU3BOJCTBEHHOTO SKOJIOIMYECKOTO MOHHUTOPHHTA, MIPOBEACHHOTO Ha JMIIEH3MOHHBIX
yuactkax 000 «JIYKOWMJI-HmxueBomkckaepTs» B 2017-2021 rr. KomuuecTBo opranude-
CKOT'O BEII[CCTBA OIICHUBAJIH 10 OPTaHUICCKOMY YIJIEPOIy. Y CTAHOBIICHO, YTO KOHIICHTPAIIUS
PacTBOPEHHOr0 OPraHUYECKOro yrieposa usmensnack ot 0.10 1o 9.30 mMr/nqm® B moBepXHOCT-
HoM coe Bogsl 1 oT 0.10 10 9.60 mr/mm® B npugonHoM. O6IacTEI0 MAKCUMAIIBHOTO 000ra-
IICHUS BOJl OPTaHUYECKUM BEIIECTBOM B PacTBOPEHHOH (hopMme ObLTa ceBepHAst YacTh aKBa-
Toprr. KoHIIeHTpanys B3BSIICHHOTO OPTaHHIECKOTO YTIIEpOo/ia B IIOBEPXHOCTHOM CIIO€ BOJIBI
u3MeHsutack B unrepsaie 0.10-23.40 MI/mv3, B npugoHHOM — B uHTepBae 0.05-19.40 MT/IMC.
[IpocTpaHCTBEHHOE pacHpe/eNeHre OPraHMIecKOTo BEIIeCTBA BO B3BEIICHHOW (opme xa-
PaKTEepPHU30BAJIOCH CE30HHBIM CMEIIEHNEM 00JIacTH MaKCHMAIIbHBIX KOHIICHTPALHil K ceBepy.
OCHOBHBIMHU (haKTOpaMH, BIUSIOIIAMHA Ha COJCp)KaHME OPTaHWYECKOTO BEIIecTBa B BOJE,
ABJITFOTCS] TEMIIepaTypa BOJBI, a TaKXKe KOHIICHTPAIXs B3BEUICHHOTO BEIIECTBA B BOJIE U BO-
JIOPOJIHBIN TOKa3aTeNb. Y POBEHb COAEP)KaHUS PACTBOPEHHOTO M B3BEIICHHOTO OPTaHUIECKO-
TO BemecTBa 3a nocienaue 20 JeT ucciueqoBaHuil He W3MEHWIICA. 3aBUCHMOCTh KOHIIEHTpa-
I[UM PACTBOPCHHOTO M B3BEUICHHOTO OPTaHHUYECKOTO BemecTBa OT pH cpembl moaTBepxia-
€T €CTECTBEHHYIO IPUPOY OPraHMYCSCKOrO BEIIECTBA B BOJIAX UCCIICAYEMOI aKBaTOPUU.
KiaroueBsie ciioBa: Kacnmiickoe Mope, MPOAYKTUBHOCTh, OPIraHUYECKOE BEIIECTBO, pac-
TBOPEHHOE OPTraHMYECKOE BEIIECTBO, B3BEHICHHOE OPTaHUYECKOE BEIIECTBO, aJNIOXTOHHOE
OpPTaHUYECKOE BEIIECTBO, aBTOXTOHHOE OPTaHUIECKOE BEIIECTBO

Jasi wurupoBanus: /Jeemapesa JI. B., baxyn O. U., Ouepemnwiii M. A. Opranudeckoe
BEILIECTBO B BOJAX poccuiickoro cextopa Kacrmiickoro mopst / Jkonorudeckast 6e3omnac-
HOCTb ITpUOpex)HOI 1 menb(oBoit 30H Mopst. 2025. Ne 1. C. 112-123. EDN FNEADY.

Introduction

Potential biological productivity of a marine ecosystem is estimated by organic
matter (OM) reserves in the water body. Being a product of vital activity of plants
and animals, OM determines physical and chemical properties of water and bottom
sediments and serves as a source of nutrients ",

) Maystrenko, Yu.G., 1965. [Organic Matter of Water and Bottom Sediment of Ukrainian Rivers and
Water Bodies (the Dnieper and Danube Basins)]. Kiev: Naukova Dumka, 239 p. (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2025 113


mailto:*e-mail:%20kaspmniz@mail.ru

Representative indicators of dissolved organic matter (DOM) and suspended
organic matter (SOM) are dissolved organic carbon (DOC) and suspended organic
carbon (SOC) concentrations, respectively [1].

In the Caspian Sea, the incoming part of the OM balance is formed by alloch-
thonous and autochthonous organic material, with autochthonous OM
playing the leading role ». Phytoplankton is the main producer of autochthonous
OM 29, Allochthonous OM comes mainly with river runoff [2, 3]. Main items
of the consumption part of the balance are the OM bottom sedimentation and
consumption during mineralisation ).

OM is present in the Caspian waters in dissolved and suspended forms [4].
Carbohydrates and lipids are main biochemical components of DOM [5], while
lipids and proteins are those of SOM [3]. OM of allochthonous origin is character-
ised by a high content of the insoluble fraction?"?).

According to literature, in the Russian sector of the Caspian Sea, the maximum
DOM and SOM content is registered in the north-western part of the Northern
Caspian, in the estuaries of the Terek and Sulak Rivers, as well as in the hydrologic
front zone. The OM concentration decreases seaward > [2, 5].

The OM concentration decreases with depth as a result of aerobic destruction
[6]. Biochemical processes intensify in the bottom layer due to periodic turbulence
of bottom sediments®. In shallow water areas, OM is distributed uniformly
throughout the water column due to intensive mixing *.

OM is characterised by seasonal changes: in spring, during phytoplankton
blooming, the OM content in the photic water layer increases, and in autumn, it de-
creases due to the development of destruction and sedimentation [7, 8]. Suspended
matter (SM) is the predominant form through which OM transitions from water to
sediments 7.

The rate of destruction of organic compounds depends on water temperature,
environment pH and aeration conditions®. Increase in water temperature adds to
the intensity of mineralisation of organic compounds [9]. Increase in the environment
pH indicates more active OM formation under conditions of production intensifica-
tion, causing a decrease in the partial pressure of carbon dioxide in water, and OM
destruction accompanied by an increase in the partial pressure of carbon dioxide

2 Datsko, V.G., 1957. [Content of Organic Matter in the Caspian Sea Waters and its Approximate
Balance]. Gidrokhimicheskie Materialy, XXVII, pp. 10-20 (in Russian).

3 Romankevich, E.A., 1977. [Geochemistry of Organic Matter in the Ocean]. Moscow: Nauka, 256 p.
(in Russian).

4 Bordovskiy, O.K. and Ivanenkov, V.N., eds., 1979. [Ocean Chemistry. Vol. 1. Chemistry of Ocean
Waters]. Moscow: Nauka, 521 p. (in Russian).

3) Pakhomova, A.S. and Zatuchnaya, B.M., 1966. [Hydrochemistry of the Caspian Sea)]. Leningrad:
Gidrometeoizdat, 342 p. (in Russian).

9 Fedosov, M.V., 1957. [Chemical Basis of Southern Seas Fodder and their Water Regime].
Informatsionny Shornik VNIRO, (1), pp. 14-19 (in Russian).

7 Romankevich, E.A., Artemiev, V.E., Belyaeva, A.N. and Lyutsarev, S.V., 1982. [Biogeochemistry
of Dissolved and Suspended Organic Matter in the Ocean]. In: A.V. Sidorenko and A. A. Geodekian,

eds., 1982. [Organic Geochemistry of Waters and Exploration Geochemistry: Proceedings of
the 8" International Organic Chemistry Congress]. Moscow: Nauka, pp. 7-17 (in Russian).
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leads to a decrease in pH. Oxygen, as the main oxidant in the bottom water layer,
is used for mineralisation of organic compounds. The decrease in oxygen concen-
tration in water depends on the amount of oxidised OM *.

An important role in OM mineralisation belongs to bacteria capable of decom-
posing dead OM (including oil products) and transforming its destruction products
into forms suitable for assimilation by aquatic vegetation ® [10].

Study of the peculiarities of OM content and distribution in water bodies sub-
ject to organic pollution is especially relevant.

In the Russian sector of the Caspian Sea, deterioration of the quality of the ma-
rine environment has been observed in the modern period, which is primarily
caused by the inflow of pollutants, including organic compounds (petroleum hydro-
carbons, phenols, organochlorine pesticides, synthetic surfactants) from the Volga,
Terek, and Sulak rivers ? [11-15]. In addition, eutrophication has been intensively
occurring in the Northern Caspian and Middle Caspian, leading to an increase
in the DOM and SOM amount [4, 16].

Sea level fluctuations result in quantitative changes in OM. Recent studies of
OM distribution in the Caspian Sea waters in 2010-2015 showed that during that
period of sea level decline, the DOC concentration had been almost unchanged
[10]. However, the Caspian Sea level has decreased by more than 70 cm since
2016, and its further decline is predicted [17].

Under these conditions (continuing pollution, eutrophication, sea level decrease),
it is necessary to estimate the OM content in the Caspian Sea waters in the modern
period.

The work aims to determine the main sources of organic matter in the water
area of the Russian sector of the Caspian Sea and the factors determining the spa-
tial and temporal dynamics of the content of organic matter, its suspended and dis-
solved forms.

Materials and methods

The paper is written on the results of production environmental monitoring
conducted at the licensed areas of LLC LUKOIL-Nizhnevolzhskneft in 2017-2021.
Monitoring was carried out twice a year (spring—summer and autumn periods).
Samples were taken consecutively at 58 stations (Fig. 1) in the surface and bottom
layers.

First day analyses (water temperature, pH) were carried out by standard
methods. Water samples (347 items) were processed in accredited laboratories.
Nationally recognised test methods, certified measurement procedures, cali-
brated and verified measuring instruments were used in the chemical analyses.
The amount of organic matter was estimated by organic carbon in accordance

® Bordovsky, O.K., 1964. [Accumulation and Transformation of Organic Matter in Marine Sediments
(Study on the Origin of Oil)]. Moscow: Nedra, 128 p. (in Russian).

%) Gurpanbur, Sh.B., 2010. [Ecological Problems of the Caspian Sea]. Molodoy Ucheny, 1(5), pp. 128—
131 (in Russian).
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Fig. 1. Sampling scheme

with GOST 31958-2012. Statistical
analysis was carried out according to
paper '%.

Results and discussion

The hydrochemical regime was cha-
racterised by an increase in water tem-
perature from spring to summer with
preservation of sufficiently high tempe-
rature values in autumn (Table 1). Sea-
sonal increase in hydrogen index values
indicates production activation in sum-
mer and autumn period. The decrease
in the amount of suspended sediment
in summer and autumn is explained by
the seasonal decrease in the volume of
solid runoff with the Volga waters.

