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Spectral Characteristics of Wind Variability
in the Coastal Zone of the South Coast of Crimea 1997-2006

A. S. Kuznetsov

Marine Hydrophysical Institute of RAS, Sevastopol, Russia
e-mail: kaskasev@mail.ru

Abstract

The paper studies the spectral characteristics of the coastal wind field variability near
the South coast of Crimea in the zone of horizontal inhomogeneities of the land surface
underlying the atmosphere and sea to specify the role of the coastal wind variability
in the formation of coastal water circulation features. Reliable knowledge of these features
is necessary for ecological standardization of the anthropogenic impact on marine ecosys-
tems as part of ecological and economic processes management in the coastal sea zone.
Archived data were used from standard meteorological observations of wind variability
over a 10-year period of instrumental monitoring (1997-2006) at the Black Sea hydrophys-
ical sub-satellite testing area of Marine Hydrophysical Institute near Cape Kikineiz onshore
and offshore and at the hydrometeorological station near Cape Nikita (Yalta). The advanced
information technology of processing and quality control of vector data was used to ensure
the unity of multi-year measurements, which allowed increasing the accuracy of measured
wind characteristics. The peculiarities of spectral characteristics of the coastal wind field
variability in daily, mesoscale and seasonal ranges were found out. The obtained in situ
results were compared with the known results of numerical modelling using modern models
of regional atmospheric circulation with high spatial and temporal resolution. The scientific
novelty of the work is in obtaining representative empirical knowledge during the analysis
of materials on the peculiarities of wind condition variability near the coast in zones
with horizontal heterogeneities of the properties of the land surface underlying the atmos-
phere and comparing these results with the existing model developments. Such integrated
studies provide reliable knowledge of the circulation patterns of coastal waters off
the South coast of Crimea given the effects of local winds.
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AHHOTaANMUA

Lenbio pa®oTHI SBISETCS HMCCICIOBAHME CIEKTPAIBHBIX XapaKTEPUCTHUK H3MEHUYHUBOCTH
oyt mpubpeskHoro Betpa y FOxHoro Oepera KpbiMa B 30He TOPH30HTATBHBIX HEOAHOPO-
HOCTEW MOACTWIAIONMIEH aTMocdepy MOBEPXHOCTH CYIIH W MOpPS UIA YTOYHEHHS POJIH
M3MEHYMBOCTH MPHOPEKHOTO BeTpa B (HOPMHUPOBAHUU OCOOCHHOCTEH IMUPKYIALUU HPH-
OpexHbIX BoJ. [locToBepHbIe 3HaHUA 00 ATHX 0COOCHHOCTSIX HEOOXOANMBI I 9KOJIOTHYe-
CKOT0 HOPMHPOBAHUS aHTPOIOTEHHOTIO BO3JEHCTBUS Ha MOPCKHE 3KOCHCTEMBI B paMKax
YIpaBJIEHUs 9KOJIOr0-9KOHOMUYECKHUMH TIpolieccaMy B NPUOpexHOW 30HE Mops. Mcnons-
30BaHbl APXHUBHBIC JaHHBIC CTAHIAPTHBIX METEOPOJIOTHUECKIX HAOIIONCHUH H3MEHUYMBOCTH
BeTpa 3a 10-meTHui nepuox MHCTpyMeHTanbHOro MoHuTopunra (1997-2006 rr.) na Yep-
HOMOPCKOM THJIPO(PH3NIECKOM HNOACIYTHHKOBOM ITOJUroHe MOPCKOTo ruipopu3n4ecKoro
HHCTHTYTa y M. KNKMHEN3 Ha cyIe U B MOpe, a TaKkKe Ha THIPOMETEOPOTIOTHYECKON CTaH-
uun y M. Hukura (1. Slnra). [{ng obecrieueHns eAMHCTBA MHOTOJIETHHX U3MEPEHUH HCIIOIb-
30BaHa MEPCHEKTUBHAA MH(OPMALMOHHAS TEXHOJIOTUS 0OpPabOTKM M KOHTPOJIS KadecTBa
BEKTOPHBIX JaHHBIX, KOTOPAs MO3BOJIMIA TOBBICUTh TOYHOCTh U3MEPSAEMBIX XapaKTEPUCTUK
BeTpa. BhIABIEHBI OCOOCHHOCTH CNEKTPAIBHBIX XapaKTEPUCTUK M3MEHYUBOCTHU IIOJIS TIPH-
Ope’KHOTO BETpa B CyTOYHOM, ME30MACIITA0HOM M CE30HHOM auamna3oHax. llomyueHHbIE
HATYpHBIE Pe3yIbTaThl COMOCTABIEHbl ¢ U3BECTHBIMU PE3YyIbTaTAMU YHUCIEHHOIO MOJENH-
POBaHHMs C UCIIOJIB30BAHHEM COBPEMEHHBIX MOJICNICH PEernOHANIBHON aTMOC(epHON IUpPKY-
JISIUM C BBICOKMM IPOCTPAHCTBEHHBIM M BPEMEHHBIM paspemieHueM. Haydnas HOBH3Ha
paboTHI 3aKiII0YaeTCs B MOIYYEHUN PENPE3CHTATUBHBIX SMINPHUECKUX 3HAHUN TIPH aHAJH-
3€ MaTepHaJIoB 00 0COOEHHOCTSIX N3MEHYMBOCTH BETPOBBIX YCIOBHH y NMOOEPEKbs B 30HAX
C TOPU3OHTAIBHBIMH HEOJHOPOJHOCTSIMH CBOMCTB MOJCTWIAIOIIEH aTMOc(epy 3eMHOU
MMOBEPXHOCTH U COIOCTABIEHUH 3THX DPE3YyJIbTATOB C CYIIECTBYIOIUMMU MOJAEIbHBIMU
paspaboTkamu. Takue KOMIIEKCHBIE UCCIEIOBAHUS IO3BOJSIOT MOJYyYUTh JOCTOBEPHBIE
3HaHUSA O 3aKOHOMEPHOCTSX HUPKYISAIUU MpUOpexkHbIX Box y FOxHoro Oepera Kprima
C Y4ETOM BO3JEMCTBUSA MECTHBIX BETPOB.

KawueBsie caoBa: FHOxusiii 6eper Kpeima, mpubperxHas 30Ha, MOPCKasi 3KOCHCTEMA,
MOHHTOPHHT, METEOapaMeTpbl, BETPOBBIE YCIIOBHS, THCTOIPaMMa paciipe/ieIeH s, CIIeKTpalb-
Hasl IJIOTHOCTh

BaaronapuocTu: pabora BHIIOJNHEHa B paMKax rocynapcrseHHoro 3aganus ®I'BYH
OULL MI'U no teme FNNN-2021-0005 «KoMIuiekcHble MEKIUCIUILTMHAPHBIE UCCIIEIOBA-
HUSI OKEaHOJOTHYECKHX IPOIECCOB, OMNPENEISIOMUX (YHKIMOHUPOBAHUE W 3BOJIOLHUIO
9KOCUCTEM MPUOPENKHBIX 30H UepHOTO 11 A30BCKOTO MOPEI».
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6e30macHOCTh MPHOPEKHOH 1 menbPoBoit 300 Mops. 2023. Ne 2. C. 6-20. EDN XYCHIS.
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Introduction

Currently, the development of natural, economic and recreational complexes
near the South coast of Crimea is due to the intensive development of its land area
and the coastal zone of the Black Sea. Based on estimates of the level of anthropo-
genic pressure on the coastal zones and ecotones of the Black Sea coast of Crimea,
it was noted in [1] that the coastal ecosystems of the Black Sea tend to degrade
under the influence of anthropogenic pollution entering the marine environment,
which requires adoption of legal restrictive measures. According to [1, 2], an eco-
tone is a zone at the interface between two media, where boundary effects are ma-
nifested in a special mode of geochemical processes that create the possibility
of the existence of specific biocenoses and ecosystems in the boundary zones.
Near the Southern coast of Crimea (SCC), such zones are the coastal ecotone
of the land and the coastal marine ecotone, which exist at the boundary of land
and sea.

The water area of the marine ecotone is the coastal extremity of the shelf zone
and includes an adjacent shallow strip of the open part of the sea, bays and gulfs.
The existence zone of the coastal ecotone of the sea near Cape Kikineiz of the SCC
occupies a coastal strip limited by depths of 50-70 m at a distance of up to 1 km
from the coast. To establish the degree of damage caused to the coastal ecosystem
by pollution of this water area, reliable data on the intensity of processes
in the coastal frontal zones and sections are required [1, 2]. The circulation
of waters in the shallow coastal area of the shelf near the SCC has its own regu-
larities [3, 4] and differs from the dynamics of waters in the adjacent shelf-slope
part of the sea, as well as from the Rim Current [5]. The specific features of coastal
water circulation are determined by the geographic location and structure
of the unique natural landscape of the SCC, the shape of the coastline and bot-
tom relief, and the intensification and stability of water circulation are asso-
ciated with oceanological and meteorological disturbances.

At the current level of the Black Sea pollution flux [6] entering the marine
environment, it is necessary to apply ecological regulation of anthropogenic
impacts on marine ecosystems in the framework of managing ecological and eco-
nomic processes in the coastal zone of the sea [7]. In order to determine scientifi-
cally based limiting norms of the pollution fluxes entering marine environment,
along with the estimates of their level and the capabilities of the ecosystem assimi-
lation capacity, reliable knowledge about the features of coastal water circulation is
required. Based on the results of long-term field studies of the coastal currents near
the SCC, presented in [3, 4], the regularities of the cyclonic circulation of the sta-
tionary alongshore current and the features of its variability in the gravitational-
inertial, subinertial and seasonal ranges were revealed. Experimental identification
of the factors causing such an intensification of currents is an urgent task.

It is known that the intensity of the wind circulation in the sea depends
on the wind conditions of the atmospheric surface layer. Near the coast in the zone
of the surface underlying the atmosphere (land and sea), the characteristics of the air
flow (wind) are variable over a wide range. From the analysis of the published
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results of research on wind characteristics near the SCC, the following should be
noted. According to the instrumental measurements, the wind variability near the coast
is formed as a result of contribution of a large-scale wind field, which is trans-
formed when the wind flows around the Main Range of the Crimean Mountains,
and a superposition of local formations of thermal and orographic origin " 2" *** [8].
At the same time, the practical value of the results of modelling studies obtained
at Marine Hydrophysical Institute (MHI) according to the data of a regional retro-
spective analysis (reanalysis) based on various numerical models of atmospheric
circulation, presented in a series of works [9—15], should be especially noted.

The main elements of the large-scale cyclonic circulation of the Black Sea wa-
ters are the Rim Current jet and two macrocyclonic gyres in the eastern and west-
ern parts of the sea [5, 16]. The seasonal variability of the large-scale circulation
of the Black Sea waters is largely determined by the action of the driving stress
of the wind, and the wind field vorticity is the main characteristic that determines
the generation of wind circulation in the sea [9]. On seasonal time scales of varia-
bility, vorticity of the field of the driving wind velocity modulus on the Black Sea
surface includes background vorticity associated with the general large-scale at-
mospheric circulation and a regional component. Regional vorticity associated
with orography and contrast between the characteristics of the underlying surface
of the sea and land dramatically affects the formation of the total wind field
of the surface layer of the atmosphere [13], which, as a result, is the dominant fac-
tor in the formation of variability of hydrophysical fields of the Black Sea [11].
Based on the results of a review of materials from early in situ V™ [8] and theoreti-
cal studies [9-15], brief information is given below, which is necessary for further
discussion of the results of studies of spectral characteristics of the surface wind
field variability in the zone of the land and sea surface underlying the atmosphere.

The hydrometeorological regime of the SCC and adjacent water areas is
mainly determined by macrocirculation processes of the Mediterranean climat-
ic region, features of coastline configuration, and geomorphological structure
of the Crimean Peninsula [8, 9]. Atmospheric processes occurring over
the Black Sea are distinguished by a wide variety of forms, which are largely
due to the features of baric conditions and orographic features of the SCC.

D Lapin, M.N., 1954. [The Black Sea Pilof]. Leningrad: Izd-vo Gidrograficheskogo Upravleniya
Voenno-Morskih Sil, 506 p. (in Russian).

D Potapov, N.S., 1956. [Breeze Circulation on the South coast of Crimea]. In: Shuleykin, V.V, ed.,
1956. Trudy Morskogo Gidrofizicheskogo Instituta. Moscow: 1zd-vo AN SSSR. Vol. 8, pp. 98-108
(in Russian).

3 Chernyakova, A.P., 1965. Typical Wind Fields of the Black Sea. In: MGMO ChAM, 1965. [ Collec-
tion of Works of the Basin Hydrometeorological Observatory of the Black and Azov Seas]. Lenin-
grad: Gidrometeoizdat. Iss. 3, pp. 78—121 (in Russian).

