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Abstract

Using 2-km resolution coupled air-sea mesoscale model NOW (NEM O-OASIS-WRF),
we studied a case of upwelling in the Black Sea near the South Coast of Crimea
on 24-25 September 2013. The NOW model successfully reproduced a sharp decrease of sea
surface temperature (SST) by 10°C within two days. The high spatial resolution in the model
allowed us to describe upwelling features resulting from the orography and shape of the
coastline. In particular, we found small-scale areas of low SST near the coast where surface
wind is directed along the coast to the right, for example over the sea near the coastal Crimean
Mountains. At the same time the upwelling does not occur in the areas where the coastal wind
has another direction, for example in the north-western part of Karkinit Bay, near the coast
north to Sevastopol, and near the Azov coast. It is shown that there is a vertical circulation cell
in the sea caused by the upwelling: a rise of the seasonal thermocline near the shore, outflow
of warm water in the upper quasihomogenous layer and descend of water at the 30-50 km
distance from the shore. We found that the coastal current has diurnal variation due to breeze
circulation: the velocity component perpendicular to the coast reaches its maximum during the
daylight hours, whereas velocity component directed along the coast reaches its maximum
with a delay of 4-6 hours.
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YucsieHHOEe MOIeJIMPOBAHME ATIBEVIMHI Q
y lO:xnoro 6epera Kpbima 24-25 centsiops 2013 roaa
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AHHOTAIUSA

Ilpu momomm COBMECTHOM Me3oMmacmTabHO# Momenn mope — armochepa NOW (NEMO-
OASIS-WRF) ¢ paspenierneM 2 KM H3y4eH OJUH M3 CIy4acB BETPOBOIO MPHOPEKHOTO all-
BeumHTa B YepHOM Mope y FOxHOTO Gepera Kpeima 2425 cenrsops 2013 . Mogems NOW
YCHEIIHO BOCTIPOM3BENa Pe3Koe MOHIKECHHE TEeMITeparyphl moBepxHOCTH Mopst Ha 10 °C B
TEeUEHHe JBYX CyTOK. [IOBBINICHHOE IPOCTPAHCTBEHHOE paspelieHHe MpH  MoJe-
JIMPOBAHUHY TI03BOJIIIJIO BBIIEIUTH 0CO0CHHOCTH alBEJUINHTA, CBI3aHHBIE C pebeoM U oUuep-
TaHUAMH OeperoBoy MMHUK. B 4aCTHOCTH, BBIJIEICHBI MEIKOMACINTA0HBIE 00JIACTH MTOHMKE -
HUSl TeMIeparypsl TaM, ¢ BeTep HANpaBieH BIPABO BAOJL Oepera, HampuMep HaJ MOpeM
BOm3u rop FOxuoro Gepera Kpeima. B 1o ke Bpems Tam, e IpUOPEKHBIH BEeTep MMEET
Jpyroe HampaBJICHHWE, allBEJUIMHT OTCYTCTBYET, HalpUMep B CeBepO-3aMaJHOM YacTH
KapkuHurcroro 3ainmBa, Ha nooepesxbe ceBepHee CeBacTONOIS, a TAKKE Ha a30BCKOM I10-
Oepexpe. [lokazaHO HaJMuMe B MOpPE BEPTHUKAJIbHOM SUEHKU LMPKYJSILHMH, CBS3aHHOM
C aIBEJUIMHIOM: IIOJIbEM CE30HHOTO TEPMOKIMHA BOIM3M Oepera, OTTOK TEIUIOH BOJIbI
B KBa3HOJAHOPOJIHOM cJIO€ M olycKkaHue Ha paccrosiuuu ~ 3050 km ot Oepera. O6HapyKeHa
CYTOYHAsl EPUOANYHOCTE B H3MEHEHUH NIPHOPEKHOTO TeUCHMS, CBS3aHHAs C BIMSHUEM OpH-
30BOH LMPKYJIIINK: B JIHEBHbIE Yachl HOpMaJIbHas K Oepery KOMIOHEHTa CKOPOCTH TeUeHMs
MaKCHMallbHa, a BAOJb0eperosas JOCTUraeT MaKCHMyMa C 3alla3ibIBaHueM Ha 4—6 4.

KaroueBbie coBa: Me3omMacmTabHOE COBMECTHOE MOJECIMPOBAHUE, BETPOBOW arlBEIUIHHT,
BEpTHKAJIbHAS CTPYKTYpa IIOJIEH CKOPOCTH M TEMIIEpaTypsl B MOpE, CE30HHBIH TEPMOKIVH,
Yeproe mope, FOxHEIi Geper Kprima

BnarogapuocTn: pabora BeIModHeHa B pamkax mpoekra Ne 0555-2021-0002
«DyHIaMEHTAIBHBIE HCCJICH0BAHUS MPONECCOB B3aWMOJCUCTBUS B CHCTEME OKEaH—
aTMocdepa, OIpeeIIOIMX PETHOHAIBHYIO MPOCTPAHCTBEHHO -BPEMEHHY 0 H3MEHYHBOCTh
MIPUPOJTHOM CPE/IBI M KITMMATa.

das uutupoBanus: Epumos B. B., Aposas /. A., Bapabanos B. C. UucnenHoe moje-
mipoBaHue anBesumHTa y FOkHOTO OGepera Kpbima 24—25 centsn0pst 2013 roxa / Dxonoru-
geckass 0e30MacHOCTh HpuOpekHoH u menbdoBoit 30H mops. 2023. Ne 1. C. 6-19.
EDN SSUZXG. do0i:10.29039/2413-5577-2023-1-6-19

Introduction

Upwellings in the near-surface coastal layer of the sea occur rather frequently
near the South Coast of Crimea (SCC). The very physical mechanism of the coastal
wind upwelling — the Ekman transport of water from the coast to the sea caused
by the western alongshore wind — is quite obvious. In the warm season, this leads
to the rise of cold deep waters and significant decreases in sea surface temperature
(SST) [1]. As a result, near-surface waters are enriched with biogenic elements,
and rich breeding ground for phyto- and zooplankton is formed. Sea temperature
drops in coastal areas affect the weather and climate of the adjacent land.

However, this simple concept of wind Ekman upwelling in coastal areas is not
always suitable for the description of specific natural phenomena. A number
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of factors lead to the distortion of the spatial and temporal structure of coastal
upwelling and in many cases to the emergence of new mechanisms conceming its
occurrence. A simple picture of the development of wind upwelling becomes more
complicated when taking into account the influence of bottom orography
inhomogeneities in the coastal and shelf areas of the sea, seasonal and synoptic
variability of the wind field, and features of the sea baroclinic layer. The local
features of upwelling development in the coastal and open areas of the ocean
were actively studied first analytically and then using numerical models, for ex-
ample, in [2-6]. An overview of upwelling models can be found in® [1].

When studying upwellings in the Black Sea, it is also necessary to take into
account the relatively small size and isolation of the sea, as a result of which cold
water areas will have small-scale spatial structure, and upwellings themselves can
often occur in various parts of the coast. Variations of the bottom orography
directed along the coast and large curves of the coastline significantly disrupt
the two-dimensionality of coastal upwelling.

A number of numerical experiments are devoted to the study of upwellings
in the northem part of the Black Sea [7, 8]. We should also note direct observations
and numerical calculations of the development of upwelling off the eastemn coast
of the Black Sea — near Gelendzhik [9-13]. Recent works are often accompanied
by illustrations of satellite observations of upwellings, which are especially well
detected in the warm period of the year as areas of cold coastal waters. Among
them, the recent work [14] should be pointed out with the review of a large number
of upwelling satellite observations.

Satellite measurements of sea surface temperature currently have a fairly high
spatial resolution of less than 1 km. At the same time, until recently, numerical
experiments on the modelling of real cases of upwelling were mainly reduced
to the modelling of the circulation of the entire Black Sea with rough spatial resolu-
tion, or the circulation was calculated in a local coastal model with high resolution,
but with rough assignment of hydrometeorological characteristics at the open
boundaries of the computational domains.

In this regard, it is of interest to conduct a coupled numerical simulation
of upwelling development with increased spatial resolution, using a realistic coast-
line, bottom orography, and boundary conditions on the sea surface in the model.
Recently, a numerical model of regional atmospheric circulation WRF ? and
marine circulation model NEMO ? have been widely used. The first results of the
use of a coupled air-sea model based on WRF and NEMO to study the response
of the Black Sea to the 2005 quasitropical cyclone are described in [15].

Y Kraus, E.B., 1977. Modelling and Prediction of the Upper Layers of the Ocean. Oxford: Pergamon
Press, 325 p.

2 Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Barker, D.M., Duda, M.G., Huang, X-Yu,
Wang, W. and Powers, J.G., 2008. A Description of the Advanced Research WRF Version 3. NCAR
Technical Note. NCAR/TN-475+STR, 112 p. doi:10.5065/D68S4MVH

3 Madec, G. and the NEMO team, 2008. NEMO Ocean Engine. Note du Pdle de modélisation,
No. 27. Technical Report. France: Institut Pierre-Simon Laplace. Available at: https://www.nemo-
ocean.eu/doc/nodel.html [Accessed: 30 March 2023].
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In [16], this coupled model was used to study the characteristic response of the up-
per layer of the Black Sea to intense wind forcing.

This work is devoted to the description of the results of the modelling carried
out with 2-km resolution in order to reproduce the interaction of the atmosphere
and the sea during the upwelling in the Black Sea near the South Coast of Crimea
on 24-25 September 2013. The task to consider in detail all the physical
mechanisms responsible for the occurrence of upwelling in the Black Sea was not
set. The development of upwelling for one specific synoptic situation is
numerically reproduced, and small-scale features of its structure are identified.

Numerical Model

Coupled model NOW (NEMO-OASIS-WRF) consists of three following units:
marine model NEMO, atmospheric model WRF and interface unit OASIS [17].
The computational area included the entire Black Sea. The horizontal computation-
al grids in the marine and atmospheric models were identical to avoid interpolation
during data exchange. The spatial resolution of the computational grids is 2 km.
37 vertical levels were used in the atmospheric model, 50 — in the marine one. Eve-
ry two hours, sea surface temperature and surface current velocities are transmitted
from NEMO to WRF, radiative heat fluxes (shortwave and longwave), sensible and
latent heat fluxes, wind friction stress, as well as the difference between evaporated
moisture and precipitation are transmitted from WRF to NEMO. To parameterize
the atmospheric near-surface layer in WRF, the Revised MM5 Surface Layer
Scheme was used, in which the sensible and latent heat fluxes from the surface are
calculated using standard bulk formulas. To parameterize vertical turbulent mixing
in NEMO, scheme k — & was used [18]. The exchange coefficients in this scheme
are determined in terms of the turbulent kinetic energy and the dissipation rate,
which is a prognostic quantity. The results of the NOW model were output in in-
crements of 1 hour.

SST satellite images analysis showed the development of upwelling near Cri-
mea on 24-25 September 2013 (Fig. 1). Coupled modelling started at 00:00
on September 21 and lasted 5 days. The initial and lateral boundary conditions
for the atmospheric model were taken from the ERA5 reanalysis with a resolution
of 0.25°. The initial conditions for the marine model (velocity, temperature, salinity
and sea surface height fields), as well as the bottom orography, were taken from
the Copernicus global reanalysis with a resolution of 1/12°. Generally speaking,
for a more accurate reproduction of SST anomalies, preliminary adaptation of
the marine and atmospheric models over a sufficiently long period of time is neces-
sary. However, since the ERA5S reanalysis data are used as atmospheric forcing
to obtain the Copemicus reanalysis, the initial conditions for the marine model

4 Copernicus Marine Service. Global Ocean Physics Reanalysis. 2023. [online] Available at:
https://resources.marine.copernicus.eu/product-
detail/lGLOBAL_MULTIYEAR_PHY_001_030/INFORMATION [Accessed: 30 March 2023].
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Fig. 1. Asatellite image of the sea surface temperature for 25 September
2013 (Available at: http://dvs.net.ru/mp/data/1309/3SEP2504.GIF)

have already been largely adapted to the atmospheric fields from the WRF model,
which reduces the adaptation calculation time. Pertinently, our task was to restore
a more detailed spatial structure of wind upwelling in the coastal area of Crimea,
which was not reproduced in the original reanalysis fields with a coarser resolution.
Due to computational limitations, we did not use the ensemble forecasting method
and settled on only one variant of the process development trajectory, taking into
account that the following boundary conditions are decisive — orography, underly-
ing surface type, coastline, etc.

Upwelling Development

Fig. 2 shows changes in sea surface temperature, zonal (alongshore) wind
speed at a height of 10 m and surface air temperature at a height of 2 m in the
coastal area at point 1 with coordinates 34.15°E, 44.4°N. This point will be
further considered as characteristic of a relatively narrow coastal area of the sea
near the South Coast of Crimea, where the 100 m isobath begins at a distance of
about 10 km, 200 m — at a distance of 20 km, and 1,000 m — at a distance of
30 km from the coast. As reflected by Fig. 2, a slight decrease in the SST in the
first two days was replaced by a sharp decrease by ~ 10 °C associated with an
increase in the near-surface wind speed and a decrease in the surface air
temperature. Thus, Figure 2 clearly shows the episode of sharp local development
of coastal wind upwelling near the South Coast on September 24-25, shown on a
satellite image (see Fig. 1).

10 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2023
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Fig. 2. Zonal (alongshore) wind speed at a height of
10 m, Uy, surface air temperature at a height of 2 m, t,, and
sea surface temperature toc, in the coastal area at point 1

Horizontal Upwelling Structure

The SST distribution on the satellite image (see Fig. 1) refers to the most
developed upwelling. Approximately for the same time, Fig. 3, a shows modelling
results: the wind speed fields at a height of 10 m and the current velocity
on the surface, as well as the air temperature field at a height of 2 m and SST.
The same fields are shown on an enlarged scale with greater detail in Fig. 3, b.
Note that the data in Fig. 3 refer to the night time, which is characterized by low
overland temperatures.

As can be seen from Fig. 3, wind upwelling with minimum temperatures of
~11-12 °C occupies a relatively narrow coastal zone; the width of the upwelling
area near the South Coast of Crimea makes ~ 30-50 km. At the same time,
coastal upwelling has a small-scale spatial structure that reflects the curves of the
coastline and spatial variations in wind direction relative to the coast. The
increased resolution of the atmospheric model made it possible to identify small-
scale inhomogeneities in the wind speed field, determined by the contours of the
coast and relief, and, as a result, the local upwelling structure. In particular, we
found small-scale areas of low SST near the coast where surface wind is directed
along the coast to the right, for example over the sea near the coastal Crimean
Mountains. At the same time the upwelling does not occur in the areas where the
coastal wind has another direction, for example in the northwestern part of
Karkinit Bay, near the coast north to Sevastopol, and near the Azov coast.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2023 11
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The South Coast of Crimea is characterized by altemation of local zones of
strong and weak upwelling (Fig. 3). In a general context, it should be noted that
such zones of enhanced upwelling (filaments) are associated with sharp local
changes in the contours of the coast in the form of capes [2].

It can also be seen from Fig. 3 that in the open sea the near-surface current
velocity is generally directed along the normal to the near-water wind, and, for ex-
ample, near the westem coast of Crimea, this simple behavior is disrupted due to
the features of the coastline.

Vertical Upwelling Structure

Numerical modelling makes it possible to examine the vertical structure of the
velocity and temperature fields in upwelling in detail. On Fig. 4, at the cross-
section at 34.15°E, the sea temperature and current velocity vectors (Voc;
Woce-los) are shown, where V.., Wy — meridional and vertical components,
respectively. The area of cold upwelling extending from the coast for ~ 30 km,
with a lower sea temperature and a reduced depth of the upper quasi-
homogeneous layer, is clearly visible. The minimum temperature near the coast is
about 11 °C. It should be noted that the narrow coastal area of shallow (< 60 m)
depths here has a width less than the computational grid spacing (2 km) and,
therefore, it is not shown in the figure.
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Fig.4.Seatemperature and current velocity vectors (V gce, Woce~103),
where Voee and Woee'10° are meridional and vertical velocity
components, at the cross-section at 34.15°E for a mature upwelling
event at 6 p.m. on 24 September
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Thus, numerical modelling made it possible to identify one more feature of
the wind upwelling, namely, the development of a vertical circulation cell: a rise
of water near the shore, outflow of warm water in the upper quasihomogenous
layer and descend of water at the 30-50 km distance from the shore. This area of
water descend is clearly visible from the velocity vectors shown in Fig. 4.

Fig. 5 shows vertical profiles of meridional velocity V., and water tempera-
ture t,c, at two points in the section shown in Fig. 3, ¢, —at point 2 (34.15°E, 44.3°N)
and point 3 (34.15°E, 44°N). A velocity jump is seen in the thermocline area,
indicating different mechanisms for the formation of velocity fields above and
below the seasonal thermocline: in the area of the upper quasihomogeneous layer,
the flow is an outflow of cold water, which forms the upwelling due to its rise
near the coast from the thermocline area; in the area below the thermocline, the
velocity profile reflects background geostrophic circulation not directly related to
the upwelling. It is interesting to note that the temperature in the upper
quasihomogeneous layer is constant, while the velocity profile is sloping. The
latter is a consequence of the parametrization of vertical mixing in the NEMO
model: the surface force of wind friction causes a linear velocity distribution in
the underlying quasihomogeneous temperature layer. At the same time, the
conditions for the formation of the upper quasihomogeneous temperature profile
are satisfied.

-0.12 -0.08 -0.04 0 0.04 0.08 Vice, m/s
Z, mf

Loce (44.3°N)

T
I
|
Loce (44°N) :
[

Fig. 5. Vertical profiles of water temperature,
toce, at points 2 (solid line) and 3 (dashed line)
as well as meridional velocity profile, Vqc,
at point 3 (dotted line) at 3 a.m. on 25 September
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Fig. 6 shows the velocity components and temperature in the upper layer of
the sea along the section at 34.15°E, extended to 42.6°N. To compare, the right
(northern) part of Fig. 6 refers to the upwelling, and the left (southern) part shows
background fields not associated with the upwelling. The value of the zonal
(along-shore) component of the surface current velocity varies from small positi-
ve values ~ 0.1 m/s near the shore to negative values ~—0.15 m/s in the open sea.
It is interesting to consider the behavior of the meridional velocity component,
which is normal with respect to the coastline. As expected from general conside-
rations, the velocity of this current normal to the coast, directed towards the open
sea, IS maximum at a certain distance from the shore (Fig. 6). It reaches a value of
~ 0.2 m/s. As can be seen from Fig. 6, the area of low (< 20 °C) temperature
values of the near-surface layer of the sea is relatively small and extends from the
coast to a distance of 50-60 km. In this case, the area where disturbances of the
velocity fields are manifested is also traced at a greater distance from the shore.

This can be seen in Fig. 7, which shows how the meridional (directed along
the normal to the shore) and zonal (alongshore) current velocities changed in time
at the upper level of the model along the same section as in Fig. 6. The area of
currents directed away from the shore with velocities reaching ~0.2-0.25 m/s
at a distance of 40-60 km, as well as the area of currents directed towards the
shore with lower velocities of ~0.1 m/s at a distance of 20-30 km, are clearly seen.
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-0.21 =0.18 —=0.15 -0.12 —=0.08¢ -0.06 -0.03 O 0.03 006 0.09 0.12 Vu:e, m/s
Fig.6.Meridional velocity, water temperature (black isolines), and

zonal velocity (white isolines) along the cross-section at 34.15°E at
3 a.m. on 25 September
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Fig.7.Time variation of the meridional (colour) and zonal (white isolines) current
velocities as well as that of sea temperature (black isolines) at the upper level of the
model (1.25 m) along the cross-section at 34.15°E. For illustrative purposes, the
meridional velocity is shown opposite in sign

The diurnal variation of near-surface currents is traced. The maximum velocity
directed away from the coast falls on the daytime hours (12-14 h), which corre-
sponds to the time of maximum daily air heating and the daily variation of the
coastal wind speed. The alongshore velocity component also experiences periodic
diumal fluctuations with a time delay of 4—6 h relative to the normal component. It
can be confidently assumed that these coastal periodic changes in the velocity and
temperature of the water are caused by the breeze circulation that develops in the
warm period of the year in the area of the South Coast of Crimea [19]. We will not
consider the physical mechanisms of the interaction of these two mesoscale pro-
cesses, as this requires an increase in the spatial resolution of numerical models.
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Conclusion

Using a 2 km resolution coupled numerical model, including the WRF at-
mospheric model and the NEMO marine model, the response of the upper layer
of the Black Seato an increase in wind speed in the coastal area of the South Coast
of Crimea was reproduced. The numerical estimate of the SST decrease near the
coast by ~10°C, caused by cold upwelling, corresponds well to the satellite data.

The spatial structure of the fields of near-surface wind speed and air tempera-
ture, as well as the current velocity and sea temperature were obtained. The high
spatial resolution in the atmospheric and marine models made it possible to identify
small-scale inhomogeneities associated with inhomogeneities of the coast and
coastal orography, which were not resolved in the reanalysis input data. The coastal
upwelling area has a significantly heterogeneous alongshore spatial structure: there
is no upwelling in the eastern, northeastem and northwestem parts of the Crimean
coast.

The specific changes in the meridional (hormal to the coast) and zonal (along-
shore) components of the current velocity in upwelling were considered. The de-
velopment of the alongshore current, as well as the current directed towards
the sea, was shown. The latter is a part of the vertical cell of the upwelling circula-
tion: the rise of cold waters near the coast, the spread towards the sea and further
descend. The horizontal current velocities in this cell make 0.1-0.2 m/s near
the surface, the vertical velocities of water rise in the coastal area make about 10—
107’ m/s. Directly near the coast, diumal velocity variations were found, associated
with the influence of breeze circulation.

The analysis of the coupled modelling results showed that the NOW model
was able to correctly reproduce such small-scale phenomena as wind upwelling
near the Crimean coast, and could be used to numerically study the processes
in the upper layer of the sea with high spatial resolution.
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Abstract

In a south wind, coastal upwelling can be observed off the western coast of the Black Sea.
In the same area, the hydrological structure of waters is strongly influenced by river runoff,
which forms a river plume, and a southward longshore current. The paper studies the evolu-
tion of the plume on the northwest shelf of the Black Sea and its interaction with upwelling
based on numerical modelling. The impact of upwelling development under the influence
of the south wind on plume propagation was studied using a three-dimensional sigma-
coordinate numerical model (POM-type) to calculate the circulation in the coastal zone
taking into account the river runoff. The calculations were performed for a rectangular re-
gion for the cases of both uniform depth and typical water stratification of the northwestern
shelf. The last case was sampled for May condition, when, on average, the Danube plume
development is maximal. It is obtained that the joint dynamics of upwelling and river
plume are closely related to the stratification of coastal waters. In the case of unstratified
shelf waters, the thin plume layer enhances upwelling and downwelling on the inshore and
offshore sides of the river plume, respectively. The results allowed studying the peculiari-
ties of river water transformation during winds that cause the development of coastal
upwelling. Estimates of the time of bottom water rise near the coast under the action of
south winds with different wind speeds and shelf water stratification parameters retrieved
from numerical modelling data can be used to develop regional upwelling indices based
on satellite data on the sea surface temperature and wind speed.
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BiusiHue anBeJJIMHIa HA Pa3BUTHE PEYHOI0 ITIOMA
B IPUOPEKHOI 30HE ceBePO-3aMaHOT0 miejbda
YepHOro MOPs HA OCHOBE YHCJIEHHOT0 MO/IeJTMPOBAHUS

M. B. lIpiranosa *, E. M. Jlememko, FO. H. PsioueB

Mopckoii euopousuueckuii uncmumym PAH, Cesacmonons, Poccus
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AHHOTAI U

Ilpu 1o0xHOM BeTpe y 3amagHoro mnoGepexbs UepHOro Mops HaOmmoJaeTcst IpOsBIEHHUE
MpUOPEXXHOTO amBeJUIMHTa. B 3TOM e palioHe CWIBHOE BIHMSHHE Ha THIPOJIOTHYECKYIO
CTPYKTYpY BOJ OKa3bIBAIOT CTOK PEK, KOTOPBIH (POPMHUPYET PEUHOH IUFOM, 1 BIOJIEO0EpEroBoe
TeUeHHe, HalpaBlIeHHOe Ha IoT. llenpio MaHHON pa0OTHI SABICTCS M3yYCHHE DBOJIOIMA
IUIFOMa Ha ceBepo-3amagHoM menbde UepHOTo MOpS M €ro B3aHMOICHCTBHE C AlBEUIHIOM
Ha OCHOBE YHCJICHHOTO MOJEIMPOBAaHUS. BIimisHHE pa3BUTHS allBEJNIMHTA IO AEHCTBHEM
BeTpa IOKHBIX PyMOOB Ha pacHpOCTPaHEHHE ILIFOMAa HCCIIEJOBAJIOCH C MOMOIIBIO TPEeXMep -
HOW CHIMa-KOOpAMHATHOH wucieHHOW Mmoxemn POM-tmma st pacuera IUPKYISIIUU
B IPUOPEKHON 30HE C YyUETOM CTOKa PeKH. PacdueTsl mpoBeAeHH! A MPSIMOYTOIBHOH 0 0-
JacTU I CAydaeB KaK OJHOPOAHON Mo IMyOMHE, Tak M TUNMYHON 11 Mas (Korja
B CpelHeM HalmomaeTcss MakCUMajbHOE pa3BUTHE IUoMa JlyHas) cTpaTU(QUKALUMH BOJ
ceBepo-3anaaHoro menbda. [lonydyeHo, 4To coBMECTHas JMHAMMKA alBEeJUIMHIA U PEYHOTO
IUIFOMa TECHO CBsi3aHa co cTparudukanueil NpuOpekHBIX BoJ. B ciyuae HecTpaTuduim -
POBaHHBIX BOA HIeib(a TOHKHI CIIOI IUTIOMa yCHIIMBACT anBeJUIMHT U JayHBEJUIMHT Ha Oc-
PeroBOi M MOPCKO# CTOpPOHAX PEYHOTO IUIFOMa COOTBETCTBEHHO. [lomyueHHbIe pe3yIbTaThl
MTO3BOJIMIIM H3yYHTh OCOOCHHOCTH TpaHC(OPMAIMH PEUHBIX BOJ B IEPHOJ ICHCTBUS BET-
POB, BEI3BIBAIOIINX Pa3BHTHE MPUOpExHOTO amBe umHra. OIEeHKH BpeMEHH MOIbeMa NP H-
JIOHHBIX BOJ y Oepera mpu JIEHCTBUHU I0XKHBIX BETPOB C PAa3IMYHBIMU CKOPOCTSIMH BETpa U
apaMeTpaMu CTpaTU(GUKAIMK BOJ IIeJb(a 110 JaHHEIM YHCIICHHOTO MOJESIHPOBAHUSI MO -
IryT OBITh HCIOJB30BAHBI AJA pPa3pabOTKH pPETHOHANBHBIX HHIEKCOB aMBEJUIMHTA
Ha OCHOBE CITy THUKOBBIX JaHHBIX O TEMIIEpaType MOBEPXHOCTU MOPSI M CKOPOCTHU BETpA.

KiuawueBbie ciaoBa: YepHoe MOpe, peYHOH ILIIOM, allBEJUIMHI, YUCIEHHOE MOJEIUPOBa-
Hue, menb(, npudpesxHas 30Ha, peYHON CTOK

BaaronapHocTH: paboTa BBINOJHEHA B paMKax IOCYJapCTBEHHOIO 3aJaHus MO TeMe

FNNN-2021-0005.

Jdas umtupoBanus: [feicanosa M. B., Jlemewrxo E. M., Pabyes FO. H. Biusinue anBein-
JIMHTA Ha pa3BUTHE PEYHOTO TUIIOMA B MPUOPEKHON 30HE CeBepO -3anmaaHor0 Ienabda YepHoro
MOPsI Ha OCHOBE YUCJICHHOTO MOJCIMPOBaHHS / DKOJIO THUECKasi O630TIaCHOCTh MPHOP €IKHOM
u menshoBoit 308 Mops. 2023. Ne 1. C. 20-30. EDN SYKFPE. d0i:10.29039/2413-5577-
2023-1-20-30

Introduction

The northwestem part of the Black Sea is characterized by a vast shelf and
significant river runoff, as well as a variety of momhological types of plumes
in the area of the Danube delta and the Dnieper-Bug Estuary [1]. Therefore,
the northwestem shelf is a unique testing ground for studying the dynamics of river
plumes of various types [2]. The long-term archival hydrological observations of
this region make it possible to verify numerical models of river plumes.

With a southerly wind, upwelling is observed along the western coast of
the Black Sea. The hydrological structure of the waters in this region is strongly
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influenced by river runoff, which is a source of nutrients necessary for phyto-
plankton bloom. In the case of alongshore upwelling in the summer, a decrease
in the oxygen content occurs in the coastal zone, which can cause fish to die [3].
Both of these phenomena are closely related to plume dynamics. Therefore, it is
necessary to understand how the distribution of river waters changes with the de-
velopment of coastal upwelling.

The origin and evolution of upwelling in the Black Sea were studied based
on the analysis of in situ and satellite data [4-9] and numerical simulation [10, 11].
The satellite data make it possible to recognize colder waters [7, 10, 11], but
the high variability and transport of river waters in the region of the northwestern
shelf significantly complicate the study of processes by such methods [12, 13].
Therefore, it is important to use numerical simulation along with in situ and remote
sensing data [14].

The development of upwelling near the northwestern Black Sea coast occurs
under the influence of southerly winds. The long-term statistics of upwelling for-
mation, obtained based on the analysis of remote sensing data on sea surface tem-
perature, showed that during the extended summer period there are from 3 to 10
intense upwelling events with a total duration of 35 to 65 % of the length of
the summer period, respectively [7]. From a comparison of the in-situ and satellite
data analyses, it was concluded that the upwelling evolution has a significant effect
on the river plume propagation [15].

The coastal upwelling occurrence is compensated by the geostrophic current
and the freshwater plume associated with it. The study of the coastal upwelling and
river plume dynamic interaction is of particular interest. River waters with low sa-
linity create pressure gradients that cause surface geostrophic currents that arise
in the coastal zone in an anticyclonic direction (in the Northern Hemisphere)
from the mouth [16]. The river plume can weaken the development of the
upwelling if the wind is too weak to disturb the haline stratification. The
change in the stratification of shelf waters is an important factor that determines
the plume and upwelling dynamics, affecting the plume thickness, the transfer of
desalinated water to the inner shelf area, and the bottom transfer of denser bot-
tom waters towards the coast [17].

Therefore, this work is devoted to the study of joint dynamics of the develop-
ment of upwelling and river plume, identification of patterns of the influence of
upwelling on the transformation of river waters on the sea shelf during the devel-
opment of coastal upwelling.

Materials and methods

The temperature and salinity fields were selected from the MHI
hydrological database (http://bod-mhi.ru/) for wind conditions with wind speeds
of less than 3 m-s™'. Based on the spatial distribution of temperature and salinity
isolines, the river runoff evolution in the Danube Delta region was estimated
and the dy-namics of the river plume was studied. The characteristic time
during which the plume reaches the southern boundary of the northwestern
shelf is about five days, which corresponds to the obtained estimates based on the
approach [2].
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The effect of upwelling development under the action of southerly winds
on plume propagation was studied using numerical modeling based on a three-
dimensional POM-type sigma-coordinate numerical model previously adapted
and tested for the northwestern shelf of the Black Sea to calculate the circulation
in the coastal zone, taking into account the river runoff [18, 19]. The calculations
were carried out for a rectangular area for the cases of both uniform in depth and
typical for the month of May (when on average the Danube plume develops its
maximum) stratification of the waters of the northwestern shelf.