The DOC concentration varied
from 0.10 to 9.30 mg/dm? in the surface
layer and from 0.10 to 9.60 mg/dm’

in the bottom layer (Table 2). On average, during the entire study period, the DOC
content was higher near the surface due to the OM primary production in the photic
layer and OM decomposition in the water column. However, due to the shallow-
ness of the study area, vertical differences were minimal. The correlation between
the values of DOC concentration in the surface and bottom layers was revealed.
In spring, under high flood conditions and, consequently, high hydrodynamic

Table 1. Average values of hydrochemical indicators

Water tegnperature, Water pH Suspended rr}latter,
C mg/dm
Season
Surface Bottom Surface Bottom Surface Bottom
Spring 15.5 11.1 8.36 8.37 6.44 5.76
Summer 25.6 19.6 8.40 8.38 6.21 491
Autumn 19.5 17.0 8.46 8.43 2.88 2.51

10 Smagunova, A.N. and Karpukova, O.M., 2012. [Methods of Mathematical Statistics in Analytic
Chemistry). Rostov-on-Don, Feniks, 346 p. (in Russian).
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Table 2. Concentration of organic carbon in the water of the Northern Caspian, mg/dm?

Dissolved organic carbon Suspended organic carbon
Season Layer
Range Average Range Average

Surface 0.10-9.30 3.12 0.20-23.40 3.06
Spring

Bottom 0.10-9.60 2.81 0.10-19.40 2.49

Surface 1.50-4.11 2.35 0.10-13.30 1.64
Summer

Bottom 1.18-3.50 2.19 0.10-9.20 1.36

Surface 0.75-6.00 243 0.10-6.86 1.17
Auumn | gom 0.45-5.00 221 0.05-4.80 0.96

activity, the correlation coefficient (r) was lower (r = 0.48; n =134; o= 0.05)
than in summer (r=0.74; n="72; a.=0.05) and autumn (»=0.79; n = 142;
a=0.05).

Despite the increase in the hydrogen ion concentration (pH) indicating the ac-
tivation of OM primary production (Table 1), a decrease in the DOC content was
observed from spring to autumn, both in the surface and bottom layers, which is
explained by the increased insolation inhibiting photosynthesis in the summer and
autumn period 'V,

During the study period, the area of maximum DOC concentration was
the northern part of the water area (Fig. 2).

The SOC concentration varied in the range of 0.10-23.40 mg/dm’ in the sur-
face water layer and in the range of 0.05-19.40 mg/dm® in the bottom water layer
(Table 2). The SOC vertical distribution and seasonal dynamics repeated changes
in the SM concentration (Table 1). The maximum SOC values recorded in the spring
period are explained by the input of allochthonous organic matter with the Volga
River runoff during the high flood period. However, from spring to autumn,
the correlation between SOC content in the surface and bottom water layers be-
came weaker. Thus, correlation coefficient was 0.66 (n = 134; a.=0.05) in spring;
0.61 (n="72; a.=0.05) in summer; 0.48 (n=142; a.=0.05) in autumn. The de-
crease in the correlation ratio between these parameters is due to the fact that
in spring SOC was a part of allochthonous (hard-to-mineralise) OM supplied with
the Volga waters during high floods, and almost did not decompose in the water
column, while in autumn it was a part of autochthonous (easily acidifiable) OM
mineralised in the whole water column.

D) Boulion, V.V., 1983. [Primary Prodution of Plankton of Inland Water Bodies). Leningrad: Nauka,
150 p. (in Russian).
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Fig. 2. Spatial distribution of dissolved organic carbon (mg/dm?) in the surface water
layer in spring 2020 (@) and autumn 2021 (b). The line denotes the border between
the Northern and Middle Caspian
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Fig. 3. Spatial distribution of suspended organic carbon (mg/dm?) in the surface water
layer in spring 2020 (a) and autumn 2021 (b). For the line notation see Fig. 2
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The SOC spatial distribution corresponded to the DOC distribution in autumn
(Fig. 3). In the spring period, the area of the highest values was located on the trav-
erse of the Agrakhan Peninsula, which can be caused by the Volga water export to
this area against the background of increased water flow.

No statistically significant correlation between the content of DOC and SOC
was found throughout the study period. The level of content as well as the charac-
teristic features of the spatial distribution of DOC and SOC have not changed over
the last 20 years of studies [18].

In the spring period, the DOC concentration was inversely related to water
temperature. Correlation coefficient was —0.46 (Fig. 4) for the surface layer and —
0.35 for the bottom one (n = 137; o= 0.05). The SOC content was in direct correla-
tion with the SM amount: »=0.77 (surface) (Fig. 5) and »=0.71 (bottom) with
n=137; o= 0.05. This indicates that SOC occurs as part of allochthonous, hard-to-
mineralise OM in the spring period.

Correlation dependence of DOC and SOC concentration on water pH was re-
vealed in summer. The SOC dependence of pH (» = 0.67 and 0.62 for the surface
(Fig. 6) and bottom layer, respectively) was stronger than the DOC dependence of
pH (r = 0.48 and 0.57 for the surface and bottom layer, respectively). For all
the above mentioned dependencies, n = 74; a = 0.05.

Cpoc, mg/dm? y=-0.1445x + 5.3558
10 - R2=0.2142
“, ¢ % r=-046
8 -
6 .
4 . .
Fig. 4. Dependence of dissolved
2 - organic carbon C (mg/dm®) on wa-
ter temperature (°C) in the surface
0 water layer during spring
3
ZCW, mg/dm y=03321x +0.9239
5 7 & R2=0.5938
20 - r=0.77

Fig. 5. Dependence of suspend-
ed organic carbon concentration
(mg/dm?) on suspended matter con-
centration (mg/dm?) in the surface
water layer during spring
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No statistically significant correlations were found in the data array for the au-
tumn period.

The seasonal dynamics of SM, DOC and SOC differed at different stages of
the marginal filter.

According to literature, the maximum amount of SM is registered in the “mud
area” (water area with salinity not exceeding 4%o) [19]. However, our studies
revealed that this pattern was observed only in summer and autumn (Table 3).
In spring, during high floods, the main part of SM is carried further seaward.
The increase in the SM and SOC content was observed in summer, in the DOC
content — in spring.

In the “elementorganic area” (water area with salinity of 4—7%o), transition of
organic substances into bottom sediments takes place as a result of flocculation and
sorption activation [19]. Decrease in DOC concentration in water in the “element-
organic plug” in comparison with the “mud area” is observed only in spring.
In summer and autumn, SOC decreases in the “elementorganic plug” (in autumn
only in the surface layer).

In the “biological part” of the marginal filter (with salinity over 7%o), the OM
bioassimilation takes place due to intensification of living organisms activity.
The DOC and SOC concentration decreases compared to the OM content in the
“elementorganic area”. The DOC concentration decreased insignificantly, the SOC
concentration decreased 3.3 times in the surface water layer and 4 times in the bot-
tom water layer in summer. The SOC sharp decrease near the surface is a conse-
quence of destruction, which is more intensive in the surface water layer under
conditions of high oxygen saturation of water. Sharp decrease in the SOC amount
in the bottom horizon is probably caused by the development of such filter-feeding
molluscs as Cerastoderma glaucum (Bruguiére, 1789) inhabiting at salinities of
at least 5%o; Monodacna colorata (Eichwald, 1829), optimum salinity for which is
6—10%o; Didacna protracta (Eichwald, 1829) preferring salinities above 8%o, etc.,
in the biological part of the marginal filter [20, 21].
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Table 3. Average concentration of suspended and organic substances in the water of
the Northern Caspian, mg/dm?

Suspended Dissolved Suspended
Season matter organic carbon organic carbon
Surface Bottom Surface Bottom Surface Bottom
Salinity < 4%o
Spring 1.55 1.60 7.75 5.75 1.25 1.05
Summer 11.15 3.55 2.38 2.32 7.80 6.68
Autumn 7.33 1.42 2.11 2.00 2.42 0.10
Salinity 4—7%o
Spring 6.40 5.52 3.53 2.93 3.36 2.51
Summer 9.22 9.12 2.82 2.56 4.12 4.07
Autumn 3.83 4.06 3.08 2.54 1.59 1.23
Salinity > 7%o
Spring 6.53 5.86 2.99 2.75 3.06 2.51
Summer 5.82 4.62 2.32 2.16 1.25 1.01
Autumn 2.71 2.36 2.37 2.17 1.10 0.94
Conclusion

The DOC and SOC concentration in the surface water layer of the Russian sec-
tor of the Caspian Sea is higher than in the bottom one due to the primary produc-
tion of OM in the photic layer and decomposition of OM in the water column. Sea-
sonal dynamics is characterised by a decrease in DOC and SOC from spring to au-
tumn, which is explained by natural hydrochemical reasons (increased insolation
inhibiting photosynthesis in the summer and autumn period, beginning of the de-
struction development in autumn and decrease in allochthonous OM input with
the Volga River runoff).

The main factors affecting the OM content in water are water temperature
(negative trend) and the amount of suspended sediment and water pH (positive
trend).

The level of DOM and SOM has not changed in the last 20 years of studies.
The dependence of DOM and SOM concentrations on environment pH assumes
the natural origin of the organic matter in the waters of the monitored sea area.
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Abstract

The work aims to assess the assimilation capacity of bottom sediments of the Sea of Azov
with respect to copper and zinc by the level of their elimination into the geological depot
as a result of sedimentation. The paper analyses metal concentrations in water and bottom
sediments in 1991-2023. In 1998-2023, the average values of copper in sea water exceeded
maximum permissible concentration (5 pg/L) and ranged 5.2—12 pug/L. The average con-
centration of copper in the bottom sediments of the Sea of Azov in 1991-1999 was 29.8 ng/g,
in 2000-2010 it was 35.5 pg/g and in 2011-2023 it was 9.3 pg/g. The copper flux from
the water to the bottom sediments of the open part of the sea ranged 14-381 t/year, whereas
in Taganrog Bay it was 16—153 t/year. Sediment turnover periods of copper in the open sea
and in Taganrog Bay averaged 0.5 and 1.6 years, respectively. The assimilation capacity of
bottom sediments for copper in the open sea was 135.6 t/year and for Taganrog Bay it was
75.7 t/year. The zinc concentration in water exceeded its maximum permissible concentra-
tion (50 pg/L) in different years (up to 79 pg/L in Kuban-Akhtarsky and Kuban-Temryuk-
sky districts). In the bottom sediments, the zinc concentration during the entire observation
period was in the range of 17.1-98 pg/g in the open sea and 19.0-111 ng/g in the bay.
The flux of sedimentation self-purification of water from zinc in the open sea was in the range
of 175-902 t/year and in Taganrog Bay it was 76—407 t/year. The zinc turnover period
in the open part of the sea varied within 0.7-39.8 years and in the bay, it was 0.1-4.8 years.
The assimilation capacity of the bottom sediments with respect to zinc was 313.6 t/year
for the open part of the sea and 169.1 t/year for Taganrog Bay. Determination of assimila-
tion capacity of bottom sediments allows normalizing planned inputs of copper and zinc
into the water area of the Sea of Azov.