9 Zats, V.I., Lukyanenko, O.Ya. and Yatsevich, G.V., 1966. [Hydrometeorological Regime of
the Southern Coast of Crimea). Leningrad: Gidrometeoizdat, 120 p. (in Russian).
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During the year, barico-circulation features of atmospheric processes over
the Black Sea have well-defined seasonal differences. In this case, the regional vor-
ticity of the wind field is the main factor in the formation of the seasonal course
of the vorticity of the wind velocity field, which varies from cyclonic in winter
to anticyclonic in summer [8, 9]. As it is known, wind conditions on land and near
the coast are significantly different from wind conditions in open areas of the sea
[8]. Geomorphological and orographic subregional features of the SCC region
change the nature of regional atmospheric circulation and contribute to the emer-
gence of its local manifestations " [8-10, 12—15].

The purpose of this work is to study spectral characteristics of multiscale
variability of the coastal wind on the basis of the archival data obtained over
a 10-year period of instrumental monitoring from 1997 to 2006 near Cape Kikineiz
at the Black Sea hydrophysical sub-satellite testing area (BSHSTA) of MHI,
as well as the data from the meteorological station at Cape Nikita. The scientific
novelty of the work lies in obtaining reliable empirical knowledge based
on the analysis of archival materials on variability of characteristics of the coastal
wind in zones with horizontal inhomogeneities of the properties of the earth’s sur-
face underlying the atmosphere and comparison of these characteristics with exist-
ing theoretical developments. These materials are necessary for further studies
of variability of the spectral characteristics of the coastal wind field near the SCC
and revealing their relationship with the features of coastal water circulation [4].

Materials and methods

This paper presents the results of processing and analysis of the archival data
of standard meteorological observations of wind variability performed on a con-
tractual basis in 1997-2006 near Cape Kikineiz and at Cape Nikita (Fig. 1).
The means for monitoring the hydrometeorological situation at BSHSTA of MHI
provided contact monitoring of the wind field characteristics at the polygon
near Cape Kikineiz in the zone of the land’s surface underlying the atmosphere
and the coastal zone of the sea. The wind characteristics were measured at the coastal
hydrometeorological station of Katsiveli village (Fig. 1) with coordinates 44.38° N
and 33.98° E, at a height of ~ 40 m and at a distance of ~ 150 m from the water’s
edge. The measurements of the wind characteristics near Cape Nikita (Fig. 1) were
carried out at the Nikitsky Sad meteorological station, located at a distance
of ~ 25 km to the northeast of Cape Kikineiz, with coordinates of 44.51° N and
34.24° E, at a height of ~200 m and at a distance of ~ 550 m from the water’s
edge. The wind characteristics of the atmospheric surface layer were measured
in the Goluboy Gulf (Fig. 1) at the marine hydrometeorological station of
the stationary oceanographic platform [3] with coordinates 44.39° N and 33.98° E,
at an altitude of 18 m above sea level and at a distance of ~ 450 m from the coast.
The measurements on the platform at sea are presented for the 7-year observation
period 1997-2003 during the seasons of the greatest development of the breeze
from May to October.
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Black Sea
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Fig. 2. Schematic map of the studied area near the South coast of
Crimea. The circles are for onshore weather stations, the star is for those
in the Goluboy Gulf. Line I denotes the ridge orientation near Cape
Kikineiz, line I — near Cape Nikita

The south coast of the Crimean Peninsula from Cape Sarych to Cape Ai-Todor
is protected by the Main Range of the Crimean Mountains, blocking direct access
to northern winds ». The southern cliffs of the mountain range, as well as the adja-
cent coastline near the village of Katsiveli, are oriented from the west-southwest
to the east-northeast (straight line I in Fig. 1). The land area between the cliffs
and the coast reaches a width of 4 km, and the heights of the mountains are
in the range of 1000—1200 m. From Cape Ai-Todor to Cape Nikita, the coastal strip
of the SCC is protected by a mountain range from the northeast ”, where the slopes
of the mountains towards the sea are oriented from the southwest to the northeast
(straight line I in Fig. 1). At Cape Nikita, the land strip between the mountain
range and the coastline reaches a width of 8 km, with the height of the adjacent
mountain range ~ 1200 m.

The instrumental measurements of the wind field characteristics were made
by M-63M anemorumbographs. The wind meters operated in the standard averaging
mode with 8-term registration of measurements in one day. Every 3 hours, the instan-
taneous successive values of the modulus of the velocity and direction of the wind
vector averaged over a 10-minute time interval were recorded. The totality of the initial
chronological sequences for the 10-year period of research amounted to 29,216 pairs
of components of 3-hour readings of the coastal wind vector characteristics.
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According to the passport data, the primary measuring transducers of the anemo-
rumbograph have typical metrological characteristics with a sensitivity (the least
significant digit of the meter) for the wind velocity channel no more than 0.1 m/s
and the wind direction channel no more than 3°. The measurement technology
made it possible to exclude the contribution of faulty values and significant metho-
dological measurement errors, and further application of the procedure for analyz-
ing the results of statistical processing of the set of vector data for monitoring wind
characteristics made it possible to increase the averaged data accuracy. To ensure
the uniformity of long-term measurements, the materials underwent data quality
control in the prescribed manner and, on their basis, vector-averaged 9-hour
and average daily values of the wind velocity and direction modulus were calcu-
lated. The results of statistical processing of vector-averaged data, taking into ac-
count the analysis of the actual values of the current histograms of distribution
of the modulus of the wind velocity vector and direction, ensured an increase
in the accuracy of measurements of wind components to the limiting levels of ran-
dom errors [17]. At certain averaging intervals, the limiting random mean-square
errors in measuring the modulus of the wind vector velocity and direction are re-
duced to 0.1-0.2 m/s and to 5°, respectively.

On the basis of a set of initial data of instrumental measurements, 3652 pairs
of mean hourly values of the wind vector components were formed. The in situ
data are further used in full in statistical and spectral analysis. It should be noted
that in the course of modelling studies in [10, 13, 15], to identify the contribution
of the breeze against the background of synoptic disturbances, a special method of
digital filtering of the processed data, the “method of difference composites”, was
used under the assumption that the fields of breeze and synoptic circulation are ad-
ditive. The spectral analysis of the vector characteristics of the air flow (wind)
in this work was carried out within the framework of a linear (filter) estimation
of the energy spectrum of oscillations, similar to the method of analyzing a set
of vector data in [3, 4] through periodogram smoothing using a fast Fourier trans-
form procedure. The features of the method of spectral analysis of vector character-
istics are presented in the works > ©. On the basis of these materials, a software
information product used in this work was developed. The choice of vector data
filtering parameters made it possible to reliably investigate the energy contribution
and spectral features of the distribution of the total energy density of oscillations
with multiscale variability of the coastal wind field. Estimations of breeze charac-
teristics were also obtained under the assumption that the fields of the breeze
and synoptic circulation are additive.

% Konyaev, K.V., 1981. [Spectral Analysis of Random Oceanological Fields]. Leningrad: Gidrome-
teoizdat, 207 p. (in Russian).

® Blatov, A.S., Bulgakov, N.P., Ivanov, V.A., Kosarev, V.N. and Tuzhilkin, V.S., 1984. Variability of
Hydrophysical Fields of the Black Sea. Leningrad: Gidrometeoizdat, 240 p. (in Russian).
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Discussion and results

In the zone of narrowing of the continental slope between the southern tip
of the Crimean Peninsula and the Anatolian coast, the water area of the Black Sea
is divided along the meridian 34° E passing through the territory of BSHSTA
of MHI (33.984° E) to the eastern and western parts [12], where macrocyclonic
circulations of currents (“Knipovich spectacles”) are formed [16]. The transitional
zone between the gyres, adjacent to the territory of BSHSTA of MHI, is both func-
tionally and territorially associated with the connecting “bridge of Knipovich spec-
tacles”.

The Crimean Mountains, horizontal inhomogeneities of the underlying
surface, and thermal land-sea contrasts cause disturbances in the lower part of
the atmospheric boundary layer, contributing to the generation and development
of a wide range of mesoscale processes near the SCC. One of the empirical prob-
lems considered in this paper is the study of the variability features of such mesos-
cale disturbances based on the spectral analysis of in situ data. Taking into account
the previously accumulated knowledge obtained on the basis of numerical model-
ling of the atmospheric circulation over the Black Sea, it is possible to reasonably
identify the variability features of the coastal wind characteristics.

The structure of atmospheric fields in the zone of the coastal ecotone of land
and sea near the SCC is most variable in the spring-summer and summer-autumn
seasons (May—October) [10, 14, 15]. At this time of the year, the daily variability
of atmospheric fields is clearly expressed due to the maximum intensification
of breeze circulation, which is the result of temperature contrasts between the sea
and land associated with daily and seasonal cycles. The daytime breeze (sea
breeze) is a gravitational flow of air propagating towards the land, and the night
breeze (continental breeze) has the opposite direction. Instrumental studies of
breeze circulation near the village of Katsiveli have been carried out since 1949
by a complex of upper-air observations, including drifter balloon-pilot studies.
Subsequently, a representative method for studying breeze circulation was nu-
merical simulation using regional atmospheric circulation models with high spa-
tial and temporal resolution [9, 13—15]. The set of in situ data on the variability
of coastal wind characteristics analyzed in this paper makes it possible to resume
contact field studies of the breeze circulation features near the SCC at a new tech-
nological level in order to subsequently assess the role of local winds in the forma-
tion of coastal water circulation features.

A significant increase in wind velocities in the sea, compared to its veloci-
ties on land near Cape Kikineiz, has been instrumentally recorded since 1983.
Fig. 2 shows the multi-year average full energy spectra of coastal wind oscilla-
tions near the SCC for 1997-2003, calculated from 9-hour vector-averaged data
in the range of wind field variability periods from 18 hours to 2 days. The spectra
in Fig. 2, a are calculated according to the data of the marine meteorological
point in the Goluboy Gulf, the onshore meteorological point near Cape Kikineiz
and the onshore meteorological station near Cape Nikita during the period
of intensification of breeze circulation (May—October) and demonstrate a sig-
nificant energy contribution of wind oscillations over a period of 24 h (1 day).
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Fig. 2. Full energy spectra of wind oscillations near the South
coast of Crimea in the period range of 18 h — 2 days: a — at intensifi-
cation of breeze circulation and daily variability of the coastal wind
field (May — October) according to data from the marine meteoro-
logical point in the Goluboy Gulf, the onshore meteorological point
near Cape Kikineiz and the onshore meteorological station near
Cape Nikita (blue, red and green lines, respectively); b — at weaker
daily variability of the coastal wind field (November — April)
according to the data of the onshore meteorological point near
Cape Kikineiz and the onshore meteorological station at Cape Nikita
(red and green lines, respectively) at the 95 % confidence interval
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The spectral maxima significantly exceed the limits of the 95% confidence interval
and are credible. The long-term average spectra calculated from the data of the on-
shore meteorological point near Cape Kikineiz and the onshore meteorological sta-
tion near Cape Nikita in November—April (Fig. 2, ) demonstrate a decrease
in the energy contribution of wind oscillations over a period of 24 h compared
with the spectra in Fig. 2, a. Wind characteristics were not measured in November—
April at the meteorological point in the Goluboy Gulf near Cape Kikineiz.

As it is known, the daytime breeze carries the sea air in the atmospheric
surface layer towards the coast, while the night breeze is directed from the coast
towards the sea. As a result, a single quasi-cyclic process is formed with an oscilla-
tion period of 1 day, where the velocities of the daytime breeze near the Crimean
Mountains can reach 8 m/s, and the night breeze near Crimea can reach 5 m/s [10]
with a characteristic total breeze velocity of about 4—5 m/s [15]. Based on the pre-
sented complete energy spectra, the corresponding long-term average values
of the daily coastal wind oscillation velocities were calculated for each of the obser-
vation points. In May—October, the average annual velocities of daily wind fluctua-
tions in the sea near Cape Kikineiz were 9.7 m/s, on the shore near Cape Kikineiz —
10.4 m/s, and on the coast near Cape Nikita — 8.0 m/s. In November—April, the aver-
age multi-year velocities of daily wind fluctuations on the shore near Cape Kiki-
neiz were 4.2 m/s, and on the shore near Cape Nikita — 3.1 m/s.

In the seasons of breeze circulation intensification (Fig. 2, a), the average
multi-annual daily wind variability rates near Cape Kikineiz between the sea
and land differed slightly, and on land between Cape Kikineiz and Cape Nikita had
a difference of ~ 2 m/s. During the seasons of decreasing intensity of diurnal wind
fluctuations (Fig. 2, b), the differences on land between Cape Kikineiz and
Cape Nikita were ~1 m/s. The indicated average annual seasonal breeze velocities
obtained from the in situ data near Cape Nikita almost coincide with the velocities
calculated from the data of the regional reanalysis of atmospheric circulation
for the Black Sea region based on the mesoscale model [10]. The daily wind
variability velocities found on land near Cape Kikineiz during the period of
weakening of the breeze circulation of the wind (November—April) also coin-
cide with the model estimates.