The model parameters were selected in such a way that they corresponded
to the area where the Danube inflows into the Black Sea. The model was adapted
for a rectangular area and the conditions of the northwestern shelf of the Black Sea.
The computational domain coordinates: 28°-31°E u 43°-46°N, the number of grid
nodes along the X axis =51, the number of grid nodes along the Y axis =171,
the grid step is 2 km, the time step is 2 min, the number of sigma horizons is 25.
At the initial moment of calculation, the fresh water inflow is included near
the mouth of the Danube.

For the first version of the calculations, a homogeneous stratification was set:
salinity of the shelf waters was 18 PSU, the temperature was 18 °C, and the salinity
of the inflowing water in the area of the Danube mouth was 6 PSU, the water tem-
perature at the mouth was 10 °C, the river discharges corresponded to the climatic
values for April-May (8000 m3-s™"). On the shelf, a steady southward background
current was set; its velocity amounted to 5 cm's™! [19]. For the second version
of the calculations, the climatic values of temperature and salinity near the area of
the Danube delta for May were used: on the surface, the shelf water temperature
was set to 15.75 °C, the salinity was 12 PSU, the temperature at the bottom was
6.5 °C, the salinity was 18.25 PSU [20]. The thermocline was at a depth of 20 m,
the halocline was at a depth of 12 m, and the bottom depth was 40 m. The river
discharge, temperature, and salinity were the same as in the first version of the cal-
culations.

Results

Under the influence of the south wind at a speed of 5 m-s™! and the flow rate of
the river Q equal to 8000 m*-s”!, the plume is extended from the coast in a north-
easterly direction on the 10™ day (Fig. 1).

At the same time, the development of coastal upwelling blocks the propagation
of the alongshore current of desalinated waters from the plume area to the south.
To understand the role of stratification, we compared the results of calculations
for the cases without stratification (Fig. 1) and the cases with stratification (Fig. 2).
For the case without stratification, the upwelling develops after 3—5 days, but it
does not manifest itself in the surface temperature field due to uniformity of its
depth distribution (Fig. 1, b). Nevertheless, the alongshore current directed to
the north develops at a speed of 5-10 cm's™!, which blocks the initial propagation
of the plume to the south, and over time, the plume extends into the inner shelf ar-
ea, which is traced both by salinity (Fig. 1, a) and by water surface temperature,
since the temperature of river waters is lower than the temperature of shelf waters
by 8 °C (Fig. 1, b).
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Fig. 1. Surface salinity (a) and temperature (b) of water from modelling data
on the 10" day for uniform stratification influenced by the south wind with a speed
of 5 m's™!. The red line (a, b) denotes zonal sections of salinity (C) and temperature
(d) fields along 45.18° N latitude

The plume width determined from the position of the 16 PSU isohaline along
the transect line at 45.18°N is approximately 25 km; in the temperature field,
this corresponds to the plume boundary along the 16 °C isotherm (Fig. 1, a, b).
At the same time, the thickness of the plume is about 5 m, which is seen in the zon-
al sections of the fields of salinity (Fig. 1, ¢) and temperature (Fig. 1, d).

For the case with stratification, the upwelling acquires a well-developed form
on the 10" day: the 8 °C isotherm, which characterizes the bottom waters, reaches
the surface up to 28.6°E (~ 20 km from the coast), except for the area in the region
of the river delta (Fig. 2, b).

The upwelling pushes the plume toward the shelf, position of the 10 °C
isotherm shifts to the east, and on the 10" day it reaches a longitude of 28.9°E
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(Fig. 2, b) ~ 55 km from the shore, which in the salinity field corresponds to
the position of the 17 PSU isohaline characterizing the bottom waters of the shelf
(Fig. 2, a@). Thus, due to small contrasts between the temperature of the river and
the waters of the shelf, the plume identification from satellite data on the sea sur-
face temperature does not contribute to the statistics of upwellings and plumes.
When analyzing the results of numerical modelling, the salinity field is used in this
case. In addition, unlike the first case without stratification (Fig. 1, d), the plume is
not distinguished in the temperature field and on the zonal section (Fig. 2, d).
On the 10" day, the plume elongates to the northeast, and the width of it along
the 16 PSU isohaline increases compared to the first case and amounts to 30 km.
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On the zonal section along 45.18°N it can be seen that on the 10" day the rise
of bottom waters (18 PSU isohaline) reaches a depth of 17 m, the 17 PSU isohaline
comes to the surface at a distance of ~ 8 km from the shore (Fig. 2, ¢). In contrast
to the plume waters, the position of the bottom waters is clearly distinguished
on the zonal sections in the temperature field: the 7 °C isotherm reaches a depth
of 10 m, and the 8 °C isotherm comes to the surface at a distance of 810 km
from the shore (Fig. 2, d).

The evolution of coastal upwelling over time is shown in Fig. 3. For calcula-
tions with stratification typical for May conditions, the development of coastal
upwelling is observed already on the 2"-3™ day. On the 3™ day, the bottom waters
with a temperature of 7-8 °C form a tongue of cold waters, which rises along
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Fig. 3. Surface salinity of water from modelling data with shelf water stratifica-
tion influenced by the south wind with a speed of 5 m-s™'. The red line (a, b) denotes
zonal sections of temperature fields on the 3¢ (c) and 7™ (d) day along 45.18°N lati-
tude
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the slope of the depths and reaches a depth of 10 m (Fig. 3, ¢). On the 7™ day,
the 8 °C isotherm reaches a depth of 3 m (Fig. 3, d), and on the 8" day it comes
to the surface. The 10 °C isotherm emerges on the surface near the coast
on the 3™ day (Fig. 3, ¢) and masks the position of a plume with a temperature of
10 °C in the temperature field. The waters with a temperature of 10—-11 °C occupy
the entire alongshore coastal area and are well manifested in the surface tempera-
ture field (Fig. 3, a). Over time, the 10 °C isotherm shifts to the east and
on the 7" day reaches 28.6°E ~ 35 km from the coast (Fig. 3, b).

The development of upwelling in time was also analysed based on the variabil-
ity of the isohaline positions in the zonal section through the plume region along
45.18° N. The rise time of bottom waters, characterized by a salinity of 17 PSU,
along the entire coast was on average 5 days for a wind speed of 5 m-s™.
At the same time, the rise of bottom waters occurs along the coastal slope and, after
5 days, their transfer develops in the surface Ekman layer to the shelf area. Based
on numerical simulation data, it is possible to obtain detailed estimates of the rate
of water rise during the development of coastal upwelling for various values of
wind speed, bottom slope angle, and shelf water stratification parameters. The ad-
vection time t.g of bottom waters along the shelf slope is directly proportional
to the product of the difference between the depths of the pycnocline occurrence Ho
and the depth of the rise of the isopycna (isotherm) H; characterizing the bottom
waters in the process of upwelling development:

t _p-f-d-(Hy—Hy)
ad — H)

)
o-T

where p is sea water density; f is Coriolis parameter; d is bottom layer thickness;
a is bottom slope angle; t is wind stress. The equation (1) gives a theoretical esti-
mate of the advection time as a function of the bottom slope and wind stress.
For the parameters characteristic of the northwestern shelf and the wind stress cor-
responding to a wind speed of 5 m's™!, we obtain a value of 3 days. If the time of
action of the south wind is less than the advection time according to the formula
(1), in this case less than 3 days, then cold waters do not have time to reach the sur-
face. Thus, upwelling will not manifest itself in the sea surface temperature field,
which must be taken into account when analyzing satellite data.

The advection time t.q is inversely proportional to the wind stress. For the same
value of the bottom inclination angle o, numerical calculations were carried out
for the case with shelf water stratification and different south wind speeds — 7 m's™!
and 9 m's!. At a wind speed of 7 m's™!, on the 5" day, the 17 PSU isohaline
reaches the surface (Fig. 4, a), and the tongue of cold water rises along the slope
to a depth of 5 m, according to the position of the 8 °C isotherm (Fig. 4, b).
For a wind speed of 9 m's™! on the 5™ day, saline waters (17 PSU) occupy a larger
area on the surface (Fig. 4, ¢), and cold waters (less than 8 °C) are on the surface,
the width of the upwelling zone along this isotherm is 30 km (Fig. 4, d).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2023 27



T | S
g 10 M_H‘““L - T H"‘““(r\“::’}:}r-»h:'-‘_ ——as——
'-EL 20 ~— —~ —rr—
a — T
30 ~ =
a ~ | b T
40
U. A i L 1 L L - -‘ i 1 I I’ I L I
=) =M |
10 s Sy Ry i
o X
= 20 e —————— [ =
a
30 ~_ | X
40 ¢ |4
28.1° 2850 289° E  28.1° 28.5° 28.9° E
S, PSU T, °C
NI BT T T T T11]
6 & 10 12 14 16 18 7 8 9 10 11 12 13 14

Fig. 4. Zonal sections along 45.18°N latitude: salinity (a, ¢) and temperature
(b, d) of water from modelling data with shelf water stratification on the 5" day
influenced by the south wind with a speed of 7 m's™! (a, b) and 9 m's™ (c, d)

Conclusions

The results obtained made it possible to study the features of the river water
transformation during the action of winds that cause the development of coastal
upwelling. The plume propagation due to Ekman transport is analyzed depending
on the shelf water stratification and wind speed. It was found that the joint
upwelling and river plume dynamics is closely related to the stratification of
coastal waters. In the case of unstratified shelf waters, a thin layer of plume en-
hances upwelling and downwelling on the inshore and offshore sides of the river
plume, respectively. The upwelling intensity increases when the plume reaches its
boundary. In this case, the maximum transport of water towards the shelf is 1.5
times greater than the Ekman transport. After the plume passes through the
upwelling region, the water transport is regulated by alongshore density variations.

The regularities of plume dynamics obtained under the conditions of upwelling
development manifest themselves in the field of sea surface temperature, which
makes it possible to use model estimates of the advection time t.q for interpreting
satellite data on sea surface temperature. The estimates of the rise time of bottom
waters near the shore under the action of southerly winds with different wind
speeds and shelf water stratification parameters based on numerical modelling data
can be used to develop regional upwelling indices based on satellite data on sea
surface temperature and wind speed.
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Abstract

The degradation of the Crimean shores under the influence of the anthropogenic factor has
become a serious problem to overcome which significant efforts and financial resources are
spent. The purpose of the article is to consider retrospectively the morphodynamics of
Sevastopol bays under the influence of anthropogenic activity. We used materials of
MHI RAS observations, satellite and aerial photographs, literary sources as well as a range
of maps and plans, mainly of the 19th century. It is shown that the natural environment of
Sevastopol bays has changed significantly as a result of anthropogenic activity. The greatest
impact is noted in the area of Sevastopol Bay, where the shores have been subjected to sig-
nificant anthropogenic impact (the removal of cliffs, concreting of the coastline, construc-
tion of piers, etc.). The shores, which can be classified as untransformed, have survived on-
ly on 1.1 km (or 3 %) of the original length of the coastline. The outer shores of the coastal
bays have preserved their natural state to the greatest extent. Only 1.3 km (17 %) were sub-
ject to anthropogenic impact consisting in cutting and planning of cliffs and erection
of coastal protection and beach-retaining structures. The shores of the coastal bays them-
selves were subject to a much greater impact. Only one of them preserves the average level
of technogenic impact, whereas in three of them it is the maximum, and in three others it is
extreme. Out of 33.5 km of the inner perimeter of the bays, about 10 km (30 %) remain rel-
atively unchanged. It is noted that by now only 0.3 km or 10 % of the pre-existing shores
with sandy beaches have remained in the region under consideration. It is observed that as
a result of anthropogenic activity, the Sevastopol group of salt lakes, which were previously
used medicinally, has been almost destroyed.
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MopdornHamMmmka ceBacTONOJIbCKUX OyXT
1O/ BO3/1efiCTBHEM aHTPOIIOTr eHHOM AesiTeILHOCTH

T. B. E¢ppemona *, 0. H. lNopsaukun

Mopcroii eudpodgpusuveckuii uncmumym PAH, Cesacmononw, Poccus
* e-mail: efremova@mhi-ras.ru

AHHOTAIUSA

Herpaganus 6epero KpsiMa moa BIMSIHUEM aHTPOIOTEHHOTO (haKTOpa cTaja Cepbe3HOH
Ipo0IeMoii, Ha IIPEeo0JICHHEe KOTOPOH 3aTpadnBaroTCA 3HAYUTEIbHBIEC YCIINA U (PHHAHC O-
BBIE cpenacTBa. Llemb cTaThM — PETPOCHEKTHBHO PaccMOTPETh MOpP(HOIUHAMEKY CEBACTO-
MOJIBCKUX OYXT MOJ BO3AeHCTBHEM X034HCTBEHHON NesTenbHO cTH. Vcnomp30Bamich MaTe-
puaist Habmoneruit MI'U PAH, xocMudeckne u a3po(hOTOCHUMKH, JIMTEPATyPHBIE HCTO U-
HUKH, a Takoke MACCUB KapT U IJIAHOB, TIaBHEIM 00pa3om XIX B. [loka3aHo, 9TO B pe3yib-
TaTe aHTPOMOTCHHOM eATeIbHOCTH MPUPOIHAS Cpelid CEeBACTOMOIBCKIX OyXT CyIIECTBE HHO
n3MeHmIach. Hanbompiree Bo3aeiicTeue Ha Mop o IMHAMUKY OTMedaercs B paiioHe CeBacTo-
MOJIBCKOHM OyXThI, Iie Oepera MoABEpIIMCH 3HAYUTEIFHOMY aHTPOIIOTEHHOMY BIMSIHUIO (Cp BI-
THe KaMdoB, 6eTOHMpOBaHUE OEPEeroBOW JIMHHUH, CTPOUTENHCTBO MOJIOB, MUPCOB U T. II.).
Bepera, koTopbsle MOXXHO OTHECTH K HENPeoOpa30BaHHBIM, COXPAHHIINCH JIMIIb HA MPOTS-
xeHud 1.1 kv (3 % oT nepBoHa4aNbHOM JMHBI) 6eperoBoil UK. BHemHue Gepera OyxT
B3MOPbS B HauOOJbIIEH CTENEHH COXPAHWIN MPHUPOJHOE COCTOSHHE. AHTPOIOTCHHOMY
BO3AEHCTBHUIO, BRIPA3UBIIEMYCSI B Cpe3ke U MIAHUPOBAaHMU KM (OB, a Takke yCTpONCTBE
Oepero3alliuTHRIX U IUIHKEYIEPKUBAIOIIMX COOPYIKEHUH, OABEpIIOCH ToJbko 1.3 kM (17 %)
OeperoBoii MHUH. 3HAYNTEIHFHO OOJblliee BO3JEHCTBIE UCIIBITAIM Oepera OyXT B3MOPBS.
Tonmbko B 0OJHOH M3 HUX COXpaHsSETCA CPEeIHUH ypOBEHb TEXHOTEHHOM Harpysku, B Tpex
OH MaKCHMaJIbHBIH, a B TPEX — SKCTpeMasbHbIN. VI3 33.5 KM BHyTpeHHero nmepuMerpa OyxT
OTHOCHTENIFHO HEM3MEHEHHBIMH ocTaforcs okosio 10 kM (30 %). K HacTosmeMy BpeMeHH
B pacCMaTPUBAEMOM PETHOHE OT paHee CYIIECTBOBABIINX OEPEroB ¢ MeCYaHBIMH ILIDKAMHU
octanock Toybko 0.3 kM, umu 10 %. Ormeuaercs, 4TO B pe3yisraTe aHTPOIIOTEHHOM 1esl-
TEIFHOCTH MOYTH yHHYITOXKeHa CeBacTOMOIbCKAs TPYINa COJICHBIX 03ep, paHee HCIOJb30 -
BaBIIASCS B JICYCOHBIX IIETIX.

KnroueBnie cioBa: YepHoe Mope, CEBACTONONBCKHE OyXTHI, MOpGOIMHAMHKA, aHTpPO-
IIOTEHHOE BO3/IeHCTBHE, OeperoBas JIMHUS, COJICHbIE 03epa, aKKyMyJIATHBHEIE Oepera, abp a-
3UOHHBIE Oepera

Bnarouapnocnl . pa60Ta BBITIOJTHEHA B paMKaX BBINOJIHEHUA TOCYJIapCTBECHHOI'O 3aJlaHUA

FNNN-2021-0005.

Jdas uutupoBanus: Eppemosa T. B., I'opsauxun FO. H. MophonnHaMrKa ceBacTOTOIECKAX
OyXT TOJ BO3AEHCTBHMEM aHTPOIIOTCHHOW MEATENBHOCTH // DKomormueckas 0e30TacHOCTb
npubpexHoii u mensdoBoit 30H Mopa. 2023. Ne 1. C. 31-47. EDN THAAMX.
doi:10.29039/2413-5577-2023-1-31-47

Introduction

Diverse and complex natural processes of various scales are constantly trans-
forming the coast. At the same time, regional characteristics of the coastal zone de-
termine various interactions and relative importance of individual natural pro-
cesses. Human activity is another factor influencing coast transformation.
It modifies natural environment and natural processes both directly and indirectly.
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From the 20th century, the impact of the anthropogenic factor has increased
so much that in some areas it significantly exceeded even the impact of natural
processes. Urbanization, development of economy and communications, and
the construction associated with them have changed natural landscapes of individu-
al coasts beyond recognition, which, on the one hand, undoubtedly had a positive
component, but on the other hand, led to a number of negative consequences. There
are many such examples on the Black Sea coast [1-3].

Degradation of the coasts in the recreational areas of Crimea under the influ-
ence of the anthropogenic factor has become a serious problem, to overcome which
significant efforts and financial resources are spent. Thus, the Southem coast of
Crimea has almost completely lost its original coastal landscapes due to cost pro-
tection measures. In some parts of the coast, valuable accumulative beaches have
disappeared either partially or completely (Evpatoria, Nikolaevka, Peschanoe vil-
lage). The anthropogenic impact on the Crimean coast is considered in detail in [4].

A complete bibliography on the problems of studying the coastal zone of
Crimea, available on the website of the library of the Federal Research Center
“Marine Hydrophysical Institute of the Russian Academy of Sciences”, contains
almost no works devoted to the Sevastopol region. As arule, it is mentioned among
others, and there is not much information about it. This is quite understandable,
since there was a base of the USSR Navy in the region for a long time, which lim-
ited publication possibilities. After the collapse of the USSR, hardly any re-
search was carried out for a long time, and it was actually resumed 15 years ago.
The purpose of the article is to retrospectively consider the morphodynamics of
Sevastopol bays under the influence of anthropogenic activity.

Materials and methods of research

The materials of the MHI RAS observations, space and aerial photographs,
literary sources, as well as a range of maps and plans (mainly of the 19" century)
stored in the Sevastopol Maritime Library were used in the work.

Results and discussion

In the region under consideration, two areas can be distinguished.

The first one is Sevastopol Bay itself, currently with a total length of about
7.5 kmand a perimeter length of 31.9 km from the entrance artificial piers (Fig. 1).
The bay was formed due to flooding of the mouth of the Chernaya River during
the post-glacial rise in sea level. The northern and southem shores of Sevastopol
Bay, including Yuzhnaya Bay, were originally cliffs of Sarmatian limestone up
to 30-80 feet (10-25 m) high [5]. The coastal relief is indented by gullies, which
continue into smaller bays and concavities of the coastline. Before development,
the coast could be attributed to the abrasion ingressive ria type. The ria type
of shore, characteristic only for this region of the Black Sea, was indicated
in the well-known monograph by V.P. Zenkovich V.

1 Zenkovich, V.P., 1960. [Morphology and Dynamics of the Soviet Coasts of the Black Sea]. Vol. 2.
Moscow: Izd-vo AN SSSR, 216 p. (in Russian).
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Fig. 1. Space image of the bays of Sevastopol,
the numbers indicate the areas considered in the text (https:/
www.google.com/intl/ru/earth/)

Due to its configuration, the bay is only exposed to waves from the westem di-
rection. Before the construction of entrance piers in the 1970s the width of the en-
trance to the bay was 1.2 km; after construction, it decreased to 0.4 km. As a result,
at present, significant waves hardly penetrate into the bay, and abrasion of the few
surviving sections of the cliff is almost zero, which is also facilitated by blocky
heaps on the shoreline. According to our calculations, by 2022 the coasts, which,
with some reservations, can be classified as untransformed, have survived only
1.1 km (3 % of the original length) of the coastline. Almost all of them are located
on the northern side of the bay.

The coasts of the region since the beginning of the 19th century were subjected
to significant anthropogenic impact — concreting of the coastline, construction of
piers, etc. In addition, significant parts of the cliffs were completely demolished.
Thus, in Yuzhnaya Bay on the Korabelnaya Storona in 1830-1840 during the con-
struction of the Lazarevsky Admiralty, a whole mountain of rock with a volume of
200,000 m* was manually demolished. During the construction of forts protecting
the city from the sea, cliffs were also removed. First of all, these are the areas of
the modem Primorsky Boulevard (on the site of the largest fort that has not sur-
vived — the Nikolaevsky), Konstantinovsky, Mikhailovsky and Pavlovsky forts.

At present, the coast of Sevastopol Bay can be confidently attributed to an-
thropogenic. The length of the modem coastline occupied by hydrotechnical facili-
ties is 37,700 m; the coefficient 1.18 introduced in [6] testifies to the extreme
technogenic load.

The second region stretches sublatitudinally to the west from the southem en-
trance pier to Cape Chersonesus. In a straight line, this distance is 10.5 km, and
along the perimeter of the bays, it is 41.1 km. This section of the coast, together
with the southern part of Sevastopol Bay, forms the northern coast of the
Herakleian Peninsula. The flooded mouths of long and deep gullies form seven
main bays. The ratio of the length of these bays to their width at the mouth varies
from 0.8 (Pesochnaya) to 5.5 (Streletskaya) (Table 1).
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Table 1. Morphometric characteristics of Sevastopol bays

Bay Length (km) Width (km) Length/Width
Sevastopol 75 1.2 6.3
Karantinnaya 1.3 0.6 24
Pesochnaya 0.3 0.4 0.8
Streletskaya 2.2 04 55
Kruglaya 1.3 0.6 2.2
Abramova 0.8 0.6 1.3
Kamyshovaya 25 0.9 2.8
Kazachya 3.0 1.1 2.7

The shores between the bays are represented by an abrasion cliff composed
of layered Sarmatian limestones, its height successively decreases from 25 m
in the east to wedging out at Cape Chersonesus. Here on the shore, there is a shaft
of large unrounded limestone fragments up to 1 m high. The foot of the cliff isbor-
dered by a bench, on the edge there are heaps of blocks of large limestone frag-
ments. In the concavities of the coast there are narrow (5—7 m wide) beaches made
of boulders and large pebbles. The cliffs have wave-cut niches, which to the great-
est extent intensify natural destruction of the coast (under the influence of precipi-
tation, eolian and chemical processes, etc.) in the form of landslides. Therefore,
the rate of cliff abrasion can only be estimated approximately, on large time scales.
The average rate of coastal retreat, calculated from the data of repeated topographic
surveys of the Chersonesus site over the past century, was 2.3-2.5 m [7]. The sec-
tor of active wave action on this region lies in a narrow range from west to north.
Even with a relatively small acceleration of the waves, storm waves often develop
here.

Recreational beaches on the open coast are artificial pebble beaches of
the Pobedy Park, the Aquamarine Complex and the Cadet School on the water-
shed of Kruglaya and Streletskaya bays. The material of the beaches is quite
successfully held with the help of the bun system. The outer shores of the second
region have preserved their natural state to the greatest extent. Only 1.3 km (17 %)
from the 7.6 km of the outer coast underwent anthropogenic transformation.
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Table 2. Morphometric characteristics of Sevastopol bays and technogenic
impact coefficients

Linear dimensions Technogenic
Bay Coast length (m) of hydrotechnical impact
structures (m) coefficient (K)
Karantinnaya 3700 1775 0.47
Pesochnaya 1029 1087 1.05
Streletskaya 6007 3264 0.54
Kruglaya 3466 3312 0.95
Abramova 2370 1637 0.69
Kamyshovaya 7280 8640 1.18
Kazachya 9670 3577 0.37

Almost all of these sites are located between Kruglaya and Streletskaya bays.
The anthropogenic impact here was expressed in the cutting and planning of cliffs,
construction of coast-protection and beach-retaining structures.

The spaces of the bays themselves have undergone significantly greater an-
thropogenic impact, and this impact is constantly increasing. As can be seen
from Table 2, only in Kazachya Bay the average level of technogenic load is pre-
served; in three bays it is extreme (Pesochnaya, Abramova and Kamyshovaya
bays); in the rest — it is maximum. About 10 km (30 %) of the 33.5 km of the inner
perimeter of the bays remain relatively unchanged.

In the mouths of the bays, the movement of sediments is directed towards
the apex, most pronounced in relatively shallow bays with a wide mouth (see Ta-
ble 1), in the apex of which accumulative forms were created. At the foot of
the cliffs adjacent to the outer side of the bays, there are narrow (up to 5 m)
beaches made of poorly rounded limestone fragments. Sandy fractions are charac-
teristic mainly of the apex parts of the bays.

In the region under consideration, accumulative forms occupied insignificant
sections of the coast, and almost nothing was said about them in scientific litera-
ture. Meanwhile, there were bay-bars that separated the sea from salt lakes. At present,
it can be said that under the influence of man, the lakes and, accordingly, the bay -
bars have disappeared as a landscape and landform.
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In Crimea, there are four groups of salt lakes — Kerch, Tarkhankut, Evpatoria
and Perekop?. From time immemorial, salt was mined here and at the end of
the 19th century Crimean lakes provided 40 % of Russia’s total salt production.
From the 20th century, the therapeutic mud of the Evpatoria group of lakes has
been used for medical purposes and brine has been used as a raw material for the
chemical industry (production of bromine, magnesium oxide, etc.). From the 1930s
such production was also deployed at the Perekop group of lakes.

Salt lakes of Crimea, depending on the characteristics of alimentation (sea,
surface or groundwater runoff), are usually divided into two groups: continental,
with a predominance of surface or groundwater runoff, and marine, the alimenta-
tion of which, in addition to surface and groundwater runoff, includes the sea 2.
In this group, two subgroups are distinguished, one of which includes estuaries and
bays that have retained communication with the sea. The second group includes
lakes separated from the sea by solid barriers through which relatively weak filtra-
tion of sea water takes place. In addition, sea water in stormy weather can break
through bay-bars. This subgroup covers most of the Crimean lakes, as well as
the salt lakes of the Sevastopol group considered below, which were not included
in any classification. This is due to the fact that now there is only one lake left out
of at least nine that existed before (Fig. 2). For comparison, there are 14 lakes
in the Evpatoria group, and 10 in the Kerch group.

The salt lakes of the Sevastopol region are mentioned in [8], where the
Chersonesus group of lakes is distinguished, but by the time this work was pub-
lished, the lakes indicated in it had not existed for a long time, some of these lakes
were briefly mentioned by V.P. Zenkovich in his work V.
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Fig. 2. Locations of salt lakes in the bays of Sevastopol

2 Pponizovsky, A.M., 1965. [Salt Resources of Crimea]. Simferopol: lzd-vo “Krym”, 162 p.
(in Russian).
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Fig.3. A fragment of a map of the coast of the northern side of
Sevastopol: above — on the first map by navigator Baturin (1773); below —
on the map by navigator Radionov (1840). The arrows show the lakes

There were three lakes in the first region: two in the lowlands on both sides
of the watershed between the Konstantinovsky and the Mikhailovsky forts,
Konstantinovskaya and Matyushenko bays (numbers 1 and 2 in Fig. 2); the third
was located in the Panayotovaya Gully (number 3 in Fig. 2). These lakes are
marked on the first map of Sevastopol by navigator Baturin, 1773 (Fig. 3).

For the first time, the contours of the lakes were shown in detail on the map
0f 1840. The area of each of them was 3040 thousand m? they existed until
the First World War.

On the site of the lake in the Panayotovaya (now Dokovaya) Gully in 1915,
the largest dry dock in the city was built. At the same time, a seaplane base was
deployed on the site of the lake in Matyushenko Bay, now there is a wasteland,
partially overgrown with reeds. The lake near the Konstantinovsky Fort was
liquidated in the 1930s, at present there is a residential development here.
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Small fragments of sandy beaches have been preserved on the site of the former
bay-bars. It is obvious that alimentation of accumulative forms (bay-bars) and their
formation in this area is associated with the existence of a vast sandbar in the area
of the Northem Spit, which Pallas wrote about based on the results of a survey
in 1793: “... there is a small sandbank in front of the Northem Spit” [5, p. 37]
The author of [9], noting a swell-like elevation 1-2 m high elongated from north
to south to the west of the entrance piers to Sevastopol Bay, makes an assumption
that these are the remains of a bay-bar at the entrance to the bay, formed when
the coast was lower than modem marks, when the estuary of the Chernaya River
was a coastal salt lake.

On the first map of Sevastopol mentioned above, a continuous strip of sand
is marked along the coast from the Northem Spit to Matyushenko Bay (Fig. 3).
It is interesting that a comparison of maps for different years shows that
at present the area of the sandbar has increased, while the depths in it have de-
creased, which can be associated with the construction in the 1970s of a 250 m
long northem pier near the Konstantinovsky Fort, which interrupted the along-
shore sediment flow. It is appropriate to note here that after construction of
the southem pier 500 m long, the sediment inflow into Sevemaya Bay completely
stopped, and the water exchange, according to some estimates, decreased by a fac-
tor of three [10]. It can be seen from the analysis of old maps that earlier accumula-
tive forms in the shape of sandbars were present in Yuzhnaya, Aleksandrovskaya,
and Martynova bays (numbers 4, 5, 6 in Fig. 2). Now fragments of these forms
have remained only in Aleksandrovskaya Bay.

In the second region, in the northem part of the Herakleian Peninsula, there
were six lakes. One of them was located in Pesochnaya Bay (number 7 in Fig. 2).
Its area was small — about 10,000 m’. A mud bath was in operation on the basis
of the silts of this lake in the late 19th — early 20th centuries. Like the bay-bars of
the lakes of the Northern Side, the bay-bar in Pesochnaya Bay was composed
of medium- and fine-grained sand, with the latter predominating. The bay-bar,
unlike the lake, has survived to the present day in the form of Pesochny beach.
However, its recreational properties are doubtful, because due to an erroneous de-
sign decision, crushed stone from a nearby artificial beach comes here. As a result,
the beach contains both the original sandy material, which makes up the main body
of the beach, and crushed stone, concentrated in the shoreline up to 15 m wide.

Two salt lakes were located in the southem and westem parts of Kruglaya Bay;
they were separated from the sea by two bay-bars [11]. Here is how they are
described by Pallas: “Kruglaya Bay bears its name for a reason. It does not reach
one verst in length and width and is no more than 6 sazhens (11 m) deep; it has
a small islet inside with shallow depths of water around, and there are two salt
lakes on the shore; one of them is separated from the bay in its depths only by
a narrow bay-bar, and the other, on the westem side, by a wider isthmus” [5, p. 41].

There was a mud bath that used the silt of the lake in the western part of
the bay until the middle of the 19th century. According to an aerial photograph of
1942, the bay-bar in the southem part had a length of about 400 m, a width of up
to 80 m, in the western part, respectively, 150 and 40 m. The area of the southem
lake was about 80,000 m? and that of the westem lake was 15,000 m®. In the 1950s—
1960s, the bay-bar of the southem lake was almost completely dismantled
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into building sand, and the lake tumed into a shallow (depth less than 0.5 m) apex
part of the bay. Back in the middle of 1990s, a part of the bay-bar with the beach
was preserved here. At the beginning of the 21st century, it was covered with soil
where some apartments were built. As for the westem lake, it is currently covered
with construction debris, overgrown with reeds.

In place of the former bay-bar of the southern lake, the bottom topography
now represents accumulative forms in the shape of underwater sandbars composed
of sandy fractions. Starting from 2015, a new bay-bar has formed to the south
of the pre-existing one; at present, its length is 45 m, and its width is about 25 m
(Fig. 4).