Keywords: Sea of Azov, copper, zinc, pollution, heavy metal flux, accumulation coeffi-
cient, self-purification, copper flux, zinc flux, assimilation capacity
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AcCUMWISIIIMOHHAS CIIOCOOHOCThH JIOHHBIX OTJIOKE€HMI
A30BCKOI0 MOpPA B OTHOIICHUH MEIHU H IUHKA
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Poccutickuii 2ocyoapcmeennulii 2e01020pazee00uHblIl YHUGEpCUMen
umenu Cepeo Opooconurudse (MI'PHU), Mockea, Poccus
e-mail: mbufetova@mail.ru

AHHOTaNHUSA

Ienb pabOTHI — OIIEHUTH ACCUMUJISIIMOHHYIO CIIOCOOHOCTh JIOHHBIX OTJIOXEHUN A30BCKOTO
MOpSI B OTHOIICHHH MEAHW M IHWHKA 10 YPOBHIO WX DJIMMHHAIINHA B TE€OJIIOTHYECKOE IETIO
B pe3yJIbTaTe CEIUMEHTAI[MOHHBIX TPOIECCOB. AHATU3UPOBAINCH KOHIICHTPAIIMA METal-
JIOB B BOJI€ U JOHHBIX OTIOXkeHUAX B 1991-2023 rr. B 1998-2023 rr. cpeqHue 3Ha4eHUsS
Menu B Boge Mops npessimany [1JIK (5 Mkr/im) m Haxoamwnmuch B nuama3oHe 5.2—12 MKr/i.
KoHuenTpauys Meau B JOHHBIX OTJIO0XKEHUSIX A30BCKOro Mopst B 1991-1999 rr. cocrasinsina
B cpeanem 29.8 mkr/r, B 20002010 rr. — 35.5 mkr/r, 8 2011-2023 rr. — 9.3 mkr/r. TToTok
MeJTU U3 BOJIbI B JIOHHBIC OCAJIKU OTKPBITOM 4acTH MOPsI BapbHpoBai B npenenax 14-381 t/rox,
B Taranporckom 3anmuBe — 16—153 1/roa. Ileproasl ceTMMEHTaIMOHHOTO 000pOTa MEIN
B OTKPBITOM Mope U B TaraHporckom 3anuse B cpefHeM coctasisiu 0.5 u 1.6 ner coorBer-
CTBEHHO. ACCUMUWJISIIIMOHHAS CITIOCOOHOCTh JJOHHBIX OTJIOKEHH B OTHOIIEHUH MEAH COCTa-
BHJIa B OTKPHITOM dacT Mops 135.6 1/roxn, B Taranporckom 3amuse — 75.7 1/roa. Konmen-
Tpanus nuHKa B Boxe npesbimaina [1JIK (50 mxr/m) B pasusle rogs!l (B Kybano-Axtapckom
n Ky6ano-TemprokckoM paitonax — 10 79 Mkr/i). B 1oHHBIX ocajkax KOHIEHTpaLUs IUHKa
BECh IEPHOJ HAONIOJNCHWH HAXoAWiIach B aumama3oHe 17.1-98 MKr/r B OTKpPBHITOM MOpe
n 19.0-111 Mkr/r B 3anuBe. [10TOK CEIUMEHTAMOHHOIO CAMOOYHIIIEHNS BOJ OT IIMHKA
B OTKPBITOW 4acTH MOpsl Haxoawicst B uaTepBaie 175-902 t/ron, B TaraHporckom 3aiise —
76—407 1/rogn. Ileprox 00OpOoTa IMHKA B OTKPBITOW YacTH MOPS BapbHPOBAI B Ipeleiax
0.7-39.8 rona, B 3ammBe — 0.1-4.8 roga. AcCUMMISIIMOHHAST CIIOCOOHOCTEH JOHHBIX OTJIO-
JKCHHUH B OTHOILICHHUH IIUHKA cocTaBmia 313.6 T/rox B OTKpBITOM yacTu Mops 1 169.1 1/ron
B Taranporckom 3aynuBe. OnpeeieHue aCCUMUISIIMOHHON CIIOCOOHOCTH IOHHBIX OCaJIKOB
MTO3BOJISIET HOPMHUPOBATh IUTAHOBBIE MMOCTYILICHUS MEIH U IIMHKA B aKBATOPUIO A30BCKOTO
MODsL.

KiroueBbie ciioBa: A30BCKOE MOpE, ME/b, IIMHK, 3arpsA3HCHHE, MOTOKU TSHKEIBIX METall-
JIOB, KOO((QUIIUSHT HAKOTUICHUSI, CAMOOYHUIIEHHE, TOTOK ME/IHU, MMOTOK IWHKA, ACCUMHUJISIIIN-
OHHAasl CITOCOOHOCTD

Baaronapuocru: aBrop OnaronapHa ¢ununany «Azosmopundopmuentp» ®I'BBY «llentp-
PETHOHBOAXO03)» 33 MHOTOJIETHEE COTPYIHUYECTBO U NMPETOCTABICHHBIC TaHHbIE.

Jns nurupoBanusi: bygemosa M. B. ACCHMIIAIIOHHAS CIIOCOOHOCTD JTOHHBIX OTJIOKCHHI
A30BCKOT0 MOpPS B OTHOIICHWH MEJIU U IIMHKA // JKOJ0ruyecKast 0e301macHOCTb NPHOPEKHOM
u menbdoBoi 30H Mops. 2025. Ne 1. C. 124-136. EDN YPQPAB.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2025 125



Introduction

Assessment of the water area self-purification ability by calculating the assimi-
lation capacity (AC) of bottom sediments with respect to a particular pollutant can
serve as a scientific and technical basis for finding ways to normalize the ecologi-
cal state of marine ecosystems. Self-purification of the aquatic environment is
a complex set of dilution, migration and redistribution of pollutants [1].

It was shown in " that from the point of view of self-purification, the AC could
be understood as a transformable and irreversibly eliminated flux of pollution
from the marine environment as a result of abiotic and biotic processes ".

According to V. N. Yegorov, on the one hand, the marine environment AC
means the amount of pollutant that can be diluted in the water areas so that
the concentration of pollutant in critical biotic components of ecosystems does not
exceed maximum permissible values. On the other hand, the AC is a differential
criterion, i. . the marginal flux of pollution eliminated to aquatic or geological de-
pots [2, p. 238]. This approach to the AC assessment was implemented in [3],
where on the basis of estimates of ultimate elimination fluxes of radionuclides,
mercury and chlororganic compounds from the aquatic environment into bottom
sediments (geological depots) of Sevastopol Bay, the AC values of bottom sedi-
ments were obtained with respect to these pollutants. The authors obtained the AC
values of bottom sediments with respect to the mentioned pollutants. In particular,
the authors obtained that the AC of bottom sediments in relation to mercury is
32.7 t/year [3]. The methodology for calculating the maximum permissible flux was
also used in [4] to assess the AC of bottom sediments in the Azov Sea concerning
lead. A similar method of assessment of the AC of bottom sediments with respect
to copper and zinc is applied in this work.

The Sea of Azov is a relatively small shallow water body, which experiences
high anthropogenic load. Among the most significant pollutants entering the water
area of the Sea of Azov are heavy metals including such essential trace elements
as copper and zinc, which are necessary for the metabolism of hydrobionts in low
concentrations but become toxic to them in higher concentrations.

The work aims to assess the assimilation capacity of bottom sediments of
the open part of the Sea of Azov and Taganrog Bay with respect to copper and zinc
by their elimination into the geological depot as a result of sedimentation.

In this process, the following objectives were addressed:

1. To study the dynamics of water and bottom sediments pollution of the sea
proper and Taganrog Bay by copper and zinc for 1991-2023.

2. To study the dependence of copper and zinc concentration in bottom sediments
on their concentration in water, taking into account the accumulation coefficient.

3. To assess annual fluxes of copper and zinc deposition from water to bottom
sediments during the studied period.

4. To determine the sediment turnover period of copper and zinc in the aquatic
environment.

This study continues the series of works commenced by paper [4].

D Polikarpov, G.G. and Egorov, V.N., 1986. [Marine Dynamic Radiochemoecology]. Moscow:
Energoatomizdat, 176 p. (in Russian).
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Materials and methods

The data on copper and zinc concentration in water and bottom sediments
in 2010-2023, provided by Azovmorinformtsentr branch of Tsentrregionvodkhoz
within the cooperation with the Department of Ecology and Environment Mana-
gement of Sergo Ordzhonikidze Russian State University for Geological Prospect-
ing (MGRI) were used in this paper. To determine interannual trends, we also used
the literature data on copper and zinc content in the water of the Sea of Azov
in 1991-20009 [5, 6].

The maximum permissible concentration (MPC,) of copper in marine waters
of fishery objects is 5 pg/ L, while that of zinc — 50 pg/L. Zinc and copper are clas-
sified as hazard class 3 (moderately hazardous) and have a toxicological limiting
indicator of harmfulness 2.

Since no quality standards for bottom sediments have been established
in the Russian Federation, assessment of the degree of contamination of the sedi-
ments under study can be carried out according to ¥ where maximum permissible
concentration (MPC) of metals in bottom sediments is specified. Thus, MPC of
copper is 73 ug/g dry wt. and that of zinc is 620 ug/g dry wt.

Water samples were taken for the analysis by PE-1220 sampling system
according to standard GOST 31861-2012 and RD 52.24.309-2016 from the surface
horizon (0—5 m) at 32 points (Fig. 1). Dissolved forms of metals were determined.
Bottom sediments were sampled for the analysis at the same stations as water sam-
ples using a bottom sampler DCH-0.034 according to standard GOST 17.1.5.01-80
in the surface layer of soils (0—5 cm). Sampling and chemical analysis of water
samples and bottom sediments was carried out according to standard methods.

To estimate fluxes F' (t/year) of annual deposition of copper and zinc in bottom
sediments, expression [2] was used

F: Cbs S Vsed, (1)

where Cys is metal concentration in the surface layer of bottom sediments, pg/g;
S is area of the water area under consideration, km?; vsq is sedimentation rate,
g-m 2-year .

Sediment turnover period of heavy metal in the aquatic environment 7 (years)
equal to the ratio of its volume in water to the deposition flux into bottom sedi-
ments reflects the time scale of sedimentation self-purification in waters [2]:

T=(CuShw) /F, or T=(CV)/F, )

where Cy, is metal concentration in water, ug/L; V is volume of the analysed water
area, km®; A is average depth of the analysed water area, m.

2 Ministry of Agriculture of Russia, 2016. On the Approval of Water Quality Standards for Water
Bodies of Commercial Fishing Importance, Including Standards for Maximum Permissible
Concentrations of Harmful Substances in the Waters of Water Bodies of Commercial Fishing
Importance: Order of the Ministry of Agriculture of Russia dated December 13, 2016, No. 552.
Moscow: Ministry of Agriculture of Russia (in Russian).

3 Warmer, H. and van Dokkum, R., 2002. Water Pollution Control in the Netherlands. Policy and
Practice 2001: RIZA Report 2002.009. Neue Niederlandische Liste. Altlasten Spektrum 3/95.
Lelystad, 77 p. Available at: https://edepot.wur.nl/674312 [Accessed: 2 March 2025].
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Fig. 1. Map of water and bottom sediments sampling
in 2010-2023 (numbering of stations by Azovmorinformcenter
branch of Tsentrregionvodkhoz)

Coefficients (C,) of accumulation of heavy metals by bottom sediments were
calculated according to formula [2]:

Ca = 1000 (Cs /Cy).