However, in the spring-summer and summer-autumn seasons (May—October),
with the intensification of breeze circulation, the average multi-year velocities
of wind oscillations with a daily period near Cape Kikineiz both on land and sea
exceed the corresponding model estimates of the characteristic breeze velocity [15]
almost twofold. In this regard, it should be noted that in work ) instrumental
observations revealed a daily contribution of the local nighttime thermal wind
of the slopes, when the released air periodically flows down from the Crimean
Mountains. In [13], based on the results of modelling mesoscale features of atmos-
pheric circulation in the coastal part of the SCC, it was shown that night breeze
velocities can reach 10 m/s, which is associated with the appearance of a katabatic
wind that occurs at night and propagates down the slope of the adjacent mountains
near the village of Katsiveli [14]. The revealed mean annual wind velocities
with a diurnal period significantly exceed the typical breeze velocities, which is
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due to the additional daily contribution of the local thermal wind and orogra-
phy. The night katabatic wind makes a certain contribution to the daily fluctua-
tions of the total wind in the village of Katsiveli. Occasionally, reaching hurri-
cane force, it creates a situation of natural disaster, tearing off roofs from houses
and buildings, breaking and uprooting perennial trees.

According to the rectilinear coastline scheme [15], the direction of the breeze
is almost perpendicular to the coastline. The Crimean Mountains with heights near
the SCC in the range of 1000—1200 m significantly change the structure of the breeze
circulation. The sea breeze propagation height in Crimea is 500-1000 m [13], while
it was noted in work » that the upper limit of the sea breeze can reach 1600 m.
In such cases, only the upper part of the flow penetrates onto land beyond the Main
Range of the Crimean Mountains. In the case when high mountains block the prop-
agation of breeze further on land * [10, 15], an area of strong alongshore breeze air
flows is formed near the SCC [15]. During the day, the breeze circulation periodi-
cally changes in terms of velocity and direction. With the development of both day-
time and nighttime breezes, the action of the Coriolis force leads to the rotation of
the velocity field vector during the day [10]. During the daily cycle, the develop-
ment of the breeze is accompanied by a gradual change in its direction in a clock-
wise direction. Such diurnal dynamics of the local wind introduces additional dis-
tortions in in situ studies of the characteristics of the coastal wind field near
the SCC in the range of mesoscale, synoptic and seasonal variability, which must
be taken into account when processing and analyzing in situ data.

High Crimean Mountains significantly change the structure of the regional
wind field near the coast®™® [8, 9, 13, 15] and form the alongshore structure
of the coastal wind near the SCC, including the breeze component, both on land
and in the near, relatively narrow coastal strip of the sea [14]. Fig. 3 shows
the frequency distribution histograms of the alongshore wind directions near
the SCC.

The mountains near the SCC significantly complicate the situation, creating
a complex superposition of breeze and mountain-valley winds in the land-sea junc-
tion zone. In order to suppress the contribution of intense daily fluctuations caused
by local winds (breezes, mountain-valley and katabatic winds) in the implementa-
tions, the procedure of daily vector averaging of the initial data was performed.
The asterisk in Fig. 3 shows the maximum value of the probability density
of the contribution of local winds from the mountains (from 345°), calculated
from the initial data of the sea and coastal meteorological points near Cape Kiki-
neiz before their daily averaging. At Cape Nikita, the intensive contribution of lo-
cal winds from the mountains was not identified in the initial realizations. In Fig. 3,
two main almost collinear directions are distinguished, along which the alongshore
circulation of the coastal wind near the SCC is oriented.

To analyze the large-scale variability of the wind field near the SCC, we used
the average daily and average monthly vector-averaged values of the coastal wind
velocity and direction modulus, formed over a 10-year period of in situ observa-
tions. Fig. 4 shows the long-term average full energy spectra of wind oscillations
near the SCC for 1997-2006 in the variability range of 24-512 days.
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Fig. 3. Histograms of the frequency distribu-
tion of alongshore wind directions near the South
coast of Crimea based on daily vector-averaged
multi-year data from the Goluboy Gulf marine
meteorological station, the onshore meteorologi-
cal station at Cape Kikineiz and the onshore me-
teorological station at Cape Nikita (blue, red and
green lines, respectively). Kikineiz and the on-
shore meteorological station near Nikita (blue, red
and green lines, respectively). The star shows the
maximum probability density value of diurnal
slope wind contribution from land in the raw, not
averaged data of the offshore and onshore meteo-
rological points at Cape Kikineiz

Fig. 4. The 1997-2006 long-term average
full energy spectra of wind variability near
the South coast of Crimea in the range of periods
24-512 days based on the data from the onshore
meteorological point at Cape Kikineiz and on-
shore meteorological station Nikita (red and green
lines, respectively) at 95 % confidence interval
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The spectra in Fig. 4 demonstrate the reliable energy contribution of coastal
wind fluctuations over a period of about two months (57 days) at the measurement
points on land. The nature of the wind intense variability at the indicated points is
almost identical, however, the values of the mean annual velocities of coastal wind
oscillations near Cape Kikineiz are almost 1.5 times higher. Previously, the results
of long-term studies of the coastal current variability near Cape Kikineiz [3] were
published, where seasonal fluctuations of currents on the annual period, the second
and third annual harmonics were reliably identified, as well as current fluctuations
with a period of about two months, identified in the set of long-term average ener-
gy spectra of coastal current variability near the SCC (Fig. 2 in [3, p. 161]). Further
spectral analysis of the in situ data presented in this paper made it possible to relia-
bly separate the seasonal fluctuations of the coastal wind field on annual and semi-
annual periods at a 90 % confidence interval.

This paper presents preliminary results of a study of the spectral characteristics
of the coastal wind variability near the SCC, obtained from the analysis of archival
in situ data. Further development of instrumental synchronous studies of the field
of coastal wind and currents at BSHSTA of MHI near the SCC will allow to obtain
new representative in situ data within the framework of the problem under study.

Conclusion

New scientific results were obtained on the basis of processing and analysis
of archival data of standard meteorological observations of wind variability
for a 10-year period of instrumental monitoring performed in 1997-2006
at the Black Sea hydrophysical sub-satellite testing area of the Marine Hydrophysi-
cal Institute near Cape Kikineiz on land and in the sea, as well as at the hydrome-
teorological station near Cape Nikita of the SCC. To ensure the uniformity of long-
term measurements, a promising information technology for processing and quality
control of vector data was used, which made it possible to improve the accuracy of
measured wind characteristics.

On the basis of archival data of a full-scale experiment, the mean long-term
full energy spectra of coastal wind field oscillations for the diurnal range of va-
riability were studied. The seasonal variability of the intensity of diurnal wind
fluctuations, associated with intra-annual changes in the contribution of breeze
and local mountain-valley winds in the boundary zone of land and sea, was reliably
revealed. Intense fluctuations of the coastal wind were revealed for periods of
about 57 days, and the seasonal fluctuations of the coastal wind field near the SCC
were reliably separated for annual and semi-annual periods.

The experience of working with the data from contact monitoring of wind
characteristics allows us to continue instrumental in situ studies in this direction
at the modern technological level. Representative estimates of the variability of
coastal wind conditions and their contribution to the formation of the coastal water
circulation structure are required to obtain new empirical knowledge in the frame-
work of this problem that has not been sufficiently studied so far. A comprehen-
sive analysis of current variability data and time-synchronous data of local wind
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characteristics makes it possible to obtain new scientific knowledge about cause-
and-effect relationships and the contribution of wind variability of the near-water
layer of the atmosphere to the formation of a quasi-stationary structure, regime and
multi-scale variability of coastal water circulation off the coast, which remains one
of the priority tasks of the Marine Hydrophysical Institute of the Russian Academy
of Sciences.

REFERENCES

1.

10.

11.

12.

Belyaev, V.I., Doroguntsov, S.I., Sovga, E.E. and Nikolaenko, T.S., 2001. Estimation
of Degree of Anthropogenic Loads on Coastal Zones and Ecotons of the Black Sea
Coast of Ukraine. Morskoy Gidrofizicheskiy Zhurnal, (1), pp. 55-63 (in Russian).

Lebedev, V., Aizatulin, T. and Khailov, K., 1989. The Living Ocean. Moscow:
Progress Publishers, 327 p.

Kuznetsov, A.S., 2022. Mean Long-Term Seasonal Variability of the Coastal Current
at the Crimea Southern Coast in 2002-2020. Physical Oceanography, 29(2),
pp. 139-151. doi:10.22449/1573-160X-2022-2-139-151

Kuznetsov, A.S. and Ivashchenko, I.K., 2023. Features of Forming the Alongcoastal
Circulation of the Coastal Ecotone Waters nearby the Southern Coast of Crimea.
Physical Oceanography, 30(2), pp. 171-185. d0i:10.29039/1573-160X-2023-2-171-185

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

Pokazeev, K., Sovga, E. and Caplina, T., 2021. Pollution on the Black Sea. Observa-
tion about the Ocean’s Pollution. Cham, Switzerland: Springer Nature Switzerland
AG, 213 p. https://doi.org/10.1007/978-3-030-61895-7

Timchenko, I.E. and Igumnova, E.M., 2011. Control over the Ecological-Economic
Processes in the Integral Model of the Coastal Zone of the Sea. Physical
Oceanography, 21(1), pp. 45-62. doi:10.1007/s11110-011-9103-9

Koveshnikov, L.A., Ivanov, V.A., Boguslavsky, S.G., Kazakov, S.I. and Kaminsky, S.T.,
2001. Problems of Heat and Dynamic Interaction in a Sea — Atmosphere — Land Sys-
tem of the Black Sea Region. In: MHI, 2001. Ekologicheskaya Bezopasnost' Pribrezh-
noy i Shel'fovoy Zon i Kompleksnoe Ispol’zovanie Resursov Shel'fa [Ecological Safety
of Coastal and Shelf Zones and Comprehensive Use of Shelf Resources]. Sevastopol:
MHLI. Iss. 3, pp. 9-52 (in Russian).

Efimov, V.V., Shokurov, M.V. and Barabanov, V.S., 2002. Physical Mechanisms of
Wind Circulation Forcing over the Inland Seas. Izvestiya, Atmospheric and Oceanic
Physics, 38(2), pp. 217-227.

Efimov, V.V. and Barabanov, V.S., 2009. Breeze Circulation in the Black-Sea Region.
Physical Oceanography, 19(5), pp. 289-300. https://doi.org/10.1007/s11110-010-
9054-6

Knysh, V.V., Korotaev, G.K., Moiseenko, V.A., Kubryakov, A.IL., Belokopytov, V.N.,
Inyushina, N.V., 2011. Seasonal and Interannual Variability of Black Sea Hydrophysi-
cal Fields Reconstructed from 1971-1993 Reanalysis Data. Izvestiya, Atmospheric and
Oceanic Physics, 47(3), pp. 399—411. https://doi.org/10.1134/S000143381103008X

Efimov, V.V. and Anisimov, A.E., 2011. Climatic Parameters of Wind-Field Va-
riability in the Black Sea Region: Numerical Reanalysis of Regional Atmospheric

Circulation. Izvestiya, Atmospheric and Oceanic Physics, 47(3), pp. 350-361.
https://doi.org/10.1134/S0001433811030030

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2023 19



13.

14.

15.

16.

17.

Efimov, V.V., Barabanov, V.S. and Krupin, A.V., 2012. Simulation of Mesoscale Fea-
tures of Atmospheric Circulation in the Crimean Black Sea Region. Morskoy Gidrofi-
zicheskiy Zhurnal, (1), pp. 64—74 (in Russian).

Efimov, V.V., Barabanov, V.S. and larovaya, D.A., 2014. [Mesoscale Processes in the
Atmoshpere of the Black Sea Region]. In: V. A. Ivanov and V. A. Dulov, eds., 2014.
Monitoring of the Coastal Zone in the Black Sea Experimental Sub-Satellite Testing
Area. Sevastopol: ECOSI-Gidrofizika, pp. 250-271 (in Russian).

Efimov, V.V. and Krupin, A.V., 2016. Breeze Circulation in the Black Sea
Region. Russian Meteorology and Hydrology, 41(4), pp. 240-246.
https://doi.org/10.3103/S1068373916040026

Bulgakov, S.N., Korotaev, G.K. and Whitehead, J.A., 1996. The Role of Buoyancy
Fluxes in the Formation of a Large-Scale Circulation and Stratification of Sea Water.
Part I: The Theory. Izvestiya, Atmospheric and Oceanic Physics, 32(4), pp. 548-556
(in Russian).