The root part of the new spit is formed 400 m south of the previously existing
one. This is due to the fact that a single alongshore sediment flow in the bay was
interrupted due to the construction of three buns to the north, and the source of
alimentation (sand poured onto the beach before the holiday season) is located
to the south of them. The sand migrates to the inner part during storms. That is,
we see the desire of the lithodynamic system of Kruglaya Bay (in the presence of
alimentation sources) to return to its original equilibrium state. According to
the sounding data, the depths are decreasing in the apex, where the base of a small
fleet is located, i.e., the process of sediment accumulation continues. At the same
time, the sediment flow in the bay itself is small, as evidenced by the apparent ab-
sence of sediment accumulation from the sea near the buns. The city authorities
planned to fill up the apex of the bay. It was also planned to bury the remnants of
the islet to improve navigation. These plans were based on an erroneous idea of
the lithodynamics of the bay.

Fig. 4. The junction of the emerging sand spit on satellite images at the place of
the former salt lake: left — 2009; right — 2020
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Fig. 5. An islet in the center of Kruglaya Bay on the map of 1854 (left)® and
1856 ¥ (right)

In the central part of the bay, there is an uplift of the bottom, which, during
the period of the lowest stand of the level, protrudes above the water surface.
Its length is about 150 m, its width is from 20 to 90 m. On ancient maps, this relief
form was designated as a small islet (Fig. 5). By origin, it is, apparently, a remnant
on which antique buildings were constructed. This was possible, since at that time
the sea level was 2-3 m lower than today. This is indirectly confirmed by the pres-
ence of wave-cut niches in the westem part of the bay at a depth of about 2 m,
which we found during the survey of the bottom.

The underwater research in the bay was carried out by an expedition of the De-
partment of Underwater Archeology of the Tauric Chersonesus Museum-Reserve
[12, 13]. Some findings of artifacts made it possible to assume the existence of
a public or religious building on the islet. On the southern side of the sandbar, us-
ing a diving survey and shooting from a quadrocopter, a rock fill about 60 m long
and 20 m wide was revealed, the existence of which, presumably, was associated
with the use of the bay water area as a harbor. Even 100 years ago, most of the bot-
tom of the bay was covered with a sand layer and wide sandy beaches were formed

3 Captain E. Lyons R.N., H.M.S, 1854. Harbour of Sevastopol or Akhtiar, the antient Ctenus. From
a Russian MS with additional soundings: map. Scale: [circa 1:40,000]. G236:6/39. [London]:
Hydrographic Office. 1 map; 57.5 x 34 cm.

# Lieut. Geo. R. Wilkinson, R.N. and Capt. T. Spratt, R.N.C.B., 1856. Sevastopol, shewing the Rus-

sian defence works and the approaches of the allied armies: map. Scale: 1 : 18,300. [London]:
Hydrographic Office. 1 map: col.; 77 x 118 cm.
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(survey by S. A. Zernov in 1912 %). To date, the amount of sand has significantly
decreased due to its extraction, since the coast and the bottom are abraded under
the influence of waves quite slowly due to the uplift in the center of the bay, which
dampens the wave energy.

A significant salt lake existed in the apex of Kazachya Bay. According to [5],
the length of the lake at the end of the 18th century was about 130 sazhens (238 m);
a low bay-bar separating it was 60 sazhens long and 23 wide (110 and 49 m, respec-
tively), of which 14 sazhens (26 m) was a flat white shore, apparently, flooded from
time to time.

Further in [5, p. 41] it is noted: “In the salt lake, the bottom is as white as
in the bay; the water level in it in the summer ... seemed much lower than
in the bay.” The area of the lake, apparently, was about 60,000 m?. A dirt road ran
along the bay-bar for many years. In the 1950s, most of the bay-bar, as in Kruglaya
Bay, was dismantled for construction sand. At present, a small part of the spit
in the eastern part of the bay has been preserved (Fig. 6). It is composed of sand
with an admixture of rounded limestone fragments. Analysis of satellite images
shows the current accumulation of sediments in the area of the former bay -bar.

Before the beginning of the 21st century, a small salt lake existed in the con-
cavity of the coast at the site of the modem Aquamarine Complex (number 8
in Fig. 2). The area of the lake was about 1000 m? and the bay-bar was about 60 m
long and 10 m wide. It was composed mainly of rounded limestone fragments.
In 2010, the lake was filled in, and an embankment was built in its place.

Fig. 6. The remnant of the saline lake bay-bar in Kazachya Bay

% Zernov, S.A., 1913. [On Study of Life in the Black Sea]. Zapiski Imperatorskoy Akademii Nauk po
Fiziko-Matematicheskomu Otdeleniyu [Transactions of the Imerial Academy of Sciences. Physical
and Mathematical Department], 32(1), 280 p.
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Finally, the only lake that has survived to this day is located near Cape
Chersonesus. Here is how it is described in [5, p. 41]: “There is also a salt lake ...
60 sazhens (110 m — Author’s note) in length on a shovel-shaped cape, which ends
Crimea in the northwest. This lake also, apparently, was part of the bay, and
its bay-bar was formed by the run-up of waves that carried silt and gravel into
a dam of 60 sazhens in length and about 20 in width, one height with the shore;
everything is surrounded by fragments of stones, like a small rampart, so that now
salt settles in this lake, separated from the sea, which, however, does not happen
every year. This salt, although of poor quality because [the lake] is saturated
with bitter salt, is used and taken by the Tatars from neighboring mountain villag-
es, who are forced to take the tenth load to the owner in Akhtiar for free; the same
is done with regard to the lakes of Kruglaya Bay. Several salt flats, almost dry,
visible on this cape at a distance of 60 sazhens from the lighthouse, apparently, are
of the same origin and are separated from the sea by coastal, low drafts, like stone
walls.”

At present, the lake is double, in its southem, apex part there is one more bay -
bar, both of them are composed of limestone fragments. The area of the lake is
about 15,000 m?, the bay-bar is 150 m long and up to 30 m wide. The landscape of
the surrounding area is lacustrine-estuary with halophyte vegetation [14] (Fig. 7).

In 2016, the southem part of the lake was filled in during the road construc-
tion. Currently, the lake is in a regime zone and is not available for research.
In general, it can be said that the bay-bars of the second region were formed
in relatively wide and open bays with a shallow depth, where significant waves can
reach their apex parts. In other bays, the movement of sediments either created
spits or filled in the concavities of the coastline.

Fig. 7. The last remaining salt lake in the Sevastopol region
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Thus, in the upper reaches of Kamyshovaya Bay, on its eastem shore, there
was a small fringing accumulative form — Marfa Spit. In the post-war period,
the sand composing it was used as building material. Judging by the old maps,
a short gully was covered with sand on the westem shore of the central part of
Streletskaya Bay within a fairly short period in the 20th century. In ancient times,
the gully in the central part of Karantinnaya Bay, which was the inner harbor of an-
cient Chersonesus, was also “covered with sand as a result of the movement of ma-
rine sediments” [15, p. 8].

According to our calculations, the bay-bars of the lakes with sandy beaches
previously occupied about 1.1 km of the coastline in the first region, 1.5 km
in the second region, and 2.6 km in total. This is not much in relation to the total
length of the coast, but by now only 0.3 km (10 %) of the coast with a sandy beach
remains.

The estuary part of the Chemaya River, flowing into Sevastopol Bay, has
undergone significant transformations under the influence of anthropogenic acti-
vity. In the post-glacial period, thick marine, firth-marine and alluvial deposits
formed in the sea mouth of the river. In the middle of the 19th century, the mouth
of the river was a swampy area — a river delta with numerous branches. It can be
seen on old maps that there was a wide bar with depths of up to 1 m on the bank of
the river. An even older inner river delta, the remains of which can still be traced,
was located in the area of the modern bridge. Probably, the mouth section of
the river and the Inkerman estuary were flooded by the sea during the next trans-
gression, then, as a result of filling with sediments and regression of the sea,
the marine stage of development of the mouth was replaced by the estuary, and lat-
er by the river development, and the mouth acquired modern relief [16]. At present,
a deep water area is located on the site of the swampy delta. The configuration of
the shores has been anthropogenically changed by the construction of piers, moor-
ings, dams and other hydraulic structures on bulk soils. The main transformations
of the mouth of the Chemaya River included construction of a bucket for the Se-
vastopol Seaport (in Inkerman), creation of an artificial reservoir with an area of
about 0.4 km? at the mouth section of the river and the site of a floodplain swamp,
and digging of a navigable canal (Fig. 8). Now the territory is a continuous indus-
trial zone. In recentyears, illegal sand mining has been carried out under the guise
of leveling the coastline.

Significant swampy areas at the confluence of temporary watercourses were
previously located in the apex parts of Yuzhnaya and Artilleriyskaya bays. Back
in the 19th century, they were covered with soil excavated during cliff removal:
in Yuzhnaya Bay during the construction of the Lazarevsky Admiralty (see above),
in Artilleriyskaya Bay during the construction of the Nikolaevsky Fort. In place of
the former swamp in Yuzhnaya Bay, there is now a railway station and a bus sta-
tion. Small swampy areas at the mouths of temporary streams are now preserved
only in Streletskaya and Kazachya bays.
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Fig. 8. The mouth of the Chernaya River: on 1773 map (left), on 2021 space image
(right) (https://www.google.com/intl/ru/earth/)

Conclusion

Based on the foregoing, the following main conclusions can be drawn:

1. as a result of anthropogenic activity, the natural environment of Sevastopol
bays has changed significantly;

2. the greatest impact is noted in the area of Sevastopol Bay, where the shores
have undergone significant anthropogenic changes: removal of cliffs, concreting of
the coastline, construction of piers, etc. The shores, which can be classified as
untransformed, have survived only for 1.1 km (or 3 % of the original length) of
the coastline. The degree of technogenic load is extreme;

3. the outer shores of the coastal bays have preserved their natural state
to the greatest extent. Only 1.3 km (17 %) of the 7.6 km of the coastline was
subjected to anthropogenic impact, expressed in the cutting and planning of
cliffs, installation of coast-protection and beach-retaining structures;

4. the shores of seaside bays have undergone significantly greater anthropo-
genic impact, and this impact is constantly increasing. Only in one of the bays
an average level of technogenic load is preserved, in three bays it is extreme and
in the remaining three it is maximum. About 10 km of the inner perimeter of
the bays (30 %) of the 33.5 km remain relatively unchanged;

5. as a result of anthropogenic activity, the Sevastopol group of salt lakes,
which were previously used for medicinal purposes, is almost destroyed. Only one
lake of at least nine pre-existing lakes remains;

6.to date, in the region under consideration, only 0.3 km (10 %) of the previ-
ously existing coast with a sandy beach has remained;

7.significant transformations under the influence of anthropogenic activity
are also noted in the estuary part of the Chemaya River and the swampy areas
at the confluence of temporary watercourses, which were previously located
in the apex of the bays, and in the 19th century were covered with soil excavated
during cliff removal.
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Interannual Variability of Water Circulation Regimes
in the Arctic Ocean

E. E. Lemeshko

Marine Hydrophysical Institute of RAS, Sevastopol, Russia
e-mail: e.lemeshko@ mhi-ras.ru

Abstract

The article studies the interannual variability of the Arctic Ocean water circulation regimes
according to altimetry data for the area from 65°N to 89.75°N including the ice-covered
area of the ocean. The purpose of the work is to study the variability of the ocean level and
the velocities of surface geostrophic currents depending on the value of the Arctic oscilla-
tion index, and to establish quantitative patterns between them. In addition, the paper con-
siders the influence of different ocean circulation regimes and the value of the Arctic oscil-
lation index on the steric level variability as an indicator of freshening/salinization process-
es in the polar region north of 81.5°N. The steric component of level was calculated as the
difference between the dynamic topography from altimetry data and the GRACE data of the
manometric level component. On an interannual time scale, the sea level response averaged
over the Arctic Ocean is in antiphase with the Arctic Oscillation Index. Based on the meth-
od of multiple regression, quantitative estimates of the dependence of the sea level and geo-
strophic velocity components on the value of the Arctic oscillation index were obtained. The
level difference between the shelf and the deeper part of the ocean was ~ 4 cm per unit of the
Acrctic oscillation index. The difference between the areas of positive and negative values of
the sea level anomalies creates a pressure gradient, which leads to an increase in the anomalies
of surface geostrophic velocities and enhances the inflow of Atlantic waters along the shelf
edge in an easterly direction during the cyclonic regime (Arctic Oscillation Index is greater
than 0). Under the anticyclonic regime of atmospheric circulation (the index is less than 0),
the effect becomes opposite. This agrees with the estimates of the linear regression
coefficients for the velocity anomalies of geostrophic currents, which amounted to ~ 0.5 cm/s
per 1 index unit. On the basis of the obtained results, a conceptual scheme of the regimes of
circulation and distribution of desalinated waters depending on the phase of the Arctic
oscillation is proposed.
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Me:kroaoBasi U3BMEHUMBOCTH PEKUMOB HUPKYJISIHU BOJ
CeBepHoro Jle10BUTOT0 OKeaHAa
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AHHOTAI S

CraThs TOCBSAMICHA H3YYCHHUIO MEXKTOOBOW M3MEHUYMBOCTH PEIKIMOB IUPKY JLIIIUH BOJ
CesepHoro JIeJ0BUTOrO0 OKeaHa MO JaHHBIM aJbTUMETPUU AJs o6aactu oT 65°
10 89.75° . 1., BKoyas 06IacTh OKeaHa, MOKPBITYIO JIbI0M. Llens paboThl 3aKmovaeTcs
B HCCJICIOBAaHIH W3MEHYHBOCTH YPOBHS OKeaHa M CKOPOCTEH MOBEPXHOCTHBIX Ire0CTpOdH -
YECKHX TEYCHHH B 32 BUCUMOCTH OT BEJIMYMHBI HHACKCA apKTUYECKOM OCIUIIIAINH, a TAK)KE
B YCTaHOBJICHHHU KOJIMYECTBEHHBIX 3aKOHOMEPHOCTCH MeXIy HUMHU. J[OMOJTHHUTeIbHO
PacCMOTPCHO BIHMSHHE PA3TMYHBIX PEKUMOB IHMPKYJSALUHM OKCaHA M BEJIMYHMHBI MHJICKCA
apKTUYECKOW OCHMJIIANMYA HAa M3MEHUYUBOCTh CTEPHUUYECKOTO YyPOBHS KaK MHAMKATOPa
MIPOIIECCOB PACIpPECHEHUS/0CONIOHEHUsI B MOJSIpHOW oOjactu ceBepHee 81.5° c. mi.
Crepuueckas KOMIIOHEHTA YPOBHS PacCUMTHIBATACH KAK Pa3sHHUIA MEXIY IWHAMHYECKOH
Tonorpacdueii Mo KaHHBIM anbTuMeTpuu U naHHEIME GRACE o ManOoMeTpHdecKoi KOMIIO -
HeHTe ypoBHA. Ha MexxrooBoM MacmTabe BpeMeHHOH H3MEHIMBOCTH OTKIMK YPOBHS MO -
ps, ocpemHeHHoro mo CeBepHoMy JlemoBHTOMYy OKeaHy, HaXxOXWTCS B IpOTHBO(daze
C MHACKCOM apKTH4YecKoi ocmmmsinni. Ha ocHOBe MeToma MHOXECTBEHHOI perpeccun
MOy YSHBI KOJIMYECTBCHHBIC OIICHKU 3aBUCUMOCTH YPOBHS MODS M KOMIIOHEHT Te0cTpodu -
YeCKOW CKOPOCTH OT BENMYUHBI HHJEKCA apKTHYeCcKOol ocnmuminun. [lepenan ypoBHsS Me-
Kay wmwenbpoM U Gosee TiIyOOKOBOAHONW YacThIO OKeaHa cocTaBui ~4 cM Ha 1 eguHHIlY
MHJEKCA apKTHYCCKON OCIMILIIKKU . Pa3HUIIa MeXKY 00JIACTAME MOJIOKUTEIBHBIX U OTPH -
LaTeIbHBIX 3HAYCHUI aHOMANMil ypOBHS MOPS CO3/aeT IPaJAueHT AAaBICHUS, YTO MPUBOJUT
K YBEJIMYEHHIO aHOMAJNH IIOBEPXHOCTHBIX ITe0CTPO(HIECKIX CKOPOCTEil M yCHIMBaeT 1o -
CTyNJCHHE aTIAHTHYCCKUX BOJA BAOIb KPOMKH IIedb(a B BOCTOYHOM HATPABICHUH
IIPH OAKJIOHUYECKOM peXHuMe (MHACKC apKTHYeCKOW OCHMIUIAIMH OOJbIIe HyJA).
[Ipn aHTUIHM KIOHUYECKOM PEXHUME IHPKYJIIUN aTMOcC (hephl (MHASKC MEHbBIIEe HYIIT) 3 ¢-
(EeKT CTAaHOBUTCSI IPOTHBOMOJIOKHBIM. C 3TUM COTJIACYIOTCS OI[CHKU KO3 (PUIIMEHTOB JIH-
HEHOH perpeccuu Uil aHOMAJMl CKOPOCTH TeOCTPO(PHUIECKUX TCUCHHUH, KOTOPBIE COCT a-
B ~ 0.5 cM/c Ha 1 enuanny wHACKca. Ha OCHOBaHMM MOJyYEHHBIX PE3yJbTaTOB Hpe-
JIO)KCHA KOHIICTITyallbHAsi CXeMa PEXHMOB IHMPKYJSLUUH M PacCIpOCTPaHEHHUs pacrmpec-
HEHHBIX BOJ] B 32 BHCUMOCTH OT (ha3bl aPKTUYCCKOMN OCIMIUISLUY.

KnroueBnie cinoBa: CesepHblii JIemoBUTHIM OKeaH, adbTUMETPHUS, CTEPUUECKHH YPOBEHB,
apKTHYeCKask OCHMIIIALUS, PeXXUMBI IUpKysinuu okeaHa, GRACE

BaarogapHocTn: pabora BeIONHeHa npu (uHAaHCOBOH momnmepxkke PODU B pamkax
Hay4Horo rpoekta Ne 20-35-90061.

Js uutupoBanus: Jlevewro E. E. MexXromoBas H3MEHUYHBOCTh PEKMMOB IIUPKYIISAIIMA BOJ
CesepHoro JlenoBuToro okeana // Dxojoruueckas 6€30MacHOCTh MPUOPEKHON U MIeTB(POBOI
30H Mopst. 2023. Ne 1. C. 48-64. EDN TYGZLF. doi:10.29039/2413-5577- 2023-1-48-64

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2023 49



Introduction

The Arctic Ocean near-surface circulation is mainly characterized by the alter-
nation of anticyclonic and cyclonic phases on interannual variability scales [1-3].
Such a description of the circulation was based on the analysis of the dynamic
topography calculated from the data of hydrological observations, as well as
on numerical modelling [1-3]. According to modem field studies, the most dra-
matic changes in the Arctic Ocean occurred in the 2010s [1].

The area around the North Pole (NP) north of 81.5°N, sometimes called
a “blind” spot (NP area in Fig. 1) due to the lack of any altimetry data there until
2011, is important for understanding hydrophysical changes in the Arctic Ocean.
Sea ice and desalinated surface waters are carried by the Transpolar Drift (TPD)
through this region towards the North Atlantic and largely determine the
thermohaline structure of its subpolar regions. Therefore, such parameters as ice
thickness, bottom pressure, and steric level (reflecting the vertical hydrological
structure of waters) are key indicators of the variability of the entire Arctic Ocean.

Independent assessments of the freshwater balance based on the analysis of
hydrological data showed two independent trends in the variability of the Arctic
Ocean freshwater balance [4]. On the one hand, freshening was observed
in the Canadian basin with a rate of change in the freshwater layer thickness
0f2.04 £ 0.64 m/10 years, and on the other hand, salinization was observed
in the East Eurasian basin with a trend of 0.96 + 0.86 m/10 years [4]. According
to long-term hydrological observations, freshening was also noted in the North
Pole region with a trend of 1.19 £0.02 m/10 years [4].

As a result of the analysis of complex data from field studies in the area of
the Beaufort Gyre, it was concluded that the fresh water supply increased by 40 %
from 2003 to 2018 compared to the long-term average for 1970-2000. Accumula-
tion of fresh water due to the impact of anticyclonic atmosp heric circulation was
considered as the main mechanism of freshening [5].

Based on the results of sea level analysis according to altimetry data
for the area of the Beaufort Gyre and the North Sea, opposite level trends of
20092011 were identified. [6]. As a result, it was concluded that the shift in sea
level variability in these areas took place due to changes in large-scale atmospheric
circulation associated with the Arctic Oscillation (AO) Index [5, 6].

The Arctic Oscillation (AO) is a climate index that characterizes the distribu-
tion of atmospheric pressure and peculiarities of the wind field over the Arctic.
When most of the Arctic is occupied by a cyclone, the AO Index is positive. It be-
comes negative during the anticyclonic circulation of the atmosphere. During
the positive phase of the AO Index, the inflow of warm Atlantic waters increases
and the distribution of the Pacific waters weakens. In addition, the transport of sea
ice and near-surface desalinated waters to the Atlantic increases, and the distribu-
tion routes of the runoff of the Eurasian rivers change. During the negative phase
of the AO Index, an anticyclonic pressure area is located over the Arctic,
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and the sign of the current discharge anomaly changes to the opposite one [2].
The ocean circulation cyclonic mode lags behind the AO Index by about 1 year
[7-9]

The article studies the variability of the ocean level and the velocities of sur-
face geostrophic currents depending on the value of the AO Index, as well as
the establishment of quantitative pattems between them. In addition, the paper con-
siders the influence of different ocean circulation regimes and the value of the AO
Index on the steric level variability as an indicator of freshening/salinization pro-
cesses in the area of the Beaufort Gyre and in the polar region north of 81.5°N. The
reconstructed steric component of level was calculated as the difference be-
tween the dynamic topography from altimetry data and the GRACE data of
the manometric level component. Then, the reconstructed steric level was averaged
over the area of the Beaufort Gyre and over the blind polar area north of 81.5°N,
which was inaccessible to satellite altimetry until 2011 (Fig. 1).

Data and Methods

After 2011, new Envisat and CryoSat-2 satellites were launched in high-
altitude orbits, which receive altimetry data in the “blind” spot area up to 89.75°N
and improve the accuracy of anomalous sea level measurements [9].

Methodological work was carried out to compare altimetry data with sea level
measurements using coastal tide gauges. The results showed a fairly high degree
of correlation between them for periods of open water: in the Norwegian Sea,
the average values were 0.86 [9, 10], and in the Barents Sea, 0.89 [2].

The obtained new altimetry data were used to estimate the dynamic topogra-
phy of the entire Arctic Ocean, including the area north of 81.5°N, according to the
following formula:

Hor =Hssh— Hg, (1)

where Hpt — dynamic ocean topography; Hssy — Sea surface height; Hg — geoid sur-
face height [9, 10]. Surface geostrophic velocities were calculated from the Hpr
dynamic topography values obtained by formula (1) [10, 11].

Two arrays of satellite altimetry data in the form of monthly average data
of dynamic ocean topography and surface geostrophic velocities provided
by the Centre for Polar Observation and Modelling, University College London
(www.cpom.ucl.ac.uk/dynamic_topography), were used in the paper. The first
array consists of the data for 2003-2014 covering from 65° to 81.5°N on a grid of
0.75° x 0.25° [11], and the second array includes the data for 2011-2020 with a
higher resolution (20 x 20 km) on a polar stereographic grid covering from 65° to
89.75°N. Both arrays include data concerning ocean areas covered with ice. The
description of the method for calculating sea level is given in [10].

In addition, gravimetry data (Gravity Recovery And Climate Experiment
(GRACE)), version RLO06, grid 1° x 1°, monthly averages, 2002-2017, and
GRACE-FO, 2018-2021, covering the entire ocean up to 89.9°N, were used
(https://podaac.jpl.nasa.gov/datasetlist?search=tellus).
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Fig. 1. Scheme of the surface currents of the Arctic Ocean:
dynamic topography and geostrophic currents averaged from altime-
try data for 2003-2014. BS — “blind” spot — the region north of
81.5°N; NwC — Norwegian Current; LT — Labrador Current; WSC —
West Spitsbergen Current; EGC — East Greenland Current; TPD —
Transpolar Drift; BG — Beaufort Gyre

Results

For the Arctic Ocean, the mean values of dynamic topography and surface ge-
ostrophic velocities for 2003-2014 were calculated (Fig. 1). Figure 1 illustrates the
following main currents and large-scale elements of the ocean circulation marked
with white symbols: the Norwegian Current, the Labrador Current, the West Spits-
bergen Current, the East Greenland Current, the Transpolar Drift, and the Beaufort
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Gyre (Fig. 1), which correspond to the known pattem of currents * and to the esti-
mates of geostrophic velocities obtained for these regions from earlier altimetry
products [10].

The average current velocities calculated by us for the period 20032014 are
~ 10 and ~ 15 cm/s in the area west of Spitsbergen and near Novaya Zemlya,
respec-tively. The level difference between the shelf and the deep part of the
basin reaches 30 cm (Fig. 1).

In addition, when compared with the data of current meters at ten mooring
buoys for 2011-2018, the correlation value for the Laptev Sea and the Beaufort Sea
was 0.7, and for the Fram Strait it was 0.34. At the same time, the root-mean-
square (RMS) deviations between the modules of geostrophic current velocities
according to altimetry data and contact measurements by ADCP at mooring buoys
amounted to 1-2 cm/s, and the RMS deviations of the difference in angle values
were about 60° for 2005-2008 [10].

To analyze the interannual sea level variability, intraseasonal fluctuations were
removed using a moving average filter with a window width of 12 months, then
series of sea level anomalies were formed as deviations from their long-term aver-
age values. Figure 2 shows the obtained sea level anomalies averaged over the en-
tire Arctic Ocean.

Both altimetry arrays are in good agreement with each other in the 20112014
data overlap interval (Fig. 2).

Anticyclonic regimes in the Arctic Ocean identified by positive sea
level anomalies Hpr were observed in 2006-2007, 2009-2013, and 20162017

(Fig. 2).

2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021

Fig. 2. Plots of dynamic topography averaged over the Arctic Ocean (cm)
according to altimetry data (Hpt) for the period 2003-2014 (red dashed line),
for the period 2011-2020 (red solid line) and the Arctic Oscillation (AQ)
Index (blue line) after filtering by a moving average with a window width of
12 months

Y Treshnikov, A.F., 1985. [Arctic Atlas]. Moscow: Glavnoe Upravlenie Geodezii i Kartografii, 204 p.
(in Russian).
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Cyclonic regimes (negative level anomalies) were observed in 2005, 2008,
and 2014 (Fig. 2). For the entire period of altimetry observations for 2003-2020,
the maximum duration of the anticyclonic regime of the ocean was ~ 3.5 years in
2009-2013, and this corresponded to the negative phase of the AO Index (Fig. 2).
Conversely, during the positive phase of the AO Index (2013-2016), when the
cyclonic regime is identified in the surface atmospheric pressure field, negative
values of sea level anomalies are observed with a maximum duration of ~2.5 years
(Fig. 2).

The AO Index data provided by NOAA/NWS Climate Prediction Center
(USA)?, were used in the paper. Long periods of the AO Index negative phase can
be observed in 2003-2006, 20092011, 2012-2013, and 2016-2017. This corre-
sponds to the anticyclonic circulation in the Arctic Ocean: average values of dy-
namic topography over the water area are positive (Fig. 2). For the AO Index posi-
tive phase, negative values of the dynamic topography averaged over the Arctic
Ocean are observed, most pronounced in 2013-2016 (Fig. 2). During the period
when the cyclonic regime prevailed in the atmosphere during the AO positive
phase, the cyclonic circulation of the ocean manifested itself in a decrease in the
mean sea level with a time delay of about 1 year relative to the AO Index phase
(Fig. 2).

Sea level H consists of the sum of steric level component Hgy, stipulated
by seawater density changes, and manometric level component H,,, stipulated
by variations in the water mass of the liquid column, with their different character-
istic time scales of variability [12, 13]:

H = Hsp + Hoan - (2)

The variability of the manometric level in the Norwegian and Barents Seas is
mainly intraseasonal in nature, and its contribution reaches 80 % of the total dis-
persion. Therefore, the barotropic response of sea level to wind forcing has a scale
of several months and can be masked by longer-term steric level variability.

In papers [12, 13], based on the analysis of GRACE data and numerical
modelling, it was found that on the intraseasonal scales, the variations in the
manometric sea level had a high correlation with the anomalies of the wind field
for the sector under consideration.

To analyze the interannual variability of dynamic topography data and sur-
face geostrophic velocities, a linear trend was removed from the data at each grid
point after filtering by the moving average with the window width of 12 months.
The resulting ocean level anomalies were averaged over the periods of the posi-
tive (AO > 0) and negative (AO < 0) phases of the AO Index [14]. First, such
an approach was tested for the ocean sector (65°—81.5°N, 0°-~70°E) that includes

2 NWs. Arictic Ocsillations. 202. [onine] Available at: http://www.cpc.ncep.noaa.gov/products/
precip/CWIlink/daily_ao_index/ao.shtml [Accessed: 30 March 2023].
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the North, Norwegian, and Barents Seas for 2003-2014 [9]. During the periods
when the AO Index is in its positive phase, the central part of the Arctic Ocean is
occupied by a cyclonic area with negative values of level anomalies up to -3 cm,
the zero level isoline corresponds approximately to the isobath of 300 m.
In the southem part of the Barents Sea and in the Kara Sea, positive level anoma-
lies up to 3 cm are distinguished; the vectors of velocity anomalies (~1 cm/s) corre-
spond to the cyclonic circulation regime. For the periods when the AO Index was
in its negative phase, the anomalies of the ocean level and velocities corresponded
to the anticyclonic circulation regime. Similarly, for the entire water area of
the Arctic Ocean for 2011-2020, the cyclonic circulation regime of the ocean
during the positive phase of the AO Index > 0 and the anticyclonic circulation re-
gime during the negative phase of the AO Index < 0 were distinguished.

To estimate quantitatively the effect of the AO Index on the variability of sea
level anomalies Hpr and surface geostrophic velocities U, V, linear regression
analysis [15] was used:

HliDT zaiDT'AO+8:3T’
U'=0,-AO+g, (3)
V'i=a, AO+g,

where regression coefficients for level aly; , cm, and velocity component @y, , O,

cm/s, were estimated at each i-th node of the grid, and SiDT, SL : S\i, are uncorre-
lated white noise. Figure 3 shows the sea level regression coefficients in the form
of isolines and the corresponding coefficients of the current velocity modulus

in the form of vectors Otimodv :
ey = [(0)7 + (o3, )* T (4)

The spatial distribution of the coefficients of linear regression of the sea level
and surface geostrophic velocities corresponds to the cyclonic circulation regime
in the Arctic Ocean at positive values of the AO Index according to expression (3)
(Fig. 3) and, thus, is consistent with the distribution of the sea level and velocities
averaged for the positive phase of the AO Index. Similarly, for the negative phase
of the AO Index, the distribution of the linear regression coefficients of the sea lev-
el and surface velocities changes sign to minus according to (3), which gives
an anticyclonic pattern of circulation and is consistent with the map of sea level
values and current velocities averaged over periods of the negative phase of the AO
Index. To increase the robustness of the regression estimates, the linear trend was
eliminated from the data of the AO Index, dynamic topography, and velocities after
filtering by the moving average with the window width of 12 months. The anoma-
lies obtained in this way were processed according to regression formula (3), and
the results are shown in Figs. 3, 4.
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Fig. 3. Spatial distribution of linear regression coefficients for sea
level anomalies o'pr (cM/AO Index unit) and for current velocity
anomalies ((cm/s)/AO Index unit) as vectors for 2003-2014

As a result, regression relations for the sea level and geostrophic velocity
components depending on the value of the AO Index were obtained. Calculated
linear regression coefficients (xiDT for sea level anomalies are more than ~2 cm
in the shelf zone and about -2 cm in the deep part of the ocean (Fig. 3).