Relationship between coefficient of accumulation of metals in bottom sedi-
ments (C,) and their concentration in water (Cy) is described by equation of
straight line on the graphs with a logarithmic scale on the ordinate axes (Ca, — Cy).
This indicates that the processes of sorption interaction of bottom sediments with
dissolved heavy metals in water are described by power function, which coincides
with Freundlich adsorption equation:

Ca = Cb() /CW =da Cwin, (3)

where a is coefficient which corresponds to adsorption and depends on the nature
of adsorbent and adsorbate, it is determined graphically; n is power exponent.
AC of bottom sediments of water areas is determined from relationship [2, p. 283]

Q =S Veed Cbs, (4)

where S is area of the water area under consideration, km?; vsq is sedimentation
rate, gm *-year . Taking into account formula (3) and equation (4), expression
Cps = Cyw C; 1s transformed into a ratio that can be used for normalization according
to ecotoxicological criteria (with Cy, = MPC):

0=8V4d CwaCy", %)

where S is area of the water area under consideration, km?; vq is sedimentation
rate, g-m >-year '; Cy is metal concentration in water, ug/L; a is coefficient which
corresponds to adsorption and depends on the nature of adsorbent and adsorbate,
it is determined graphically (highlighted in bold in the equation of the power func-
tion in Figs. 2, e and 3, e); n is power exponent.
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Parameters of the studied areas

Total area, | Volume, km® |  Average Average rate H
Area km? [7] [7] depth. m [7] of sedimentation ",
Pt g-m 2-year !
Taganrog Bay 5600 25 4.9 700
Open sea 33,400 231 7 300

The AC of bottom sediments in the open sea and in Taganrog Bay (Table) was
calculated for the period of 1991-2023 for copper, for the period of 1993-2023
for zinc.

Results and discussion

Copper. The most powerful source of anthropogenic input of copper into
the environment — up to 75% of the total — is non-ferrous metal production [8].
This trace element is intensively transported with atmospheric fluxes. Up to 13%
of the total concentration of copper in surface waters of the seas is the share
of dry deposition with wind dust and atmospheric precipitation [5]. River runoff
of the Don and Kuban rivers is also a significant source of copper intake. Thus,
according to the results of studies [9], in the lower reaches of the Don River copper
concentration exceeded MPC,, for fresh waters of fishery objects everywhere, and
in [10] it ranged from 1-14 ug/L (average value 3.5 ug/L). Partially copper comes
with the products of coastal abrasion, which causes its high content in the Taganrog
Bay coastal zone [11]. In addition, copper can enter the ecosystem of the Sea of
Azov with diffuse wash-off of mineral fertilizers and chemical plant protection
products from agricultural lands located on the catchments of the Don and Kuban
rivers [12], as well as with wastewater from industrial, household and municipal
services enterprises [5, 9-11]. Thus, according to generalized data, the discharge
of copper as part of wastewater into the Sea of Azov within the boundaries of
the Rostov Region, according to data from the federal statistical report according
to form 2-TP (Vodkhoz) for 2023, is 64.7 kg (data from the Water Resources De-
partment of the Rostov Region, Don Basin Water Administration, Rostov-on-Don).

Copper concentrations in the water of the Sea of Azov exceeded MPC,,
in different years. In 1991-1995, its concentration in the water of the open part of
the sea and Taganrog Bay decreased (Fig. 2, @), and then an increasing trend of
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copper contamination of water in both areas was observed. In 2010-2017, the an-
nual average concentration of copper in the open sea exceeded MPC,, and ranged
from 5.2 to 8.1 pg/L. According to the results of the 2020-2023 surveys, the annu-
al average values of copper in the open sea and in Taganrog Bay exceeded MPC,,
and were 9.5 and 6.2 pg/L, respectively.

The physical and chemical composition of bottom sediments provides infor-
mation on the accumulation and distribution of heavy metals over a longer period
of time than water analysis, which characterizes its quality only at a given moment
[13]. The sorption of ions and compounds of heavy metals by suspended matter
and bottom sediments plays a special role among in-water processes, which,
in the opinion of many researchers, are determinant, making the greatest contri-
bution to the self-purifying capacity of a water body. The intensity of sorption
depends on the pH and Eh values of the medium, the presence of clay particles,
ligands, humic acids, ferromanganese oxides and a number of copper-binding
cations [14].

The spatial distribution of copper in bottom sediments of the Sea of Azov
was characterized by mosaic and variability. Thus, copper concentration was
in the range of 21.0-37.0 pg/g dry wt. (average 29.8 png/g dry wt.) in 1991-1999,
33.0-42.0 pg/g dry wt. (average 35.5 ug/g dry wt.) in 2000-2005 and further
decreased with an increase in some years (Fig. 2, b). According to the data,
no values exceeding the MPC value were observed during the specified periods.
In 20112023, offshore concentrations ranged from 1.4 to 30 pg/g dry wt. (average
9.3 ng/g dry wt.) and those in Taganrog Bay were from 4.1 to 40 pg/g dry wt.
(average 15.2 ug/g dry wt.). The highest concentrations of copper in bottom sed-
iments were recorded in the areas of clay silt development, namely, in the central,
north-western and western parts of Taganrog Bay, Yasen Bay, southern and cen-
tral parts of the sea as well as on the Kuban River seashore.

Calculations based on formula (1) showed that the sedimentation flux of copper
deposition into bottom sediments ranged in different years from 14 to 381 t'year
(average 217 t/year) in the open sea and from 16 to 153 t/year (average 95 t/year)
in Taganrog Bay (Fig. 2, ¢). Periods of sediment turnover of copper in the sea
proper and in Taganrog Bay calculated by formula (2) at different concentrations of
copper in water amounted to 0.5 and 1.6 years on average, respectively (Fig. 2, d).
The dependence of the coefficient of copper accumulation by bottom sediments
on its content in the aquatic environment shows moderate relationship and is de-
scribed by equation of straight line in logarithmic scales along the ordinate axes
(Fig. 2, e). When these data were approximated by the power function equation,
the following was obtained for the open part of the sea: C, = 33,831 C,, *%, for
Taganrog Bay: C, = 30,976 C, '?%. It is shown that the parameters of these
equations are indicators of the AC of bottom sediments with respect to copper.
They can be used for the purposes of ecological standardization taking into account
sanitary and hygienic norms. If we assume Cy = MPC,, then C, of copper for the open
part of the sea is 2708 and that for Taganrog Bay is 3866. To assess the AC of
bottom sediments of the open part of the Sea of Azov, substituting corresponding
values into expression (5) and taking into account the dimensionality, we obtain
Q =135.6 t/year and for Taganrog Bay Q = 75.7 t/year.
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Fig. 2. Characteristics of copper distribution in open sea (¢) and Taganrog Bay
(#): concentration in water, pug/L (a); concentration in the surface layer of bottom
sediments, pug/g dry mass (b); flux of copper deposition into bottom sediments,
t/year (c); period of sediment turnover of copper in water, years (d); dependence
of the change in the coefficient of copper accumulation in bottom sediments
on its concentration in water (e)
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It should be noted that in addition to sedimentation, sediment is agitated
at the water-bottom interface. At high values of dynamic velocity near the bottom,
this sediment is agitated and then reenters the water. This is especially important
for the Sea of Azov because of its shallow water and the tendency of the upper
layer of bottom sediments to resuspend. Taking into account the results of [15, 16]
and our own data, it was assumed in our study that the settling rate of particles
after agitation was 7.5 mm/s (aleurite) and 0.04 mmy/s (silt). Thus, the period of gravita-
tional return of suspended sediments from the surface layers of the sea to the bottom
sediments at a depth of up to 15 m will not exceed 28-30 h, i. e. it will be estimated
on a daily time scale. In our case, annual average time scale of the study was con-
sidered. Therefore, the effect of turbulence was taken into account integrally when
assessing the rate of sedimentation processes.

Zinc. Zinc enters natural waters as a result of the breakdown and dissolution of
rocks and minerals (ZnS — sphalerite, ZnO — zincite, ZnSO4sx7H>O — goslarite,
ZnCOs — smithsonite, etc.) as well as with wastewater from mining and processing
plants and electroplating shops, production units of parchment paper, mineral
paints, viscose fibre [17]. For example, zinc discharge into the Sea of Azov as part
of wastewater from enterprises of the Rostov Region was 570 kg in 2023 (accord-
ing to form 2-TP (Vodkhoz)). Zinc is one of the vital elements for the biota. Hor-
monal metabolism, immune reactions, stabilization of ribosomes and cell mem-
branes of hydrobionts are impossible without zinc participation ¥. Zinc content
in unpolluted water bodies is usually 0.5-15 ug/L. Zinc occupies an intermediate
position between mercury and copper, on the one hand, and lead and cadmium,
on the other hand, in terms of toxic effects on the biota, affecting significantly
the behavioural and reproductive functions of fishes V.

In the Sea of Azov, the 1993-2006 period is characterized by low annual
average zinc concentrations in the range of 2.2-12.2 pug/L in the open sea and
2.2-22.3 pg/L in Taganrog Bay (Fig. 3). In 2007-2014, a gradual increase
in the annual average concentration was observed up to 38 pg/L in the open sea
and 27 pg/L in Taganrog Bay. In 2020-2023, zinc content was 21.5 pg/L in the open
sea and 6.9 pug/L in Taganrog Bay (Fig. 3, a). Zinc concentration in several water
samples exceeded MPC,, in different years, mainly in Kuban-Akhtarsky and Ku-
ban-Temryuksky districts (up to 79 pg/L), which is explained by the influence of
the towns of Primorsko-Akhtarsk and Temryuk, metal removal with the Kuban
River water, polluted discharges from rice paddies and runoff from adjacent fields
as well as removal of contaminants with storm water of residential areas [18].
In the water sample taken in the Taganrog Bay central part on 16.10.2014, zinc
concentration of 750 ug/L was recorded. Such an abnormally high value can be
related to severe flooding on 24.09.2014 in Taganrog Bay and the Don estuary
when the water level rose by 251 cm. The Don River waters are a significant source
of zinc input into Taganrog Bay. In [10], the data on the content of dissolved forms

4 Moore, J.W. and Ramamoorthy, S., 1984. Heavy Metals in Natural Waters. Springer, 268 p.
https://doi.org/10.1007/978-1-4612-5210-8
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Fig. 3. Characteristics of zinc distribution in the open sea (e) and Tagan-
rog Bay (¢): concentration in water, pg/L (a); concentration in the surface
layer of bottom sediments, pg/g dry mass (b); flow of zinc deposition into
bottom sediments, t/year (c); period of sediment turnover of zinc in water,
years (d); dependence of the change in the coefficient of zinc accumulation
by bottom sediments on its concentration in water (e)
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of zinc in the lower reaches of the Don River are given. Thus, zinc concentration
ranged from 1 to 10 pug/L (average value 5.6 ug/L) [18].

In bottom sediments, zinc concentrations did not reach MPC for the entire
observation period and ranged from 17.1 to 98.0 pg/g in the sea proper and from 19.0
to 111.0 ug/g in the bay (Fig. 3, b). Higher zinc values correspond to the zone of
clay silt distribution.