Kuznetsov, A.S., 2018. System of Assessment of the Vector Data Quality and Oppor-
tunity of Antenna Measurements of Currents. Ecological Safety of Coastal and Shelf
Zones of Sea, (1), pp. 50-57. doi:10.22449/2413-5577-2018-1-50-57 (in Russian).

Submitted 17.04.2023; accepted after review 30.04.2023;
revised 03.05.2023; published 26.06.2023

About the author:

Alexander S. Kuznetsov, Leading Research Associate, Head of the Shelf Hydrophysics
Department, Marine Hydrophysical Institute of RAS (2 Kapitanskaya St., Sevastopol, 299011,
Russian Federation), Ph.D. (Tech.Sci.), AuthorID: 860912, SPIN-code: 1838-7191;
ORCID ID: 0000-0002-5690-5349; Scopus Author ID: 57198997777, kaskasev@mail.ru

The author has read and approved the final manuscript.

20

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


mailto:kaskasev@mail.ru

Original article DOI: 10.29039/2413-5577-2023-2-21-48

Hydrological and Hydrochemical Regime
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Abstract

A landscape feature of Crimea and the Kerch Peninsula is the presence of a large number of
hypersaline lakes and bays, many of which are valuable reserves of therapeutic muds.
The article summarizes the results of the hydrological and hydrochemical field studies con-
ducted by the Sevastopol Branch of State Oceanographic Institute in 2015-2022 in the area
of hypersaline Koyashskoye Lake located within Natural Reserve Opuksky. Hydrological
studies of the lake included the determination of its morphometric characteristics and calcu-
lation of the main components of the water balance. Hydrochemical studies included
the analysis of samples of brine and bottom sediments. The mineralization of the lake water
was measured using different methods. Besides, the following indicators were identified
in the samples: dissolved oxygen content and biochemical oxygen demand for five days,
pH and total alkalinity, nutrient and pollutant (anionactive surfactants, petroleum, heavy
metals) contents. The microelement composition of brine and pollution of bottom sedi-
ments were assessed. It was determined that the lake water balance input is formed mainly
from atmospheric precipitation and filtration of the Black Sea water through the bay-bar.
The major water balance output is evaporation. During an in sifu experiment using a ground
evaporator GGI-3000 and automatic weather station, evaporation for hypersaline waters
was estimated and a formula for its calculation was determined. It was found that high
concentrations of inorganic forms of phosphorus and nitrogen characterize the waters of
Koyashskoye Lake. In summertime, oxygen concentrations can fall to hypoxic values.
The bottom sediments of the lake were polluted with zinc, the concentration of which
exceeded the maximum permissible concentration.

Keywords: Koyashskoye Lake, natural reserve Opuksky, water balance, thermohaline
structure, hydrochemical regime, pollution
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I'uapos1oro-ruipoXuMnYecKni peknum
runepcosieHoro o3epa Kosimickoro (KepueHckuii mosryocTpos)
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AHHOTaANMUA

JlangmagTHON ocobenHOCTRIO KppiMa m KepueHCKOro moiyocTpoBa SIBISETCS HAIWIHE
0O0JIBIIIOTO YHCTIa TUIIEPCOJICHBIX 03€p M 3AJIMBOB, MHOTHE U3 KOTOPBIX MPEICTABIIAIOT CO00
LICHHBIC pe3epBaThl JeueOHBIX rpsi3eil. Llems cTtathu — 0000IIMTE Pe3ynbTaThl THAPOIOTO-
THAPOXUMHUYECKUX SKCIEIUIMOHHBIX HccaeaoBanuil CeBacTomnoibckoro otaeneHuss @by
«"ONH» 3a 20152022 rr. B paiioHe runepcosieHoro o3epa Kosmickoro, pacnoaoxeHHOro
B Ipelenax MNPUPOAHOro 3amoBenHuKa «Omykckuit». ['mIposjoruueckue HccleOBaHUS
03epa BKIIFOYAJH ONpe/ecHHE ero MOp(hOMETPUIECKAX XapaKTECPUCTHK M pacdeThl OCHOBHBIX
KOMIIOHCHT BOJHOTO OanaHca. ['MIPOXUMHYCCKUE WCCICIOBAHUS COCTOSUIM W3 aHAIIN3a
mpo6 pambl U JTOHHBIX OTJIOKEHUH. MHHEpanm3anuio BOJA 03epa M3MEPSUTH Pa3IuIHBIMU
Merogamu. Kpome Toro, B oTOOpaHHBIX Ipo0ax ONpenessuIf CICTYIOUINE MOKa3aTelH:
COJIepKaHMUE PACTBOPEHHOI'O KHUCIIOpOJia M OMOXHMHYECKOE MOTpeOIeHHe KHCIopoaa
3a MATh CYTOK, BOJOPOAHBIN MOKa3aTeNls W OOMIYIO IEIOYHOCTh, COACPKAaHIE OMOTEHHBIX
9JIEMEHTOB W 3arpsA3HAIONIMX BEUICCTB (AHHOHHBIX ITOBEPXHOCTHO-aKTUBHBIX BEIIECTB,
He(pTeIPOAYKTOB, TKENBIX MeTayuioB). OLEHWBAIN MHKPOIJIEMEHTHBIH COCTaB paIlbl
Y 3arpsI3HCHHE TOHHBIX OTJI0XEeHUH. OnpeneneHo, 4To NpUxoJHasi 4acTh BOJAHOTO OajaHca
o3epa popMUpPYETCsI TPEUMYIIESCTBEHHO 3a CYET aTMOC(HEPHBIX OCAIKOB U (QHIBTpanuu
Box UepHOro mMops uepe3 nepechinb. OCHOBHOH pacXoIHON 4acThiO BOJHOTO OajlaHca SIB-
JIIleTCsl UcnapeHue. B xolie HaTYpHOTO SKCIEpUMEHTa € MOMOILIBI0 HA3€MHOTO UCHIapUTEIs
I'TU-3000 1 aBTOMaTHUYECKOH METEOCTAHIMH MOJIyY€Hbl OLEHKN UCIapeHUsl JIsl TUIEPCO-
JICHBIX BOJ U ompeneneHa (Gopmyna ais ero pacyera. BeraBieHo, uTo Boabsl ozepa Kosm-
CKOTO XapaKTepH3YIOTCS BBICOKMMH 3HAYCHUSMH KOHIEHTPAIMHA HEOPTaHHYECKUX (GopM
¢dochopa m a3zora. B nerHmil mepmon BO3MOXHO MOHM)KEHHE KOHIIEHTPAIMH KHCIOPOIa
BIIJIOTH JI0 THIIOKCUIHBIX 3HaUYeHU. JJOHHBIE OTIIOKEHHS 03epa OBLIN 3aTrPsA3HEHBI IIMHKOM,
KOHLIEHTpalLusl KOTOPOro MPEBBIIIANA IPEAEIbHO AOMYCTUMYIO KOHIEHTPALUIO.

KamoueBsie caoBa: o3epo Kosmickoe, mpupoasbiii 3amoBeHUK OMyKCKHAN, BOIHBIH
OayaHc, TepMOXaJMHHAs CTPYKTYpa, THAPOXUMHUUECKHH pekuM, KpbIMCKHI MOIyOCTpOB,
COJICHBIE 03epa

BaaronapuocTu: pabora BhIIONHEHA IO TeMe rocyaapcTBeHHoro 3ananus 3.1.2 ITHTII
Pocrunpomera «Pa3paboTka METOAMYECKUX PEKOMEHIALUI MO Y4eTy KIMMaTHYECKOH MH-
¢dopmaryu npu GOPMHUPOBAHUH OTPACIIEBBIX UIAHOB aJaNTaldk K U3MEHEHHIO KIUMaray.
ABTOpHB! OnarogapsaT corpyaHukoB CeBactononbsckoro oraenenus (CO) OI'bY «"OUH»
3a momots: A. A. TTomo3ok — B pacuere miomazneit ozepa, O. B. JleBuikyro — B peqakTupo-
BaHUH TekcTa, A. A. bemorynosa — 3a opopmienne pucynkon, C. A. KwuseBa — 3a otOop
mpo6, C. A. boopory u B. 0. EpkymioBa — 3a npoBeeHne THIPOXUMHUIESCKAX aHATN30B.
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Introduction

A landscape feature of Crimea is the presence of a large number of saline wa-
terbodies with a specific composition of water and bottom sediments [1]. In accor-
dance with work ", salt (saline, hypersaline) lakes are commonly referred to as
the lakes in which water salt content exceeds the salinity of ocean waters, i.e., more
than 35 %o. There are about 300 saline lakes on the territory of Crimea *, of which
48 are large ones, 26 of which with an area of more than 1 km?.

According to the origin of the basins and shallows, feeding conditions and
hydrological regime, the saline lakes of Crimea can be divided into two types —
waterbodies in the basins of marine and continental origin.

By geographical location and presence of balneological resources, the hypersa-
line lakes of Crimea are usually divided into four main groups: Perekop, Yevpato-
ria, Kerch, and Tarkhankut [1]. Some authors » identify additionally the Chersone-
sus and Sivash Area groups of lakes [2].

The hypersaline lakes of the Kerch group are most numerous, diverse in their
origin, and promising for economic use (Fig. 1).

On the Kerch Peninsula, some small shallow lakes of continental origin —
Marfovskoye, Kirkoyashskoye, Maryevskoye (Shimakhanskoye, Borisovo, Sole-
noye), Achi, Karach-Kol, Parpach-Kol, etc. — are located. The hypersaline lakes of
marine (estuary) origin of the Kerch group include lakes separated by bay-bars
in the coastal zone of the Black Sea — Adzhigol, Kachik, Uzunlarskoye and
Koyashskoye; two more lakes (Aktashskoye and Chokrakskoye) are located near
the coast of the Sea of Azov; and four saline waterbodies (Yanyshskoe, Balchi-Kol,
Tobechikskoye and Churubashskoye) border with the Kerch Strait.

Koyashskoye (Opukskoye, Elkinskoye, Elkenskoye) Lake, which is a part
of the Opuksky Nature Reserve (ONR) State Budgetary Institution, is located
at the foot of the Parpach Ridge on the eastern outskirts of the southwestern plain
of the Kerch Peninsula and forms a closed lagoon [3]. The complete separation of
the lake from the Black Sea by a narrow sandy spit took place relatively recently,
less than 2 thousand years ago. Earlier, in ancient times, the seaport of the settlement
of Kimmerikon was located on the shore of the lake [4]. The lake is the mouth of a
flooded gully, which is separated from the Black Sea by a narrow embankment about
30-80 m wide [1]. In accordance with [5, 6], the dimensions of entire Koyashskoye

! Grokhovsky, L.M., 1972. [Lake Salt Deposits, their Studies and Commercial Evaluation]. Moscow:
Nedra, 168 p. (in Russian).

2 Aizenberg, MM., ed., 1964. [Surface Water Resources of the USSR. Main Hydrological
Characteristics. Vol. 6. Ukraine and Moldavia. Iss. 4. Crimea]. Leningrad: Gidrometeoizdat, 243 p.
(in Russian).
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Fig. 1. Major hypersaline lakes of the Kerch group: lakes of continental origin
(“kols”) (red colour); lakes of marine (liman) origin of the Sea of Azov basin (violet co-
lour); of the Kerch Strait basin (blue colour); and of the Black Sea basin (grey colour).
1 — Karach-Kol, 2 — Achi, 3 — Marfovskoye, 4 — Parpach-Kol, 6 — Kirkoyashskoye,
7 — Aktashskoe, 8 — Chokrakskoye, 9 — Tobechikskoye, 10 — Churubashskoye, 11 — Bal-
chiKol, 12 — Yanyshskoye, 13 — Uzunlarskoye, 14 — Koyashskoye, 15 — Kachik

lake at the maximum filling are as follows”: length — 3.9 km, average width —
1.4 km, maximum width — 3 km, area ~5.4 km®, depth — from 0.3 to 0.8 m
(Table 1). The waterbody is elongated from northwest to southeast and has an oval
shape (Fig. 2). Koyashskoye Lake consists of a number of bays (lagoons) separated
by sand spits (arrows). There are some passages in the spits through which water is
exchanged among waterbodies. In the southwestern part of Koyashskoye Lake,
the system of spits (sand spits) separates two bays (lakes). The largest of the lakes,
called Maloye Elkinskoye, has an area of 0.83 km?, the greatest length of 1.53 km,
and an average width of 0.54 km. From the northeast, Maloye Elkinskoye Lake is
separated from Koyashskoye Lake by a nameless spit, which we propose to call

9 Lisovsky, A.A., ed.2011. [Surface Water Bodies of Crimea. Management and Use of Water
Resources: Reference Book]. Simferopol: KRP “Izd. Krymuchpedgiz”, 242 p. (in Russian).
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the Klyukina Spit in honor of A.A. Klyukin, a famous researcher of the Crimea
and one of the creators of the ONR. The Klyukina Spit has a length of 1.1 km

(Table 2).