For the Norwegian Sea, the northem part of the Barents and Kara Seas,
for the shelf of the Laptev Sea and the East Siberian Sea, the coefficients of
linear regression of the modulus of current velocity anomalies aimod\, have

values of ~0.5 cm/s per AO Index unit concerning altimetry data for 2003-2014
and 0.6+0.8 cm/s per AO Index unit concerning data for 20112020 (Fig. 3).
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Fig. 4. Spatial distribution of linear regression coefficients for sea
level anomalies (cm/AO Index unit) for 2011-2020

For the “blind” spot 81.5°-89°N in the sector 30°-80°E and 130°-180°E, high val-
ues of the coefficients were also noted (0.6-0.8 cm/s per AO Index unit), and in the
sector 120° W — 30°E, on the contrary, low values (0.1-0.2 cm/s per AO Index
unit) were observed (Fig. 4).

The sea level difference between the shelf and the deeper part is ~ 4 cm/AQ
Index unit (Fig. 4). This difference intensifies in the Kara Sea to ~ 5 cm, and in
the Laptev and East Siberian Seas to ~ 8 cm/AO Index unit in the 150°-180°E
sector (Fig. 4).

An increase in sea level gradients leads to an increase in pressure gradients
between the shelf and the deeper part of the ocean and, as a result, to an increase
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in geostrophic velocities up to ~1.5 cm/s per AO Index unit (Fig. 4). Consequently,

during the positive AO phase, there is an increase in the transport of fresh water
from the shelf of the Laptev Sea and the East Siberian Sea to the central part of
the ocean.

Thus, during the positive phase of the AO Index, when the central part of
the Arctic is occupied by a cyclone, there is an increase in the magnitude of cur-
rent velocity anomalies, which contributes to the inflow of warm Atlantic waters
into the Barents Sea and the central part of the ocean, and a decrease in the inflow
of waters through the Bering Strait is also observed. During the negative AO phase,
when an anticyclonic pressure area is located over the Arctic, the signs of the cur-
rent velocity anomaly reverse, which reduces the inflow of warm Atlantic waters into
the Arctic Ocean and increases the inflow of Pacific waters through the Bering Strait.

Altimetry and GRACE data were used to estimate the manometric component
of the Arctic Ocean level. Manometric level H..., is stipulated by the variations
of the water column mass. Ocean level H is determined by altimetry data. Thus,
the reconstructed steric component of sea level Hgy, is equal to sea level H minus
the manometric component of the level. Using relation (2), the steric level fields
were reconstructed in accordance with altimetry and GRACE data. The recon-
structed steric level was compared with the steric level calculated from the hydro-
logical data (Unified Database for Arctic and Subarctic Hydrography, UDASH,
Available at https://doi.pangaea.de/10.1594/PANGAEA.872931). It was shown
in [4, 5] that the contribution of the halosteric component prevails over the
thermosteric component in the steric level of the Arctic Ocean. Thus, the
variability of the Arctic Ocean steric level is an indicator of the ocean upper layer
freshening [4]. The method for calculating the steric level from altimetry and
GRACE data and its validation is described in [9]. Altimetry data for 2011-2020
in the polar re-gion north of 81.5°N made it possible to obtain estimates of the
steric level for the “blind” spot area (Fig. 2). Figure 5 shows the reconstructed
steric level av-eraged over this area.

The steric level in the “blind” spot area can be considered as an indicator
of the freshening/salinization process, since the main contribution to the steric level
is made by its halosteric component in the subpolar regions of the ocean. The trend
of the steric level in this area is positive and amounts to 0.3-0.4 cm/year (Fig. 5),
which indicates an increase in the fresh water supply in 2011-2020.

The reconstructed steric level experiences significant interannual fluctuations
and reaches maxima during the negative AO phase, for example, in 2012-2013
and 2015-2017, which indicates an increase in the freshening of water masses
(Fig. 5). Accordingly, during the periods of the positive AO phase in 2010-2012
and 2014-2015 minima of the steric level were observed, which indicates an in-
crease in salinity during these periods (Fig. 5). The peculiarity of the steric level
variability during the negative AO phase in 2018-2020 should be noted. Thus,
the amplitude of fluctuations fell by 3—4 times while keeping a positive trend.
This conclusion is confirmed by comparing the content of fresh water in the polar
region, calculated from the data of hydrological surveys [4, 5]. Thus, the trend of fresh
water content in the upper 100-meter layer for 1994-2008 was 11.19 cm/year [4].
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Fig. 5. Plotsofthe reconstructed steric level (cm) averaged over the area of
the “blind” spot (Fig. 1) for 2011-2020 (red solid line), trend (red dashed line),
and the AO Index (blue line) after being filtered by a moving average with
a window width of 12 months. GRACE data for 07.2017-05.2018 were inter-
polated (grey area)

The conversion to the steric level was carried out using the constant 35.5 [5], which
gives the steric level trend value of 0.34 cm/year and corresponds to the reconstruct-
ed steric level trend of 0.3-0.4 cm/year obtained by us.

Similarly, for the area of the Beaufort Gyre (Fig. 1), a positive trend of the re-
constructed steric level was obtained (Fig. 6). The value of the trend of the steric
level reconstructed from the altimetry and GRACE data was 0.45 cm/year, and
the recalculation of the trend of fresh water content in the upper 100-meter layer of
the Beaufort Gyre from hydrological data for 1994-2008 gives 0.57 cmlyear,
which agrees with our estimate with consideration to the error in determining
the freshwater content trend [4]. It is interesting to note that the accumulation of
fresh water during the positive AO phase was observed in the Beaufort Gyre
in 2010-2013, while in 2013-2015, on the contrary, a decrease in the steric level
was observed due to the removal of desalinated water from the Beaufort Gyre.
After 2015, the accumulation of fresh water had occurred during the negative AO
phase, which led to an increase in the steric level (Fig. 6).

The analysis of the atmospheric circulation variability identified by the phases
of the AO Index, spatial and temporal variability of the dynamic topography,
and reconstructed steric level makes it possible to propose a conceptual scheme of
the Arctic Ocean circulation, which is given in Fig. 7. During the negative AO
phase, high surface pressure over the Arctic causes anticyclonic circulation over
most of the Arctic Ocean (Fig. 7, a). Desalinated waters from the runoff of the Eur-
asian rivers spread through the Eurasian basin and are carried out of the Arctic
Ocean in the region of the Transpolar Drift (Fig. 1), which is shown in Fig. 7, a
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Fig. 6. Plots of the Beaufort gyre area-averaged (Fig. 1) reconstructed ste-
ric level (cm) for 2011-2020 (red solid line), its trend (red dashed line) and
AO Index after filtering by a moving average with a window width of 12
months. GRACE data for 07.2017—-05.2018 were interpolated (grey area)

with dark blue arrows. The analysis of the variability of the reconstructed steric
level averaged over the area of the “blind” spot (Fig. 1) shows that it reaches its
maximum during the negative AO phase, for example, in 2012-2013 and 2015
2017, which indicates an increase in the freshening of water masses (Fig. 5) and is
compliant with the scheme in Fig. 7, a. On the other hand, for the area of the Beau-
fort Gyre, the accumulation of fresh water was also observed during the negative
AO phase after 2015 (Fig. 6), which is stipulated by the convergence of the Ekman
transport of fresh water on the shelf and is shown by green arrows in Fig. 7, a
for the Beaufort Gyre, which corresponds to positive values of dynamic topography
according to the altimetry data (Fig. 1).

During the positive AO phase, low surface pressure over the Arctic causes cy-
clonic circulation in the Eurasian basin of the Arctic Ocean (Fig. 7, b). Desalinated
waters from the flow of the Eurasian rivers spread along the Arctic shelf of Russia
by geostrophic currents and the secondary circulation of the ocean and are captured
by the Beaufort Gyre, which is shown in Fig. 7, b with dark blue and purple ar-
rows. The analysis of the variability of the reconstructed steric level averaged over
the area of the “blind” spot shows that during the positive AO phase in 2010-2012
and 2014-2015 minima of the steric level were observed, which indicates
an increase in salinity during these periods (Fig. 5) and is compliant with the circu-
lation scheme in Fig. 7, b. For the area of the Beaufort Gyre, the accumulation of
fresh water was observed during the positive AO phase only in 2011-2013, while
in 2013-2015, on the contrary, a decrease in the steric level was observed (Fig. 6).
However, for the entire period of 2011-2020, the accumulation of fresh water
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Fig. 7. Conceptual scheme of the Arctic Ocean circulation: (a) during the negative
AO phase (anticyclonic, AO < 0); b) during the positive AO phase (cyclonic, AO >0).
The black arrows indicate surface geostrophic circulation, the orange arrows indicate
the inflow of Atlantic (1) and Pacific waters (2); the light blue arrows — Transpolar Drift
(3) and East Greenland Current (4). The dark blue and purple arrows show the distribu-
tion of fresh water from the Mackenzie River and from the Eurasian Rivers. Green ar-
rows show Ekman transfer of fresh water. The bold dark blue lines are for the rivers
flowing into the Arctic Ocean

increased in the Beaufort Gyre as the trend in the steric level was positive
(0.45 cm/year), which is also confirmed by the positive trend in freshwater content
in the upper 100 m layer of the Beaufort Gyre according to the hydrological data
for 1994-2008 [4, 5].

As a result, the proposed conceptual scheme shown in Fig. 7 integrates the re-
sults of the analysis of dynamic topography, surface geostrophic currents according
to the altimetry data, and reconstructed steric level and AO Index in the context
of the influence of atmospheric circulation regimes on the way of fresh water dis-
tribution in the Arctic Ocean.

Conclusion
The change in the level of the Arctic Ocean is an important indicator of cli-

mate variability in the Arctic and of the Earth’s climate system as a whole due
to the integral nature of sea level formation. For the Arctic, progress has been made
in the last decade in processing altimetry information and improving its accuracy,
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and the launch of the Envisat and CryoSat-2 satellites made it possible to increase
the coverage area at high latitudes up to 89.75°N. Therefore, the use of new altime-
try data both for the Arctic Ocean regions covered with ice and for the open water
area made it possible to obtain the estimates of dynamic topography and surface
geostrophic velocities, including the area of the “blind” spot north of 81.5°N,
for which altimetry data had not been available until 2011. Using the GRACE
gravity data, it was possible to obtain the estimates of the variability of the ocean
level manometric and steric components. These estimates are in good agreement
with the calculations based on the available instrumental observations. The effect
of atmospheric circulation regimes on the spatiotemporal variability of the ocean
level and surface currents was studied based on the analysis of the AO Index.

On the basis of the obtained results, a conceptual scheme of the regimes of cir-
culation and distribution of desalinated waters depending on the phase of the Arctic
oscillation is proposed. The scheme is compliant with the interannual variability of the
reconstructed steric level component for the polar region of the ocean for 2011-2020.

Thus, the main results can be summarized as follows.

1. The spatiotemporal variability of the steric and manometric components of
the sea level is specified, and estimates of their trends are obtained from the altime-
try, GRACE, and archival hydrological data. Estimates of the steric level variabil-
ity are obtained for the regions of the Arctic Ocean where the availability of hydro-
logical measurements has been low or almost absent, including the altimetry
“blind” spotnorth of 81.5°N after 2011.

2. The peculiarities of the response of the sea level and surface geostrophic
currents of the Arctic Ocean to the cyclonic/anticyclonic circulation of the atmos-
phere described by the AO Index are characterized.

3. Quantitative estimates of the dependence of the interannual variability of
sea level anomalies and surface geostrophic currents are obtained based on regres-
sion relationships depending on the value of the AO Index: the level difference
between the shelf and the deeper part is ~ 4 cm per AO Index unit, and for current
velocity anomalies it is ~ 0.6-0.8 cm/s per AO Index unit for 2003-2014. This
difference increases in the Kara Sea upto ~ 5 cm and to ~ 8 cm per AO Index unit
in the 150-180°E sector (in the Laptev Sea and the East Siberian Sea) in 2011-
2020. An increase in level gradients leads to an increase in pressure gradients
between the shelf and the deeper part of the ocean and, as a result, to an increase
in geostrophic velocities up to ~ 1.5 cm/s per AO Index unit.

Thus, during the positive phase of the AO Index, when the central part of
the Arctic is occupied by a cyclone, an increase in the anomalies of current veloci-
ties is observed, which contributes to the inflow of warm Atlantic waters. During
the negative AO phase, the anomalies of the current velocities reverse.

4. Estimates of trends and interannual variability of the steric component of
the level for the area of the “blind” spot north of 81.5°N are obtained for the first
time owing to the altimetry and GRACE reconstruction.
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5. According to the obtained quantitative pattemns, during the negative AO
phase, there is an increase in the transport of fresh water from the shelf of the Lap-
tev Sea and the East Siberian Sea to the central part of the ocean. This is confirmed
by the interannual variability of the reconstructed steric component of the level
averaged over the “blind” spot region north of 81.5°N. As shown, the steric level is
an indicator of an increase in freshening/salinization of water masses for the Arctic
Ocean. Correspondingly, during the periods of the positive AO phase, minima of
the steric level are observed, which indicates an increase in salinity during these
periods of time.

6. On the basis of the obtained results, a conceptual scheme of the regimes of
circulation and distribution of desalinated waters depending on the phase of
the Arctic oscillation is proposed. The scheme is compliant with the ocean circula-
tion regimes based on the analysis of surface geostrophic currents according to
the altimetry data and the interannual variability of the reconstructed level steric
component for the polar region of the ocean for 2011-2020.
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Abstract

The paper analyzes the data obtained during field studies in water areas with intensive
water exchange: Kalamita Bay (2011, 2012), Feodosiya Bay (2006), and the Kerch Strait
(2007, 2008). The content of heavy metals (Zn, Ni, Cr) in the bottom sediments of
the studied water areas was determined using X-ray fluorescent spectroscan MAKS-G.
Spatial heterogeneities in the distribution of Zn, Ni, Cr in the bottom sediments of Kalamita
Bay, Feodosiya Bay, and the Kerch Strait were assessed, with the organic matter content
taken into account. A comparative analysis was carried out of the organic matter content
in the bottom sediments of the studied water areas. The organic matter not only forms
the type of sediments, but also determines their ability to accumulate various substances,
including macro- and micronutrients. It is shown that the bottom sediments of Feodosiya
Bay and the Kerch Strait contain increased levels of organic carbon. Correlation relations
between the contents of heavy metals and organic carbon as one of the main sediment-
forming components of the bottom sediments were calculated using the method of con-
structing matrices of pair correlations. A high level of correlations between Zn, Ni, Cr and
organic carbon contents (0.7—0.8) was determined in the bottom sediments of Kalamita Bay
and the Kerch Strait. In the bottom sediments of Feodosiya Bay, high correlation coeffi-
cient with Coy content (0.9) was observed only for Zn. The hydrodynamic regime of water
areas with intensive water exchange (especially in the Kerch Strait) determines the spatial
heterogeneity of the particle size distribution of bottom sediments, especially the fine frac-
tion and the organic matter associated with it, which also affects the behaviour of the stud-
ied metals.
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Bausinue CoaACpPKaHUsA OPraHu41€CKOro Bemecrea
B JOHHBIX OTIOKCHHUAX aKBampm‘i KpI)IMa C HTHTCHCHUBHBIM
BOHOOﬁMeHOM Ha HAKOIUICHHUEC IUHKA, XpOMa H HUKECISA

E. E. CoBra, E. A. Koreabanen *

Mopcxoii euopoghusuuecxuii uncmumym PAH, Cegacmononw, Poccus
* g-mail: plistus@mail.ru

AHHOTALUS

[IpoaHanu3upoBaHbl JaHHBIE, NIOJYUYEHHbIE B XOJA€ HKCHEAULUOHHBIX UCCICOBAaHUM B IpH-
OpexHbIX akBaropusx KpbeiMa ¢ MHTEHCHBHBIM Bo000MeHOM: Kamamurckom (2011, 2012 rr.),
deonocuiickom (2006 r.) 3anuBax u Kepuenckom nposuse (2007, 2008 rr.). Conepixanue
TsoKenbiX MeTaiuioB (ZNn, Ni, Cr) B JOHHBIX OTJIOXEHUSAX HCCIEIYEMbIX aKBATOPUU ompeje-
JSUTH PEHTTeHO(IyOPECIEHTHBIM METOAOM C HCIONb30BaHMEM mpubopa «CIEKTpOCKaH
MAKC-G». OrieHeHbl IPOCTPaHCTBEHHBIE HEOAHOPOIHOCTH B pactpernencHun Zn, Ni, Cr B
JTOHHBIX oTnokeHusx Kanamurckoro u ®eonocuiickoro 3anuBoB, Kepuenckoro mposusa c
YYeTOM COJCpKaHMS OpPraHHYecKoro BemecTBa. OCYIIECTBIEH CPAaBHUTENBHBIN aHAJH3
COJZIep>KaHUsl OPTaHMYECKOTO BELIECTBAa B JOHHBIX OTJIOXEHHAX HCCIEAYEMbIX aKBaTOPHUH,
KOTOpO€ He TOJBKO (JOPMHPYET THII OCAJKOB, HO U OMPEIeNsieT UX CHOCOOHOCTh K HaKO IT-
JICHUIO pa3jM4HBbIX BELIECTB, B TOM 4YMCJIE Makpo- U MUKpodjaeMeHTOB. IlokazaHo, uTo
B JJOHHBIX OTJIO)KeHUsX Peonocuiickoro 3aymBa U KepueHCKOro mpoJimBa MOBBIIIEHO CO-
JepkaHue OPTAaHWYECKOTO yIilepona, IIMHKa W XpoMa. BrmosHeH pacueT ko3 GdunneHToB
KOPPEJSIIMA MEXXKIY COAEpP>KaHHEM TsDKENbIX METAJJIOB U OPTaHHYECKOTO yIjiepojaa Kak
OJHOTO M3 OCHOBHBIX 0CaJKO00Pa3yIONNX KOMIIOHEHTOB JOHHBIX OTJIOXKEHHUH C IpHUMEHe-
HUEM METOJUKHU IOCTPOESHMS MaTPHULL MAPHBIX KOppessiuuil. Beicokuit ypoBeHb KOPpEILY -
OHHBIX CBs3eil comepxkanns Zn, Ni, Cr ¢ comepxanuem opranndeckoro yriepoaa (0.7-0.8)
ompereNieH Ul TOHHBIX OTiokeHHH Kamammnrckoro 3amBa m Kepuenckoro mposmsa.
B 10HHBIX OTIOKEHUAX PEe0qOCUICKOrO 3aMBa BHICOKOE 3HAY eHHE KO3 PUIIMESHTOB KOP-
pematun ¢ cogepxanneM Copr (0.9) Habmonaercs Tonpko a1t Zn. I'MapoanHaMUYecKuit
peXHMM aKBaTOPUI ¢ WHTEHCHBHBIM BOIOOOMeHOM (ocobOeHHO B KepueHckoM mpoimse)
omnpesesieT MPOCTPAaHCTBEHHYI0 HEOJHOPOAHOCTh pacIpelesieHHs MeJIKOIUCIIePCHO i
(bpakuy JOHHBIX OTJIOXKCHHH M CBI3aHHOTO C HEH OPTaHMYECKOTO BEIIECTBA, YTO TAKKe
BJIMSIET HA 0COOEHHOCTH OBEACHUS UCCIIely EMBIX METAJIJIOB.

KiroueBble cioBa: Kamnamurckuil 3anus, ®deopocuiickuii 3anuB, KepueHckuil mnponus,
JTOHHBIE OTJIOKEHUS, OPTaHUYECKUHN YIIIEpPOI, TSXKENIble METAJUIbI

BaarogapHocTn: paboTa BBEINONHEHa B pPaMKax TOCYAApPCTBEHHOTO 3aJaHUS II0 TeMe
Ne FNNN-2022-0005 «ITpnbpexHble HCCITeTOBAHIS.

Jas nutupoBanusi: Cosea E. E., Komenvsney E. A. Bnusnue conepkaHus OpraHu4ecKOro
BEIIECTBA B JIOHHBIX OTJIOXKEHUSX akBaTopuil KpbIMa ¢ MHTEHCHBHBIM BOJOOOMEHOM Ha
HaKOIUICHWE [MHKA, XpoMa M HHKens // Dkoyormdyeckas Oe30MacHOCTh MPHOpEKHON
u menbdoBoit 300 mopst. 2023. Ne 1. C. 65-76. EDN TZBTZD. d0i:10.29039/2413-5577-
2023-1-65-76
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Introduction

The Crimean coastal water areas are subject to a complex impact as a result of
the effluence of the organic matter of anthropogenic and natural origin into
the coastal areas. Regardless of its genesis, the organic matter specifically plays
an important role in the formation of the type of sediments and their ability to ac-
cumulate various substances coming with sedimentary material, including macro-
and microelements. The spatial distribution of microelements and heavy metals
in bottom sediments is determined by their content of organic and inorganic carbon
and their granulometric composition [1]. In previous works, individual features of
the spatial distribution of microelements and heavy metals in the surface layer of
bottom sediments of the studied water areas of Kalamita Bay [2], Feodosiya Bay
[3], and the Kerch Strait [4] were considered.

The aim of this work is to evaluate the effect of organic carbon content in bot-
tom sediments of the Crimean coastal water areas with intensive water exchange
on the peculiarities of the spatial distribution of zinc, nickel, and chromium.

Materials and Methods

We analyzed the data obtained during field studies in the water areas of
Kalamita Bay (2011, 2012), Feodosiya Bay (2006), and the Kerch Strait (2007,
2008) (Fig. 1).

Figure 1 shows the location of bottom sediment sampling stations in the areas
under study. Sampling was carried out using Peterson samplers according to state
standards GOST 17.1.5.01-80 and DSTU ISO 5667-19:2007 V. The upper layer of
sediments (0—5 c¢cm) was studied. The studied metals (total forms) were deter-
mined by the X-ray fluorescence method of analysis using spectroscan MAKS-G 2.
To assess the reproducibility and accuracy of measurements of the content of zinc,
nickel, and chromium, the analysis of certified bottom sediment state standard DSZU
163.1-98 was used in eight replicates V.

The organic carbon concentration in the sample was determined by the spectropho-
tometric method after the oxidation of the organic matter with a sulfochromic mix-
ture (state standards DSTU ISO 14235-2005 ¥; DSTU 4289:2004 4. The error es-
timate of the organic matter content for the as-deposited sediments is up to 3 % with

its content not exceeding 2.5 % 3%,

D State Standard, 1980. General Requirements for Sampling of Bottom Sediments of Water Objects
for their Pollution Analysis. Available at: https://docs.cntd.ru/document/1200012787 [Accessed:
25 May 2020] (in Russian).

2 [Methods for the Measurement of the Mass Fraction of Metals and Metal Oxides in Powder Soil
Samples by X-ray Fluorescence Analysis. M049-17/02]. Saint Petersburg: OOO “Spektron”, 2002,
16 p. (in Russian).

% State Standard, 2007. Soil Quality. Determination of Organic Carbon by Sulfochromic Oxidation
(I1SO 14235-1998, IDT). Kiev: Derzhspozhivstandart Ukrainy, 10 p. (in Ukrainian).

%) State Standard, 2005. Soil Quality. Methods for Determination of Organic Matter. Kiev: Derzhspo-
zhivstandart Ukrainy, 14 p. (in Ukrainian).
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Fig. 1. Bottom sediment sampling areas in the coastal water areas of Crimea:
a — Kalamita Bay (August 2011; September 2012); b — Feodosiya Bay (2006,
22 stations); ¢ — the Kerch Strait (December 2007; March 2008). The points
denote stations

The absence or presence of a correlation between the content of heavy metals
and the content of organic carbon was determined by the method of constructing
matrices of pair correlations (Table 1) in the program Statistika 6.0 [5].

Results and Discussion

Kalamita and Feodosiya Bays as well as the Kerch Strait, as coastal water are-
as of Crimea with intensive water exchange, are subject to the influence of natural,
climatic, and anthropogenic factors.

Due to its geographical location, Kalamita Bay is influenced by the deep-water
part of the Black Sea. It is a transitional link from the open part of the sea to the north-
western shelf and successfully avoids such phenomena as bottom hypoxia and
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Table 1. Coefficients of correlation between C,q and studied metals

Element, Cong
mg/kg
Kalamita Bay Feodosiya Bay Kerch Strait
Zn 0.8 0.9 0.7
Ni 0.8 05 0.7
Cr 0.7 0.3 0.8

subsequent fish kills. The absence of abundant freshwater runoff and significant
industrial infrastructure on the shores of West Crimea, as well as undisturbed water
exchange with the deep part of the sea, make the waters of the bay more similar
to the waters of the open sea.

Feodosiya Bay is one of the least studied areas of the Black Sea coast in terms
of the structure and dynamics of waters and their hydrochemical composition under
the conditions of modem anthropogenic impact. This region had been used
foralong time as a training area for the USSR naval forces, which excluded
the possibility to obtain any field data in the field studies of civil ships. At the same
time, the Feodosiya region is of great recreational importance. The arc of
Feodosiya Bay coast is framed by a beach strip [3].

The Kerch Strait is a heavy shipping area. The work of ports significantly af-
fects the ecological situation in the region. Offshore cargo transshipment points
in the southwestem part of the strait also make their negative contribution [6].

According to previously published data [7], the geochemical background of
the abovementioned metals is increased in bottom sediments, regardless of
the hydrodynamic situation in coastal waters. And in accordance with [7] and®,
these metals are able to form stable compounds with various organic ligands. This
is also confirmed by the value of the positive correlation coefficients between
the content of these metals and the content of the organic matter in bottom sedi-
ments, calculated in this work (Table 1).

Zinc. The content of zinc in sea water and bottom sediments very often ex-
ceeds the maximum allowable concentration (MAC). The element maximum con-
centrations are often determined on the shelf of the Crimean Peninsula and
in the waters of the Kerch Strait. The sources of this element are mainly anthropo-
genic in nature [4].

Nickel. For the water area of the Crimean Peninsula shelf zone, the main
source of Ni is the river runoff. Increased nickel concentrations are often found
in water areas with active shipping lanes. In our work, it is the water area of

% Mitropolskiy, A.Yu., Bezborodov, AA. and Ovsyany, E.I., 1982. [Geochemistry of the Black Seal.
Kiev: Naukova Dumka, 144 p. (in Russian).
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the Kerch Strait. Due to active adsorption processes and insignificant geochemical
mobility, Ni accumulates in bottom sediments in the immediate vicinity of
the main sources [4].

Chromium. High content of chromium in the bottom sediments of the Black
Sea shelf zone is determined by the proximity of the sources of this element
In [2-4], it is said that Cr can also enter the water area with river waters. Increased
chromium concentrations in bottom sediments are often associated with anthropo-
genic sources [2-4].

Table 2 shows the content of organic carbon in the bottom sediments of
the studied water areas.

As a result of studies carried out in the water area of Kalamita Bay, data were
obtained on the peculiarities of the spatial distribution of heavy metals, which
repeated the distribution of organic carbon in the bottom sediments of the bay.
Figure 2 shows the distribution of C,, Zn, Ni, and Cr. Significant concentrations
of the elements were observed in the seaward part of the bay water area, while their
minimum concentrations were observed in the coastal part, which coincided
with the distribution of the organic matter in the sediments of the bay (Table 3).

Increased Cr content (Fig. 2, d) was noted in the bottom sediments of the cen-
tral and northem parts of the bay. The average content of chromium was 64 mg/kg,
and the maximum one was 90 mg/kg. The maximum zinc content was 36 mg/kg,
which did not exceed its concentration in the bottom sediments of the shelf [7] and
corresponded to its content in the earth’s crust according to A.P. Vinogradov ®.
The maximum nickel content was 31 mg/kg, which did not exceed the background
values typical for this water area [8]. The excess of the geochemical background
was noted only for chromium.

Table 2. Organic carbon content (%) in the bottom sediments of the studied water areas

Con

Heteratea Crg:;eent 'i\éﬁzate Coastal part | Seaward part
Kalamita Bay 0.07-0.6 0.07-0.11 0.23-04 0.24-0.6
Feodosiya Bay 0.2-3.3 12 1.8-3.2 0.8-1.1
Kerch Strait [9] 0.12-3.35 1.25 2.0-3.0 0.12-1.0

6) Vinogradov, A.P., 1962. [Average Content of Chemical Elements in Rocks]. Geokhimiya, (7),
pp. 555-571 (in Russian).
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Fig. 2. Spatial distribution of organic carbon (a), zinc (b), nickel
(c), and chrome (d) in the bottom sediments of Kalamita Bay

The content of organic carbon in the bottom sediments of the bay varies within
0.07-0.11 %. The C, concentration in the coastal part of the bay is 0.23-0.40 %,
and in the seaward part it is 0.24-0.60 %. The maximum positive values of the cor-
relation between the content of the element and the content of organic carbon were
recorded for Zn (r =0.8), Ni (r =0.8), and Cr (r =0.7) (Table 2).

Feodosiya Bay. According to [2], the content of C,y in the bottom sedi-
ments of Feodosiya Bay did not exceed 1.2% of the dry weight. According to
the results of studies carried out in the waters of Feodosiya Bay, areas of in-
creased zinc and chromium content were identified. It is shown that the average
values of the total concentration of the studied metals in the bottom sediments of
Feodosiya Bay do not exceed the value of the geochemical background (Table 3).
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Fig. 3. Spatial distribution of organic carbon (a), zinc (b), nickel (c), and
chrome (d) in the bottom sediments of Feodosiya Bay

According to the calculations, the maximum correlation coefficient was noted
for zinc (r =0.9) (Table 1).

Figure 3 shows that the areas of increased content of zinc, chromium and
nickel, as well as C,, are observed in the water area of the city and port of
Feodosiya located in the bay. In the seaward part of the bay, lower content of the
studied metals is observed.

The Kerch Strait is subject to a significant influence of both natural and
climatic and anthropogenic factors (intense traffic flows, bottom dredging).
At the same time, the strait is characterized by along-strait currents, the direction of
which changes up to the opposite, depending on the prevailing wind direction and
speed. The specific features of the studied water area were reflected in the general
nature of the spatial distribution of the studied heavy metals in the strait bottom
sediments.

In the modern period, the content of C,, in the bottom sediments of the part of
the strait adjacent to the Kerch Peninsula varies from 0.12 to 3.35 wt % with
the average value of 1.25 wt. % (see Table 2) [9].
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Figure 4 shows the spatial distribution of nickel, zinc and chromium depend-
ing on the content of organic carbon in the bottom sediments of the Kerch Strait.

It follows from Figure 4 that the spatial distribution of Zn, Ni, Cr in the water
area of the strait corresponds to the distribution of the organic matter with the for-
mation of maxima in the pre-strait area of the Sea of Azov and in the coastal part of
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Fig. 4. Spatial distribution of organic carbon (a), zinc (b), nickel (c)
and chrome (d) in the bottom sediments of the Kerch Strait
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Table 3. Microelement accumulation level (mg/kg) in the bottom sediments of
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the strait. At the same time, high values
of the coefficients of correlation between
the content of metals and the content of
the organic matter in bottom sediments
suggest that these pollutants accumulate
in the bottom sediments of the Kerch
Strait.

The accumulation levels of heavy
metals Zn, Ni, Cr in the bottom sediments
of water areas with intensive water ex-
change against the geochemical back-
ground are shown in Table 3.

From the data presented in Table 3,
it can be seen that Zn and Ni concentra-
tions in the bottom sediments of Kalamita
Bay are lower than in the sediments of
Feodosiya Bay, the Kerch Strait, and
the background areas of the Black Sea
shelf [7]. At the same time, in Kalamita
Bay, as in a water area with low content
of the organic matter in bottom sediments,
an excess of the geochemical background
is observed only for chromium due to the
noticeable correlation between the metal
content and the C,, content (0.7) (see
Table 1).