The results of assessment of zinc deposition fluxes in bottom sediments using
formula (1) indicate (Fig. 3, ¢) that the flux of sedimentation self-purification of
waters from this trace element was 175-902 t/year (with an average of 601 t/year)
in the open sea and 76407 t/year (average 256 t/year) in Taganrog Bay. Fig. 3, d
shows that the sediment turnover period of zinc was 0.7-39.8 years in the open sea
and 0.1-4.8 years in Taganrog Bay (Fig. 3, d). Fig. 3, d demonstrates that the de-
pendence of changes in coefficients of the accumulation of zinc by bottom sedi-
ments at different concentrations of zinc in water is described with a sufficient degree
of adequacy by equation of straight line in logarithmic scale along the ordinate axes
(Fig. 3, e). For the open part of the sea, it was C, = 103,629 C,, % and for Tagan-
rog Bay, is was C, = 88,991 C,, '8, If we assume Cy, = MPC,, then C, is 626
for the open part of the sea and 863.1 for Taganrog Bay.

The AC of bottom sediments with respect to zinc calculated by relation (5)
was 313.6 t/year for the open part of the sea and 169.1 t/year for Taganrog Bay.

The obtained calculated AC values of bottom sediments can be used for nor-
malization of copper and zinc discharges into the ecosystem of the Sea of Azov.

Conclusions

According to the data for the 30-year period of studies, it was established that
annual average concentrations of copper in dissolved form in water in different
years exceeded MPC,, for water bodies of fishery importance by 1.5-2 times both
in the open sea and in Taganrog Bay. In some samples, copper concentration values
reached 4-5 MPC,,, mainly in the Kuban-Akhtarsky district and in the eastern part
of Taganrog Bay. In the open sea, annual average copper concentrations for the last
five years were slightly higher than in the bay. Annual average zinc concentrations
in the water of the Sea of Azov did not exceed MPC,, for the entire study period.
Higher values in the open sea were recorded in the Kuban-Akhtarsky and Kuban-
Temryuksky districts, in Taganrog Bay — in the area of the Mius Liman and in the zone
of influence of the town of Yeysk.

The content of copper and zinc in the bottom sediments of the Sea of Azov
did not reach MPC, with the highest values of these metals recorded in the areas
of clay silt distribution.

Data on sedimentation rates and concentrations of copper and zinc in bottom
sediments made it possible to assess the fluxes of sedimentation self-purification of
water from these metals. Deposition fluxes lead to a decrease in the content of pol-
lutants in water, i.e. the effect of the flux is aimed at compensating for the causes
of the flux. Thus, the flux of metals deposited in bottom sediments demonstrates
the manifestation of the Le Chatelier—Braun principle under natural conditions.
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Copper deposition flux averaged 217 t/year in the open sea and 95 t/year in Tagan-
rog Bay. Zinc flux from water to bottom sediments averaged 601 t/year in the open
sea and 256 t/year in Taganrog Bay.

Sediment turnover periods reflect the time scale of sedimentation self-purifi-
cation of waters. This parameter for copper averaged 0.5 years in the open sea and
1.6 years in Taganrog Bay. The zinc turnover period averaged 7.7 years in the open
sea and 1.8 years in Taganrog Bay.

The study of the trend of changes in the coefficient of copper and zinc accu-
mulation by bottom sediments showed that the increased intensity of sedimentation
self-purification of waters at low concentrations of copper and zinc in water was
provided by high (with C, > n-10* units) concentrating ability of bottom sediments.
With increasing degree of water pollution by copper and zinc, the value of Kn de-
creased; accordingly, the contribution of sedimentation processes to water self-
purification also decreased.

The AC values of bottom sediments expressed through flux dimensions can
be accepted as quantitative criteria for normalization of the maximum permissible
amount of pollutants entering the water area, at which their concentration in water
will not exceed MPC,,. Thus, for the normal functioning of the ecosystem, no more
than 135.6 t/year of copper and 313.6 t/year of zinc should enter the open part of
the Sea of Azov, while in Taganrog Bay, the input limits are 75.7 t/year for copper
and 169.1 t/year for zinc.
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Abstract

The paper estimates the dynamics of the settlement of mytilasters in the coastal water area
with different degrees of petroleum pollution using the example of Sevastopol Bay (high
level of anthropogenic load) and Laspi Bay (conditionally clean water area). To assess
the marine environment quality at the sites of mytilaster fouling in the mentioned bays, data
on the petroleum hydrocarbons content in the water was analysed (2012, 2015, 2018).
The study material was samples of Mytilaster lineatus mollusks and bottom sediments
taken in Sevastopol Bay from 2012 to 2018 at depths from 7 to 17 m during three sanitary
and biological surveys. The abundance of mytilasters on various natural and artificial sub-
strates of Sevastopol Bay in 2012, 2015 and 2018 under conditions of chronic oil pollution
was analysed. It was revealed that the abundance of mytilasters on solid substrates was pri-
marily influenced not by pollution of the marine environment but by water temperature and
surf-wave phenomena. The values of the functional abundance index show that under chronic
petroleum pollution, mytilasters, inhabiting artificial substrates of Sevastopol Bay, make a
more significant contribution to transformation of matter and energy. At the same time, the
energy significance of the studied mollusks in the soils of Sevastopol Bay is considerably
lower than that in the conditionally clean water area (Laspi Bay). An analysis of average
abundance and biomass of mollusks for 2012, 2015 and 2018 showed that the number of
mytilasters in the marine soils of Sevastopol Bay increased. It was established that the quality
of life of the community was influenced by the physical and chemical parameters of bottom
sediments, which either accelerate or slow down the oxidation processes, thereby changing
the oxygen level in the bottom sediments. According to the correlation analysis results, there
is a direct relationship between the abundance, biomass of mollusks and concentrations of
chloroform-extractable substances, petroleum hydrocarbons and redox potential. It was re-
vealed that in the soils of Laspi Bay, the quantitative indicators of mytilasters were four times
higher than in Sevastopol Bay.

Keywords: coastal waters, Mytilaster, artificial substrates, natural substrates, petroleum hy-
drocarbons, Black Sea
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JluHaMuKa nocejeHusi MosirockoB Mytilaster lineatus
B YePHOMOPCKOM aKBATOPHH
C PA3JIMYHOM CTENEHbI0 He(PTAHOI0 3arPsA3ZHEHUS
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AHHOTAUMSA

OteHeHa TMHAMHKA TIOCETICHUS] MUTWIACTEPOB B IPHOPEKHON aKBATOPHUH C PA3INIHON CTe-
TICHBI0 He(TSHOTO 3arpsi3HeHns Ha puMepe 0yxT CeBacTOIoNIbCKOH (BHICOKHH YPOBEHB aH-
TPOTIOTeHHOW Harpy3ku) u Jlacnu (ycJaoBHO yKcTast akBaTopst). JlJisl OLleHKH KauecTBa MOp-
CKOM cpenpl B MecTax oTOOpa oOpacTaHMii MHUTHIACTEPOB B OyxTax CeBacTOMONIBCKON U
Jlacnu mpoaHaIM3MPOBAIIH JaHHbIE O COJEP)KaHUN HEPTSHBIX YTIIEBOAOPOIOB B Boje (2012,
2015 wu 2018 rr.). MarepuasioMm O HMCCIENOBAHUS IOCIY)XWIM TPOOBI MOJUIIOCKOB
Mytilaster lineatus M TOHHBIX O0CaAKOB, 0TOOpaHHBIe B CeBacTomonbekoil Oyxte ¢ 2012 mo
2018 r. ¢ Try6uH oT 7 10 17 M B paMKax TpeX caHUTapHO-OHOJOTHYeCKUX cheMoK. [Tpoana-
JIN3UPOBAHO O6I/IHI/Ie MUTWIACTEPOB Ha PA3IMYHBIX CCTCCTBECHHBIX M MCKYCCTBCHHBIX Cy6-
ctpatax 6. CeBactononbckoii B 2012, 2015 1 2018 rT. B yCIOBHAX XPOHUIECKOTO HEPTSIHOTO
3arpsi3HEeHus. BhIsBIEHO, YTO HA OOMIIME MUTHIISICTEPOB Ha TBEPABIX CyOCTpaTax B IEPBYIO
oyepeJb BIHSET He 3arpsi3HEHHE MOPCKOW Cpe/ibl, a TEMIIepaTypa BOAbI U PUOOHHO-BOIHO-
BBIE SIBJICHUS. 3HAUYECHUS HHACKCA (t)yHKLII/IOHaJ'[I)HOFO 06I/IJ'II/I$[ IMMOKa3bIBAIOT, YTO B YCJIOBUAX
XPOHHYECKOTO HE(TSIHOTO 3arpsI3HEHNS] MUTHIISICTEPHI, 0ONTAIOIINE Ha HCKYCCTBEHHBIX CYy0-
crparax 0. CeBacTOIOJILCKOM, BHOCAT OoJiee 3HAaUMMBIH BKJIaJ B IpeoOpa3oBaHue BEIIECTBA
u sHepruu. [Ipu 3TOM 3HepreTHyeckas 3HaYUMOCTb HUCCIIETYyEMbIX MOJUIFOCKOB B IPYHTaX 0.
CeBacToIoNIbCKOM 3HAYUTENTFHO HIDKE, YeM B YCIIOBHO YHCTOH akBaTopuH (0. Jlactin). Ananms
CPEIHHUX 3HAYCHUH YMCICHHOCTU 1 OMoMacchl MOJLTIOCKOB B 2012, 2015 1 2018 rT. mokasan,
YTO OOMJIME MHUTWIICTEPOB B MOPCKUX IpyHTax 0. CeBaCTOIMOIBCKONW YBEIHYMIOCh., Y CTa-
HOBJICHO, YTO Ha KAa4C€CTBO >XHU3HHU COO6IJ_ICCTBa OKa3bIBAIOT BJIMAHHC d)I/I3I/IKO-XI/IMI/I‘IeCKI/Ie
TIOKA3aTeNHN JOHHBIX OCAJIKOB, KOTOPBIE JIMOO YCKOPSIOT, JINOO 3aMEUIAIOT IPOIECCH OKUC-
JICHUSI, U3MEHSSI TEM CaMbIM COJIEp)KaHKe KHCIOpo/ia B JOHHBIX OTI0XKeHusX. [1o pe3ynbra-
TaM KOPPEALHOHHOIO aHaIn3a HaOI0AaeTCs MpsiMasi B3aMMOCBA3b MEXK/y YHCICHHOCTBIO,
61oMaccoil MOJUTIOCKOB M KOHIIEHTPAIUSIMH XJIOPO(OPM-3KCTPAarupyeMbIX BEIECTB, He(TsI-
HBIX YTJIEBO/IOPOJIOB U OKHCIIUTEIHLHO-BOCCTAHOBUTEIBHBIM ITOTEHINAIOM. BhIsIBII€HO, 4TO
B rpyHTax 0. JIactii KOJIM4YeCTBEHHBIE [TOKA3aTENN MUTHIISICTEPOB B UETHIPE pa3a BBIIIEC, YEM
B 0. CeBacTOMOIBCKOM.