The width of the Klyukina Spit under conditions of maximum lake filling
(without any extinct areas) is 40—70 m, in the root parts it increases to 100—160 m.
In the body of the spit, a ravine has been located for a long time with an average
width of 400-480 m, through which water is exchanged between Maloye

Elkinskoye Lake and Koyashskoye Lake proper (Fig. 3, b). From one to three
small islands can periodically appear in the ravine. The width of the ravine

Table 1. Morphometric characteristics of Koyashskoye Lake

Width, km Depth, m

Maximum g Area, g

Waterbody length, km % g km? § a

E | % = E

g =

Koyashskoye Lake 3.70 120 200 445 05 08
(without bays)

Maloye Elkinskoye Lake 1.53 0.54  0.78 0.83 0.2 0.3

South-western bay 0.73 0.19  0.39 0.14 0.1 0.2

South-eastern bay 0.15 0.07 0.12 0.01 0.1 0.2

Koyashskoye Lake 3.90 1.40 3.00 5.43 0.3 0.8

Table 2. Morphometric characteristics of spits and bay-bars of Koyashskoye Lake

Maxi Width, km
Accumulation form aximum Area, km?
length, km .
mean maximum
Klyukina Spit 1.10 0.060 0.16 0.070
Zapadnaya Spit 0.72 0.010 0.02 0.010
Vostochnaya Spit 0.10 0.006 0.01 0.001
Bay-bar at the sea 3.30 0.110 0.15 0.350
boundary
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Fig. 2. Schematic map of hypersaline Koyashskoye Lake: red dots are for
brine sampling points; diamonds are for mud sampling points; blue cross-
hatched area is for the sea water filtration zone (Urochishche — isolated
terrain feature)

and the number of islands in it depend on the interannual and seasonal variations of
the components of the water balance of Koyashskoye Lake. Over the past 40 years,
the spit ravine has increased, and, as a rule, two islands have been observed.
The intensity of water exchange through the ravine in the body of the Klyukina
Spit is determined by the levels of brine in Koyashskoye Lake and Maloye Elkins-
koye Bay (Lake), as well as the speed and direction of the wind.

Based on lithological data [7], the bottom soils of Maloye Elkinskoye Bay
(Lake) are composed of silts (muds) about 70 cm deep, below which there is
a layer of shell detritus with silty joining material. The Klyukina Spit is composed
mainly of shell detritus with shell valves, but at depths of 8-17 cm and below
49 cm there is a layer of silt. The thickness of the accumulated shell material
in the body of the Klyukina Spit is small ~ 0.308-10° km’ [7]. Maloye Elkinskoye
Lake rarely dries up even during the dry period due to the filtration of sea water
through the bay-bar. Thus, water is always present in it.

To the west of Maloye Elkinskoye Lake, the Zapadnaya Spit, 720 m long and
1020 m wide, separates one more small south-western waterbody (bay), dry
for most of the year (Fig. 3, ¢). Water exchange between the south-western water-
body and Maloye Elkinskoye Lake is possible through a narrow ravine (1-3 m)
in the northern root part of the Zapadnaya Spit. The south-western waterbody (bay)
is filled with water mainly owing to the filtration of the Black Sea water
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Fig. 3. Koyashskoy Lake (a view from the Mount Opuk) on 25 April 2019 (a);
in the foreground: south-eastern waterbody and Vostochnaya Spit, in the middle:
Koyashskoye Lake, in the background: Klyukina Spit and Maloye Elkinskoye Lake
on 17 September 2019 (b); Zapadnaya Spit and south-western waterbody on 27 April
2014, through a passage in the spit, water comes on a small scale from Maloye
Elkinskoye Lake (c)

through the bay-bar, as well as the inflow of water (brine) in a limited volume
through a narrow passage from Maloye Elkinskoye Lake. In the west, in the rear
part of the bay-bar, the south-western waterbody is sided by a small low (ditch),
in which sea water accumulates due to storm overwash and filtration of the Black
Sea waters and then enters the waterbody.

On the opposite section of the bay-bar of Koyashskoye Lake there is another
small bay — the south-eastern waterbody with an area of 0.01 km’ a length of
150 m and an average width of 70 m (Table 1, Fig. 3, »). The waterbody is sepa-
rated from Koyashskoye Lake by a small spit called “Vostochnaya”, 100 m long
and 6-10 m wide. Water exchange of the south-eastern waterbody with Koyash-
skoye Lake takes place through a 25-meter passage in the spit. As a rule, during
the research, the south-eastern waterbody was dried up or filled with a small
amount of water (brine).
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The bay-bar of Koyashskoye Lake, together with Maloye Elkinskoye Lake
and the south-western waterbody, is ~3.3 km long and is composed of sand, shells,
and detritus from psephytic to silty sizes [7]. The shell is dominated by modern
Black Sea pelecypoda and rapana. The underwater coastal slope of the beach is
bold, without a bar. During periods of storms, a strip of beach 20-25 m wide usual-
ly undergoes wind and wave action.According to [7, 8], during extreme storms,
waves can overflow the bay-bar, reaching the water area of Koyashskoye Lake,
and throw shells (Rapana venosa, Cardium edule) and detritus into the rear part of
the bay-bar. During the 20162022 field studies, we recorded no facts of the Black
Sea water inflow through the lake bay-bar during extreme storm waves. Near
the lake, there were no strips of household garbage, plastic, usually carried out
by waves, and the shell was represented by single specimens of Rapana only, most
likely brought there by gulls. According to [8], the bay-bar of Koyashskoye Lake is
a typical coastal bar after a two-stage period of formation. Favourable conditions
for the formation of bars are created during a slowdown in the sea level rise rate,
and the transformation of an underwater bar into an island bar and then into an off-
shore one occurs with a subsequent lowering of the sea level.

3 km south of the bay-bar of Koyashskoye Lake, the so-called Ship Rocks
(Parus, Elken-Kaya, Elchan-Kaya, Karaviya) protrude from under the water 10.0
to 23.4 m above sea level. Ship Rocks are the remains of eroded layers of Meotic
shell and detritus limestone and are inclined in different directions at angles of
30-85 degrees. They top a horseshoe-shaped bank bounded by a 10 m isobath.
The depth of the bank near the rocks is 5 m, 500 m from them — 9 m, and at a dis-
tance of 1000 m — 12 to 14 m [9].

To the east of the lake, Mount Opuk is located, 183.7 m high, which is one of
the highest on the Kerch Peninsula. Near the Black Sea coast, this mount ends
the Parabolic Ridge, which is a continuation of the Parpach Ridge [9]. On the north-
ern shore of Koyashskoye Lake, Mount Ostraya is located, with the heights
of 80.0-88.9 m. The coast in the northern part of the lake is steep for 500—650 m,
with the heights of cliffs up to 5-10 m. On the western shore of Koyashskoye
Lake, there is a rounded mountain Priozernaya with the height of 44.9 m and
diameter of about 600 m.

Bottom sediments are layered black-gray silts up to 1.5 m thick (with salt
interlayers). Almost in all periods of field studies of the Sevastopol Branch of State
Oceanographic Institute on Koyashskoye Lake, a pink color of salt was observed,
which is associated with high content of beta-carotene and the presence of a large
number of cysts Dunaliella [3]. Koyashskoye Lake muds have the following granu-
lometric characteristics: coarse silts (median value 6.3 um, maximum particle size
45 pum) are located near the sandy coastal bay-bar; thinner silts (median value
5.1 pm, maximum particle size 30 um) are found in the areas of the lake, which
are remote from the shore. According to their mineral and salt composition,
the Koyashskoye Lake muds are comparable to the muds of the Dead Sea [6].
The balance reserves of therapeutic muds are 1720.0 thousand m’ in category
C1 [1]. Currently, brine and muds are not exploited and can be a reserve for use
by the Crimean health resorts.
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Materials and methods

In 2015-2022, in the area of Koyashskoye Lake, the Sevastopol Branch of
State Oceanographic Institute totally conducted 30 expeditions, performed 638
hydrochemical determinations in the brine of the lake:

Year 2015 2016 2017 2018 2019 2020 2021 2022
Number of expeditions 1 3 6 3 6 6 3 2

Number of hydrochemical =\ 5o 55 14 150 89 66
determinations

At the final stage of studies in 2020-2021, sampling and analysis of bottom
sediments (muds) from the bottom of the lake was carried out in order to study
their chemical composition and pollution level in order to assess their safety and
potential suitability for use in balneological purposes. Fig. 2 shows a map of
Koyashskoye Lake with plotted sampling points, including a network of stations
for determining the trace element composition described in work *.

The areas of water (brine) and extinct areas were measured, as well as changes
in the lake bay-bar. In order to perform morphometric and water balance studies,
the information obtained from artificial earth satellites Landsat 4—5 with a resolu-
tion of 15-30 m and Sentinel-2 (with a resolution of 10 m per pixel for the visible
range) was used from open sources. To interpret the images (distinguishing water
bodies within the land and the land-sea boundary), the method of combining space
images in different spectral ranges was used in accordance with [10, 11].
When analyzing the state of salt lakes and estuaries, watered soils (silt — mud)
in the drained area are displayed in pink, which allows them to be clearly separated
from the water surface of the waterbody, which is displayed in shades of blue [10].
Additionally, for greater accuracy of interpretation, UAV surveys made by the spe-
cialists of the Sevastopol Branch of State Oceanographic Institute, and photograph-
ic documentation of the state of the surface of lakes during regular expeditions
were used where possible.

Water balance studies included the determination of the formula for the water
balance of Koyashskoye Lake and estimates of the main balance components.
Calculations were made concerning the amount of atmospheric precipitation falling
on the lake surface, for which the specified morphometric data (see Table 1)
and the results of measurements of atmospheric precipitation at the nearest marine
hydrometeorological station (MS) Feodosiya were used.

Most of the empirical formulas proposed for calculating evaporation from
a water surface are based on Dalton’s law, i.e., the intensity of evaporation is pro-
portional to the difference in the partial pressure of water vapour over this surface
and the wind speed function:

E=C(es—e)f(V2),

where £ — layer of evaporated water (mm); f(},) — some function of the wind
speed at a height of 2 m above the waterbody surface; C — empirical coefficient;
eg — saturation air water vapour pressure above the surface of a waterbody
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at water temperature (hPa); e, — actual air water vapour pressure at a height of 2 m
above the waterbody surface (hPa).

The formulas of this type are widely represented by the empirical formulas of
V.S. Samoylenko *, Braslavsky — Vikulina [12], State Hydrographical Institute *,
Braslavsky — Nurgaliev, and Shulyakovsky ®. According to work ”, control calcu-
lations of evaporation performed with the help of the formulas proposed by various
authors for 35 evaporation basins showed that the Braslavsky—Vikulina formula
had the smallest standard error (12.5 %), that is why it was recommended as a cal-
culated one in work *:

E =0.14n (ey— e5) (1 + 0.72V5), (1)

where n — number of days in a month.

In 20202022, in the warm period (April — November), we conducted an expe-
riment to calculate the evaporation of water from hypersaline lakes and bays of
Crimea (Koyashskoye Lake, Yuzhny Sivash Bay). The actual intensity of evapora-
tion of brines was determined using a ground evaporator GGI-3000; simultaneous-
ly with a 15 min discreteness, hydrometeorological parameters were recorded using
an automatic weather station and a high-precision electronic thermometer LTA
(the water temperature in the surface layer of the evaporator was measured).
The performed full-scale experiment made it possible to obtain the relationship
equation between the measured and calculated evaporation values. Preliminarily,
the best agreement between the calculated and experimental data was obtained
by applying formula (1), while the saturation pressure of air water vapour above
the water surface in the evaporator was calculated taking into account Raoult’s law
for dissolved substances, as according to work 2 the volume of evaporation
from the surface of the brine of a hypersaline lake is 3040 % less than from
the surface of a fresh waterbody. Formula (1) was used to estimate the monthly
volumes of evaporation of the brine from Koyashskoye Lake in 2006-2022, taking
into account changes in the surface water area of the lake in different months.

Hydrochemical studies of hypersaline Koyashskoye Lake included analysis of
samples of brine and bottom sediments. Samples were studied according to the ap-
propriate analysis methods. Immediately after sampling, the temperature, density,
and pH of the water were determined, as well as the fixation of dissolved oxygen,
the titrimetric analysis of which was performed in a mobile laboratory. Samples
for petroleum were preserved with carbon tetrachloride, samples for anionactive
surfactants were preserved with chloroform. Samples for biogenic elements
were frozen without preservation, and samples for heavy metals were preserved
with nitric acid. Bottom sediments were cooled to 5—6 °C and delivered

 Samoilenko, V.S., 1952. [Modern Theory of Oceanic Evaporation and its Practical Application].
Trudy GOIN, 21, pp. 3-31 (in Russian).