It is shown that in the bottom sedi-
ments of areas with high content of organ-
ic carbon (Feodosiya Bay and the Kerch
Strait), the excess of the geochemical
background of such metals as zinc and
chromium is characteristic.

It was noted that the geochemical
background for nickel was not exceeded
in any of the studied water areas
(Table 3). At the same time, despite
the excess of the geochemical background
for chromium in Feodosiya Bay, the cor-
relation coefficient between the content of
this metal and the content of the organic
matter is rather low (r=0.3) (Table 1).
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It is possible that in addition to the organic matter, other components of bottom
sediments, which are not considered in this work, contribute to the accumulation of
the studied metals.

Conclusion

Analysis of the array of field data made it possible to evaluate the spatial het-
erogeneity of the Zn, Ni, Cr distribution in the bottom sediments of Kalamita Bay,
Feodosiya Bay, and the Kerch Strait, taking into account the levels of the organic
matter content and the calculated correlation coefficients between metal content
and C, CcONntent.

The high values of these correlation coefficients for water areas with intensive
water exchange are explained by the ability of the studied metals to form stable
compounds with organic ligands.

The spatial heterogeneity of the organic matter distribution is determined
by the hydrodynamic regime of the considered water areas and its intensity. This
distribution heterogeneity also influences the behavior of the metals under study.
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Abstract

Silica is one of the main nutrients (N, P, Si) and is a part of a large number of natural min-
erals, so it is constantly present in natural waters. It is mainly present as salts of silicic acid
(silica). Atmospheric precipitation can be an important additional source of silica in the
ecosystem. The purpose of this work is to estimate the silica content
in the atmospheric precipitation based on long-term data, analyze the spatial and temporal
variability of this content, and identify possible factors influencing the atmospheric silica
input. The paper presents the results of continuous monitoring of silica input with
the atmospheric precipitation in the Crimean coastal region in 2015-2021. Precipitation
samples were collected in Sevastopol and Katsiveli in two types of samplers: a perma-
nently open one to collect total (dry + wet) atmospheric precipitation and a wet-only one.
Itis shown that in the inter-annual dynamics of silica flux with the atmospheric precipi-
tation in the both sampling points, the maximum input amount of this nutrient was deter-
mined in 2017-2018. The main factors influencing the amount of silica input with
the atmospheric precipitation were determined. One of the main factors influencing
the silica concentration in precipitation is the intensity of dust transport.

Keywords: silica, sampling, atmospheric precipitation, Crimea, dust atmospheric precipi-
tation, long-term changes
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ATMOC(epHOEe MOCTYIVIEHH e CHINKATOB B Kpbimy
U (aKTOpbI, BIUSIONIME HA HEro
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AHHOTAIUSA

Kpewmunit oTHOCHTCSA K OCHOBHBIM OmoreHHBIM 3neMeHTaM (N, P, Si) m Bxoagut B cocTtaB
OOJBIIOTO YHCIA TPUPOTHBIX MHHEPAJIOB, BCIEACTBHE HYETO IIOCTOSHHO HPHUCYyTCTBYET
B IIPUPOJAHBIX BoAax. B mpupojie OH B OCHOBHOM IIPUCYTCTBYET B BUJE COJIEH KPEMHUEBOI
KHCJIOTHl (CHJIIKATOB). ATMOC(EpHBIE OCaAKH MOTYT OBITH Ba’KHBIM JOTOJHUTEIHHBIM
HUCTOYHHKOM IIOCTYIUICHHS CHJIMKaTOB B 3KocHcTeMy. llempio maHHOW paboOTHl sABISIETCA
OIICHKA COJEpKaHWsA CHIMKAaTOB B aTMOC(EpHBIX BBINAJEHHIX Ha OCHOBE MHOTOJETHHX
JaHHBIX, aHAJIM3 IPOCTPAHCTBEHHO-BPEMEHHOI M3MEHUMBOCTH 3TOTO COAEPKAHUS, a TAKKE
BBISIBICHHE BO3MOXHBIX (DAKTOPOB, BIHSIONINX HA aTMOC ()epHOE MOCTYIUICHHE CUIHMKATOB.
IpencraBneHsl pe3yabTaThl HENPEPHIBHOIO MOHHTOPUHIA MOCTYIUICHUS CHIMKATOB C aT-
MoC(epHBIMU OCaZKaMH B paiioHe KpbIMckoro mobepexbs B 2015-2021 rr. [Ipo6rr ocan-
KkoB oTOupamich B I. CeBacromnosie u 1. KanuBenan B 1Ba THna 0cagkoCOOPHUKOB — MOCTO-
SIHHO OTKPBITBIH U1l 0TOOpa CyMMapHBIX (CyXue + BIa)KHbIE) aTMOC ()EPHBIX BBINAICHUM
u Ut cOopa TOJIBKO BIIAXKHBIX aTMOc(epHbIX ocalkoB. [lokazaHo, YTO B MEXIoJ0BOH 1H-
HaMHKe TOTOKA CHJIMKATOB C aTMOC(EPHBIMH OCaJKaMH B 00OMX ITyHKTax OTOOpa mpod
MaKCHMaJlbHas BEJMYMHA IMOCTYIUICHHS 3TOTO OHMOTEHHOTO 3JIEMEHTa ObLIa OINpeeNncHa
B 2017-2018 rr. BhIsABICHBI OCHOBHBIE (AKTOPHI, BAUAIOIIME HA BEJIUYUHY IMOCTYIUICHUS
CHIIMKAaTOB ¢ aTMmocdepHbIMH ocagkamd. OOHMM M3 OCHOBHBIX (DaKTOpPOB, BIMSIOIINX
Ha BEIIMYMHY KOHIEHTPAalUU CHIMKATOB B OCAAKax, SBJSIETCS MHTEHCHBHOCTH HBIJIEBOTO
mepeHoca.

KnroueBble cioBa: cuimkaTel, oTOop mpod, atmochepHble ocankw, KpbIM, mBLIEBBIE
aTMoc(epHBIe BBITAICHNS, MHOTOJICTHEE H3MCHEHHE

BaarogaprHocTn: paboTa BEITOJHEHa B paMKax rocymapcrBeHHoro 3amanus ®I'BYH DUI]
MI'I mo Tteme FNNN-2021-0005 «IIpubpexxHble HCCIETOBaHHUS». ABTOPHI BBIPAKAIOT
0J1aroTapHOCTh COTPYIHIKAM MOpPCKOH THIPOMETEOPOIOTHIeCKOi cTaHuu . CeBacTomos
1 YepHOMOPCKOTO THAPOPU3MUECKOT0 MOACIyTHHKOBOro mommroHa ®I'BYH ®UIL] MI'1
PAH 3a or6op mpo6 atMocepHBIX 0CcaKOB M MOJATOTOBKE WX K TPAHCIIOPTHPOBKE B OTIEIN
6noreoxumuu Mopst ®I'BYH OUI] MI'M 11 BEIOTHEHNS XUMUYECKOTO aHAJIH3a.

dns ourupoBanusi: Bapenux A. B., Mvicnuna M. A., Tapacesuu JI. B. AtmoctepHoe
MOCTYIUICHHE CHIMKaTOB B KpbIMy W akTopbl, BIHAIONME HAa Hero // DKoJorudeckKas
0e30macHOCTh MPUOPEXKHOH U e GoBoH 30H Mopst. 2023. Ne 1. C. 77-90. EDN VYBJPN.
d0i:10.29039/2413-5577-2023-1-77-90

Introduction

Silica (Si) is the second most abundant (after oxygen) chemical element
in the Earth’s crust, where its content is about 29 % [1]. In nature, it is mainly
present in the form of silicic acid salts (silica). Silica is one of the main elements
in biogeochemical cycles in the biosphere and plays an important role in the life
of many living organisms.
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There are natural and anthropogenic sources of Si entering the environment.
During weathering, silica compounds enter the ecosystem in the form of dissolved
orthosilicic acid (H,SiO,), which is facilitated by chemical, physical, and biological
factors [2]. Dust transport can also be a natural source of atmospheric Si input [3].
For example, it was shown in [4] that the rise of a large amount of dust aerosol
by strong updrafts promotes migration of microbiota and minerals, including high
concentrations of silica, over tens of thousands of kilometers.

The anthropogenic sources of silica entering the atmosphere are local in nature.
For example, when burning brown and black coal [5], some ash containing silica is
produced, and its particles are found in large quantities in areas with developed
industry. However, there are no global estimates of industrial silica emissions [6].
Another source of atmospheric silica input can be grain handling companies. When
unloading and transporting grain, a significant amount of grain dust is released,
containing fertilizer elements, which also include silica V. For example, there is
AVAL Stevedoring Company in Sevastopol, which handles grain, container, bulk,
oversized and heavy cargo. The total volume of grain transshipment by this com-
pany in 2017 reached 583.7 thousand tons, which is 2.5 times more than in 2016 2.

Silica belongs to the main nutrients (N, P, Si) and is part of a large number of
natural minerals, that is why it is constantly present in natural waters ®. Si is mainly
involved in the formation of the exoskeleton of the simplest hydrobionts, such as
diatoms and silicoflagellates, corals, sponges, and radiolarians. Silica can potentially
limit production of phytoplankton and affect the production cycle of diatoms [7].

In [8], using Gelendzhik Bay as an example, the dependence of the develop-
ment of the large diatom Rhizosolenia calcaravis on the concentration of silica was
considered. It is shown that with a decrease in the content of silica in water,
the intensity of its development and the amount of biomass decrease. As a result,
the natural balance of Black Sea phytoplankton species can be restored (Scele-
tonema costatum and Talassionema nitzschioides) with a high content of mineral
compounds of nitrogen and phosphorus [8].

According to the document®, the decrease in the abundance of silicoflag-
ellates, which are sensitive to the content of silica, coincides with a decrease

Y Purification of Atmospheric Discharge (Pollutants) in Manufacturing of Products (Goods), as well
as Performing Works and Providing Services at Large Enterprises. Information and Technical Ref-
erence Book for Best Available Techniques: ITS 22-2016 (in Russian).

2 TASS, 2017. Novorossiysk Port is the Leader of 2017 among Cargo Terminals in Russia. [online]
Available at: https://www.korabel.ru/news/comments/novorossiyskiy port -
_lider 2017 goda sredi_gruzovyh_terminalov_rossii.html [Accessed: 2 April 2023] (in Russian).

3) Arkhipova, 1.V., Ktitorova, E.N., Lukyanov, Yu.S. and Alyukaeva, A.F., 2020. [ P4 52.10.744-
2020. Mass Concentration of Silicium in Seawater. Methods of Measurement by Photometric
Method as Blue Form of Silicomolybdic Acid]. Moscow: Rosgidromet, 9 p. (in Russian).

4 Mikaelyan, A.S., 2018. [Temporal Dynamics of Phytoplankton in the Deep Basin of the Black Sea.
Extended Abstract of Doctoral Thesis]. Moscow, 51 p. (in Russian).
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in the Si concentration in the pycnocline and the cold intermediate layer (CIL).
The author of this work suggests that, in contrast to diatoms, a long-term de-
crease in the content of silica in the pycnocline and CIL and, as a result, in the
photic zone could well lead to a limitation in the growth of silicoflagellates in the
deep-water basin.

There are additional sources of silica entering the ecosystem (see Regulatory
Document® and [9]):

— domestic sewage formed as a result of the use of synthetic detergents con-
taining silica;

— wastewater from industrial enterprises producing silicate materials;

— underground waters and rivers, which wash the land and take away huge
amounts of silica in the form of suspensions of clay particles, fragments of alumi-
nosilicates and solutions;

— mainland runoff.

The contribution of large rivers to the balance of nutrients flowing into
the Black Sea, according to scientists [10], is from 2 to 6 %, however, the work
[10] does not take into account the contribution of medium and small rivers.

The work® shows that in the near mouth area of the Danube, as a result of
the rise of bottom waters to the surface (upwelling), a significant increase
in the content of nutrients in surface waters was recorded. At the same time,
in the bottom waters, the concentrations that exceeded the content of silica
in the surface estuarine waters were noted under hypoxic conditions.

One of the sources of Si entering water bodies is also bottom sediments, which
are formed as a result of the death and decomposition of the remains of terrestrial
(coniferous, cereal, sedge) and aquatic (diatom) plants capable of concentrating
silica [9]. Diatoms extract 70—80 % of silica from water. After death, they dissolve,
silica is released and passes into a soluble form. Insoluble parts settle to the bottom,
forming extensive deposits of diatomaceous ooze. This is how the biogeochemical
cycle of silica is formed®.

Human activity in the 20th century has significantly changed the cycle of nu-
trients, including silica [11]. At the same time, the more conservative properties of
silica, in contrast to, for example, phosphorus and nitrogen, contribute to a lower
intensity of changes in the silica cycle. However, disproportionate changes
in the cycling and abundance of phosphate and inorganic nitrogen in marine eco-
systems can lead to a relative decline in silica content. In turn, this limitation can
affect the development of diatoms and shift the balance in ecosystems.

% Eremchenko, 0.Z., 2010. [Theory of Bioshpere. Organized Nature of Biosphere and Biogeochemi-
cal Cycles. Tutorial]. Perm: Izdatelstvo PGU, 104 p. (in Russian).

8 Zavaltseva, O.A., 2012. [Biogeochemistry Basics: Tutorial for Bachelor Progamme Students in Dis-

ciplines “Soil Sciences”, “Ecology”, “Enbironmental Management”, “Chemistry”]. Ulyanovsk:
UIGU, 71 p. (in Russian).
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The input of silica into marine ecosystems also occurs as a result of dry and
wet sedimentation processes [12], where they are in a soluble form and in the form
of mineral particles suspended in water ®. The chemical composition of atmospheric
precipitation is characterized by temporal and spatial variability, and is also
a sensitive indicator of atmospheric pollution and, to a certain extent, can reflect
the general regional load on a given territory [13]. According to estimates in ),
from 600 million to 1.6 billion tons of aeolian dust enter the ocean from the continents.
The atmospheric precipitation containing nutrients can change the classical Red-
field ratio [14], which can affect the general state of the ecosystem and lead
to eutrophication.

It was previously mentioned [15] that silica does not belong to polluting
elements, however, the Si distribution analysis makes it possible to assess
the influence of natural processes and anthropogenic factors on the formation of
the hydrochemical structure of waters.

The purpose of this article is to estimate the content of silica in atmospheric
precipitation based on long-term data obtained at the MHI, to analyze the spatial
and temporal variability of this content, and to identify possible factors affecting
the atmospheric silica input

Methods and materials

Sampling area

Atmospheric precipitation samples were collected at two points on the Crimean
coast — the city of Sevastopol and the settlement of Katsiveli (Fig. 1). For each case
of precipitations, the meteorological
conditions (wind speed and direc-
tion, air temperature and humidity,
atmospheric pressure) at the start of
precipitations, as well as the amount
of precipitations, were recorded.

In Sevastopol, the samples were A~ ,
collected into two types of samplers — A
permanently open for sampling total Sevastogél %/
(wet + dry) precipitations and wet- KV
only. An automatic sampler was in-
stalled at a. height of 1.5 m above Fig.1. The location of the precipitation
the underlying surface at a weather sampling point (the source of the inset map:

Stati_on ope_rating around the clock.  httpsy/gidcrima.ru/sevastopol/dostoprimechat
Until the middle of 2016, the Tretya-  el-nosti/buhty-sevastopolya/)

kov rain gauge was used as a sam-

pler in Katsiveli, which made it possible to select only total (dry + wet) atmos-
pheric precipitations. In the middle of 2016, we purchased and installed an auto-
matic sampler in Katsiveli. As a result, it became possible to receive both total
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and wet-only precipitations, without the influence of dry precipitations. At both samp-
ling points, samplers were installed in open areas away from buildings and trees.

Sampling method

Precipitation samples were taken for each rain or snow event. If the break
in precipitations was more than 1 hour and the cloudiness changed, then the next
precipitation was taken as a separate sample. All samples were poured into pre-
washed nalgen jars and frozen to exclude the possibility of chemical and microbi-
ological transformation of the samples. Then, the samples were delivered to the
Marine Biogeochemistry Department of Marine Hydrophysical Institute
for chemical analysis.

Chemical method of analysis

Only the precipitation samples whose volume allowed chemical analysis
were analyzed for the silica content. The spectrophotometric method for silica
determination is based on the formation of a blue silicomolybdenum complex.
The range of determined concentrations is 0.05-20 pmol/L. According to the work ”,
the error of the method is 20 % when determining concentrations up to 0.36 umol/L,
+10 % when determining concentrations up to 0.71 pmol/L and 43...5 % when
determining higher concentrations.

Results

During the study period, more than 500 samples were analyzed for each sam-
pler in Sevastopol, more than 200 samples were collected in an open sampler, and
more than 350 samples were collected in a wet-only sampler in Katsiveli.
The content of silica in the atmospheric precipitations of Sevastopol exceeded
the content in the precipitations of Katsiveli. The maximum concentration in the open
sampler in Sevastopol was determined in November, in the wet-only one — in Septem-
ber. At the same time, in Katsiveli, for both types of samplers, the maximum con-
centrations of silica were more typical for the warm period (June — July), which
corresponds to previously published data [2].

Some statistical characteristics of silica concentrations are presented in the Table.

In the inter-annual dynamics of the silica flux with atmospheric precipitations,
a similar quasiperiodic change is observed at both monitoring points (Fig. 2).

The data for the wet-only sampler in Katsiveli is not enough to draw a trend
line, but the same quasiperiodic change in the flux of silica is visible. The maxi-
mum silica flux with atmospheric precipitation was determined in 2017—-2018
at both sampling points. At the same time, it can be seen that the silica input
with precipitations in Katsiveli, according to the concentration data determined
in the samples of the wet-only sampler, is much less than the input in Sevastopol.
However, estimating the silica flux according to the data for the open sampler,
we see that the flux is less only in 2017—-2018, while in other years it even exceeds

) Bordovsky, O.K. and Ivanenkov, V.N., 1978. [Ocean Hydrochemical Research Methods]. Moscow:
Nauka, 271 p. (in Russian).
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Statistical characteristics of silica content in precipitation samples

Sevastopol Katsiveli
Characteristic Wet-only Open Wet-only Open
sampler sampler sampler sampler
Maximum concentration, 34 46 36.79 496 1358
umol/L ' ' ' '
Minimum concentration,
umol/L 0 0 0 0
Volume-weighted mean con- 078 178 0.23 114
centration, pmol/L ' ' ' '
Standard deviation, pmol/L 2.69 456 0.63 1.69
Wet-only sampler Open sampler
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Fig. 2. Inter-annual variation in silica flux with the precipitation in Sevastopol

(a, b) and Katsiveli (c, d)
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Fig. 3. Seasonal variation in silica flux with the atmospheric
precipitation in Sevastopol

the flux in Sevastopol. A possible reason for this may be an active development of
the territory of the southern coast of Crimea, including Katsiveli. And if in Seva-
stopol the main contribution to the silica input can be made by atmospheric dust
transport, then in Katsiveli, due to the geographical location, the contribution of
dust transport is approximately equal to the contribution of the anthropogenic com-
ponent, for example, construction work and the associated emission of silica into
the atmosphere.

When considering the intra-annual change in the flux of silica with precipitation
in Sevastopol, it was found that the maximum flux was observed in the period from
September to November for both wet-only and open samplers (Fig. 3).

The open sampler was characterized by a gradual flux increase from winter
to autumn. For samples from a wet-only sampler, a periodic change in the silica
flux was observed with a gradual increase in spring and autumn, and a decrease
in winter and summer.

Discussion of the results

Factors affecting the flux of silica with atmospheric precipitations

One of the factors determining the content of various pollutants in atmospheric
precipitations is the content of these substances in the atmosphere®. At the same
time, under certain conditions, such as: temperature inversions, calm weather,
a break between precipitations, accumulation of pollutants in the air can occur.
Therefore, we estimated the change in silica concentration in precipitation samples
at each monitoring point depending on the number of “dry” days between pre-
cipitation events (Fig. 4).

8 Morozov, A.E. and Starodubtseva, N.I., 2020. [Meteorological Conditions and Atmospheric Pollu-
tion: Tutorial]. Yekaterinburg: UGLTU, 128 p. (in Russian).
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With an increase in the duration of the interval between precipitations,
an increase in the silica concentration in the precipitation samples is observed.
This is a consequence of the silica accumulation in the atmosphere.

Atmospheric precipitations wash away the impurities contained in the atmo-
sphere. Fig. 5 shows the change in the silica concentration in the samples for open
and wet-only samplers at each observation point depending on the amount of pre-
cipitations.

As can be seen from the graphs in Fig. 5, the silica concentration decreases
with increasing the amount of precipitations, since some dilution occurs. These
data are consistent with the previously published results [16, 17] for other sub-
stances contained in atmospheric precipitation.

Previously [18], it was shown for inorganic nitrogen that changes in the flux of
this nutrient element in atmospheric precipitation are determined primarily
by changes in the amount of precipitations: the more precipitation falls, the greater
the flux of inorganic nitrogen that comes with it. Therefore, we analyzed
the change in precipitation amount for each year of the study period. Fig. 6 shows
histograms of changes in the total amount of precipitations for each year of obser-
vation (for analyzed samples).

As can be seen from the graphs, there is a similar periodicity in the change
in both the amount of precipitations (Fig. 6) and the silica flow (Fig. 2)
in Sevastopol. The maximum annual precipitation amount was in 2017-2018
and 2021. At the same time, for Katsiveli, there is some difference in the frequency
of change in the silica flux (Fig. 2) and the total annual amount of precipitations
(Fig. 6): in 2016, the amount of precipitations during the year was at its maximum,
while the silica flux remained at the level of 2015. At the same time, in Sevastopol,
the change in the amount of precipitations (Fig. 6) occurs more smoothly compared
to the change in the silica flux during the same years (Fig. 2). Taking into account
that silica is a terrigenous nutrient element and does not have such solubility as,
forexample, inorganic nitrogen, both wind erosion of the soil cover near
the sampling area and the dust transboundary transport can influence the change
in its content to a greater extent.
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Fig. 6. Inter-annual variation in precipitation amount in Sevastopol (a) and
Katsiveli (b)
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An analysis was made of
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Dust Concentration, mkg/m? riod. As a result, it was found that

the more intense the dust transport
Fig. 7.Silica flux with the atmospheric was, the higher the silica concen-
precipitation in Sevastopol depending ’ .
on the dust transport intensity tration was in the samples of at-
mospheric precipitations (Fig. 7).
Based on the obtained intra-annual distribution of the silica flux with atmospheric
precipitations (see Fig. 3), we assumed that dust transport can have the maximum
effecton the silica content in the atmospheric air of the study area during this period.
After analyzing the correlation of two data sets using the Data Analysis pack-
age in Excel, we found that the correlation coefficient was 0.61.
The correlation coefficient evaluation using Student’s t-test showed the statistical
significance of the obtained dependence.

Potential impact of atmospheric silica precipitations on marine ecosystems

The possible effect of atmospheric silica precipitations on the value of primary
production can be calculated based on the C:N:P:Si ratio, which is 106:16:1:15
[19]. Marine primary production depends on many external (atmospheric, riverine
and industrial nutrient input) and intemal (upwelling nutrient input) factors.

During the study period, the average silica flux with atmospheric precipitations
in Sevastopol was 0.75 pmol'm *yr*. At the C:Si = 106:15 ratio, the additional
amount of produced organic carbon will be 5.30 pmol-m >-yr . According to [20],
the average annual primary production in coastal areas is 140 gC-m 2yr '
(11,667 pmol'm *-yr '). Based on the data obtained, the average annual silica input
with atmospheric precipitations in Sevastopol can lead to an insignificant change
in the content of organic carbon in the seawater — less than 0.1 %. At the same
time, according to the analysis of the main nutrients input with atmospheric pre-
cipitations, the N:P:Si ratio in the atmospheric precipitations of Sevastopol is
79:1:1.9, which is very different from the classical Redfield ratio. This may

9 Available at: https://giovanni.gsfc.nasa.gov/giovanni/ [Accessed: 05 April 2023].
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contribute to the fact that, under conditions of high input of inorganic nitrogen
with atmospheric precipitations, silica can become a limiting nutrient element
in the coastal waters of the Black Sea.

Conclusion

The paper considers the silica input with atmospheric precipitation at two
points on the Crimean coast — the city of Sevastopol and the Katsiveli settlement.
It is shown that in the interannual dynamics of the silica flux with precipitations
at both monitoring points, a similar quasiperiodic change is observed — the
maximum flux of this nutrient element was determined in 2017—-2018. The main
factors influencing the amount of the silica input with atmospheric precipitations
are revealed. With an increase in the duration of the interval between
precipitations, an increase in the silica concentration in the precipitation samples
was observed, which is a consequence of the silica accumulation in the atmosphere.
As a result of the analysis of the data on silica concentration in precipitations
and mass concentration of dust in the atmospheric air of Sevastopol, it was found
that the more intense the dust transport was, the higher the silica concentration was
in the atmospheric precipitations samples. When assessing the possible impact
of silica influx with atmospheric precipitations on the value of primary production
of coastal areas of the Crimea, it was found that the direct contribution of the silica
flux can be insignificant However, under conditions of varying input of inorganic
nitrogen and phosphates with atmospheric precipitations, further studies are needed
to assess silica contribution to the state of marine coastal ecosystems.
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Abstract

Industrial sand extraction and wastewater discharge are among the main anthropogenic
factors affecting the state of the ecosystem of Lake Donuzlav (Crimea, Black Sea). Sand
mining primarily significantly changes the seabed and can cause the formation of an oxygen-
deficient zone. In this regard, it is necessary to continue the up-to-date hydrochemical and
hydrobiological monitoring in the areas of mussel-and-oyster farms, sand mining zones,
cargo port, and in the area affected by the release of the Donuzlav sewerage treatment plant.
The purpose of this work is to study the hydrological and hydrochemical structure of
the southwestern region of Lake Donuzlav, which is subject to anthropogenic influence and
includes a zone of industrial sand mining. In April, May and September 2019, studies of
the hydrological and hydrochemical structure of lake waters were carried out, including
measurements of temperature, salinity, content of dissolved oxygen, five-day biochemical
oxygen demand (BODs), alkaline permanganate oxidizability, content of silicate, mineral and
organic nitrogen and phosphorus. It is shown that the spatial distribution of water temperature
and salinity is characterized by great heterogeneity and temporal variability.
The hydrochemical studies indicate high oxygen supply in the lake; no cases of oxygen
deficiency were detected during the research period. The minimum concentrations of
dissolved oxygen did not drop to the minimum allowable levels. All BODs values were below
the maximum allowable levels. Local anthropogenic impact on the lake waters was registered
in the increased concentrations of nutrients and oxidizability values in the sand mining areas,
near the sewerage outlet, in the port area and in the area affected by the domestic wastewater
release.

Keywords: hydrological and hydrochemical structure, biogenic elements, Lake Donuzlav,
Crimea, Black Sea
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AHHOTANHUA

ITpombinuieHHast 7OObIYA MTECKa U COPOC CTOYHBIX BOJI OTHOCATCSI K OCHOBHBIM aHTPOTIOTEH-
HBIM (DakTOpaM, BIHUSIONIUM Ha COCTOsSHHE 3KocucTeMbl o3epa Jlonysnae (Kpeim, UepHoe
Mope). JIoObr4a mecka, mpexae BCero, CyIeCTBCHHO MEHSIET penbed AHa U MOXKET CTaTh IpH-
YMHOW BO3HUKHOBEHUS 30H C Ie(ULIUTOM KUCIOpoAa. B cBsi3u ¢ 3TuM B paiioHax MunuitHO-
YCTPHYHBIX (pepM, 30HaX JOOBIUH MECKa, TPY30BOTO IIOPTA, a TAKXKE B palfOHE BIMSHUS BBI-
nycka KOC «JloHy3naB» HE00X0AUMO HPOJOIDKEHUE MOHUTOPHUHIOBBIX THIPOXUMHYECKUX
U THAPOOHOJIOTHYECKHX pabOT B COBPEMEHHBIX ycioBusaX. Llens Hacrosmel paboTsl — nc-
clieZIOBaHUE THUAPOJIOTO-TUIPOXUMHUUECKON CTPYKTYphI IOT0-3amajHoro paiiona ozepa lo-
Hy3J1aB, MOABEP>KEHHOI0 aHTPOIIOT€HHOMY BIMSHHUIO U BKJIIOYAIOIIEr0 30HY MPOMBIIIICH-
HOH moObrun necka. B anpene, mae u centsiope 2019 1. mpoBeseHbI HCCIENOBAHUS TUIPO-
JIOTO-TUAPOXUMHUYECKON CTPYKTYPBI BOJ 03€Pa, BKIIOYAIOIINE U3MEPEHUS TEMIIEPATYPBL, CO-
JICHOCTH, a TaK)Ke OIPECIICHUS COIePKaHUsI pAaCTBOPEHHOTO KHUCIOPOaa, OHOXUMHIUYECKOTO
norpebienust kucnoposa 3a 1tk cyTok (BI1Ks), mepManranaTHOM OKHMCIIEMOCTH B IIEN0Y-
HOH cpelie, coJiep KaHusl KpeMHHs, MUHEPAJIbHBIX M opraHuyeckux Gopm azora u gocdopa.
ITokazaHo, 4TO pacnpeaeIeHNe TEMIIEPATYPhI M COJIEHOCTH BOIBI OTIMYAETCS OOJIBIION IIPO-
CTPaHCTBEHHOM HEOJHOPOAHOCTBIO. MaTepualibl TUAPOXUMUYECKUX UCCIECJOBAHUN CBUJC-
TEJILCTBYIOT O BBICOKOH KOHIIEHTpaIMH KHUCIOPOAA B BOJE; CIydaeB JIe(PHUIUTA KHCIOPOIa
3a Mepuo/| ucciaeoBaHui He 0OHapyeHO. MUHUMaJbHbIE KOHIIEHTPALUH PACTBOPEHHOTO
KHCJIOPOAa He CHIKAJIICH 10 3HAYSHUH NpeaerbHO nomycTuMbIX KoHeHTparmii (I1J1K). Bee
snadenust BIIKs He mpesbitmanu [1JIK. JlokanesHOE aHTPOMOreHHOE BO3JIEHCTBHE HA BOJBI
03epa 3aKII0YacTCsl B MOBBIIICHUN KOHIEHTPALUH OMOTEHHBIX BEIIECTB, OPTaHHIECKOTO
aszota u pocdopa, a TAKKe 3HAYCHUN OKUCIIIEMOCTH B pailoHe H00bIYM MecKa, BOIU3U BbI-
nycka ctouHblX Bog KOC «Jlony3mnaB» u B pailoHe mopra.

Kao4deBblie cJ0Ba: THIPOIOTO-THAPOXUMUYECKAs CTPYKTypa, OMOTEHHBIE 3JEMEHTHI,
o3epo [lonysnas, KpeiM, UepHoe Mope
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BaarogapHocTu: paboTa BBHINOJIHEHA MO TEMaM TOCYAapCTBEHHBIX 3aJaHUM:
OUIL MubIOM «MccnenoBanrne MEXaHU3MOB YIIPaBIEHUS MPOAYKIIMOHHBIMU IPOLECCAMHU
B OMOTEXHOIOTHYECKUX KOMIUIEKCAX C IIENbI0 pa3pabOTKH HAyYHBIX OCHOB ITOJYYCHHUS
OMOJIOTUYECKH aKTHBHBIX BELIECTB U TEXHHMYECKUX IPOIYKTOB MOPCKOTO T'eHe3uca» (Ho-
Mep roc. peructparmn 121030300149-0) u ®DTBYH OUL] MI'1 «KomriekcHbIe MEXIUCIIN-
IUIMHAPHBIE  HMCCIIEJIOBAHUS OKEaHOJOTMYECKUX IPOLECCOB, ONpenessonmx (yHk-
LIHOHUPOBAHNE M 3BOJIOLHUIO 3KOCUCTEM MPUOPEXKHBIX 30H UepHOTo U A30BCKOTO MOpEi»
(momep roc. peructparmu 0555-2021-0005).