KiroueBble ciioBa: npuOpexHasi akBaTOPHs, MUTHILICTEPBI, HCKYCCTBEHHBIE CyOCTpaThl,
€CTECTBEHHbIE CyOCTpaThl, HeTAHBIEC YIIIEBOAOPOIbl, UepHOE MOpe
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no Teme «M3yueHne OMOreOXMMHUYECKUX 3aKOHOMEPHOCTEH Pain03KOIOTHYECKUX U XeMO-
9KOJIOTHYECKUX IPOIIECCOB B IKOCHCTEMAax BOJOeMOB A30Bo-UepHOMoOpckoro OGacceiiHa
B CPaBHEHMH C JPYT'MMHU aKBaTOPUSIMH MUpPOBOTO OKeaHa M OTAEIbHBIMH BOJHBIMHU KOCHU-
CTeMaMH MX BOJIOCOOPHBIX OACCEHHOB ISl 00ECIIEYeHUs yCTOWYNBOTO Pa3BUTHUS HA FOXKHBIX
Mopsix Poccum» (Ne roc. peructparuu 124030100127-7).

Juast uutupoBanus: Trauenxo FO. C., Tuxonosa E. A., Bumep T. B. [lunamuka noceneHus
MOJLTIOCKOB Mytilaster lineatus B Y4epHOMOPCKOM aKBaTOPHUU C Pa3IMYHOMN CTEMEHBIO
He(TSHOTO 3arpsi3HeHUs // DKoJIorHmYecKas 0e30MacHOCTh MPUOPEKHON U MeNb(OBOH 30H
mopst. 2025. Ne 1. C. 137-154. EDN YFOTIP.

Introduction

Mytilaster (Mytilaster lineatus (Gmelin, 1791)) is a mass and widespread
Black Sea species of coastal communities, forming settlements on various natural
and artificial substrates. These mollusks contribute significantly to the filtration
activity of mytilid settlements [1, 2], acting as a powerful natural biofilter [3].
Mpytilasters are known to filter water 18 h/day ", removing bacterial suspension from
it [4]. They are able to reduce the level of organic pollution of the water area
significantly, including the concentration of petroleum products [5].

The mollusks under study are distributed quite widely and can be found on
the Atlantic coast of southern Europe as well as in all seas of the Mediterranean basin
[3]. They have been introduced to the Caspian Sea, where they are widely distrib-
uted . Mytilasters dominate in most areas of the Sea of Azov [6], forming settle-
ments in muds under conditions of hypoxia and elevated temperatures as well as at
increased content of petroleum products in bottom sediments [7].

Mpytilasters are found in the Black Sea from the water edge to depths of
50-70 m. However, they form permanent breeding settlements only at shallow
depths (3—8 m), mainly in the coastal zone. There, mytilasters are found on rocks
among cystosira thickets (natural substrate) and on hydraulic structures (artificial
substrate) [8, 9]. Mollusks also form mud communities, but less abundant than
on hard substrates [3]. An increase in the abundance and biomass of Mytilaster
species is observed in sheltered parts of bays where the surf action is weakened
[10].

In recent years, the mytilid fouling of the Crimean coast has undergone a signif-
icant transformation [11, 12]. Mussels become smaller and less abundant, and myti-
lasters inhabit free spaces on both natural and artificial substrates [9]. The dominance of
the studied mollusk species was previously observed on hydraulic structures of var-
ious coastal waters of Sevastopol [13]. In 2008-2009, the bivalve

D Mironov, G.N., 1948. [Filtration and Nutrition of Black Sea Mussels]. Trudy Sevastopolskoy
Biologicheskoy Stantsii, 6, pp. 338-352 (in Russian).

2 Scarlato, O.A. and Starobogatov, Ya.l., 1972. Class Bivalvia. In: V. A. Vodyanitskiy, ed., 1972.
[Field Guide for the Black Sea and the Sea of Azov Fauna]. Kiev: Naukova Dumka. Vol. 3, pp. 178—
249 (in Russian).
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Mptilaster lineatus was also clearly dominant among other macrozoobenthos species
in terms of abundance, biomass, and occurrence in all seasons and at all depths on the
rocky soil of Karantinnaya Bay (Sevastopol) [14].

From 2009 to 2014, mytilasters were recorded on natural hard substrates
in the waters of such reserves of the Crimean Peninsula as Cape Martyan Reserve,
Karadag, Opuk, Kazantip Nature Reserves as well as in the water area of the Tar-
khankut National Nature Park [15]. At the same time, this mollusk found in the above
five areas has the highest abundance and biomass.

Petroleum and petroleum products are main permanent pollutants of the Black
Sea coastal waters, including the Sevastopol water area. Sevastopol Bay is most pol-
luted by the parameter under consideration [10]. It belongs to the water areas of ac-
tive economic use, the main part of its coastline is occupied by berths and related
infrastructure with a total length of 11 km. At the same time, the harbour is home to
a significant number of warships and civilian vessels, which are one of the main
sources of pollution of the bay with petroleum products. In addition, storm water and
sewage runoff are discharged into the water area, and due to impeded water ex-
change, pollutants accumulate in the bay bottom sediments, worsening its ecological
condition.

Mpytilasters occur in Sevastopol Bay on all the above described substrates
[1,9, 16] and play an important role in the process of marine environment self-puri-
fication from petroleum and petroleum products. This was a prerequisite for stud-
ying the dynamics of mytilaster settlements in this polluted area. Laspi Bay was cho-
sen as a conditionally clean water area, the coastal zone of which is characterised as
relatively safe in terms of certain physical and chemical and microbiolo-
gical parameters of seawater [17].

The aim of the work is to analyse the dynamics of settlement of mytilasters
on natural and artificial substrates in the coastal waters with different degrees of pe-
troleum pollution (on the example of Sevastopol and Laspi bays) according to the
literature data and data of monitoring surveys (2012, 2015, 2018).

Within the framework of the set aim, the following tasks were formulated:

1) to analyse the abundance of mytilasters on various natural and artificial sub-
strates of Sevastopol Bay for 2012—-2018 in the conditions of chronic petroleum pol-
lution of the studied water area according to the literature data;

2) to determine the abundance and biomass of Mytilaster lineatus mollusks in
the Sevastopol Bay muds based on the data of monitoring surveys in 2012, 2015 and
2018, taking into account the pollution of bottom sediments with organic substances,
including petroleum hydrocarbons;

3) to determine the contribution of mytilasters to the processes of matter and
energy transformation in bottom communities in water areas subjected to chronic
petroleum pollution and in conditionally clean water areas;

4) to compare mollusk settlements in conditionally clean and polluted water ar-
eas.

140 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2025



Material and methods

To assess the quality of the marine environment at the sites of sampling of myt-
ilaster fouling in Sevastopol and Laspi bays, literature data on the content of petro-
leum hydrocarbons (PHCs) in water were analysed [10, 18-20] (Figure, a, c).

The indicators of abundance and biomass of mytilasters on artificial substrates
in Sevastopol Bay were analysed according to literature data [9, 10, 13, 21].
The scheme of location of mollusk sampling stations from the mooring walls is pre-
sented in Figure, b.

Samples of Mytilaster lineatus mollusks and bottom sediments were taken
in Sevastopol Bay from 2012 to 2018 at depths ranging from 7 to 17 m (Figure, a)
during three sanitary and biological surveys conducted systematically by the Labor-
atory of Chemoecology (formerly the Department of Marine Sanitary Hydro-
biology) of Institute of Biology of the Southern Seas.

To determine hydrobionts, bottom sediments were sampled with a Petersen
dredge (0.038 m? capture area) in two repetitions. The bottom sediment was
washed through a sieve (1 mm mesh diameter), fixed with ethanol (96%) and then
viewed under binoculars. Next, the abundance and crude weight of the organisms

7 ’7 ® - bottom sediment sampling stations
LI A - sea water sampling stations
O- vertical surfuce tati
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Location of sampling stations for bottom sediment in Sevastopol
Bay (a), mytilasters from hydraulic structures in Sevastopol Bay
(b) (literature data [12]) in 2012, 2015, 2018 and seawater and bot-
tom sediment in Laspi Bay in 2017 (¢) (literature data [22])
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were determined. Specimens smaller than 1 mm were not recorded. Bivalves were
weighed after they had been opened and the fixing solution had been removed from
the mantle cavity.

In recently collected sediment samples, pH and Eh were determined using a pH-
150MA meter and natural moisture was determined by weight method.

To determine hydrocarbons, marine sediments were air-dried under laboratory
conditions, ground in a mortar and sieved through a sieve with a mesh diameter
of 0.25 mm.

In air-dry samples, the amount of chloroform-extractable substances (CES) was
determined by weight method, and PHCs were determined by IR spectrometry ¥ us-
ing an FSM-1201 spectrophotometer. All results obtained for the CES and PHCs
concentrations were converted to 100 g of air-dry bottom sediment (ADBS). Corre-
lation analysis was used for statistical processing of the material. The correlation
coefficient was calculated at P = 0.05 in Microsoft Excel programme.

To determine the relationship between the analysed environmental parameters
(Eh and pH), we used index rH, calculated for bottom sediments of the Sevastopol
Bay waters using W.I. Clark’s formula [22, p. 54]:

rH> =Eh/30 + 2pH, D

where Eh is redox potential; pH is hydrogen index.

To assess the role of mytilasters in the transfer of matter and energy on different
substrates, we used the index of functional abundance (IFA) calculated by formula
[23, p. 88]

IFA = N°#-B"7, 2)

where B and N are biomass, g-mfz, and abundance, ind.-m2, of the taxon.

The IFA for solid natural and artificial substrates of water areas with different
anthropogenic load was calculated using data on abundance and biomass of mytilas-
ters from literature sources [10, 15, 18, 20, 24, 25] for 2012-2018. For the bottom
sediments of Sevastopol Bay, this index was calculated according to the indicators
we obtained in the present work (monitoring surveys in 2012, 2015, 2018). For ma-
rine soils of Laspi Bay, the IFA was calculated using literature data.

Results and discussion

Settlement of Mytilaster lineatus on solid artificial and natural substrates under
conditions of chronic petroleum pollution and in conditionally clean water areas

In the seawater of Sevastopol Bay, high concentrations of PHCs have been rec-
orded [10, 18], which indicates their constant inflow into the water area. In [19],
regular exceeding of sanitary norms for this indicator was noted (see Table 1).

3 Oradovskiy, S.G., ed., 1977. [Guideline for Methods of Sea Water Chemical Analysis). Leningrad:
Gidrometeoizdat, p. 118-131 (in Russian).
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In 2008-2010, the amount of these compounds in water exceeded the MPC
on average by 1.5-2 times in 80% of all cases.

Mytilid fouling is ubiquitous on the mooring walls of Sevastopol Bay. Its com-
munity undergoes a number of changes under the influence of natural and anthropo-
genic factors. At the same time, the degree of influence of one or another factor on
mytilid communities is variable. Thus, significant changes in fouling were noted
after the devastating storm in Sevastopol on 11 November 2007. As shown in [9],
mytilid communities on the mooring walls of Sevastopol Bay were almost com-
pletely destroyed. Since 2008, they have been gradually recovering in the environ-
ment with chronic petroleum pollution, but full recovery of biocenoses took quite a
long time.