9 Kuznetsov V.I, Golubev V.S. and Fedorova T.G., 1969. [Guidelines for Calculation of
Evaporation from Water Body Surface]. Leningrad: Gidrometeoizdat, 84 p. (in Russian).

® Vinnikov, S.D. and Proskuryakov, B.V., 1988. [Hydrophysics (Physics of Land Waters)].
Leningrad: Gidrometeoizdat, 248 p. (in Russian).
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to the laboratory of the State Autonomous Institution of the Republic of Crimea
“Center for Laboratory Analysis and Technical Measurements” within a day to de-
termine their contamination with petroleum and heavy metals (chromium, zinc,
cadmium, copper, nickel, lead, cobalt, mercury, arsenic, strontium, and iron).
Further, the following indicators were determined in the certified Laboratory of
Marine Chemistry of the Sevastopol Branch of State Oceanographic Institute:

— water salinity (mineralization) and chlorine content by various methods;

— total alkalinity;

— content of biogenic elements: nitrates, nitrites, phosphates, silicates, total
nitrogen, and total phosphorus;

— content of pollutants: anionactive surfactants, petroleum, heavy metals.

In the study of salinity (mineralization) of lake waters, various physical and
chemical methods of determination were used, such as densitometry (measurement
of water density), refractometry, argentometric titration, gravimetry and electrical
conductivity. The last two methods were used in the work at the final stage of stu-
dies in 2019-2022. Different methods of salinity measurements were compared,
error estimates were obtained, and the most accurate method for determining salini-
ty of hypersaline Koyashskoye Lake was determined.

Results and discussion

Water balance. Fig. 4 shows the results of calculations of the surface water
area of Koyashskoye Lake. It can be seen that the lake surface area water is charac-
terized by significant interannual and seasonal variations — from maximum values
in February—April to minimum values in August—October.

The equation of Koyashskoye Lake water balance can be written as follows:

AB = V} +Vu + Vprec + I/sr - Vevapa

where AB — changes in the water level (brine) in the lake; V,— Black Sea water en-
tering the waterbody by filtration through the bay-bar; ¥, — discharge of under-
ground sources; V.. — precipitation; V. — drainage basin slope runoff; V,,, — eva-
poration.
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Fig. 4. Interannual (a) and seasonal () variations of the surface water area of
Koyashskoye Lake
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The climate aridity in the area of Koyashskoye Lake determines the poverty
of the territory in fresh surface and groundwater [13]. Groundwater outlets into
the hypersaline lakes of the Kerch group are rare and small in debit [5], so they can
be neglected .

Most likely, slope runoff in Koyashskoye Lake is also insignificant. The main
watercourse runs along an unnamed gully ~2 km long, which flows into Koyash-
skoye Lake to the north-west of Mount Ostraya. For the entire cycle of our studies,
the flow into the lake along this gully was absent or insignificant. On the mountain
range, there is one permanent spring, which collects water from the epicarstic
horizon in an artificial gallery, and about twenty dry wells. All of them drain
into a 50-meter stratum of Meotic limestone with high reservoir properties [13].
Condensation water can act as an additional source of nourishment. According
to calculations [14], condensation on the Opuk mountain range can reach 23 % of
the annual precipitation norm with a condensation runoff module of 2.38 L-s™'km®
per year.

The main inflow of fresh water into Koyashskoye Lake is carried out due
to atmospheric precipitation. In the long-term variations of the amount of atmos-
pheric precipitation in the area of the Kerch Peninsula, with their significant inter-
annual variability, it is possible to single out periods of increased moisture
at the end of the 20™ century and a decrease in precipitation in the 1950—1980s,
as well as in recent years (2006—2020). Over the entire period of measurements
at meteorological station Feodosiya, a significant trend towards an increase in an-
nual and seasonal (except summer) precipitation was revealed, but for the WMO
last climatic period (1991-2020) and after the regime shift of 1976-1977 (1978—
2020) significantly less precipitation fell (Tables 3, 4), especially in spring and
autumn seasons, for which significant trends in the decrease in precipitation were
revealed in Feodosiya: minus 19.7 mm/10 years and minus 24.0 mm/10 years,
respectively.

Climate aridization of the Kerch Peninsula is stipulated by the regional features
of global climate change in the Northern Hemisphere. From the 1990s to the present,
in the area of Koyashskoye Lake, there have been significant trends in the increase
in average annual and average monthly air temperatures. In general, over the long-
term period, the average annual values of air temperatures at MS Feodosiya
(the station with the longest series of observations in the lake area) have a signifi-
cant warming trend with a linear trend slope of 1.1 °C/100 years.

The seasonal distribution of precipitation in the coastal zone of the Kerch
Peninsula is typical for territories with a transitional type of climate (from marine
to continental) in the temperate zone with a maximum of precipitation in summer
and winter and a minimum in spring and autumn. In 2006-2022, the winter
maximum amount of precipitation falling on the surface of the lake was
528 thousand m’, or 33 % of the total precipitation per annum (1623 thousand m’).
It is stipulated by the highest frequency of precipitation and is associated with
the fact that during this season the Kerch Peninsula is influenced by an area of high
pressure in the northeast of the mainland and cyclonic intrusions from the west and
southwest leading to an increase in cloudiness and precipitation. The summer,
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Table 3. Long-term annual average amount of atmosphere precipitations (AP) and linear
trend characteristics (mm/10 years) of annual average precipitation amounts at meteorological
station Feodosiya

Period AP, mm | Trend, mm/10 years R? |¢| Py D,
Long-term observational series
1870-2020 415 12.0 0.421 5.190  <0.001 1.68
Period after the last regime shift in 19761977
1978-2020 473 8.1 0.096 1.722 0.100 1.56
Last WMO period
1991-2020 476 —40.6 0.096 1.722 0.100 1.56

Note: The numbers in bold are trend slope coefficients significant at no less than 95 level;
the underlined numbers are trends significant at 99 level; D, — Durbin—Watson test.

Table 4. Linear trend slope coefficient (mm/10 years) for seasonal amounts of atmo-
sphere precipitations according to the meteorological station Feodosiya's data

sewons | LnEem bt || L O prid
in 1976-1977

Winter 2.1 -2.5 0.1

Spring 2.5 -6.4 -19.7

Summer 2.2 1.0 7.0

Autumn 2.6 2.0 —24.0

Note: The numbers in bold are trend slope coefficients significant at no less than 95 level;
the underlined numbers are trends significant at 99 level.
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secondary, maximum of precipitation of 439 thousand m® (27 % of the total preci-
pitation per annum) is usually associated with the development of convective activ-
ity. In the summer months, the air masses coming from the sea area are most satu-
rated with water vapour, and this period of the year is marked by the maximum
partial pressure. In spring and autumn, when pressure gradients weaken, local cir-
culation develops. The breezes observed during this period, bring no precipitation.
In these seasons, the minimum values of precipitation volumes entering Koyash-
skoye Lake are noted — 239 thousand m® (15 %) in autumn and 417 thousand m’
(25 %) in the spring season. Fig. 5 shows long-term seasonal variations of the
amount of precipitation (thousand m*/month), according to observations at meteo-
rological station Feodosiya in 2006-2022.

Evaporation from the lake surface is the main output of its water balance.
The long-term average evaporation for the period under study is 3152 thousand m’,
i. e., almost twice the amount of precipitation. The largest amount of water evapo-
rates in the warm season (May—September) — 2466 thousand m’ (78.2 %) (Fig. 5).

Despite the increase in air temperature in recent decades and the precipitation
reduction, studies carried out by the Sevastopol Branch of State Oceanographic
Institute, showed that Koyashskoye Lake was one of the few hypersaline lakes
of the Kerch Peninsula, which had hardly ever dried up completely. Thus,
in the summer seasons of 2017 and 2020, almost all the salt lakes of the Kerch
Peninsula dried up, with the exception of Koyashskoye and Aktashskoye Lakes.

In addition to atmospheric precipitation, the lake is fed due to the filtration
of the Black Sea waters (as a result, far less salty water is brought by streams
through the bay-bar into the lake). Moreover, the employees of the Sevastopol
Branch of State Oceanographic Institute discovered for the first time that in cases
of intense filtration (on 03.09.2017), the salinity in the areas of the lake close
to the bay-bar can decrease to 19.7-20.9%o, i.c., it becomes close to the Black Sea
water salinity. It should be noted that the ratio of the length of the bay-bar
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to the total length of the coastline of Koyashskoye Lake is the maximum one (0.39)
compared with the similar indicator for other large estuary lakes of the Kerch
Peninsula — Uzunlarskoye (0.06), Tobechikskoye (0.09), and Chokrakskoye (0.11).
In previous studies, it was indicated that in some years (2000, 2001, 2007) salt pre-
cipitation occurred over a significant area [10]. At the same time, stripes and spots
coloured from pink to reddish-brown often occupied a significant area of the preci-
pitated salt. For the period of work in 2015-2022, the area of salt precipitation
(saline land) was 2.8-3.8 km’, and that of dried silts (extinct areas) was 0.2—
0.5 km®. The minimum surface water areas of Koyashskoye Lake, 0.70-0.81 km?,
were recorded in September 2019 and October 2014; the maximum filling
of the lake with water (with the surface water area of 5.0 km?”) was recorded
in January 2017.

In general, the smallest surface water area was observed in late summer and
early autumn, which was stipulated by intense evaporation, a decrease in precipita-
tion, and filtration through the bay-bar due to a decrease in wave activity at this
time of the year. The measurements performed by us in summertime, showed
that the depth of the lake in summer did not exceed 0.1-0.4 m.

Hydrochemical regime. Currently, the hydrochemical regime indicators of
Koyashskoye Lake are studied insufficiently. The most complete study of the ma-
crocomponent composition of Koyashskoye Lake was carried out in the 1960s ”.
According to data of work”, when brine density was 1.224 g/cm’ and total salt
content was 26.54 wt. %, the main components were NaCl, MgSQO,, and MgCl, —
20.06, 2.44, and 3.86 wt. %, respectively. The content of other salts was signifi-
cantly below 0.1 wt. %.

The main feature of the lake is the high value of the metamorphosis coefficient
(MC), the value of the ratio of the magnesium sulfate and magnesium chloride
concentration, proposed by N.S. Kurnakov ” to assess the degree of transformation
of the waters of estuary lakes. As a comparison, the MC value of the Black Sea
waters is 0.67. Close MC values are observed in the waters of Sivash Bay, as well
as in the lakes that have retained a genetic connection with the sea (Chokrakskoye
and Tobechikskoye) or are used to evaporate sea water during salt mining (Saks-
koye). In other hypersaline lakes of Crimea, which have partially or completely lost
their connection with the parent basin, the MC values are much lower. For exam-
ple, the MC value is 0.25 for the nearby Uzunlarskoye Lake. The high MC value,
which is close to that in the sea water, indirectly confirms the significant filtration
of the Black Sea waters through the bay-bar and the absence of significant freshwa-
ter runoff, which enriches the waterbody with magnesium sulfate.

Salinity, mineralization. The conducted studies show that the salinity of waters
and their mineralization little depend on the measurement method used in almost
the entire range of values. Only when the values of the indicator are close to salt
load, there is a decrease in salinity in relation to the value measured by the gravi-
metric method (dry residue). The results closest to the true value of salinity and

7 Ponizovskii, A.M., 1965. [Salt Resources of the Crimea]. Simferopol: Izd-vo “Krym”, 162 p.
(in Russian).
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mineralization are obtained by the argentometric titration method, which is quite
understandable given the proximity of the MC to the values of the Black Sea water.

In a number of samples, we recorded cases of a decrease in salinity to the sea
water values or close to them. At the same time, the mineralization value of
the lake waters, as a rule, did not depend on the method of determination used
within the error of the densitometric determination of density in highly diluted
solutions (Table 5).

In general, the concentration of salts in the waters of Koyashskoye Lake can
vary over a very wide range, from 19.7 to 238.0 g/dm’. As mentioned above,
the cases of detection of extremely low salinity values are associated with the fil-
tration of sea waters. At the same time, diluting waters do not mix immediately
due to the high density, but form quasi-stable flows, which, in the absence of wind
mixing, can exist for quite a long time. As a rule, abnormally low water salinity
was observed in the spring or autumn seasons, when the lake basin was almost
completely filled with water, and the freshened areas were invisible during visual
inspection. With strong brine evaporation before the salt is loaded, some part of it
precipitates, which leads to an apparent conclusion about the MC change. When
the water cools and sea water flows in, the salt ratio regains its original value.