Jass uuTupoBaHuA . [UIpOIOro-THIPOXUMHIECKUH peskuM o3epa [loHy3naB (3amaaHelii
Kpoiv, UepHoe mope) no pesynbraram skcreaniui 2019 roga / B. U. Ps6ymko [u ap.] //
Okonoruyeckast 0e30MacHOCTh NPUOPEKHON U mebhoBoii 30H Mopst. 2023. Ne 1. C. 91-103.
EDN WWDOFG. doi:10. 29039/2413-5577-2023-1-91-103

Introduction

Lake Donuzlav is a unique semi-enclosed man-made sea bay located on the wes-
tern coast of Crimea. Until 1961, the lake had no connection with the sea and was
the second largest saline lake in Crimea with high salinity values (90-95 PSU); how-
ever, its traditional denomination as “lake” has still been preserved. The earliest de-
tailed information about the hydrochemical structure of Lake Donuzlav and the field
of currents in it are given in [1, 2]. Industrial sand mining in the lake
began in 1962 and continues in the present. Papers [3—-6] were focused on various
aspects of the impact of this activity on the ecosystem of the bay. First of all, sand
mining significantly alters the seabed and can cause the formation of oxygen-defi-
cient zones.

The results of the studies carried out in Lake Donuzlav in recent years (2015—
2021) are included in the monograph Modern Hydrometeorological and Hydro-
chemical Regimes of the Donuzlav Bay, 2021, where the main focus is on the ther-
mohaline and hydrochemical conditions and water dynamics [7]. The analysis of the
materials obtained from the results of expeditions in 2018 [8] gives an idea of the
current state of the thermohaline and hydrochemical structure of the bay. These
works show the need for regular monitoring of the environmental state of the lake in
order to prevent possible negative effects of economic activity on the industrial and
recreational potential of the lake.

The purpose of this work is to study the thermohaline and hydrochemical struc-
ture of the southwestern area of Lake Donuzlav, which is subject to anthropogenic
influence and includes an area of modern industrial sand mining. The main focus is
on the results of the 2019 expeditions obtained in the areas of sand mining, cargo
port, mussel-and-oyster farm, as well as in the area affected by the domestic
wastewater discharge of the Donuzlav sewage treatment plant.

Material and Methods

Studies of the southwestern part of Lake Donuzlav were carried out in April,
May, and September 2019. A total of three surveys were performed; samples were
taken at 51 stations (Fig. 1) in the surface layer and near the bottom using a type
of the Nansen bottle BM-48M. The water temperature in April was mea-
sured using a deep-sea reversing thermometer TG and, in May and September,
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Crimea

Black Sea

Fig. 1. Sampling scheme in Lake Donuzlav in 2019: April
(green squares), May (blue squares), September (red squares);
I — mussel-and-oyster farm; Il — discharge of domestic water;
I11 — sand production site; IC — input channel

using an optical biophysical sounding probe Condor (available at:
http://ecodevice.com.ru/ecodevice-catalogue/multit). In total, 79 water samples
were taken, in which salinity (using an electric salinometer GM-65), pH value,
dissolved oxygen, five-day biochemical oxygen demand (BOD:s), alkaline perman-
ganate oxidizability and concentrations of silicate, mineral and organic nitrogen
and phosphorus were determined.

Sample analysis was carried out in accordance with the Russian regulatory docu-
ments (RD) V. The dissolved oxygen concentration was determined by the standard
Winkler method. The quantitation range is from 0.1 mL/dm® to owversaturation.
The measurement error (ME) is 3.4 %. The determination of the concentration of
dissolved inorganic phosphorus was carried out according to the Murphy-Riley
method. The quantitation range is 5+1000 pg/dm?, and the ME is 4.6 %.

) RD 52.24.420-2019, RD 52.24.383-2018, RD 52.24.380-2017, RD 52.24.381-2017, RD 52.24.382-
2019, RD 52.24.432-2018, RD 52.10.805-2013, RD 52.24.387-2019.
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The dissolved inorganic silicon was determined by Koroleff’s colorimetric method.
The quantitation range is 10+2000 pg/dm?®, and the ME is 5.8+4.7 %. Nitrite nitro-
gen was determined using the method based on the azo dye formation by reacting
nitrite with hydrochloric sulfanilamide and a-naphthylethylenediamine. The quanti-
tation range is 0.5+100 pg/dm?, and the ME is 18.0+1.5 %. Nitrate nitrogen was de-
termined after its reduction to nitrite nitrogen on cadmium columns. The range
is 5+500 pg/dm?, and the ME is 7+2.7 %. Ammonium nitrogen was determined us-
ing the modified Sagi—Solérzano method. The quantifiable ammonium nitrogen
con-centration range is 15+1500 pg/dm?, and the ME is 11.4+1.7 %.

Results and Discussion

Survey dated April 08, 2019. No sand mining took place during the survey.
According to the data of Yevpatoria marine hydrometeorological station (available
at: https://rp5.ru/Apxus_noroasi_B_Esmnaropumn), in the first decade of April. The air
temperature dropped to 6 °C in the morning and rose to 21 °C in the afternoon. Dur-
ing the survey period, the easterly and northeasterly winds with the speed of 2-5 m/s
prevailed.

Temperature and Salinity. The water temperature in the surface layer was char-
acterized by insignificant spatial variation in the range of 10.6-10.8 °C, and only by
15:00 in the shallow area of the sand mining site, the water warmed up to 12.6 °C.
The water temperature decreased slightly with depth. For example, at the stations
along the fairway, at depths greater than 10 m, the water temperature was 9.6—
10.0 °C. The salinity in the surface water layer varied from 17.85 PSU in the farm
area to 18.05 PSU in the areas of the sand mining site and lake entrance channel. The
salinity varied slightly with depth.

Hydrochemical Parameters. The studies showed high oxygen concentration
in the entire water column (saturation above 100 %) and its fairly even horizontal
distribution. The minimum oxygen content (100.4 %) observed in the bottom layer,
was more than 2.5 times above the minimum allowable level (40 %) according to the
water quality standards for water bodies of fishery importance 2. BODs and oxidiz-
ability in the surface layer demonstrated low values, which varied within 0.91-
1.36 mgO,/dm? and 2.56-3.53 mgO./dm? and were below the maximum allowable
levels (2.0 mgO2/dm? and 4.0 mgO2/dm?, respectively). From the BODs and oxidiz-
ability values, the water area under study can be characterized as unpolluted.

In the sand mining area in the near-bottom water layer, the lowest oxygen con-
centration and the highest concentrations of organic phosphorus and silicate were
observed. The concentrations of mineral nitrogen and phosphorus in the surface wa-
ter were as follows: the nitrite nitrogen and mineral phosphorus concentrations

in the layer (0.3-1.1 pg/dm?® and 0.6-2.5 pg/dm?3) did not exceed the maximum

2 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. URL: http://publication.pravo.gov.ru/Document/View/0001201701160006
[Accessed: 11 March 2023).]
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allowable levels. The concentrations of nitrate nitrogen varied from 9.2 to
19.1 ug/dm?® and those of ammonium nitrogen from 0.6 to 191.8 ug/dm3.
In the mussel-and-oyster farm area, the decrease in the nitrate and increase
in the ammonium concentrations with depth were observed.

The distribution of the silicate and ammonium nitrogen concentrations
in the surface and bottom layers was uneven (Fig. 2). The ranges of the silicate fluc-
tuations were 49.7-137.4 ug/dm? in the surface layer and 38.4-130 ug/dm? in the
bottom layer. The highest concentration of silicon in the bottom layer coincided with
the maximum concentration of ammonium nitrogen (Station 4), and the highest con-
centration of silicon (137.4 pg/dmd) in the surface layer was observed in the sand
mining site area.

Organic nitrogen and phosphorus were determined only in the surface water
layer, and their concentrations varied from 6.1 to 9.5 pg/dm?®and from 875 to
1104 pg/dm?®, respectively. In the farm area and in the areas adjacent to it,
increased organic nitrogen concentrations were observed, and in the sand mining site
area, the highest concentration of organic phosphorus was noted.
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Fig. 2. Distribution of nutrient concentrations in the surface layer: nitrates (a),
ammonium nitrogen (b), phosphates (c), silicon (d); April 2019. Numbers denote
stations
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Survey dated May 27, 2019 was conducted during the sand mining. The survey
was preceded (on May 26) by blowing of a westerly wind of 5-8 m/s (and blasts up
to 10 m/s). Simultaneously with the water sampling, a scheme of frequent station
locations was  worked out using the  multi-parameter  probe
Condor. The survey yielded data on the water temperature and parameters related to
pollution in the area. This made it possible to choose the location of water sampling
stations. In the sand mining site area with the depths of less than 2 m, the suspended
matter pollution area was stretched downwind, with its horizontal spread about
600 m [9].

Temperature and Salinity. At the end of the spring period, intense warming
of the waters and formation of a thermocline took place in the lake. There was
no temperature stratification in areas shallower than 4 m (including the sand mining
site area) (Fig. 3). The water column was homogeneous and warmed up to 22.9-
23.3 °C. At stations with depths greater than 8 m, the temperature distribution was
characterized by a presence of a 4-8-m-thick upper quasi-homogeneous layer with a
temperature of 22.3-22.7 °C and a 3-5-m-thick transient layer with the vertical gra-
dient of no greater than 0.6°C/m. Under the transient layer at a depth of 12-16 m,
the temperature was the lowest, 18.8-19.5 °C (Fig. 4).

The salinity of the surface layer varied in the range of 18.29-18.45 PSU,
increasing to the northeast and reaching its maximum in the shallow Shchelkunov
Bay. At depths over 10 m, along the channel fairway transect, the vertical salinity
gradient was insignificant and the maximum salinity values did not exceed
18.32 PSU.

Hydrochemical Parameters. The dissolved oxygen saturation was high.
In the surface layer, the saturation reached as much as 121.7 % with the average
value of 109.7 %. In the bottom layer, the oxygen saturation was slightly lower:
the average value was 103.2 % and the lowest one was 95.7 % (near the lake
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Fig. 3. Distribution of temperature (a) and salinity (b) in the surface layer, May 2019.
Points are station locations
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Fig. 4. Temperature distribution at the channel transect; May 2019

entrance channel). In addition, at Stations 10 and 15 along the channel fairway tran-
sect, the oxygen saturation in the near-bottom layer was 97.8 % and 97.5 %.

BODs demonstrated low values with insignificant spatial variability: they did
not exceed the maximum allowable levels (MAL) according to fishery standards and
varied from 1.12 to 1.97 mgO./dm? with the average equal to 1.54 mgO2/dm?. The
oxidizability values, like BODs, did not exceed MAL. The only exception was the
measurement in the sand mining site area, where the value of oxidizability was 4.24
mgO./dm? and exceeded the corresponding MAL by 0.24 mgO,/dm?. In general, the
low BODs and oxidizability values registered in the May survey indicate that the
area under study was not polluted.

The concentrations of mineral nitrogen and phosphorus were low and evenly
distributed over the water area under study. The concentrations of nitrate nitrogen
in the surface layer varied from 2.7 to 20.0 pg/dm?® and those of ammonium nitrogen
from 8.9 to 48.4 ug/dm?, with the average values equal to 8.1 and 26.2 pg/dm?,
respectively. The highest concentrations of nitrate and ammonium nitrogen were ob-
served in the sand mining site area. The concentrations of mineral phosphorus
and mineral nitrogen were low (from 0.1 to 5.4 ug/dm®) with the average value
of 2.2 ug/dm? for the surface layer. The maximum values were observed in the areas
of the mussel-and-oyster farm and the sand mining site.

Figure 5 shows the distribution of concentrations of mineral nitrogen, phospho-
rus, and silicon in the surface layer of the lake. The phosphate concentrations in May
were almost twice as high as in April. The concentrations of mineral forms of nitro-
gen in the surface layer of Lake Donuzlav in 2019 and 2018 did not differ. The sili-
cate concentration distribution in the survey was uneven; the fluctuation range in
the surface layer was 44.1-409.8 pg/dm? with the average value of 111.3 pg/dm?.
The highest silicate concentration was found in the area affected by the domestic
wastewater discharge. The average silicate concentrations in May were almost 1.5-
fold higher than in April. The concentrations of organic nitrogen
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Fig. 5. Distribution of concentrations of biogenic elements in the surface layer:
nitrates (a), ammonium nitrogen (b), phosphates (c), silicon (d); May 2019. Numbers
denote stations

and phosphorus varied in the surface layer from 643 to 1426 pg/dm?® and from
11.4 to 20.1 pg/dm?3, respectively. In the sand mining site area, an increase in the
contents of both organic nitrogen and phosphorus was observed.

The permanganate oxidizability method allows indirectly obtaining an approxi-
mate estimate of dissolved organic carbon content in water. According to
Skopintsev ¥, the value 0.34 is the mean ratio of the oxidizability oxygen in the 0
50 m layer (1.22 mg/dm?®) to organic carbon (3.6 mg/dm?®). Using the permanganate
oxidizability values measured by us and the coefficient 0.34, we calculated the con-
tent of dissolved organic carbon (Cpoc) in the surface layer. The range of the Cpoc
variations was 8.09-12.47 mgC/dmé. The maximum was recorded in the sand min-
ing site area (Station 28) and the minimum was in the mussel-and-oyster farm area.

3 Skopintsev, B.A., 1975. [Formation of the Modern Chemical Composition of the Black Sea
Waters]. Leningrad: Gidrometeoizdat, 335 p. (in Russian).
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Survey dated September 16, 2019. According to the data of Yevpatoria marine
hydrometeorological station, the air temperature on September 15-16 varied from
1310 23.8 °C. On September 15, northeasterly winds at a speed of 3—6 m/s prevailed,
and within one day they changed to westerly and southwesterly winds with the speed
of 3-5 m/s. The amounts of sand mining were reduced that day, the wastewater dis-
charge occurred intermittently and with different intensities. Therefore, the size of
the area of increased concentration of suspended solids was smaller than on May 27,
2019. The suspension patch was elongated along the coast to the northeast.

Temperature and Salinity. In September, the autumn cooling of the waters begins
and the temperature is equalized throughout the entire water column. On September
15-16, the air temperature dropped to 13 °C at night and rose to 24 °C in the day-
time. The local temperature minimum (19 °C) was observed in the sand mining site
area, while in most of the area under study the temperature was about 21 °C (Fig. 6).
Up to the depth of 17 m, the water temperature was almost uniform. The salinity
varied in the range of 18.4-18.8 PSU, increasing from the lake entrance channel to
the middle part of the lake. The maximum salinity values (18.8 PSU) were recorded
in the shallow area of the sand mining site.

Hydrochemical Parameters. The oxygen distribution in the water area in the late
summer was quite uniform. In terms of saturation, its content varied from 89.9 to
108.7 % in the surface water layer and from 89.9 to 108.7 % in the near-bottom layer.
The lowest values were recorded on the border of the sand mining site area and the
adjacent water area; the highest values were recorded in the area along the channel
fairway transect.

The values of BODs varied in the surface layer from 0.73 to 1.95 mg/dm? and
did not exceed MAL. The highest BODs value was observed in the sand mining site
area. The oxidizability varied from 3.29 to 5.37 mgO/dm?. The lowest value was ob-
served in the port area at a depth of 9 m, and the highest value, exceeding MAL by
1.37 mgO/dm?®, was observed in the surface layer of the same station. In the sand
mining site area, the oxidizability values exceeded MAL due to the return water dis-
charge.
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Fig. 6. Distribution of temperature (a) and salinity (b) in the surface layer Septem-
ber 2019. Points are station locations
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The dissolved organic carbon concentration Cpoc calculated from oxidizability
changed during the survey from 9.68 to 15.79 mgC/dm?® and approached the ranges
of Cpoc obtained in May (8.09-12.47 mgC/dm?) in Lake Donuzlav.

Similarly to the previous survey, the concentrations of nitrite nitrogen and min-
eral phosphorus demonstrated low values and uniform distribution over the area
(Fig. 7). The concentrations of nitrite nitrogen in the surface and bottom layers varied
from 0.2 to 1.2 pg/dmd and those of mineral phosphorus from 1.5 to 4.6 ug/dm?. The
distribution of the nitrate nitrogen, ammonium nitrogen, and silicon concentrations
was uneven both horizontally and vertically. The highest concentrations of nitrate in
the surface (38.0 pg/dmq) and bottom layers (42.4 pug/dm?®) were recorded in the port
and sand mining site areas. The concentrations of nitrate nitrogen at other stations
were fairly even, with their average values being 13.4 ug/dm? in the surface layer
and 12.6 pg/dm? in the bottom layer. The concentrations of ammonium nitrogen in
the surface layer varied from 3.2 to 78.8 pg/dm?® with the average of 24.5 pug/dmd.
The highest ammonium nitrogen concentration was noted in the surface layer at the
sand mining site.
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The distribution of silicon concentrations in the surface layer varied from 73.3
to 211.5 ug/dm? with the average of 119.7 ug/dm?. Increased values were observed
both in the sand mining site area (Stations 1, 5-8) and in the suspension patch, which
was observed up to Stations 11-15. In the rest of the water area, the concentration of
silicon was low.

The concentrations of organic nitrogen and organic phosphorus were dis-
tributed as follows: in the areas affected by the domestic wastewater discharge
and sand mining, increased organic nitrogen concentrations (from 1033 to
1297 pg/dmd) were noted. In the rest of the water area, the respective values were
significantly lower and varied from 703 to 885 pg/dm?®. The organic phosphorus dis-
tribution was similar to the distribution of organic nitrogen: the increased values
(from 18.6 to 30.9 ug/dm?®) were observed in the areas where the organic nitrogen
increase was observed, and lower values (from 17.6 to 26.9 ug/dm?®) were
in the areas of the organic nitrogen decrease.

Conclusion

The spatial distribution of the thermohaline characteristics in waters of Lake
Donuzlav is highly heterogeneous. In spring, there is intensive warming of water and
formation of thermal stratification in the lake. In the second half of September, the
autumn cooling of waters begins and the vertical distribution of temperature is uni-
form throughout the entire water column. The hydrochemical studies performed in-
dicate high oxygen concentration in waters of the lake. The lowest concentrations of
dissolved oxygen never reached the minimum allowable values. No cases of oxygen
deficiency were found over the period under study. All BODs values were lower than
MAL. The anthropogenic impact on Lake Donuzlav in the areas of sand mining, port
and domestic wastewater discharge results in the local increase in oxidizability and
concentration of nutrients, as well as organic phosphorus and nitrogen. The highest
values of the mineral and organic nitrogen and phosphorus concentrations were ob-
served in the sand mining site area.
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Abstract

Based on the materials of a series of expeditions carried out by Marine Hydrophysical Insti-
tute (Sevastopol) and Southern Scientific Research Institute of Marine Fisheries and
Oceanography (Kerch) during 2002-2013, a regression equation was obtained indicating
the presence of a fairly close inverse correlation relationship between salinity and
the concentration of colored dissolved organic matter in the open waters of the Sea of
Azov. It is shown that the closeness of the correlation dependence between these values
depends significantly on the presence of dissolved organic matter of anthropogenic origin
in the waters of the studied region. Using this equation, according to the known average
monthly salinity fields, the concentration fields of colored dissolved organic matter were
calculated and the regularities of their structure and intra-annual variability were analyzed.
It is found that the field of the studied matter is characterized by low concentration and
relative homogeneity. In the open water area of the sea, salinity variations determined
by the intra-annual variation in the runoff volume of the Don and Kuban Rivers do not sig-
nificantly affect the spatiotemporal variability in the field of colored dissolved organic mat-
ter. It is shown that a close inverse correlation between the content of colored dissolved
organic matter and salinity is an indicator of the good quality of water. A weak or positive
correlation between these quantities is a sign of the presence of dissolved organic substanc-
es of anthropogenic nature in the aquatic environment.
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IHone KOHIEHTPALMH OKPALIEHHOI0 PACTBOP CHHOTO
OPraHUYeCKOI0 BeleCTBA U €ro CBA3b € COJICHOCTHIO
B OTKPBITBHIX BOJaX A30BCKOI0 MOPH

I1. JI. Jlomakun *, 1. /1. 3aBbsijioB

Mopckou eudpogusuueckuti uncmumym PAH, Cesacmonons, Poccus
* e-mail: p_lomakin@mail.ru

AHHOTaNUSA

Ha ocHoBe MaTepHanoB CepUU JKCIEAMIUH, NMPOBEIECHHBIX MOPCKHM THIP O(DH3UICCKUM
uHCTUTYTOM (T. CeBacTomnob) U FOKHBIM HayYHO -HCCIeIOBATENbCKUM HHCTUTYTOM MOPCKOTO
pbIOHOTO X03s1iicTBa M okeanorpaduu (r. Kepus) B 2002-2013 rr., MOJIyuYeHO YpaBHEHHUE per-
peccHd, CBUAETENbCTBYIOIIEE O HAaJUYMU JOCTAaTOYHO TECHOH 0OpaTHOM KOppeIsIUOHHON
CBSI3U MEX]y COJICHOCTbIO U KOHIEHTpaIlel OKPALIEHHOTO PACTBOPEHHOTO OPraHHM4ECKOTO
BEIIECTBA B OTKPBITBIX BOAaX A30BCkoro Mops. IlokasaHo, 4TO T€CHOTAa KOPPEIALUOHHOM
3aBUCHMOCTH MEXKTy TUMHU BEJMUMHAMH CyIIECTBCHHBIM 00pa3oM 3aBUCHT OT HaJUYHS B BO-
JlaX pacCMaTpHBaeMOT0 PErHOHA PaCTBOPEHHOM OPTaHUKH aHTPOTIOTEHHOTO TPOYCX 0K ICHHS.
[pn moMoIIM TaHHOTO YpaBHEHHS 10 W3BECTHBIM ITOJISIM CpETHEH MECSIHOH COJICHOCTH pac-
CYMTAHBI ITOJI1 KOHIICHTPAIIH OKPAIICHHOTO PACTBOPEHHOTO OPTaHIMYECKOTO BEIIECTBa, IPO-
aHAJM3UPOBaHA MX CTPYKTypa M BHyTPHIOJOBAst H3MEHUYHNBOCTE. BEISBICHO, UTO MOJIe Hcciie-
JyeMOTO BEIIECTBA XapaKTEepHU3yeTCs HU3KOM KOHICHTpAnmued ©  OXHOPOJHOCTEIO.
B oTKpBITOI aKBAaTOPUHU MOPS BapHAILMH COJIEHOCTH, ONpeAeIsieMble BHY TPUTOIOBBIM XOJ0M
o6bema ctoka pek Jlon u KyOaHb, He OKa3bIBalOT CYLIECTBEHHOTO BIMSHUS Ha NPOCTPaH-
CTBEHHO-BPEMEHHYI0 H3MEHYMBOCTb IOJSI OKPAIIEHHOTO PaCTBOPEHHOTO OPraHHM4ECKOTO
BemecTBa. IlokaszaHo, 4TO TecHas oOparHas KOppENSIMOHHAS CBSI3b MEXKIY COIep KaHHUEM
OKpAIIEHHOTO PacTBOPEHHOTO OPraHHMYECKOTO BELIECTBA M COJNCHOCTBHIO — HHIUKATOP XOPO-
niero kadectsa BoJ. Crabas MM MOJOXKUTENbHAS KOPPEISIIMOHHAS 3aBHCUMOCTbH MEXKIY
STHUMHU BEIIMYMHAMH — IPU3HAK HAJIMYHSA B BOTHOM CpEle pacTBOPCHHBIX OPTAHWIECKHUX Be-
IIIECTB aHTPOTIOTEHHOH NMPHUPOIHI.

KnaroueBble cj10Ba: OKpAaIICHHOE PAacTBOPEHHOE OPraHWYECKOE BEIECTBO, COJCHOCTH,
KOppeIsIus, 3arpsi3HeHIe, A30BCKOE MOpe

BaarogapuocTu: paboTa BBIIONHEHA B pPaMKax TOCYAapCTBEHHOTO 3aJaHUS TI0 TeMe
Ne 0555-2021-0005 «KommiaekcHbie MEXIUCLUIUITMHAPHBIC HCCJIETIOBAHUSA
OKEaHOJIOTHYEeC- KHX TMPOIECCOB, ONPEACISIIOMUX (YHKIUOHUPOBAHHE W  JBOJIOLHUIO
9KOCHUCTEM MPUOPEKHBIX 30H UepHOTO U A30BCKOTO MOPEi».

das uurupoBanus: Jlomaxun I1. J]., 3aevsanos /. /]. Tloae KOHIEHTpaUUN OKPAIIEHHOTO
PacCTBOPEHHOTO OPraHUYECKOro BEIIECTBA U €r0 CBA3b C COJEHOCTBIO B OTKPBITBIX BOJAAX
A30BCKOTO MOpsi // DKojorHueckas 0e30MacHOCTh MPHUOPEKHON H Ienb(oBOH 30H MOpS.
2023. Ne 1. C. 104-112. EDN XDLBGE. d0i:10.29039/2413-5577-2023-1-104-112

Introduction

The content of the dissolved organic carbon (DOC) and the colored dissolved
organic matter (fDOM) are regarded as the main representative indicators of the dis-
solved organic matter content in sea water [1]. On the shelf of the oceans and seas,
which are desalinated by river waters, in the areas of runoff fronts and frontal
zones, the concentration fields of each of these indicators are associated with the sa-
linity by a close inverse correlation with the correlation coefficient up to —-0.95 [2, 3].
This correlation is due to the high concentration of the dissolved organic matter
of terrigenous origin in the coastal waters, desalinated by mainland waters.
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The content of this matter reduces abruptly in river mouths on a natural marginal
filter and then falls noticeably at the limit of the runoff frontal zones [4, 5].

Outside coastal runoff frontal zones in the open waters of oceans and seas,
such relationships and their properties are less studied. Thus, in the article [6],
an inverse dependence of the concentration of dissolved organic carbon on salinity,
DOC(S), was found in the open part of the Black Sea in the vertical structure of
waters. This correlation, analyzed at a qualitative level by the authors of the cited
work, was used by them to interpret biochemical processes in the deep-sea zone.

Note that the relationship between the indicators of the dissolved organic mat-
ter content and salinity is important and useful in a number of applied and theoreti-
cal areas of oceanology. For example, they enable us to get an idea of the structure
of a poorly studied field of the dissolved organic matter content based on salinity
arrays, as well as to track the trajectories of river water distribution on shelves and
beyond.

The purposes of this article:

— to obtain an equation for the correlation dependence of fDOM concentration
on salinity in the waters of the Sea of Azov, which are located outside the main
runoff frontal zones and are not directly affected by river runoff;

— based on this equation and the known average monthly salinity fields, to cal-
culate the content fields of the considered quantity, to identify the features of their
structure and intra-annual variability;

—to evaluate the influence of the anthropogenic component of the fDOM
content field on the tightness of the correlation dependence of this substance’s con-
centration on salinity.

Initial data and research methods

The water area under consideration is a part of the sea characterized by max-
imum salinity, which includes open waters, as well as waters of the western
and southern coastal areas, where the average monthly salinity is more than 10.
According 1o the atlas”, isohaline 10 is a limit of coastal runoff haline zones ob-
served along the northern and eastem coasts of the Sea of Azov and in Taganrog
Bay.

The quantity under study is the optical indicator of the content of dissolved or-
ganic matter, fDOM. Its dimension is presented in optical calibration units — qui-
nine sulfate (quinine sulfate unit, QSU) [7].

The empirical material used for the analysis is a sample of instrumental syn-
chronous observations of salinity and fDOM concentration (54 soundings in total).
They were carried out in a number of expeditions of Marine Hydrophysical Institute
(Sevastopol) and Southem Research Institute of Marine Fisheries and Ocean ography

Y NOAA, 2006. Climatic Atlas of the Sea of Azov 2006. International Ocean Atlas and Informational
Series, Vol. 10. Available at: https://www.nodc.noaa.gov/OC5/AZ0OV2006/start.html [Accessed: 12
March 2023].
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Fig. 1. Map of stations with simultaneous registration of fDOM concentra-
tion and salinity (2002—-2013)

(Kerch) over the time interval from 2002 to 2013. The observations covered
the central, western, and southwestern parts of the sea and the region of the Kerch
pre-strait region (Fig. 1).

All analysed data were obtained using the Kondor portable optical sounding
complex (ecodevice.com.ru/ecodevice-catalogue/multiturbidimeter-kondor). At
each sounding with a depth step of 0.1 m, the salinity and fDOM concentration
were recorded synchronously in situ. The error of salinity measurements was
+0.01 PSU. The measurement error of fDOM content was +0.2 QSU. The range
of studied depths was 1.5-10.5 m.

The relationship between salinity and fDOM concentration was calculated us-
ing the pair correlation method. Using the resulting regression equation, the aver-
age monthly climatic fields of salinity for the considered area of the Sea of Azov *,
which were built on representative samples of actual data, were digitized and then
recalculated into concentration fields of the studied quantity.

As an example, Fig. 2 shows the average monthly salinity field for June.

Discussion of the results

In Fig. 3, a in the S,fDOM coordinate system, the original data sample and
the chart of the correlation between the analyzed quantities are shown, which
implies that they are independent (correlation coefficient R =-0.14).

In the upper right corner of the coordinate plane, there is a separate cloud
of points that clearly do not fit into the main field, illustrating the tendency for
the fDOM concentration to decrease with increasing salinity.

It turned out that the singular points (there are six in total), which were distin-
guished by the maximum concentration of fDOM (45-61 QSU) and high salinity
(12.9-13.3 PSU) (circled in Fig. 3), corresponded to the stations located in the area
of wastewater discharge of the Bondarenkovo Treatment Facilities in the city of
Kerch (red dots in Fig. 1). These data characterized coastal waters polluted by
sewage runoff and were excluded from the original sample.
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Fig. 2. Average monthly salinity in the surface layer (0 m) of the Sea of
Azov in June?

Based on the filtered sample, a typical inverse and rather close correlation was
found between the studied quantities, correlation coefficient R = -0.63
(regression equation fDOM = -5.92-S + 90.26; N = 48 (Fig. 3, b)).

The result shown in Fig. 3 indicates the following. The dependence fDOM(S)
responds to the presence of dissolved organic matter of anthropogenic origin
in the studied waters and is a good indicator of the pollution of the aquatic en-
vironment by this substance. A close inverse correlation dependence fDOM(S)
and, accordingly, a sufficiently high (in modulus) correlation coefficient are indica-
tors of good water quality.

fDOM = —1.6515S + 45.263 ' fDOM = — 5.9254S + 90.263
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Fig. 3. fDOM(S) correlation dependence charts for the studied water area of
the Sea of Azov: a — original sample; b — filtered sample

108 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2023



A weak negative or positive correlation between the analyzed quantities is a sign of
the presence of dissolved organic substances of an anthropogenic nature in the
aguatic environment.

Let us consider the factors that determine the structural features and temporal
variability of salinity and fDOM in the Sea of Azov.

The main factor that determines the salinity regime of the predominant part of
the sea area and, accordingly, the structure and intra-annual variability of the salini-
ty and concentration fDOM fields, is related to the runoff volume of the Don River.
The maximum runoff of this river is observed in May. In the remaining months
of the 2);ear, the hydrological regime of the Don is characterized by a low water
period “'.

In the eastem coastal region of the Sea of Azov, the salinity field ) is determined
by the runoff of the Kuban River, which reaches maximum values in the summer
months during intense floods due to snowmelt in the Caucasus Mountains [8].