It was noted [9] that in the spring of 2009, the average abundance of mytilasters
on the mooring walls of the bay had increased significantly relative to 2008 and had
reached pre-storm values of 2006. In 2006-2009, the abundance of mytilasters in-
creased one and a half to two times in some areas of the bay. The mollusks did not
differ in size composition then. It should be noted that the abundance of mussels on
the mooring walls decreased by half during the same period.

By 2015, at the same stations, mussel abundance and biomass had declined sig-
nificantly relative to 2006, with abundance at some stations decreasing four times
and biomass six times. These indicators in mytilasters changed to a lesser extent on
the surface of the hydraulic structure than in mussels. A twofold increase in the num-
ber of abundance and biomass of mytilasters was observed at almost all studied sec-
tions of the promenade. In [13], it is noted that in 2015, mytilasters were more nu-
merous than mussels on the concrete promenade of the bay and this phenomenon is
frequent for fouling of artificial structures in the Sevastopol waters. Based on the
above, it can be noted that under the conditions of regular exceedance of PHCs con-
centrations in seawater, the community of mytilasters on the mooring walls of Se-
vastopol Bay recovered after the storm faster than the mussel community. In 2018,
a decrease in the abundance and biomass of the studied mollusks was observed at
the hydraulic structures of the inner part of the Sevastopol Bay waters compared to
2015 [21]. At the same time, the size composition of the mytilasters has not generally
changed over the period under study.

Information on mytilid fouling on artificial substrates of Laspi Bay (mooring
walls, concrete slabs and pier of the Laspi children resting camp) is fragmentary or
not available. In the waters of Laspi and Sevastopol bays, experiments [26] were
conducted to study the potential replenishment of the settlements of mussels and
mytilasters during the periods of mass settling of their larvae in different periods.
The experiment showed that in the coastal waters of Laspi Bay on artificial sub-
strates (plates with smooth and pile surface), the replenishment of settlements of
mytilasters was much higher than in Sevastopol Bay. Potential replenishment of
mytilasters in conditionally clean and polluted water areas is higher than that of
mussels. Besides the substrate, the reason influencing the difference
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in mollusk settlements in conditionally clean and chronically petroleum-polluted
water areas can be the quality of their habitat.

Studies [24] of fouling of hydraulic structures in the area of the Southern pier
of Sevastopol Bay and a conditionally clean area on the breakwater at the open coast
of the town of Alupka (Southern Coast of Crimea (SCC)) showed that the abundance
of this species in polluted seawater at the Sevastopol coast was almost twice as high
as at the Alupka coast (see Table 1). The biomass of mytilasters in both areas is
almost the same. This can be stipulated by the fact that water temperature rises faster
in Sevastopol Bay during the spring and summer period than near the SCC. Conse-
quently, the breeding period in the bay can start earlier and more juveniles can settle
down by July—August. Such high numbers of mytilasters in the polluted waters in-
dicate that this species is resistant to petroleum pollution and that this anthropo-
genic factor is not determinant for the functioning of the community. The priority
factors affecting the abundance of mollusks are hydrodynamic processes and tem-
perature regime.

Mytilasters are common in waters with different degrees of marine pollution.
Thus, we observed mytilasters on rocks in the Laspi Bay waters, where the PHCs
concentration in seawater in 2018 was close to the maximum permissible one
(MPC =0.05 mg-L ") [20] and exceeded the MPC 3—4 times in summer (see Table 1).
On average, the PHCs concentration was higher than concentrations typical for
Sevastopol bays. At the same time, our studies of hydrocarbon composition of
the Batiliman seawater in the period of different recreational load (Laspi Bay)
in 2023 [27] showed the absence of petroleum pollution in the water area, and high
PH indicators were most likely associated with natural processes (active intake of
allochthonous compounds). No petroleum pollution is also indicated by the trace
PHC:s concentrations in marine soils of Laspi Bay in 2016-2018 [20].

Mytilid fouling of natural hard substrates along the Crimean coast, especially in
the SCC waters, has been insufficiently studied in the modern period. The main
works in this direction are devoted to the study of the Karadag benthos. In 2014,
a study of the taxonomic composition and quantitative indicators of mytilids in-
habiting natural substrates of the Cape Martyan Reserve was carried out [28].
The Mytilaster lineatus bivalves dominated in terms of quantitative indicators (47% of
total abundance and 97% of total macrozoobenthos biomass). This species of mollusks
predominates on solid substrates in other areas of the Crimean coast as well.
Nevertheless, it is worth noting that the abundance and biomass quantitative indica-
tors of mytilasters (see Table 1) on artificial substrates in the Sevastopol Bay waters
are significantly higher than on the SCC natural substrates [2, 13, 26].

The highest IFA values were obtained for the Sevastopol Bay artificial sub-
strates (Table 1). The lowest values were recorded on the SCC natural substrates.
This suggests that mytilasters inhabiting the bay hydraulic structures contribute
more to the transformation of matter and energy than mytilasters inhabiting
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Table 1. Average abundance and biomass of Mytilaster lineatus mollusks on artificial
and natural substrates with different levels of petroleum pollution (2012, 2015, 2018)

Artificial Natural
substrates substrates
Parameter Sevastopol Bay Southern
Breakwater, Karada Coast of
Southern Prome- Alupka g Crimea
pier nade
Abundance, ind.-m™> 11,425 28,388 5654 11,830 9136
Biomass, grm 2 869 1705 705.1 1700 593.9
Pertroleum
hydrocarbons 0.3 0.16 0.1 0.024 0.14
concentration
in water, mg-L™!
IFA 1655 3444 1186 2761 1176

natural rocks. In general, the values of this index specify that in water areas exposed
to chronic petroleum pollution, the contribution of mytilasters to the community is
more significant than in conditionally clean water areas.

It can be concluded that the abundance of mytilasters on hard substrates is prob-
ably primarily influenced not by marine pollution, but by water temperature and surf-
wave phenomena. In addition, it is worth noting that this mollusk is resistant to or-
ganic pollution. Its abundance and biomass in the fouling of water areas chronically
polluted with petroleum and petroleum products corresponds to and in some areas

exceeds these indicators in conditionally clean areas.

Settlement of Mytilaster lineatus on soft soils under conditions of chronic petro-
leum pollution and in conditionally clean water areas

The studied mollusks do not form mass settlements in muds, but it is known that
species diversity of benthic communities can be used to assess the water area eco-
logical conditions, in particular, presence of filter-feeding bivalves, indicating the
environmental quality, in the community. Under conditions of chronic petroleum
pollution and deterioration of physical and chemical parameters of marine soils, the

density of settlement of mytilids decreases [3]. Earlier studies of the Sevastopol
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Bay benthic community (2000-2009) showed significant deterioration of the general
status of macrozoobenthos: decrease in total biomass in almost all selected water
areas [29].

Changes were also noted for mollusks M. lineatus. In 2000, they made a signif-
icant contribution to the total biomass and abundance of macrozoobenthos, whereas
in 2009, these indicators decreased two times. The key factors influencing the for-
mation and composition of benthic animal biocenoses include the oxygen level in
marine soils, salinity, bottom sediment composition, the PHCs and heavy metals
level in water and bottom sediments and their accumulation in mollusks [7]. Myti-
lasters make a great contribution to the total biofilter volume and, consequently, to
the processes of self-purification of the water area [3]. They accelerate significantly
sediment deposition to the bottom due to their filtration activity.

According to the results of our surveys, mytilasters were found in the Sevastopol
Bay bottom sediments represented mainly by black or dark grey muds, sometimes
with admixture of sand and broken shell (in 2012 in 58% of samples, in 2015 and
2018 in 50% of samples) (Table 2). In most cases, mytilasters were recorded
in muddy bottom sediments, less frequently in sandy sediments with admixture of
fine shell. It was noted that mollusks had the lowest biomass in sandy soils.

In 2012, the abundance of mytilasters in the Sevastopol Bay muds varied from 9
to 70 ind.-m > (Table 2). The highest density of mollusks was recorded in the bay
coastal zone in its southwestern part (st. /3). This station is located at one of the most
polluted sites near the mooring walls of Artilleriyskaya Bay (Figure, a).

Table 2. The abundance N and biomass B of Mytilaster lineatus mollusks in the bottom
sediments of Sevastopol Bay with physico-chemical indicators of their habitat

N, - o CES, PHCs,
Year ind.m2 B, g'm pH Eh,mV | H, % mg-100 g mg-100 g IFA
2012 9-70 0.002-0.184 7.2-8.2 —181..-19 36-68 1002200 55-799 022
29.14 0.04 7.6 91 45 920 317 ’
2015 9-26 0.002-0.096 7.3-8.2 —236...4292 31-71 140-2280 110-887 0.13
16.17 0.03 7.7 193 58 1153 514 ‘
2018 9-79 0.006-043 7.6-7.9 —188...+24 5268 2002200 134-592 0.42
36 0.09 7.8 —65 60 871 477 ‘

Note: 1. The range of values is in the numerator, the average value is in the denominator.
2. H — natural humidity.
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The ferry pier and stormwater outfall are located here. The CES concentration at this
station was 540 mg-100 g ' ADBS, that of PHCs was 301.7 mg-100 g ' ADBS. These
indicators correspond to the 4™ level of bottom sediment pollution according to the
regional classification [25]. The biomass of mytilasters during this period was within
the range of 0.002—-0.184 g-m? (Table 2).

The range of mollusk abundance in 2015 was from 9 to 26 ind.-m 2 (Table 2).
The density of mytilasters decreased insignificantly compared to 2012. The abun-
dance of mollusks decreased by half in the central part of the bay at st. 8 (Figure, a)
and by 2.5 times in the southwestern part of the bay (st. /3). At the same time, rela-
tive to 2012, at st. /3, the CES value increased by four times and the PHCs concen-
tration increased more than twice. The pollution level at this station corresponds to
the highest 5™ level, whereas earlier the CES content corresponded to the 4™ level.

In the bottom sediments of Yuzhnaya Bay, on the shores of which the piers were
built (st. /0) (Figure, a), the density of mollusks increased from 18 to 26 ind.-m 2.
At the same time, the CES concentration at this station decreased from 2200 to
1800 mg-100 g~' ADBS relative to 2012. Nevertheless, the level of bottom sediment
pollution remained the same and corresponded to the 5™ level. The biomass values
of the studied mollusks in 2015 ranged from 0.002 to 0.096 g-m ? (Table 2). Fur-
thermore, while the abundance of mytilasters in the central part of the bay (st. §)
decreased, their biomass here increased three times. The CES and PHCs indicators
at this station decreased significantly. In other parts of the water area, their values
differed slightly.

In 2018, the abundance of mollusks ranged from 9-79 ind.-m? (Table 2).
In comparison with the data of previous years, the density of settlement of myti-
lasters increased at all stations, except for st. // (central part of Yuzhnaya Bay)
(Figure, a). In 2018, compared to the 2015 data, the level of organic pollution of
bottom sediments in the Yuzhnaya Bay water area decreased, the PHCs concentra-
tion decreased by 4.5 times. At the same time, as in previous years, the level of bot-
tom sediment pollution corresponded to the highest 5™ level.