Comparison of the results of mineralization measurements performed by vari-
ous methods with the results obtained by the densitometric method is shown
in Fig. 6. It can be seen that the densitometric method gives results comparable
with the argentometric method in almost the entire range of measured values.
Small deviations are observed only in high salinity values. A similar conclusion
can be made with regard to other methods used to measure the indicator, which
confirms the above assumption about the genetic proximity of the waters of
Koyashskoye Lake and the Black Sea.
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Fig. 6. Comparison of mineralization values
obtained by the densitometric method with
those obtained by other detection methods:
gravimetric method M(Gr) (black line);
argentometric method M(Ag) (blue line);
electrical conductivity method M(C) (red line)
in samples taken by SB SOI for 2015-2022
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Table 5. Physical and chemical indicators of Koyashskoye Lake waters according
to the data from SB SOI surveys for 2015-2022

Sampl Indicators of brine salt composition
amp’e Date T

number p | M(Ds) | »* | MRf) | C1 | S |M(Ag)| M(Gr)

1 09.10.2015 13.0 1.150 215 N/D N/D 118 184 212 N/D

2 13.04.2016 152 1.167 244 N/D N/D 145 221 26l N/D

3 23.06.2016 37.2 1.209 323 N/D N/D 189 278 339 N/D

4 14.08.2016 36.0 N/D N/D N/D N/D 12 21 21 N/D

5 09.03.2017 14.8 1.175 254 N/D N/D 136 208 244 N/D

6 26.04.2017 18.0 1.067 93 N/D N/D 24 41 43 N/D

7 01.06.2017 26.1 1.201 302 N/D N/D 181 268 326 N/D

8 17.07.2017 354 1236 365 N/D N/D 185 273 332 N/D

9 03.09.2017 31.0 1.010 20 N/D N/D 11 20 20 N/D

10 13.10.2017 22.5 1.188 275 1.378 292 149 226 267 N/D

11 18.04.2018 23.0 1.178 263  1.374 265 156 236 280  N/D

12 01.06.2018 25.6 1.217 328 1384 340 186 274 335 N/D

13 21.08.2018 25.5 1.252 383 1392 406 171 255 307 N/D

14 06.02.2019 8.8 1.154 217 1368 222 126 196 227 N/D

15 23.04.2019 19.0 1.158 230 1370 235 131 203 236 N/D

16 31.05.2019 295 1.178 268 1.376 275 153 233 275 N/D

17 20.06.2019 37.0 1.216 324 1.383 332 179 266 322 N/D

18 17.09.2019 26.8 1.103 149 1.358 152 91 147 163 172

19 17.10.2019 15.0 1.245 368 1.389 380 177 261 318 352

20 15.01.2020 10.2 1.210 305 1.380 310 186 272 334 315

21 09.04.2020 18.5 1.216 320 1.383 330 188 275 338 333
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Continued

Sample Indicators of brine salt composition
p Date T

b
fHber o | MDs) | #° | MRDH | Cl| S |M(Ag)| M(Gr)

22 122.04.2020 17.6 1.215 318 1382 327 162 242 290 328

23 29.05.2020 17.8 1.221 327 1.383 327 182 268 327 333

24 18.07.2020 36.0 1.235 360 1.388 371 178 265 321 368

25 28.10.2020 16.0 1.241 360 1.384 345 179 264 321 312

26 [21.06.2021 31.5 1.160 239 1374 260 142 219 255 241

27 106.08.2021 32.0 1.158 236 1.371 240 122 189 219 228

28 14.11.2021 13.0 1.222 330 1.382 327 188 275 338 355

29 16.02.2022 12.0 1.142 205 1.366 206 119 186 214 214

30 [03.09.2022 27.0 1.169 252 N/D N/D 179 265 321 341

Note: T — water temperature (°C); p — brine density (g/cm’); M(Ds) — mineralization (g/cm®)
by density; M(Rf) — mineralization (g/cm’) by refraction; Cl — chlorid ion concentration (g/dm?®)
by argentometry; S — salinity (%o) by argentometry; M(Ag) — mineralization (g/cm®) by argentometry;
M(Gr) — mineralization (g/cm’) by gravimetry; N/D — determination was not performed.

The results of studies of the hydrochemical regime indicators of the Koyash-
skoye Lake waters (brine) are presented in Table 6.

Dissolved oxygen. The concentration of dissolved oxygen in the lake waters
varies from hypoxic values (1.1 mg/dm’, 15 % of sat.) to 8.9 mg/dm’ (379 %
of sat.), but in general, the concentration of dissolved oxygen was close to satura-
tion at a given temperature and salinity throughout the year.

Normal aeration is maintained due to the absorption of atmospheric oxygen
and photosynthesis occurring in the surface layers in colonies of protozoan algae
(Dunaliella, etc.). Considering that most of the year the surface of the lake is cov-
ered with a salt crust, it should be assumed that the penetration of oxygen into
the deeper water layers is carried out exclusively due to diffusion, which cannot
be recognized as an effective mechanism under conditions of concentrated high-
density brines. In the bottom area, the formation of hypoxic zones is possible,
in which putrefactive decomposition of dead biomass occurs. As a result, hydrogen
sulfide and sulfides can accumulate in the water column.

The periodic development of hypoxia in the lake water column also determines
the large range of fluctuations in pH values, which is 1.92 pH units (6.92-8.84 pH
units). Low pH values correspond to high values of total alkalinity, which in this type
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of samples is determined not only by bicarbonate alkalinity, but also by hydrosul-
fide alkalinity. When considering these mechanisms, it is necessary to take into
account the fact that, despite the high saturation of water with oxygen, its concen-
tration remains low, which creates favourable conditions for the occurrence of
anaerobic processes and the production of hydrogen sulfide, which determines
the production of low pH and high total alkalinity values.

The decrease in the concentration of dissolved oxygen is largely determined
by the increase in its consumption. In all analyzed samples, an increased value of
BODs was observed, which many times exceeded the MPC of natural waters
(2.1 mgO,/dm’). The highest BODs values are observed in summertime and are
determined by the excess production of salt-tolerant algae and bacteria. During this
period, the lake becomes a eutrophic waterbody, and large reserves of biogenic
elements remain in its waters.

The concentration of biogenic elements in the waters of Koyashskoye Lake is
mainly related to its water content. As can be seen from the data in Table 6,
the highest total phosphorus concentrations were observed from July to October.
At the same time, the concentrations of mineral forms of phosphorus were minim-
al. In the rest of the year, the concentrations of total and mineral phosphorus had
similar values. This nature of the seasonal distribution of phosphorus forms
indicates the activation of the processes of assimilation of phosphorus phosphate
in the hot season. Most of it passes into the composition of living matter in the form
of organophosphorus compounds and is in suspension. Further, organic forms
from dead forms of plankton and their metabolic products are partially removed
to bottom sediments and partially mineralized, thus replenishing the loss of
the element. The analysis of the obtained data shows that, unlike sea and fresh sur-
face waters, the maximum productivity of which occurs in spring and early sum-
mer, the microflora of hypersaline lakes, in particular Koyashskoye Lake, has
a maximum level of production in the hottest season.

A similar conclusion can be made concerning other biogenic elements. Thus,
a decrease in the concentration of dissolved forms of silicates as a rule, was
observed in summer, when the consumption of the element necessary for building
the protective cover of some organisms and cell membranes reached its maximum.

The concentration of nitrite nitrogen in almost all analyzed samples exceeded
the MPC and varied within 7-447 pg/dm’. Significantly higher concentrations
were also observed for ammonium nitrogen, but no excess of the MPC
(2,900 pg/dm®) was recorded in most of the analyzed samples. The one and only
sample taken on 18.07.2020, showed that the concentration of ammonium nitrogen
was 1.1 of the MPC. High concentrations (565-19,282 ng/dm’) in Koyashskoye
Lake are also characteristic of fotal nitrogen.

The totality of the listed features of the dynamics of various forms of nitrogen
indicates the difference in the mechanisms of nitrogen assimilation and transforma-
tion in hypersaline lakes. In slightly saline and fresh waters, part of the nitrogen
that enters with surface and underground runoff in the form of nitrates, is released
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into the atmosphere in the form of gaseous products during microbiological denitri-
fication. In hypersaline lakes, this mechanism is difficult due to the lack of specific
microflora, which creates favorable conditions for the accumulation of nitrites and
the production of ammonium salts and amines, which partially pass into bottom
sediments, which are a source of secondary pollution. At the same time, depending
on the degree of filling of the lake basin, the concentration of nitrogen compounds
in the lowest oxidation state can vary by two or more orders of magnitude.

The state of contamination of the waters of Koyashskoye and other lakes
with organic xenobiotics was studied in separate samples. The work was not sys-
tematic due to methodological difficulties in the analysis of samples with high
salinity. Anionactive surfactants and petroleum were determined in the samples.
Despite the dilution of the samples, most of them formed a stable emulsion, which
did not make it possible to detect organic pollutants. Three determinations of
anionactive surfactants were performed, the results of which showed that their con-
centration varied within 77-1200 pg/dm’ at MPC = 100 pg/dm’ for fishery waters.
The petroleum concentration in a single sample taken on June 1, 2018, was
0.06 mg/dm’ (1.2 of the MPC). Given the low man-caused load on the lake located
within the specially protected natural area, it can be stated that its waters are
slightly polluted. Elevated concentrations of anionactive surfactants can be stipu-
lated by natural surfactants formed as a result of saponification of fatty acids.

Currently, the trace element composition of the Koyashskoye Lake waters and
the pollution of its waters with salts of heavy metals are studied insufficiently.
In [1], they refer to a survey conducted in the 1970s in order to identify reserves of
therapeutic muds ». There was no possibility to find more recent data, so in the fu-
ture we will rely on the available data. The study mentioned above was carried out
on a network of four stations on a section along the axis of the lake (see Fig. 1).
Comparative results of this study and our data are presented in Table 7.

The comparison of two series of determinationperformed in work [1] and those
performed by the Sevastopol Branch of State Oceanographic Institute shows that
at present, the concentrations of all elements can be higher than the MPC. Particu-
larly high excess of the standard is observed for copper and lead. At the same time,
the concentrations of all elements are highly dynamic, and their value often changes
by an order of magnitude.

Pollution of bottom sediments. On December 11, 2020, we carried out
the study of pollution of bottom sediments, which can potentially be used as thera-
peutic muds. Samples were taken at a point of constant monitoring, analysis was
carried out in an accredited laboratory of the State Autonomous Institution of
the Republic of Crimea “Center for Laboratory Analysis and Technical Measure-
ments”. In the Russian Federation, MPC values for pollutants in bottom sediments
have not officially been established, therefore, the Neue Niderlandishe Liste was
used concerning indicative values for rationing the quality of bottom sediment ®.

® Warmer, H. and van Dokkum, R., 2002. Water Pollution Control in the Netherlands. Policy and
Practice 2001 Lelystad: RIZA, 77 p.
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Table 7. Microelement content (ng/dm’) of Koyashskoye Lake waters according
to the data from work [1] and from monitoring by SB SOI, Clarke values of elements
in the ocean [15, 16] and maximum permissible concentration (MPC) *

Microelement

Parameter
/n Cu Ni Pb Sr Cr Co Fe Mn

C at point:
K-1 | <005 3.07 <01 <0.02 <050 <0.02 <0.02 ND ND
K3 |<0.05 245 <01 <0.02 2417 <002 053 N/D N/D
K4 | 5580 1.17 <0.1 <0.02 27.57 <002 027 ND N/D
K-5 | 250 076 <0.1 <0.02 2583 <0.02 <0.02 ND N/D

14 | NND 2030 ND 600 ND 060 ND N/D 1.5

15 | N/D 15480 N/D 212.60 N/D 1730 N/D N/D 280.0
17 | NND 96.10 N/D 33510 N/D 1700 N/D N/D 480.9
20 | N/D 8300 N/D 3400 ND 520 N/D 30550 277.0
21 | N/D 6.00 N/D 2200 ND 3280 ND 9130 1153
22 | ND 3200 N/D 3700 N/D 1350 N/D 4738 137.0
25 | N/D 4640 N/D 217.00 N/D 6.60 N/D 150.80 2004
26 | N/D 1050 N/D 13130 N/D 11220 N/D 2567.90 129.6
27 | N/D 6460 N/D 4930 N/D 31330 N/D 997.10 391.5
28 | N/D 5310 N/D 3810 N/D 23830 N/D 1379.20 196.0

29 | N/D 4990 N/D 13510 N/D 1190 N/D 57.20 59

? Ministry of Agriculture of the Russian Federation, 2016. On the Approval of Water Quality
Standards for Water Bodies of Fishing Importance, Including Standards for the Maximum
Permissible Concentrations of Harmful Substances in the Waters of Water-Based Fishing Objects.
Order No. 552 of the Ministry of Agriculture of the Russian Federation of 13.12.2016 (in Russian).
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Continued

Microelement

Parameter
/n Cu Ni Pb Sr Cr Co Fe Mn

Clarke* 490 050 1.7 0.03 200.00 0.20 0.05 20.00 0.2

MPC* 50.00 5.00 10.0 10.00 4140.0 20.00 5.00 50.00 50.0

* Values of MPC of elements and of their Clarkes in the Earth's crust.

Note: N/D — determination was not performed; values exceeding MPC are given in bold.