Accordingly, the maximum desalination of the predominant part of the sea ar-
ea, characterized by an average monthly salinity of 11-11.5 PSU in the central part,
is observed in May and June (Fig. 2). In the remaining months of the year,
the salinity of the waters of the study area is 11.5-12.5 PSU " and varies slightly
with time [8].

In the considered area of the sea, the average monthly salinity fields in the sur-
face layer are uniform. The difference in salinity at the boundaries is 1.5-2.5 PSU.
Also, the range of the intra-annual variation of the average monthly salinity is es-
timated with a small interval of 0.5-0.7 PSU.

Fig. 4 shows the fDOM distributions calculated by us on the basis of
the obtained regression equation fDOM(S) and average monthly salinity fields "
for March and June to illustrate the features of the structure and intra-annual varia-
bility of the characteristics of the field of the studied quantity.

It can be seen that in the months related to the extreme phases of intra-annual
variations in the runoff of the Don River, which determines the maximum range of
intra-annual fluctuations in water salinity in the Sea of Azov, the structure of
the fDOM content field in the considered water area changes insignificantly. It is
homogeneous. The concentration of the analyzed substance is almost unaffected
by intra-annual variations; it is minimal over the entire area of the sea and varies
in the range of 25-30 QSU. According to [9], the concentration of fDOM
in the waters of Taganrog Bay, in the northern and eastem desalinated coastal areas
of the Sea of Azov, is maximum and varies in the range of 30—300 QSU.

The area of the areal of the minimum concentration of the considered quantity
undergoes significant changes during the year. In July—March, during the low wa-
ter period of the Don and the Kuban, under conditions of minimal sea desalination,
it is the largest and equals 70-80% of the area of the entire sea (Fig. 4, a). In May—
June, during floods in the Don and the Kuban, the area occupied by waters
with a minimum content of fDOM is the smallest — 50-60% of the area of the en-
tire water body of the Sea of Azov (Fig. 4, b).

2 Rodionov, N.A., 1958. [Hydrology of the Mouth Area of the Don]. Leningrad: Gidrometeoizdat,
95 p. (in Russian).
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Fig. 4. Concentration of fDOM, QSU, at the surface in the open part
of the Sea of Azov in March (a) and June (b)

Stability of the fDOM field structure and significant intra-annual fluctuations
in the area of distribution of the waters of maximum salinity can be explained
as follows. According to the classical ideas of K.N. Fedorov [5], there is an abrupt
change in the properties of desalinated waters at the limit of the runoff frontal
zones. The influence of these waters becomes insignificant and disappears
in the open sea.

The sharply increasing runoff of the Don and the Kuban is accompanied
by desalination of coastal waters and inflow of a large amount of fDOM, which is
mainly concentrated within the runoff frontal zone. A small proportion of this sub-
stance penetrates into the open part of the sea. During the flood, the area of the
runoff zone increases, and, accordingly, the area of the Sea of Azov with maximum
salinity decreases.

Conclusion

Based on the materials of a series of expeditions carried out in 2002—2013,
a rather close inverse correlation was revealed between salinity and fDOM concen-
tration (coefficient R =-0.63) in the open waters of the Sea of Azov and in the wa-
ter area adjacent to its westem and southem coasts.

It has been established that the correlation fDOM(S) responds to the presence
of dissolved organic matter of anthropogenic origin in the studied waters and
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is a good indicator of the pollution of the aquatic environment by this substance.
A close inverse correlation fDOM(S) is an indicator of good water quality. A weak
or positive correlation between the considered quantities is a sign of the presence
of dissolved organic substances of an anthropogenic nature.

Using the obtained regression equation, the fDOM content fields were calcu-
lated and plotted using average monthly salinity maps.

It is shown that in the waters of the salinized part of the Sea of Azov, due to
the insignificant spatial and temporal variability of salinity, the average monthly
fDOM fields are uniform and change little over time. They are characterized by a low
concentration of 25-30 QSU and hardly react to sea desalination caused by the intra-
annual variability in the runoff volume of the Don and the Kuban rivers. During
floods on these rivers in May—June, the area of the water body with low fDOM con-
tent is minimal and occupies 50-60% of the entire area of the Sea of Azov. At all other
times, during low water periods in the Don and the Kuban, it increases to 70-80 %.
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Taxonomic Composition of Polychaete Worms
In the Mussel-Oyster Farm Area (the Black Sea, Sevastopol)
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Abstract

Studies were conducted in 2015-2019 in the mussel and oyster farm area. Data were obtained
on the species composition of polychaete worms in bottom sediments under the farm,
in fouling of farm constructions, and in plankton at the larval stages of development.
Atotal of 48 polychaete species belonging to 25 families were identified. At the same time
23 species were found on the bottom under the farm, 24 species were found in the fouling
of mussel collectors and oyster cages, and larvae of 25 species of polychaete worms were
found in plankton. In the benthos, Micronephthys longicornis dominated in terms of occur-
rence and abundance, while in mussel collectors and oyster cages, species of the family
Nereididae (Nereis zonata, Platynereis dumerilii, Alitta succinea) prevailed. The species
composition of polychaete taxocene inhabiting the bottom under the farm and that
in the fouling of the farm constructions differed significantly (the Czekanowski — Sgrensen
index was 0.26). In the benthos under the farm, 66 % of the species were deposit feeders
by diet type, carnivores and omnivores were much fewer, whereas filter feeders were repre-
sented by only one species. Omnivores species dominated in the fouling (44 %), deposit
feeders species were four times fewer, and filter feeders species were three times more than
in the benthos. Hydroides dianthus (25 %) and Polydora websteri (67 %) found on and in
mussel and oyster shells were highly abundant.
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TakCcOHOMHYECKHUH COCTAB MHOTOILIETUHKOBBIX YepBeil
paioHa MHIMHHO-YCTPUYHOM (epMbl
(Yepnoe mope, CeBacTonoJib)

E. B. JIucuukas *, H. A. BoaraueBa

QI'BYH QUL « Mnc mumym buonozuu 1oxcuvix mopeii um. A. O. Kosanesckozo PAHy,
Cesacmonons, Poccus
*e-mail: e.lisitskaya@gmail.com

AHHOTAI U

B pesympraTe ucciaenoBanuid, BeIoMHEeHHBIX B 20152019 rT. B paifone MuguitHO-yCcTpHd-
HOTO XO3SIHCTBAa, IMOJyYEHB TaHHBIE O BHAOBOM COCTaBE MHOTOIISTHHKOBEIX YepBeil,
o0WTalOMMX B JOHHBIX OTJIOXKEHUIX Mo (GepMoif, B 0OpacTaHU X KOHCTPYKIMH (epMsI,
aTakkKe B MJAHKTOHE HA MEJaTHUYECKOW CTaJuU pa3BUTHA. Bcero uaeHTH GUIIEPOBaHO
48 BUIOB TOJIMXET, OTHOCALMXCS K 25 cemelicTBaM. [Ipu sTom Ha qHe mox depmoit
oOHapyxeHo 23 Buma, B 00pacTaHUM MUIUHHBIX KOJUIEKTOPOB M YCTPHUYHBIX CAakoB — 24,
B IUTAHKTOHE — JIMMMHKA 25 BHIOB MHOTOLIETHHKOBLIX YepBeil. B GeHroce mo BcTpeyaeMocTH
u yucieHHoctd mpeobmagan Micronephthys longicornis, a Ha MUIUIHBIX KOJUIEKTOPax
U yCTPUYHBIX cajikax — mpexacraButenn cemeiictBa Nereididae: Nereis zonata, Platynereis
dumerilii, Alitta succinea. TakcoleHbl MOJMXET, OOWTAIOIUX HA [gHE Mox (epMol u
B OoOpacTaHNM KOHCTPYKUHH (epMBl, CYIIECTBEHHO pa3lMYaliCh MO BHIOBOMY COCTaBy
(nanexc YexanoBckoro — CrwepeHcena cocrtaBmul 0.26). [lo Tumy muranus B GeHTOCE
moxa pepmoii 66 % BHIOB OTHOCHIWCH K AeTpHUTO(daraM, XUIMHUKOB W MOJHM(aroB ObIIO
HaMHOTO MCHBIIE, a CeCTOHO(hAarn MpPeCTaBICHBl TOJHKO OJHUM BUAOM. B oOpactanuu
npeobnanam BUAbI-noim dparu — 44 %, BUIOB-IeTPUTO(DAroB OBIJIO B YETHIPE pa3a MCHBIIIE,
a cecToHO(aroB — B Tpu pasa OoJblie, yeM B OeHTOce. BricOKko# BCTpeuaeMOCThIO Xapak-
TEPHU30BAIMCh 0OHAPYIKEHHbBIE Ha CTBOPKAaX M B CTBOpKax muauii u ycrpur Hydroides dian-
thus (25 %) u Polydora websteri (67 %).

Karwuessie ciioBa : Annelida, makpo3oobentoc, muunuku Polychaeta, Yeproe mope

BaarogapHocTn: paboTa BEINOTHEHA B paMKax rocyaapcrBeHHoro 3amanns ULl MabIOM
mo Ttemam: «lccrnenoBaHHe MEXAaHHU3MOB YIPAaBICHUS NPOAYKIMOHHBIMH MpoLECCaMH B
OMOTEXHOIIOTHUECKUX KOMIUIEKCaX C MeNbl0 pPa3pabOTKM HAayYHBIX OCHOB MOIYyYCHUS
OMOIOrMYeCcK! aKTHBHBIX BEIECTB M TEXHUYECKHUX IIPOIYKTOB MOpPCKOro reresuca» (Ne roc.
peructparu  121030300149-0) u «3akoHOMEepHOCTH (HOPMHUPOBAHUSA M AHTPOIOTCHHAS
Tpanchopmanus OuopazHooOpasust U OuopecypcoB A3zoBo-UepHOMOpckoro OacceliHa H
Jpyrux paitoHoB MupoBoro okeana» (Ne roc. perucrpamuu 121030100028-0). Bripakaem
OnmaromapHOCTh 3a ToMmoms B cbope Mmatepmama C. B. Ilypoy, U. 10. Epemuny,
B. A. I'punnoBy, M. B. Makaposy.

Jas ourupoBanma. Jlucuykas E. B., bonmauesa H. A . TakCOHOMUYECKHIl cocTaB
MHOTOIIETHHKOBBIX YepBeil paifioHa MuAHHHO -ycTpudHOH hepmbl (UepHOoe Mope, CeBacTo-
oJIb) // DKo JIoTHUecKast 6€30MacHOCTh MPUOPEKHON U 1Ieib GoBoit 30H Mops. 2023. Ne 1.
C.113-123. EDN QQGUXI. d0i:10.29039/2413-5577-2023-1-113-123
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Introduction

Recently, the number of marine bivalve farms off the Crimean coast has been
increasing. Functioning mariculture farms have a complex and contradictory im-
pact on the environment. Bottom communities are particularly affected. This is due
to the fact that the products of the farmed molluscs are a source of large amounts
of organic matter in the bottom sediments, which leads to changes in the physical-
chemical and trophic conditions of invertebrates: both epifauna and infauna [1, 2].

To control the impact of mariculture farms on the environment, long-term
studies are carried out of the biota and aquatic environment in the water area of
mussel and oyster farms [3]. The scale of the impact can vary depending on the
operation duration and production volume as well as on the characteristics of the
water area. A 5-fold increase in macrozoobenthos abundance and a 3.2-fold in-
crease in biomass were recorded off the coast of the Caucasus in the area where the
mussel farms were operating for five years. In contrast, the species diversity index
decreased by an average of 2.7 times V. There is evidence of both a negative impact
on zoobenthos under marine farms and absence of such an impact [1, 4, 5]. Thus,
mussel and oyster farms are an important habitat-forming factor.

Meanwhile, farm hydraulic engineering systems and structures can be seen
asa kind of analogue of artificial reefs. Artificial reefs are known to be located
both on the bottom and in the water column. They serve as a substrate for larval
settlement of bottom organisms, create shelters for fish and invertebrates, and can
attract and concentrate various hydrobionts [1]. Artificial reefs provide conditions
for the formation of highly productive communities and the preservation of aquatic
biodiversity.

Most published materials on hydrobionts colonising artificial reefs include fish
and molluscs [1]. For polychaetes, there is less data and it mainly refers to poly-
chaetes-perforators and mollusc shell foulers [6-9].

The aim of this work is to study the taxa of polychaetes inhabiting the mussel-
oyster farming area, namely in the fouling of the farm structures, on the bottom
under the farm and in plankton during the pelagic stage of development.

Material and methods

The mussel-oyster farm is located on the outer roadstead of Sevastopol Bay.
The coordinates of the farm's outermost points are 44°37'02.2"N 33°29'53.7"E,
44°37'05.6”"N 33°29'51.5"E, 44°37'13.3"N 33°30'07.1"E, 44°37'07.8"N 33°30'11.0"E
(Fig. 1). The farm occupies a water area of 4 ha, and the depths in the area are 10—
16 m.

D Abaev, V.Yu., 2001. [Impact of Mussel Farming on the Ecosystems of the Anapa Shelf of the Black
Sea. Extended Abstract of Doctoral Dissertation]. Krasnodar, 18 p. (in Russian).
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44°36'54"

33°29'42" 33°30" 33°30'18" 33°30'36"E
Fig. 1. Schematic map of the study area

The substrate is silty sand. Mussel collectors were installed in 2014, and in
2015, two lines of oyster cages were also placed in the water area of the mari-
culture farm. By 2018, the marine farm produced up to 100,000 oysters and
50 tonnes of mussels per year [3, 10].

Macrozoobenthos samples from the substrate were collected monthly under
the plantation from April 2015 to May 2016 in duplicate using a grab sampler with
a grab area of 0.04 m’. The material was further processed in the laboratory accord-
ing to the standard method: it was washed through a sieve (mesh size 0.5 mm),
fixed with 4 % formaldehyde solution. Species composition of polychaetes, their
density (N, ind.-m), biomass (B, g'm°) and occurrence (P, %) were determined
[6]. Qualitative macrozoobenthos samples (12 collections) were taken under the
farm during the summer periods of 2018 and 2019. From the samples, polychaetes
were selected and their species was determined. The fouling of the farm structures
was also used as study material. Samples were collected four times a year (season-
ally) in triplicate in 2017-2018. The fragments of the mussel collectors and oyster
cages were placed in baths of fresh water for 15 min, the washes were sieved
(gauze mesh size 100 um), and polychaetes were isolated [11]. The presence of
polychaetes in and on the shells of cultured molluscs was taken into account.

Meroplankton was sampled in the water area of the mussel-oyster farm
on a monthly basis in 2015-2019. The material was collected with a Juday net
(inlet diameter 36 cm, gauze mesh size 135 um) in the water layer from the bottom
to the surface. Polychaete larvae were selected and identified alive using MBS-9
and Mikmed-5 light microscopes [12].

Literature data were used for taxonomic identification and trophic grouping of
polychaetes [13-15].
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The frequency of species occurrence was calculated as a percentage of
the number of samples in which the species was detected in relation to the total
number of collected samples. In the polychaete taxocene, species with an occur-
rence rate of 50% or more were classified as an index species ® (according to
V. P. Vorobiov, “constant”), species with an occurrence rate of 25 % to 50 % were
classified as characteristic ones, and species found at less than 25 % of stations ¥
were considered to be rare.

The Serensen — Czekanowski index was used to assess the similarity of

the species composition of polychaetes in different habitats, | = 2 where c is

a+b
the number of species shared by both lists; a and b are the number of species
in each list.

Results and discussion

During the study period, 48 polychaete species belonging to 25 families were
identified in macrozoobenthos, fouling and plankton samples collected from
the mussel-oyster farm area (table). The most numerous species belonged to
the families Spionidae (8), Nereididae and Syllidae (5 species each), Syllidae (4).
The other families were represented by one or two species.

Among the macrobenthic organisms under the farm, polychaetes of 23 species
were found. Twenty-four species of polychaetes were recorded in the fouling of
mussel collectors and oyster cages. Larvae of 25 polychaete species were recorded
in the plankton during the entire study period [12]. Only two species, Allita
succinea and Pholoe inornata, were shared by all three studied habitats (benthos,
fouling and plankton).

The macrozoobenthos under the farm was dominated by small errant forms of
polychaetes. The leading species of this taxon (50—100 % occurrence) included
Micronephthys longicornis, Heteromastus filiformis, Aricidea claudiae. The occur-
rence of most species did not exceed 25 %. This taxocene was characterized by low
quantitative indices, density ranged from 38-388 ind.-m °, biomass 0.04-3.13 g'm .
During 13 months, the mean polychaete density was 232 +29 ind.-m * and biomass
was 0.57 +0.27 g/m . The dominant species was Micronephthys longicornis with
a maximum density of 260 ind.-m* and an average density of 145 + 21 ind.-m™
This species is common in the Black Sea, it occurs quite often in silty sub-
strates at depths up to 65 m and forms high-density settlements [14]. Out of
the large polychaetes, Nephtys hombergii was recorded in quantitative collec-
tions and Cirriformia tentaculata and Polycirrus jubatus — in qualitative collec-
tions. The first of these species is eurybiontic and widespread. Due to its high
settlement density it forms an independent biocenosis in the Black Sea [14].
The other two species are less common, they do not form large aggregations
and prefer silty substrates and shallower waters. In general, almost all the
polychaetes found in the bottom biotope, with the exception of Syllis hyalina and

2) Zenkevitch, L.A. and Brozky, V.A., 1937. Some Data on the Ecology of Dominants in the
Bentos of the Barents Sea. Uchenye Zapiski MGU, 13, pp. 203-226 (in Russian).
% Vorobiov, V.P., 1949. [Benthos of the Sea of Azov]. Simferopol: Krymizdat, 193 p. (in Russian).
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Taxonomic composition of polychaetes in the area of mariculture

Occurrence
Taxonomic composition In plankton
in benthos, % | in fouling, %

Alitta succinea (Leuckart, 1847) 8 83 +
Aricidea (Strelzovia) claudiae Laubier, 1967 62 - -
Capitella capitata (Fabricius, 1780) 8 - -
Capitellidae g. sp 8 - +
Chaetozone caputesocis (Saint-Joseph, 1894) qual. - -
Cirriformia tentaculata (Montagu, 1808) qual. - -
Glycera sp. 8 - -
Ctenodrilus serratus (Schmidt, 1857) - 17 -
Dorvillea rubrovittata (Grube, 1855) - 8 -
Eulalia viridis (Linnaeus, 1767) - 8 -
Eunice vittata (Delle Chiaje, 1828) qual. - -
Phyllodoce sp. - 17 +
Genetyllis tuberculata (Bobretzky, 1868) - - +
Harmothoe imbricata (Linnaeus, 1767) - 92 +
Harmothoe reticulata (Claparéde, 1870) - 92 +
Hediste diversicolor (O.F. Miiller, 1776) - - +
Heteromastus filiformis (Claparede, 1864) 69 - -
Hydroides dianthus (Verrill, 1873) - 25 +
Lagis neapolitana (Claparéde, 1869) qual. - +
Lysidice ninetta Aud. Et H. M. Edw., 1833 - 17 +
Malacoceros fuliginosus (Claparéde, 1870) - - +
Magelona rosea Moore, 1907 15 - +
Megadrilus purpureus (Schneider, 1868) 8 - -
Melinna palmata Grube, 1870 8 - -
Micrgnephthys longicornis 100 i i
(Perejaslavtseva, 1891)

Microspio mecznikowiana (Claparéde, 1869) - - +
Naineris laevigata (Grube, 1855) qual. - -
Nephtys hombergii Savigny in Lamarck, 1818 23 - +
Nereis zonata Malmgren, 1867 - 100 +
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Continued

Occurrence
Taxonomic composition In plankton
in benthos, % | in fouling, %
Nereididae g.sp. 8 - +
Paraonidae g. sp. 8 - -
Perinereis cultrifera (Grube, 1840) - 33 -
Pholoe inornata Johnston, 1839 qual. 67 +
Phyllodoce mucosa Orsted, 1843 15 8 -
Platynereis dumerilii (Audouin Milne 8 100 )
Edwards, 1834)
Polycirrus jubatus Bobretzky, 1868 qual. - -
Polydora comuta Bosc, 1802 - 17 +
Polydora websteri Hartman in Loosanoff i 67 +
& Engle, 1943 *
Polyophthalmus pictus (Dujardin, 1839) - 8 -
Prionospio cirrifera Wirén, 1883 8 - -
Prionospio sp. - 8 +
Protodorvillea kefersteini (Mclntosh,
1869) qual. - -
Sabellaria taurica (Rathke, 1837) - - +
Salvatoria clavata (Claparéde, 1863) - 8
Scolelepis (Scolelepis) squamata (O.F. i i +
Muller, 1806)
Spirobranchus triqueter (Linnaeus, 1758) - 17 -
Spio decorata Bobretzky, 1870 - - +
Spionidae g. sp 23 - +
Spirorbinae g. sp qual. qual. +
Syllis hyalina Grube, 1863 8 8 -
Syllis prolifera Krohn, 1852 - 8 -
Syllidae gen. sp. - 17 -
Trypanosyllis zebra (Grube, 1860) - 17 -

* polychaetes found in oyster shells.

Note: “qual.” — polychaetes from quality collections; “+” — species is found; “-” — species
is not found.
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Spirorbinae g. sp., are characteristic of silty substrates. Such substrates predomi-
nate in the area of the mussel-oyster farm.

In the area of mussel farms off the coast of the Caucasus (near Anapa) seven
polychaete species were recorded ”, five of which were also found during our sur-
vey (Melinna palmatata, Pholoe inormata, Platynereis dumerilii, Eunice vitlala,
Nephtys hombergii). Still, Mellina palmata is the dominant species under the farm
in the Anapa area, whereas in the Sevastopol area it is Micronephthys longicomnis.

The species most frequently (50100 % frequency) recorded in mussel collec-
tors and oyster cages were Nereis zonata, Platynereis dumerilii, Alitta succinea
(family Nereididae), as well as Harmothoe imbricata, H. reticulata (family
Polynoidae), Pholoe inornata (family Sigalionidae). Characteristic species includ-
ed Hydroides dianthus and Polydora websteri found on and in the shells of mussels
and oysters. These polychaetes are known to cause significant damage to shellfish
mariculture in many areas of the World Ocean [6-9]. These species are recent alien
species to the Black Sea and their high occurrence indicates their successful accli-
matisation in the Sevastopol water area. It is of interest that species considered very
rare for the Black Sea were discovered: Ctenodrilus serratus® and Chaetozone
caputexotic [14].

At a mussel farm off the Caucasian coast of the Black Sea near Sochi, six spe-
cies of polychaetes were observed in the collector fouling. As in our survey, Alitta
succinea, Nereis zonata, and Platynereis dumerilii were common. The highest
abundance was recorded for A. succinea *.

The species composition of taxocenes of polychaetes on the bottom under
the farm and in the fouling of the farm structures differed significantly as indicated
by the low value of the Serensen — Czekanowski index (0.26). Out of the 24
polychaete species detected on the mariculture farm structures, 18 were not record-
ed in the sediments under the farm. The trophic structure of the polychaete taxa
in these two habitats was represented by four trophic groupings: deposit feeders,
filter feeders, predators and polyphages. However, the quantitative proportion of
species in these groupings differed in the biotopes. In the benthos under the farm,
the majority of species were deposit feeders. Predators and polyphages were much
fewer, and filter feeders were represented by only one species (Fig. 2). The fouling
was dominated by polyphagous species, with four times fewer deposit feeder spe-
cies and three times more filter feeder species than in the benthos. A half of
the deposit feeders in the benthos were surface deposit feeders and the other half
were subsurface deposit feeders. In the fouling, the deposit feeding grouping is rep-
resented only by subsurface deposit species.

4 Yakubova, L.I., 1930. List of Archannelidae and Polychaeta in Sevastopol Bay of the Black Sea.
Izvestiya AN SSSR. Series 7. Otdeleniye Fiziko-Matematicheskikh Nauk, (9), pp. 863-881 (in Rus-
sian).

% Yakhontova, 1.V., 2008. [Community of Mussel Collector Fouling in the Eastern Black Sea.

Extended Abstract of Ph. D. Dissertation, Biological Sciences]. Moscow: VNIRO, 25 p.
(in Russian).
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Fig. 2. Trophic structure of polychaetes taxocene
in the benthos under the farm (a) and on the collectors (b)

Thus, the difference in the taxonomic composition of polychaetes in the ben-
thos under the farm and on the collectors is due to the significant difference
in these substrates as well as the trophic preferences of the species inhabiting these
biotopes.

Pelagic larvae of polychaete worms were found in the mariculture area as well
as in adjacent areas off the coast of southwestem Crimea during all seasons of
the year [16]. Their taxonomic composition corresponded to the periods of adult
reproduction. In winter, the plankton was dominated by larvae of Harmothoe
imbricata; in spring, their diversity increased, with the appearance of Harmothoe
reticulata, Pholoe inornata, Allita succinea, and Nereis zonata. In summer,
the Nephtys hombergii nectochaetes dominated. Larvae of polychaetes of the fami-
ly Spionidae (Polydora comuta, Malacoceros fuliginosus, Spio decorata,
Prionospio sp.) dominated in plankton from April to October. Larvae of
polychaetes that settle on and in the shells of growing molluscs were recorded:
Polydora websteri — from June to October, Hydroides dianthus — in October to No-
vember [12]. Seven species of Polychaeta were found in plankton alone, three of
them — Malacoceros fuliginosus, Scolepis squamata, Microspio mecznikowiana —
are relatively rare for the Black Sea. The polychaete Sabellaria taurica inhabits a
peculiar biotope (sand with coarse shells) that is not represented in the study area.

Since many polychaete species have a pelagic developmental stage in their life
cycle, the formation of polychaete taxa in the fouling of farm structures is mainly
due to the deposition of larvae from plankton in mariculture waters. The similarity
of polychaete taxa of the fouling and plankton is significantly higher than that of
the fouling and benthos as indicated by the Serensen — Czekanowski index (0.50).

Conclusion

A total of 48 polychaete species were identified from surveys carried out
in 2015-2019 in the area of the mussel-oyster farm. However, 23 species were
found on the bottom under the farm, 24 — in the fouling of mussel collectors and
oyster cages, and the larvae of 25 polychaete species — in plankton. Recent alien
species were noted: Hydroides dianthus and Polydora websteri, as well as species
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rare for the Black Sea: Ctenodrilus serratus and Chaetozone caputexotic. The
polychaete taxocenes are distinctive in each of the studied biotopes. The species
compositions of polychaete taxa on the bottom under the farm and in the farm
structure fouling differed significantly (the Serensen — Czekanowski index being
0.26). On the mariculture farm structures, 18 species of polychaete worms were
found that were not recorded in the bottom sediments under the farm. In the ben-
thos under the farm, 66 % of the species were deposit feeders. Predators and
polyphages were much fewer, and filter feeders were represented by only one spe-
cies. Polyphagous species predominated in the fouling with 44 %, deposit feeders
were four times fewer and filter feeders were three times more than in the benthos.
Thus, the creation of a mussel-oyster farm, which provides additional substrate for
polychaetes and the settlement of their pelagic larvae, contributes to the species
richness of Polychaeta in the study area.
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Abstract

The present work investigates the toxic effect of bicomponent ZnO-ZnFe,O4 nanoparticles,
which are the main active component of the domestic antifouling coating, on marker indi-
cators of Mediterranean mussel (Mytilus galloprovincialis) hemolymph cells (hemo-
cytes) under in vitro experimental conditions. The following indicators were evaluated:
mortality, cellular composition and production of reactive oxygen species. In the experi-
ment, hemocytes were incubated for 1 and 2 hours in 1 mL of sterile seawater containing
nanoparticles of different concentrations: 0.03, 0.3 and 3 mg/mL. The data were analyzed
using the flowing cytometry. It was shown that ZnO-ZnFe,O4 nanoparticles had an effect
on the cellular composition of the hemolymph: the proportion of agranulocytes decreased
and hour exposure to 0.03 mg/mL nanoparticles reduced the level of production of reactive
oxygen species by 2.5 times compared to the control (p <0.05). Incubation of hemocytes
with a maximum concentration of nanoparticles (3 mg/mL) led to cell death within 1 hour
after exposure. No acute toxic effects on hemocytes with the use of 0.03 mg/mL and
0.3 mg/mL of zinc oxide and zinc ferrite nanoparticles were observed.

Keywords: nanoparticles, Mediterranean mussel, hemocytes, reactive oxygen species
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Biausinue OMkoMnoHeHTHBIX HaHo4YacTHl ZnO-ZnkFe,04
HA TeMOUUTHI CPeIU3eMHOMOPCKOM MUIUM
(Mytilus galloprovincialis) B ycJIOBUAAX IKCIIEPUMEHTA in Vitro

M. C. IMomoanckas '*, A. A. Tkauyk ', A. FO. Anapeesa ',
E. C. Knaguenko ', 3. C. Yeae6uena ', A. A. MocyHos *
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AHHOTALUS

HccnegoBaHo TOKCHUYECKOE JeilicTBHE OMKOMIOHEHTHBIX HaHoudacTul ZnO-ZnFe,Oy,
SIBIISFOIINXCS OCHOBHBIM JEHCTBYIOIIMM KOMIIOHEHTOM OTEYECTBEHHOTO MPOTUBOO O-
pacTaromiero MOKphITHs, HA MapKEPHBIC MMOKA3aTEIU KICTOK reMOTUM(BI (TeMOIUTHI)
cpenuzeMHoMopckoit muanu (Mytilus galloprovincialis) B 9KCTIEpUMEHTATBHBIX YCIOBHUSIX
in vitro. ONIEHUBAJINCH CJIEAYIONINE MOKA3aTeIH: CMEPTHOCTh, KJIETOUYHBIA COCTaB U TPO-
OYKOWs aKTUBHBIX (OPM KHCIIOpona. B skcmepuMeHTe reMonuTsl HHKyOHpOBall B TEUe-
Hue | u 2 9 B 1 MIJI CTEPHIIBHON MOPCKOM BOJBI, COJlEprKamieil HAHOYACTHUIBI B Pa3THIHBIX
koHreHTpanusax: 0.03, 0.3 u 3 Mr/miu. /laHHBIe aHATH3UPOBAIN C TTOMOIIHI0 METOMA TPO-
TOYHOH IHMTOMETPUHU. YCTAHOBJIEHO, YTO JeicTBHe HaHodacThll ZnO-ZnFe,O, oxa3zano
BIMSIHAC HA KJICTOYHBIA COCTaB FeMOJMMOBI: CHUXKAIACh JIOJIS arpaHyJIONUTOB, BO3ICHCT-
Bre (.03 Mr/Mi HAHOYACTHII MPH YACOBOW MHKYOAI[UM CHUXKAJIO YPOBCHb MPOIYKIUHU aK-
THBHBIX ()OpM KHCIOpoza B 2.5 pasa IO CpaBHEHHIO C KOHTpOJIbHOI mpoboit (p < 0.05).
WHKyOarus reMouTOB ¢ MAaKCUMAJILHOW KOHIIEHTpanueld HaHodacTuil (3 Mr/mir) mpuBeia
K THOeN KIETOK yke uepe3 1 4 mocne Bo3aeicTBus. OCTpOro TOKCHIECKOTO BO3ACHCTBHS
Ha reMouuTsl ipy ipuMmeHernn 0.03 mr/mut 1 0.3 Mr/Mi1 HAHOYACTHIT OKCHA ITMHKA U dep-
pUTa IMHKA HE HAOJI0aJI0Ch.