In the southwestern part of the bay (st. /3), the abundance of mollusks ap-
proached the values of 2012 and was 2.5 times higher than in 2015. The CES and
PHCs concentrations were almost unchanged from 2015 to 2018 at this station,
but their values were high and corresponded to the 5™ level of pollution. The 2018
biomass values ranged from 0.006 to 0.43 g-m 2 (Table 2).

In the central part of the bay (st. 7) (Figure, a), the biomass of mytilasters
became four times higher compared to 2012. During the same period, the CES
indicators remained almost unchanged, while the PHCs concentration increased
by six times. These values also correspond to the 5 level of marine soil pollution.

At other stations, a tendency for an increase in the biomass of mytilasters was
noted, except for the indicators in the central part of Yuzhnaya Bay (st. /) and
the southwestern part of Sevastopol Bay (st. 73). The biomass value in 2018 at st. /7
decreased almost three times compared to 2015, while at st. /3, the mollusk biomass
decreased almost five times, in contrast to the 2012 data. The abundance of mytilas-
ters was almost the same during this period. At the same time, the CES indicators
at the studied stations during the same period corresponded to the 5™ level of pollu-
tion.
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The abundance and biomass of mollusks in the years under analysis varied un-
equally. In general, the analysis of the abundance and biomass average values of the
studied mollusks from 2012 to 2018 showed that the abundance of mytilasters in the
marine soils of Sevastopol Bay had slightly increased. The average abundance dur-
ing the study period increased from 29 to 36 ind.-m %, while the biomass increased
from 0.04 to 0.09 g-m 2.

The IFA for marine soils of Sevastopol Bay in the studied years (2012, 2015
and 2018) was 0.22, 0.13 and 0.42, respectively (Table 2). According to this index,
in 2018, the contribution of mytilasters to the transformation of matter and energy
was higher than in the previous years. In general, the IFA values are very low,
indicating an insignificant energetic role of mytilasters inhabiting the Sevastopol
Bay soft soils.

In addition to substrate, as mentioned above, community functionality is influ-
enced by physical and chemical indicators that either accelerate or slow down ox-
idation processes in bottom sediments, thereby changing oxygen levels.

In 2012, pH in bottom sediments ranged from 7.2-8.2, in 2015 it was 7.3-8.2,
and in 2018 it was 7.6—7.9 (Table 2). The pH range in these years indicated slightly
alkaline environment in most of the analysed samples, except for the Yuzhnaya
Bay coastal area (st. /0) and near Konstantinovsky ravelin (Northern pier)
(st. 17) (see Figure, a), where pH increased to 8.21-8.22 (st. /0 in 2012 and 2015,
respectively) and 8.2 (st. /7 in 2015), which is likely to be related to the type of
precipitation.

The redox potential (Eh) in 2012 had negative values and ranged from —19
to —181 mV (Table 2), indicating reducing environmental conditions. In 2015, Eh
fluctuated within a wide range from —116 to +292 mV (Table 2). In the central part
of Sevastopol Bay (sts. 5, §) and in the coastal zone of Yuzhnaya Bay (st. /0)
(see Figure, a), Eh indicated poorly reducing conditions. In the central part of Yu-
zhnaya Bay (st. /) and in the coastal zone of the southwestern part of Sevastopol
Bay (st. 13) (see Figure, a), Eh indicated reducing conditions, whereas at the Northern
pier (st. 17) (see Figure, a) it indicated oxidative ones. As in 2015, Eh had a large
range from —188 to +24 mV in 2018 (Table 2). At all stations, except for the coastal
zone of Sevastopol Bay (st. /3) (see Figure, a), poorly reducing conditions were
noted, with st. /3 having the lowest Eh value indicating reducing environmental con-
ditions. These conditions contribute to the accumulation of hydrocarbons, as at low
values of the environment redox potential, the processes of bitumoid transformation
are slowed down. Reduced Eh values correspond to the water areas where organic
matter is concentrated [30].

It is known that Eh value depends on pH. To obtain comparable data in the an-
alysed bottom sediments with different pH values, we calculated the hydrogen
potential index (rH2) using W.I. Clark’s formula (1). According to this gradation,
oxidative processes predominate at »H> above 27, reducing processes at 22-25 and
intensive reducing processes below 20. In our case, only one station (st. /7 in 2015)
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(see Figure, a) showed rH> close to 27, hence, oxidative processes prevailed at this
station (Northern pier). At other stations, the »H, values were significantly lower
than 20 during the study period, which indicates intensive reducing processes
in the studied marine soils.

Natural moisture content in bottom sediments was 36—68% in 2012, 31-71% in
2015 and 52-68% in 2018 (Table 2). These values correspond to the particle size
distribution of bottom sediments. In general, reducing environmental conditions and
high concentrations of organic matter accumulated in sediments are observed at most
stations in terms of physical and chemical parameters: CES in the range of 100—
2280 mg-100 g ADBS (Table 2). Widespread occurrence of mytilasters under
these conditions confirms the tolerance of mollusks to organic pollution.

In the correlation analysis, only those stations of Sevastopol Bay at which
mytilasters had been found were taken into account (n = 15). In 2012, no correlation
between mollusk abundance, biomass and physical and chemical parameters of bot-
tom sediments was detected. In subsequent years (2015-2018), a direct relationship
between the abundance and CES and PHCs concentration was observed, with corre-
lation coefficients r equal to 0.94 and 0.85, respectively (Table 3). A reverse rela-
tionship is observed between abundance and Eh (» = —0.79). The strongest direct
correlation was with the CES concentration (» = 0.94). In 2015, a direct correla-
tion between the CES concentration and mollusk biomass was observed (r = 0.72).
In 2018, a direct correlation was observed between the biomass of mytilasters and
Eh (» =0.6). An increase in the abundance (2015, 2018) and biomass (2015) of myt-
ilasters at elevated CES concentrations can be observed from the correlation data
obtained.

It is known that at high levels of organic pollution (4™, 5™) degradation and
reorganisation of biocenoses occurs [25]. Starting from the 3™ level of pollution,
the trophic structure of benthos is sharply changed, a change in its qualitative

Table 3. Correlation coefficients between the abundance and biomass of Mytilaster lin-
eatus mollusks and the physico-chemical parameters of the environment

. CES PHCs
o, > s
Characteristic | Year pH Eh,mV | H,% mg 100 ! mg-100 !

2012 —-0.32 0.25 0.10 0.03 —0.18

Abundance 2015 0.14 —-0.79 0.38 0.94 0.85
2018 —-0.47 —0.04 —0.60 0.72 0.89

2012 —0.26 0.39 0.20 —0.05 —-0.19

Biomass 2015 —-0.59 —-0.34 0.30 0.72 0.40
2018 0.04 0.60 —0.30 0.23 0.43
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composition is observed: some species are eliminated from the community and more
resistant to pollution species occupy dominant positions. The increase in the quanti-
tative indicators of mytilasters at the high 5™ level of pollution indicates the re-
sistance of this species to organic pollution. Despite the fact that such dependence
was observed in the water area with high anthropogenic load, the quantitative in-
dicators in Sevastopol Bay were lower than in conditionally clean water area (Laspi
Bay).

For comparison: in the conditionally clean water area of Laspi Bay, the average
abundance of mytilasters was 126 ind.-m™? and the biomass — 3.5 g-m™? [31]. The
IFA for the Laspi Bay marine soils was 8.57, which makes it possible to speak about
a greater energetic contribution of the studied mollusks in the conditionally clean
water area than in the water area with chronic petroleum pollution. In Laspi Bay,
bottom sediments are represented mainly by sands. The CES content in them on av-
erage did not exceed 42 mg-100 g ' air-dry matter, which corresponds to the 1°*' level
of pollution [20]. Despite the exceeding of MPCs of PHCs in seawater in recent
years, PHCs in sandy soils were recorded at trace concentrations [20]. Moreover, the
CES and PHCs levels in the Laspi Bay bottom sediments remain within the range
close to the level of the 1980s, which indicates stable favourable environmental sit-
uation in the area. In 2015, the quality of marine waters was assessed using hydro-
chemical indicators of Sevastopol and Laspi bays. It was established that in some
areas of Sevastopol Bay, bottom waters had been in the state of hypoxia, in contrast
to the waters of Laspi Bay *. It is also known that sandy soils are more oxygenated
than muds. In the latter, in turn, the processes of accumulation of organic substances,
including petroleum hydrocarbons, occur faster, which directly affects the quality of
bottom sediments and, consequently, the density of settlement and biomass of mol-
lusks.

Conclusion

Mytilasters inhabit various water areas with different degrees of marine pollu-
tion by petroleum and petroleum products. These mollusks are widespread, form
mass settlements on artificial and natural hard substrates, inhabit muddy and sandy
bottom sediments. Due to their abundance, the studied mollusks form a powerful
natural biofilter, influencing the marine environment self-purification potential.

The abundance of mytilasters inhabiting hard natural and artificial substrates is
primarily influenced not by marine pollution but by water temperature and surf-wave
phenomena. This mollusk is resistant to organic pollution, its average abundance
(28,388 ind.-m?) and biomass (1705 g-m?) at the hydraulic structures of Sevastopol
Bay were at the same level under conditions of chronic petroleum pollution of the
water area. However, in some areas they were higher than in conditionally clean
areas (SCC water area). At the same time, the correlation between

4 Korshenko, A.N., ed., 2023. Marine Water Pollution. Annual Report 2021. Moscow: SOI, 228 p. (in
Russian).
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the abundance and biomass of mytilasters inhabiting artificial substrates in the bay
and the PHCs concentrations in seawater is not observed. The highest IFA values
were obtained for the artificial substrates of Sevastopol Bay, which indicates a sig-
nificant contribution of mytilasters inhabiting these substrates under conditions of
chronic petroleum pollution to the transformation of matter and energy.

Analysis of the average values of abundance and biomass of mytilasters in the stu-
died years showed that the number of mollusks in the Sevastopol Bay marine soils
had increased at constantly high concentrations of CES (140-2280 mg-100 g")
and PHCs (110-887 mg-100 g ). In 2015 and 2018, a direct correlation between the
abundance of mytilasters and the level of organic matter contamination of bottom
sediments was found (correlation coefficient » was 0.94 for CES and 0.85 for PHCs).

The functionality of the benthic community is influenced by the physical and
chemical parameters of bottom sediments, which either accelerate or slow down the
oxidation processes, thereby changing the oxygen level. The most important indicator
affecting mollusk abundance and biomass is the redox potential of bottom sediments,
which was found to be directly dependent on it (» = 0.6). As for other indicators (pH,
natural moisture), such a relationship was absent or expressed weakly.

It was revealed that in bottom sediments of conditionally clean water area of
Laspi Bay with minimal level of petroleum pollution (PH concentrations in bottom
sediments did not exceed 5 mg-100 g '), the average abundance and biomass of myt-
ilasters had been higher than on the Sevastopol Bay soils with chronic petroleum pol-
lution of marine soils and high CES and PH concentrations in bottom sediments cor-
responding to the 5™ level of pollution.
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