KirwoueBble cj10Ba: HAHOYACTHUIIBI, CPEIU3EMHOMOpPCKast MUAMs, reMoruThl, ADK

BaaromapuocTu: cuHTe3 HaHodacTull (ZnO-ZnFe,O,) ObT BBIIOJHEH B paMKax
BbImoHeHus npoekTa PH® Ne 21-13-00498 «Okonoruyecku 6e30macHble M BEICOKOIPQEK-
THUBHBIE TPOTHBOOOPACTAIOLIME TOKPHITHSI HAa OCHOBE OWKOMIOHEHTHBIX HAaHOYACTHUI]
METaJUIOB U UX OKCUAOBY. OlleHKa TOKCHYHOCTU HAHOYACTHIl Ha OPraHU3M MMUIUH (aHAIN3
napaMeTpoB TIEeMOLUTOB) MPOBOAWICSA 3a cdeT cpeAcTts rocsaganus OUIL[ MuBIOM
Ne 121102500161-4 «3axOHOMEPHOCTH OpraHU3allMd MMMYHHOM CHCTEMBI NMPOMBICIOBBIX
THAPOOMOHTOB M HCCIIEIOBAaHNE BIUSHUS (PAaKTOPOB BHEIIHEH Cpenbl Ha (YHKIIMOHHUPOBA-
HHE UX 3aLIUTHBIX CHCTEM.

s nutupoBanus: BimsHne OnkoMnoHeHTHHIX HaHoyacTul ZnO-ZnFe,O4 Ha TeMOLIUTHI
cpenmeMHOMOpcKoit Munnu (Mytilus galloprovincialis) B yCIOBHUSX 3KCIIEPUMEHTA in Vitro /
M. C. Iloponsckas [u ap.] // Dxkomorudeckas: 6€30MacCHOCT NMPUOPEKHOH 1 MIenb(OBO 30H
Mops. 2023. Ne 1. C. 124-136. EDN BPTQRT. doi:10.29039/2413-5577- 2023-124-136
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Introduction

Biofouling is a natural process involving the attachment of micro- and macro-
organisms to various substrates in the aquatic environment . Moreover, habitation
of fouling organisms on the surfaces of hydraulic structures causes significant
damage to shipping, oil platforms and industry as a whole [1, 2]. Global damage
from marine fouling currently exceeds $50 billion per year [3]. The main task of
antifouling coatings is to prevent the formation of a biological film, which is the first
stage of biofouling [4]. At the same time, such coatings must be safe with respect
to non-target organisms. Antifouling coatings widely used in the past were based
on such biocides as tributyltin and copper, which proved to be highly toxic to ma-
rine organisms and were disallowed [5-7].

One of the innovative methods of protection against biofouling is the use of
coatings based on metal oxide nanostructures [8]. The most commonly used nano-
particles are of such metals as zinc, aluminum, iron, titanium, silver and copper,
as well as their oxides [9]. These nanoparticles have proven antibacterial, anticor-
rosive and antifouling properties [10].

Their low toxicity to aquatic organisms is an important quality of new antifoul-
ing components. Nevertheless, the data available in the publications are insufficient
to make an unambiguous conclusion about the toxicity of nanoparticles to marine
organisms. It is known that the toxicity of nanoparticles depends on the type of
metal, size, shape and surface charge of the particles [11]. Among possible me-
chanisms of the toxic effect of nanoparticles on the organisms of hydrobionts,
it is possible to single out the production of reactive oxygen species (ROS), which
is a consequence of the disproportionately large surface area of nanoparticles [12].
ROS overproduction, which exceeds the ability of cells to provide antioxidant pro-
tection, causes oxidative stress, which leads to disturbances in the structure of
the cell membrane, mitochondria, and oxidation of proteins and DNA [13, 14].
Thus, a study of aluminum oxyhydroxide (boehmite) exposure to nanoparticles
revealed no acute toxicity to Daphnia magna (Straus, 1820) [15]. At the same time,
the study of titanium dioxide nanoparticles showed the ability of nanoparticles
to accumulate in the bodies of daphnia [16]. The impact of copper oxide nano-
particles led to the behavior disorder of the mollusk Scrobicularia plana (da Costa,
1778) [17]. Also, the impact of zinc oxide nanoparticles had a negative influence
on the development of marine fish Oryzias melastigma larvae (McClelland, 1839)
[18].

Currently, the development of antifouling coatings based on nanoparticles
is considered to be a promising area. Previously, a new antifouling paint com-
ponent was created, which contained ZnO-ZnFe,0O, nanoparticles obtained

! Korobkov, V.A., Levin, V.S., Lukoshkov, A.V. and Serebrenitsky, P.P., 1981. [ Underground Tech-
nology]. Leningrad: Sudostroenie, 240 p. (in Russian).
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by electrical explosion of twisted zinc and iron wires in oxygen-containing atmos-
phere. ZnO nanoparticles are able to absorb visible light and inhibit the growth
of microorganisms due to the photocatalytic process [19]. The composition is
a domestic development and has proven antifouling properties [20], but there is
no data on its safety in relation to marine organisms. Since the method we use
to obtain nanoparticles is quite original [21], and, as we know, the particles of
the studied composition were obtained for the first time, detailed studies of their
physical and chemical properties, as well as the mechanisms of biological action,
provide the subject for our future research.

Bivalve molluscs are convenient model objects to study the effect of nano-
particles, as they lead an attached mode of life and are filter-feeding organisms
[22]. The functional state of molluscs is assessed by morphological and physiologi-
cal parameters of hemolymph cells, hemocytes, which, in turn, are cellular im-
munity effectors [23]. The cellular immune response is based on the production of
reactive oxygen species (ROS) by hemocytes, phagocytosis and encapsulation of
foreign substances [24, 25]. Mollusc hemocytes react to the action of stimuli with
a respiratory burst, which represents a sharp increase in the production of ROS
by cells that cause oxidative stress in pathogenic organisms [26]. Hemocytes are
a generally accepted model to assess the physiological state of molluscs [6].

Studying the toxicity of new paint components based on nanoparticles, deter-
mining acceptable concentration ranges, and understanding the effect of nanopar-
ticles on immune system effectors form a relevant objective. In connection with
the above, the purpose of this work is to evaluate the toxic effect of ZnO-ZnFe,0,
nanoparticles on the functional parameters of hemocytes of the hemolymph of
the bivalve mollusc Mytilus galloprovincialis.

Materials and Methods

Mature, four years old mussels (M. galloprovincialis) weighing 12.9 + 2.3 g,
57.8 = 1.8 mm in size, were selected in the amount of 210 pieces in the Sevastopol
coastal area (water temperature 15-20 °C, salinity 17—18 PSU, oxygen content 7.2—
8.5 mg/L). The mussels were delivered to the laboratory in plastic containers
with no water. The molluscs were acclimated to laboratory conditions in aquaria
with a stocking density of 3—5 L per individual for 7 days. The conditions close
to the point of material collection were maintained in the aquaria: temperature
23.3 4 0.1 °C; salinity 18.2 = 0.02 PSU; pH 8.1 = 0.01; oxygen ontent 7.7 + 0.1 mg/L.
The oxygen content and water temperature were monitored using a portable oxy-
gen meter with a temperature sensor S7300D (Ohaus, USA). Salinity and pH were
controlled using a portable conductometer-salinometer sensION 5 HACH (USA)
and pH-meter ST2100-F (Ohaus, USA). Throughout the experiment, including the
period of acclimation to laboratory conditions, the water was changed daily to
remove metabolites while maintaining the salinity value. The molluscs were fed
with a mixture of microalgae Tetraselmis viridis (strain IBSS-25 from the
collection of the IBSS FRC Department of Biotechnology and Phytoresources)
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at a rate of 5-10 mL of the mixture for every 50 L of aquarium water. After accli-
mation, the hydrobionts were divided into 7 groups of 30 individuals in each group
(one control group, three groups with incubation for 1 hour (groups 1.1, 1.2, and 1.3),
three groups with incubation for 2 hours (groups 2.1, 2.2, and 2.3).

The effect of nanoparticles on mollusk hemocytes was studied under in vitro
conditions. For this purpose, hemolymph was taken with a sterile syringe from
the adductor muscle of 10 individuals and combined into one sample. To obtain
hemocytes, the composite sample was washed three times in sterile sea water
by centrifugation (500 g, 5 min). The pellet was used for further analysis. All work
on washing and preparing cells for analysis was carried out at +4 °C to prevent cell
adhesion.

In the experiment, the cells were incubated in 1 mL of sterile sea water con-
taining nanoparticles. Each sample contained 1-10° cells/mL. Different concentra-
tions of bimetallic ZnO-ZnFe,O, nanoparticles synthesized under the Russian
Science Foundation project were used: 0.03 (the concentration is 10 times lower
than the active one), 0.3 (the active concentration of the developed antifouling mix-
ture) and 3 (the concentration is 10 times higher than the active one) mg/mL. Cells
were incubated in a thermoshaker with cooling for microtubes (Biosan TS-100C)
at +4 °C and 1,000 rpm. One part of the hemocyte samples in the range of the stu-
died concentrations of nanoparticles (groups 1.1 (the concentration of nanoparticles
in the sample is 0.03 mg/mL), 1.2 (0.3 mg/mL), and 1.3 (0.03 mg/mL)) was incu-
bated for 1 h, the other one (groups 2.1 (the concentration of nanoparticles
in the sample is 0.03 mg/mL), 2.2 (0.3 mg/mL), and 2.3 (0.03 mg/mL)) — for 2 h.
A sample of hemocytes in sea water without nanoparticles served as a control.
After incubation, the cells of the experimental samples were washed from nanopar-
ticles in sterile sea water by centrifugation (500 g, 5 min).

Analysis of the functional parameters of hemocytes was carried out on a flow
cytometer Cytomics FC 500 (Beckman Coulter, USA), equipped with a single-
phase argon laser (wavelength 488 nm). For analysis by flowing cytometry, a sus-
pension was prepared with a concentration of hemocytes (1-2)-10° cells per 1 mL.

To identify the types of hemocytes, the prepared suspension of hemolymph
cells was stained with the dye SYBR Green I (SGI). The final concentration of SGI
in the sample makes 10 pmol/L. Stained cells were incubated for 40 min
in the dark at +4 °C. The content of DNA in hemocytes was analyzed on the basis
of histograms of the dye fluorescence distribution in channel FL1 using the pro-
gram Flowing Software 5.2. The abscissa axis on the histogram of the dye fluores-
cence distribution displayed the DNA content in the cells, and the ordinate axis —
the number of cells.

The ability of hemocytes to spontaneous production of ROS was evaluated
based on the assessment of the fluorescence intensity of the 2-7-dichloro-
fluorescein-diacetate (DCF-DA) dye. Then, 1 mL of hemocyte suspensions were
incubated with 10 pl of DCF-DA solution for 40 min in the dark. The final dye
concentration in the sample made 10 pumol/L. The dye fluorescence was analyzed
in channel FLI.
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Hemocyte survivorship rate was determined using propidium iodide (PI), a
fluorescent dye for nucleic acids. 10 pul of PI solution (Sigma Aldrich) was added
to 1 mL of hemocyte suspension and incubated in the dark for 40 min at 4 °C.
The proportion of dead cells in the total number of hemocytes was estimated from
PI fluorescence histograms in channel FL2 of the cytometer.

When processing the results, the normality of the distribution was controlled
using the Kolmogorov—Smirnov test. Differences among the groups were analyzed
using RStudio software version 4.1.0.

The distribution of functional parameters of hemocytes did not obey the nor-
mal distribution law, so the data were analyzed using the nonparametric Mann—
Whitney test. The results are expressed as mean + standard error of the mean.

Results

Significant differences between the control (hemocyte sample in sea water
without nanoparticles) and experimental (hemocyte samples with different concen-
trations of nanoparticles and incubation time (groups 1.1, 1.2, 1.3, 2.1, 2.2 and 2.3)
groups of hemocytes in terms of the number of dead cells were not detected,
although there was a tendency to-
wards an increase in their number as
a result of exposure to nanoparticles
(Fig. 1).

Since the dye enters the cells
through the damaged membrane,
the absence of data on the diagram
at the maximum concentration
(3 mg/mL) indicates that the hemo-

lymph cells were destroyed and died
2 right after the first hour of exposure
and were removed by other hemo-
. cytes through phagocytosis.
ol ol 4
K i 12 18 21 22 23

Hemocytes' Mortality Level, %
'S

Fig. 2 and 3 show the effect of
nanoparticles on the size and granu-
Fig. 1. Effect of ZnO-ZnFe,0,4 nano- larity' Of, mussel'hemolymph cells.
particles on the mortality of Mediterra-  NO significant differences revealed
nean mussel (M. galloprovincialis) he- ~among the groups may indicate that
mocytes. K — control; 1.1 — incubation 1 h,  the nanoparticles present in the sam-
concentration 0.03 mg/mL; 1.2 — incuba- ples did not have any significant
tion 1 h, concentration 0.3 mg/mL; 1.3 = offect on the size and granularity
incubation 1 h, concentration 3 mg/mL; of hemocytes. However, there was

2.1 — incubation 2 h, concentration
0.03 mg/mL; 2.2 — incubation 2 h, con- atendency towards a decrease

centration 0.3 mg /mL; 2.3 — incubation in the size of agranulocytes with
2 h, concentration 3 mg/mL an increase in the concentration of

nanoparticles.
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Fig. 2. Effect of ZnO-ZnFe,0, nanoparticles on the relative size of hemocytes
of Mediterranean mussel (M. galloprovincialis): a — that of agranulocytes;
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Fig. 3. The effect of ZnO-ZnFe,0, nanoparticles on the relative granularity of
Mediterranean mussel (M. galloprovincialis) hemocytes: a — that of agranulo-
cytes; b — that of granulocytes. For the other nomenclatures see Fig. 1
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As a result of the incubation of hemocytes with nanoparticles, there were slight
changes in the level of relative granularity of hemocytes: the values of lateral scat-
tering in agranulocytes increased with an increase in the concentration of nanopar-
ticles, while in granulocytes, on the contrary, there was a tendency to an increase
in the level of the cytoplasm granularity depending on the concentration (Fig. 3).
At the same time, changes in the values of side scattering between the control and
experimental groups were not significant.

Nanoparticles affected the spontaneous production of ROS by hemolymph
cells significantly. The fluorescence intensity of agranulocytes and granulocytes
stained with DCF-DA fluorescent dye decreased depending on the concentration of
nanoparticles in the medium (Fig. 4). The production of ROS by agranulocytes
decreased by 2.5 times from 182.3 £ 69.7 relative fluorescence units (RFU)
in the control sample to 72.1 + 28.2 RFU in a sample with an hourly incubation
containing nanoparticles with the concentration of 0.03 mg/mL (p < 0.05).
An increase in the production of ROS was observed only during a two-hour incu-
bation when both populations of cells were exposed to nanoparticles with the con-
centration of 0.3 mg/mL. Nevertheless, the changes were statistically insignificant.

Discussion

The results of the work indicate that the active concentration of nanoparticles
(0.3 mg/mL) did not have any significant effect on the hemocytes of the Mediterra-
nean mussel M. galloprovincialis. No significant differences in the functional pa-
rameters of cells were revealed between the control and experimental groups.
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Fig. 4. The effect of ZnO-ZnFe,0,4 nanoparticles on DCF-DA fluorescence
intensity of the Mediterranean mussel (M. galloprovincialis) hemocytes:
a — in agranulocytes, relative fluorescent units, RFU; b — in granulocytes, RFU.
For the other nomenclatures see Fig. 1
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There was a tendency towards an increase in the proportion of granulocytes and
a decrease in the proportion of agranulocytes. A slight increase in cell size and gra-
nularity was also observed. The concentration of nanoparticles 10 times lower
than the active one (0.03 mg/mL) also had no significant effect on the functional
parameters of mussel hemocytes. At the same time, exposure to nanoparticles dur-
ing one-hour incubation reduced the level of the production of ROS by 2.5 times
compared to the control sample. Incubation of hemocytes with a concentration of
nanoparticles 10 times higher than the active one (3 mg/mL) led to cell death
as early as 1 h after exposure.

It is known that hemocytes of bivalve molluscs play an important functional
role in the organism, being responsible for cell-mediated immunity through phago-
cytosis and production of cytotoxic molecules of various nature [23]. During
the incubation of hemocytes with nanoparticles, there was a tendency to increase
the size and degree of granularity of hemocytes, which may indicate active phago-
cytosis of nanoparticles. In this case, the formation of phagosomes with nanopar-
ticles led to an increase in the heterogeneity of the content of the hemocyte cytop-
lasm and, as a consequence, to an increase in the lateral scattering index. Changes
in the shape of cells containing different amounts of nanoparticles also affected
the amount of sample direct scattering. Intense absorption of nanoparticles by he-
mocytes is likely to be able to reduce the overall phagocytic capacity of hemocytes,
which can lead to the weakening of the innate immune system of bivalves [27].
Similarly to our results, the effect of Ag and TiO, nanoparticles on the hemolymph
of the oyster Crassostrea virginica also led to a decrease in cell phagocytosis
after 2 h of exposure [28].

An increase in the concentration of nanoparticles in the one-hour incubation
group led to a decrease in the production of ROS, while in the two-hour group,
on the contrary, it induced the production of ROS (Fig. 4). Since nanoparticles are
able to independently generate ROS, an increase in ROS content in cells should
be considered as the development of oxidative stress in hemocytes [29, 30].
It is also known that nanoparticles taken up by hemocytes can affect immune func-
tions such as phagocytosis and production of ROS [31]. At the same time, it was
revealed that phagocytosis of foreign particles causes an increase in the production
of ROS [32]. Mitochondria are the main source of ROS [33]. The production of
ROS by hemocytes is an important protective function of the innate immunity of
bivalves. Once inside the cell, nanoparticles can depolarize the mitochondrial
membrane and disrupt its functions [29]. In response to this exposure, mitochon-
dria increase the production of ROS, causing oxidative stress [34]. As it is known,
phagocytosis is an energy-consuming process, and this can also be the cause of
ROS generation [35]. Previously, a study of the effect of carbon soot nanopar-
ticles on hemocytes of the mussel M. galloprovincialis under in vitro conditions
for 0.5-4 h (1-10 pg/mL) also showed an increase in the production of ROS
in the cell [23]. On the contrary, in another study by the same researcher devoted
to the effect of TiO, and SiO, nanoparticles on the mussel hemocytes, no signifi-
cant toxic effect on the cell was revealed [36]. When mussel hemocytes were ex-
posed to TiO, nanoparticles, a significant increase in the production of ROS
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and a decrease in the membrane potential of mitochondria, which were observed
when exposed to maximum concentrations, were noted [35].

Conclusion

Thus, it can be concluded that the toxicity of nanoparticles mainly depended
on their concentration and time of exposure. The results showed that an acute toxic
effect occurred with a concentration of 3 mg/mL, at which cell death took place
within an hour of incubation. In groups 1.1, 1.2 and 1.3 with hourly incubation,
a decrease in the production of ROS was observed, and in groups 2.1, 2.2 and 2.3
with two-hour incubation, on the contrary, it increased, which may indicate
the mechanisms of cell adaptation to stress. No specific cell response was observed
when exposed to nanoparticles with concentrations of 0.03 and 0.3 mg/mL, which
makes it possible to use such concentrations in the aquatic environment.
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Abstract

The paper describes the technical and methodological aspects of development of an exper-
imental sample of a distributed temperature sensor. The thermoprofilemeter is created
for Arctic studies of the thermal near-surface structure of marine environment, including
vertical temperature profiles, detection of thermocline and internal waves. The temperature -
sensitive part of the sensor built on the basis of continuous spatially modulated conductors
measures 48 m. The spatial-averaged resolution is 1.5 m. The sensor can be used in static
and dynamic measurement modes, including sounding and towing. Control of the depth
of the measuring part is carried out using hydrostatic pressure sensors located at the ends
of the sensor. The specialized software provides the display with measuring information
in the form of instantaneous temperature profiles as well as in the form of the dynamics of
temperature isolines with reference to depth and time, in telemetric mode and during post-
processing. The calculated isolines provide automatic control of the spatial vertical dis-
placement of the thermocline, and the amplitude and period of internal waves. An experi-
mental sample of the device was used in Arctic studies in 2021.
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BEPTHKAJIBHOIO paclpeneIeHus: TeMIIepaTy pbl
B BepxHeM 100-MeTpoBOM CJj10€ MOpS
U ero UCIIBITAHUA B APKTHYECKOM DacceiiHe
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AHHOTAIUSA

OnucaHbl TEXHUYECKHE M METOJUYECKHE acIeKThl pa3pabOTKH IKCIEPUMEHTAILHOTO O 0-
pasia paclpe/eneHHOT0 JaTuyuKa TeMIepaTypsl — TepMorpouiemepa. M3mepurens co3-
JaH 1Js1 UCCJICNOBAHUH TEpMHYECKOW MPUIOBEPXHOCTHOH CTPYKTYpbl MOPCKOI cpelsl
B ApKTHKe, BKIIO4Yasi KOHTPOJIb BEPTHKAJIBHEIX NpO (QHIeH TeMmmnepaTypsl 10 TiyOuHe,
0OHapy>XeHHEe TEPMOKIIMHA U OTIpe/elieHie NapaMeTpoB BHYTPEHHNX BOJH. J[miHa Tepmo-
YyBCTBHUTEIBHON YaCTH JaTiMKa, IIOCTPOCHHOH Ha 0a3e HEeNPEphIBHBIX NPOCTPAHCTBEHHO -
MOy TMPOBAaHHBIX MPOBOJAHHUKOB, cocTaBisieT 48 M. [lpocTpaHcTBEeHHO-OCpEAHEHHOE pa3-
pemrenue — 1.5 M. JaT9MK MOKET UCTOIB30BATHCS B CTATHYECKOM M TUHAMHYECKOM Pk HU-
Max M3MEpeHHUH, BKIFoUas 30HANPOBaHUE M OYKCHPOBKY. KoHTpoIs 3armyOieHus u3Mep u-
TEITFHOW YacCTH OCYIIECTBISIETCS C MMOMOIIBIO THAPOCTATHYECKHX 1a TYMKOB JaBJICHUS, pac-
MIOJIOXKCHHBIX Ha KOHIAX naTdnka. Crenuaan3upoBaHHOE IPOTpaMMHOE oOecleueHue H3-
MEpHTEIS OCYIIECTBIEIET OTOOPaKeHNE N3MEPUTEIFHON HH(POPMALINH B BHJI€ MTHOBEHHBIX
npodunel TeMrepaTypsl, a Takke JUHAMIKA W30 IMHUH TeMIepaTyphl C IPHUBA3KOH K IIp O-
CTPAHCTBY M BPEMEHH B TEJIEMETPHYECCKOM peXHMe W NpH nocrodpadorke. Ilo mpocrpas-
CTBCHHOMY IIOJIO’KEHHIO M CMEIICHHIO PACCUMTAHHBIX HM30JIMHUH 1O ITyOWHE BO BpEeMEHHU
obecreunBaeTCsl aBTOMATHYECKUIT KOHTPOJb MECTOHAXOXKACHUS TEPMOKINHA, AMIUIATY JIbI
U TeproJia BHYTPEHHHUX BOJH. DKCICPHMEHTANBHBIN 00pa3en n3MepuTes HCIOIb30BalICs
B apKTHYEeCKUX ucciaegoBanusax 2021 r.

KnioueBble c10Ba: pacmpeeNeHHBIN JaTUNK TEMIIEpaTypsl, TepMONpoduiIeMep, U30 TepMa,
TeIIo3amnac, TepMOKINH, BHYTPSHHUE BOJIHEL, II0JIe TEMITEPaTypHl, TEIII000MEH, TEPMOKOCca

BaaropapnocTu: paboTa BBINOJHEHA B paMKax TIOCYAAapCTBEHHOTO 33/IaHUsl IO TeMe
Ne 0555-2021-0004 (co3manue Ttepmomnpodmiemepa) u Tpanta PH® No 21-17-00278
(BBIMIOJIHEH M€ HATYPHBIX U3MEPEHUH BHYTPEHHHUX BOJH B APKTHKE).

Jas wutupoBanus: [atickuii I1. B., Kosnos U. E. Tepmonpodunemep i U3MEPEHUS
BEPTHKAIBHOTO paclpeaeieHus TeMrnepaTrypsl B BepxHeM 100-MeTpoBOM clioe MOpsS U €ro
HCTIBITaHUSA B ApKTHueckoM OacceitHe // Dkojormveckas 0e30MacHOCTh MPUOPEKHOM
u mrenb hoBoit 30H Mops. 2023. Ne 1. C.137-145. EDN CWVFVA. doi:10.29039/2413-
5577-2021-3-137-145

Introduction
Studies of the dynamics of temperature changes in the aquatic environment

of the Arctic region are becoming increasingly important due to an active devel-
opment of the region and the development of climatic anomalies [1, 2]. Along
with the tasks of controlling the heat reserve and heat transfer processes in the
aquatic environment, there is a need for a qualitative study of the transfer, distribu-
tion and dynamics of mixing of water masses, taking into account currents, intemnal
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waves [3—7] and other phenomena of hydrological, meteorological, geological and
anthropogenic nature.

One of the tools for such studies is distributed temperature sensors — spatially
discrete thermistor chains [8-10] and distributed thermoprofilemeters [11, 12].
With increased requirements for accuracy and speed of measurements, in some
cases, thermoprofilemeters are preferable. The operation of thermoprofilemeters is
based on the interrogation of analog conductor sensors. Therefore, with appropriate
metrological calibration and implementation of electronic circuits of the primary
measuring transducer, unlike serial digital analogues, thermoprofilemeters can suc-
cessfully operate in a wide temperature range. Structurally, thermoprofilemeters
can have adaptive spatial resolution. Polling of all distributed sensors in a
thermoprofilemeter is carried out simultaneously. The experience of using
thermoprofilemeters in expeditionary studies has shown their reliability both in
telemetric applications and in long-term autonomous applications. Since the elec-
tronics of the meter is designed for operating temperature ranges from —40 to
+60 °C, and the mechanical loads on the temperature-sensitive sensor cable are
limited by its specific technical design (load-carrying protection and sheath), a
thermoprofilemeter can be quite successfully used in seasonal working conditions
of the Arctic research.

Equipment

Since the main measuring purpose of the designed sensor is the temperature
processes in the Arctic region, occurring at depths of up to 100-150 m, an ideal
distributed measuring device for vertical instantaneous temperature profiles would
be a sensor of an appropriate length. An experimental device 48 m long was made
from 32 distributed sections of 1.5 m each. Control of interal waves at the bound-
ary of the detected thermocline with a depth of more than 50 m is supposed to be
carried out using a measuring device in the towed-sounding mode (due to
the supply of cable-rope). Provided that the sensor body is straight, its vertical ori-
entation and reference of temperature measurements in depth are controlled
by hydrostatic pressure sensors located at the extreme upper and lower points of
the measuring device. In the manufacture of pressure measuring channels, the
Honeywell MLH300PSLO6A sensors were used. In the manufacture of the temper-
ature sensor part, copper conductors (& 0.18 mm wire) were used, laid according
to orthogonal functions [11, 12] in a protective polyamide tube & 6-10 mm with
a parallel intemal load-bearing steel cable. A submersible microcontroller electron-
ics unit provides channel switching and analog-to-digital conversion of measuring
information with the transmission of primary data frames via a cable-rope to an on-
board computer device via a standard RS232/485 serial interface. The body of
the electronics unit is made of stainless steel and polyacetate (POM-C). A block
diagram and a general view of the measuring device are shown in Fig. 1 and 2,
respectively.
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Fig. 2. General view of the device

The main structure of the measuring device includes:

— atemperature-sensitive submersible sensor cable (TSC);

— a submersible electronics unit (EU);

— hydrostatic pressure sensors built into EU and TSC (S1 and S2), calculated
for depths of up to 200 m (readings up to 100 m);

— a connecting power and communication cable (PCC);
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— an interface conversion module (ICM)

— an extemal power conversion and stabilization unit from ~ 220 V to 12 V
(PSU);

— specialized software for primary registration and processing of measuring
device data for a PC (software).

To ensure flexibility of connecting the measuring device to a computer device,
a multi-interface module (Fig. 3), which provides the ability to use standard COM,
USB and Bluetooth ports (via virtual COM) was developed.

Results

A functional diagram of the developed electronics unit of the measuring device
is shown in Fig. 4. The measuring channels of the device are polled in the switch-
ing mode. For distributed sensor conductors, a parallel current-potential switching
(K; and K,) is used. The pressure sensors are polled by a separate switch (K,S).
Analog-to-digital conversion is carried out using a 24-bit sigma-delta converter
by Analog Devices.

A functional diagram of the ICM is shown in Fig. 5. This module uses ready-
made interface conversion solutions, standard drivers and available system options
for setting up and connecting extemal devices to a PC.

Specialized software for recording, processing and displaying measuring
device data " operates in MS Windows operating systems.

Y Gaisky, P.V., 2022. [Program for Registration and Processing of Thermoprofilemeter Meas-
urement Data “THERMOPROF ). Sevastopol: MHI. State Registration no. 2022611315.
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Based on the results of metrological verifications, as well as on the require-
ments established by the terms of reference, the technical and metrological charac-
teristics of the experimental sample of the device were formulated:

— TSC length — 48 m;

—number of sections — 32 pcs.;

— spatial-averaged resolution of TSC—-1.5m;

— period of measuring the profile and orientation in depth (polling frequency) —
2s,;
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— measurement error of temperature averaged over the TSC section +0.1 °C
in the range from 0 to +25 °C;

— depth measurement error at the installation points of pressure sensors
(S1 and S2) - 0.1 dBa (0.1 m) in the range from 0 to 100 m;

—digital temperature resolution —0.0007 °C;

—digital pressure resolution — 0.00008 dBa;

— average inertia of TCS in liquid — 30 s;

— power supply of the submersible part (TSC and EU) according to the PCC —
direct voltage from 10 to 15 V (up to 2 W);

— PCC length — 40100 m;

—measuring device weight (TSC, EU, PCC, ICM, PSU) — up to 15 kg;

— extemal dimensions of the measuring device in the packaging kit —
0.6 0.6 x0.2 m.

Fig. 6 shows a fragment of records of measurements carried out in the deep-
water area during the Arctic expedition [13]. The result is displayed as temperature
isolines of a vertical profile with reference to depth and time. The developed
thermoprofilemeter was used in the towed-sounding mode from the ship. The fig-
ure clearly shows fluctuations of isothermal surfaces. The fluctuation of the 4 and
6 °C isotherms from 11:10 to 11:20 about 30 m high in the 10-50 m layer is most
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Fig. 6. Example of measurement recording by a sensor in the Arctic
in towed-sounding mode in temperature isolines
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pronounced, and, according to the authors, is associated with the passage of
a short-period internal wave in the measurement area. During this experiment,
the ship moved 1 km with an average drift speed of 66.7 cm/s. The maximum
sounding in depth according to the data of pressure sensors located at the ends of
the measuring device was carried out up to +7 m to the length of the
thermoprofilemeter. The measuring system in the telemetric mode monitored the
depth of the thermoprofilemeter and the position of the thermocline, and the algo-
rithms for controlling spatial displacements of the isolines monitored the amplitude
and the intemal wave period. At the same time, the figure clearly shows thermal iner-
tia of the distributed sensor in the first 20 seconds after the dive. Obviously, when
evaluating observational data in dynamic modes and in the presence of gradients,
it must be taken into account. For an objective analysis of the lengths of detected in-
ternal waves, it is necessary to simultaneously control the speed of outboard currents.

Conclusion

The developed experimental sample of the measuring device passed primary
full-scale tests and provided researchers in expeditionary work with high-quality
operational information. Further modernization of the design of the measuring
device will increase the mechanical load capacity of the sensor cable and overall
reliability. Taking into account the technical modification, additional methods of
using thermoprofilemeters for Arctic research are considered, including an auton-
omous installation and the possibility of long-term measurements in towed mode.

The measurement results obtained with the help of thermoprofilemeters are
characterized by greater accuracy and less discreteness (both temporal and spatial)
compared to common thermal pendants made in the form of a string of digital tem-
perature sensors. Specialized software algorithms provide efficiency in the visual
display of telemetric measurement information.
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