Indicators of pollution of bottom sediments are presented in Table 8. High lev-
el of pollution of bottom sediments with the elements, for which the MPC standard
is established according to document 8), was observed for zinc only. For other ele-
ments, the concentration did not exceed the rated value. The same can be said
about petroleum, the concentration of which was below the accepted MPC value.
Attention is also drawn to the ratio of the obtained values of the concentration
of elements to the accepted values of their Clarkes. Thus, the concentration of zinc
and strontium exceeded the accepted Clarke value by two and three times, re-
spectively. On the other hand, for iron, the technophilicity of which is characte-
rized by rather high values, the ratio to Clarke was less than 0.5.Such a low con-
centration of iron is probably due to specific features of the surrounding land-
scape, since almost the entire territory of the peninsula is included in the so-
called Kerch iron-ore basin. In particular, the Kyz-Aulskoye and Novoselovskoye
deposits are known in this area. The depth of formation of ores is 25—100 m,

Table 8. Pollutant concentration (mg/kg) in the surface layer of bottom sediments of
Koyashskoye Lake (at K-1 point)

Parameter OP | Cr | Zn | Cd | Cu | Ni | Pb | Co | Hg | As | Sr Fe

Concentration <50 <5 174 <1 <20 <50 <10 <5 0.005 <1 1114 19480
MPC 50 - 140 080 35 35 8 N/D 0300 29 N/D N/D

Clarke - 83 83 013 47 58 16 18 0.08 1.7 340 46500

Note: N/D — determination was not performed; values exceeding MPC are given in bold.
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and water process of these areas, which are a part of the drainage basin of lakes,
leads to an increase in the iron content in bottom sediments. In particular, the iron
content in bottom sediments of the Uzunlarskoye Lake exceeded 50,000 mg/kg
during the expeditions of the Sevastopol Branch of State Oceanographic Institute.
Such a significant difference in the composition of bottom sediments of closely
located lakes can be explained by the small amount of surface slope runoff into
Koyashskoye Lake.

Conclusion

Based on the above, the following conclusions can be made:

1. The surface water area of Koyashskoye Lake is characterized by significant
interannual and seasonal variations — from maximum values in February—April
to minimum values in August—October. The aridity of the climate in the Koyash-
skoye Lake area determines the poorness of the territory in fresh surface and
underground waters. The slope runoff of Koyashskoye Lake is minor.

2. Atmospheric precipitation provides the main inflow of fresh water into
Koyashskoye Lake. The seasonal distribution of precipitation in the coastal zone of
the Kerch Peninsula is typical for territories with a transitional type of climate
(from marine to continental) in the temperate zone with a maximum of precipita-
tion in summer and winter and a minimum in spring and autumn. In 2006-2022,
the winter maximum amount of precipitation falling on the surface of the lake was
528 thousand m’, or 33 % of the total precipitation per annum (1623 thousand m”).
The summer, secondary, maximum of precipitation of 439 thousand m’ (27 %
of the total precipitation per annum) is usually associated with the development
of convective activity.

3. In addition to atmospheric precipitation, of all other input components,
the lake is fed to a greater extent due to the filtration of the Black Sea waters
(as a result, far less salty water enters Koyashskoye Lake through the bay-bar sepa-
rating the lake from the sea). In cases of intense filtration (on September 3, 2017),
the salinity in the areas of the lake close to the bay-bar can decrease to 19.7—
20.9 %o, 1. €., it becomes close to the Black Sea water salinity.

4. Comparison of changes in the surface water area of the lake, obtained
as a result of the analysis of satellite images for 2006—2022, with the calculated
main components of the Koyashskoye Lake water balance (evaporation, precipita-
tion, freshwater balance) showed that the main contribution to the formation of
the balance in the warm period of the year was made by evaporation. During
the cold period of the year, the water balance of the lake is determined mainly
by precipitation and filtration of the Black Sea waters through the bay-bar.

5. In most of the analyzed chemical samples, the waters of Koyashskoye Lake
were characterized by good oxygen saturation. Nevertheless, in summertime, oxy-
gen concentrations can fall to hypoxic values. The main reason here is the high
value of BODs, which in all samples exceeded the maximum permissible concen-
tration established for sea waters.

6. The brine of the lake is characterized by high concentrations of inorganic
forms of phosphorus and nitrogen. At the same time, under conditions of hypoxia,
a sufficiently large amount of reduced forms of nitrogen (nitrite and ammonium)
is formed in the waters, and the concentration of nitrate nitrogen decreases.
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7. The bottom sediments of Lake Koyashskoye are polluted with zinc, the con-

centration of which exceeded the established maximum permissible concentration
and Clarke standards. At the same time, the concentration of iron, which exceeded
the Clarke in Uzunlarskoye Lake, amounted to only 0.5 of the Clarke value in the
waters of Koyashskoye Lake. This indicates a small amount of surface slope water
runoff entering the waterbody and good filtration of the Black Sea waters through
the bay-bar.

REFERENCES

1.

10.

Pasinkov, A.A., Sotskova, L.M. and Shepherd, V.I., 2014. Environmental Problems
of Conservation and Sustainable Use Balneological Resources of Salt Lakes of
the Crimea. Scientific Notes of Taurida V.I.Vernadsky National University. Series:
Geography, 27(2), pp. 97-117 (in Russian).

Anufriieva, E., Holynska, M. and Shadrin, N., 2014. Current Invasions of Asian Cyc-
lopid Species (Copepoda: Cyclopidae) in Crimea, with Taxonomical and Zoogeograph-
ical Remarks on the Hypersaline and Freshwater Fauna. Annales Zoologici, 64(1),
pp- 109-130. doi:10.3161/000345414X680636

Shadrin, N.V., Drobetskaya, 1.V., Chubchikova, I.N. and Terentyeva, N.V., 2008.
Carotenoids in Red Salt of the Hypersaline Koyashskoye Lake (Crimea Black Sea):
Preliminary Communication.Morskoj Ehkologicheskij Zhurnal = Marine Ekological
Journal, 7(4), pp. 85-87 (in Russian).

Golenko, V.K., 2007. [4Ancient Kimmerikon and its Surroundings]. Simferopol: Sonat,
408 p. (in Russian).

Kayukova, E.P., 2016. Investigation of Hydromineral Resources of the Eastern Crimea.
In: E. M. Nesterov, V. A. Snytko and S. I. Makhova, eds., 2016. [Geology, Geoecolo-
gy, Evolution Geography: Proceedings of the International Workshop]. Saint Peters-
burg: 1zd-vo RGPU im. A. I. Gerzena, pp. 60—64 (in Russian).

Kotova, 1.K., Kayukova, E.P., Mordukhai-Boltovskaya, L.V., Platonova, N.V. and
Kotov, S.R., 2015. Pattern of the Composition Formation of Oozy Mud from the Dead
Sea and Salt Lakes of Crimea. Vestnik of St. Petersburg State University. Series 7.
Geology, Geography, (2), pp. 85-106 (in Russian).

Kapralov, A.A., 2006. Variety of Vegetable Associations and their Dynamics
on the Spit of Koyashskoye Lake. In: SNBG, 2006. Collection of Works of the State
Nikitsky Botanical Gardens. Yalta: SNBG. Iss. 126, pp. 121-132 (in Russian).

Yastreb, V.P., 2009. Development and Modern Condition of Water Reservoirs
on the Azov and Black Sea Coast in Holocene. In: MHI, 2009. Ekologicheskaya Bezo-
pasnost’ Pribrezhnoy i Shel'fovoy Zon i Kompleksnoe Ispol’zovanie Resursov Shel'fa
[Ecological Safety of Coastal and Shelf Zones and Comprehensive Use of Shelf
Resources]. Sevastopol: ECOSI-Gidrofizika. Iss. 20, pp. 145—152 (in Russian).

Klyukin, A.A., 2006. Nature and Variety of Factors of Environment of Territory of
the Opuk Nature Reserve. In: SNBG, 2006. Collection of Works of the State Nikitsky
Botanical Gardens. Yalta: SNBG. Iss. 126, pp. 822 (in Russian).

Kharitonova, L.V., Yastreb, V.P., Khmara, T.V. and Nikolskiy, N.V., 2012. Study
of Water Regime of the Kerch Group Lakes-Lagoons Using Sattelite Data.
In: O. A. Petrenko, 2012. Current Fishery and Environmental Problems of the Azov-
Black Sea Region: Materials of VII International Conference. Kerch, 20-23 June 2012.
Kerch: YugNIRO Publishers’. Vol. 1, pp. 201-206 (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2023 47



11. Borovskaya, R.V. and Smirnov, S.S., 2020. Technology of Water Surface Area Calcu-
lation Using Data Received from Artificial Satellite of Sentinel-2 Series, its Implemen-
tation for Determination of the Surface Areas of the Crimean Saline Lakes. Monitoring
Systems of Environment, 40, pp. 36—43. do0i:10.33075/2220-5861-2020-2-36-43

12. Shereshevsky, A.l. and Synytska, L.K., 2006. [Modern Assessment of Calculated
Evaporation from Water Surface of Dnipro Water Reservoirs to Calculate it while
Working Out Hydro Power Plant Operating Modes]. In: UHMI, 2006. Nauchnye Trudy
UkrNIGMI [Scientific Works of UHMI]. Kiev: UHMI. Vol. 255, pp. 213-228
(in Ukrainian).

13. Klimchouk, A.B., Amelichev, G.N., Vakhrushev, B., Timokhina, E.I., Naumenko, V.G.,
2014. Hypogene Karst Phenomena in the Opuk Massif in the Kerch Peninsula.
Speleology and Karstology, (12), pp. 57-68 (in Russian).

14. Vakhrushev, B.A. and Vakhrushev, [.B., 2006. Reservation Objects of Mountain Opuk
and its Territories. In: SNBG, 2006. Collection of Works of the State Nikitsky Botanical
Gardens. Yalta: SNBG. Iss. 126, pp. 23—33 (in Russian).

15. Perelman, A.lL., 1982. [Geochemistry of Natural Waters]. Moscow: Nauka, 154 p.
(in Russian).

16. Kist, A.A., 1987. [Phenomenology of Biogeochemistry and Bioinorganic Chemistry).
Tashkent: Fan, 236 p. (in Russian).

Submitted 9.04.2023; accepted after review 30.04.2023;
revised 03.05.2023; published 26.06.2023

About the authors:

Nikolay N. Dyakov, Director of Sevastopol Branch of N. N. Zubov’s State Oceanographic
Institute (61 Sovetskaya St., Sevastopol, 299011, Russian Federation), Ph.D. (Geogr.),
ORCID ID: 0000-0003-2622-7695, dyakoffl@mail.ru

Yuri A. Malchenko, Senior Research Associate, Sevastopol Branch of N. N. Zubov’s State
Oceanographic Institute (61 Sovetskaya St., Sevastopol, 299011, Russian Federation),
ORCID ID: 0000-0002-7422-2824, mvri21@yandex.ru

Alexander A. Lipchenko, Senior Research Associate, Sevastopol Branch of N. N. Zubov’s
State Oceanographic Institute (61 Sovetskaya St., Sevastopol, 299011, Russian Federation),
ORCID ID: 0000-0002-7840-7009, lipch2015@yandex.ru

Contribution of the authors:

Nikolay N. Dyakov — formulation and research task statement, preparation of the article
text

Yuri A. Malchenko — processing and analysis of hydrochemical data, preparation of
information on the hydrochemical regime

Alexander A. Lipchenko — water balance calculations

All the authors have read and approved the final manuscript.

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



Original article
DOI: 10.29039/2413-5577-2023-2-49-60

Study of Wastewater Distribution
near the Heraclean Peninsula (Crimea)
in the Upwelling Situation
Based on Expedition Data and Numerical Modelling

P. D. Lomakin *, Yu. N. Ryabtsev

Marine Hvdrophysical Institute of RAS, Sevastopol, Russia

* e-mail: p_lomakin @mail.ru

Abstract
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AHHOTanuA

Ha ocHOBe naHHBIX OKEaHOJOTHYECKOH ChEMKH, NPOBEACHHONH MopckuM rugpodusmdec-
KUM MHCTHTYTOM B aBrycte 2019 r., mpoaHaIM3upoBaHbl 0COOEHHOCTH CTPYKTYpPHI IOJIH
TeMIepaTyphl, COJICHOCTH, KOHIIEHTPAIMU OOIIETo B3BEIIEHHOTO U OKPAIIeHHOTO PacTBO -
PEHHOTO OpPraHHMYECKOTO BEIIECTB Ha ydacTKe BJIOJb IOTo-3amajHoro Oepera I'epaxieii-
CKOTO TOJIyOCTPOBa B CHUTYAaIlMH BETPOBOTO alBeUIMHTA. B cTpykType moneil paccmarpu-
BAaeMbIX BEJIMYUH BBISBJICHBI NPU3HAKA BOCXOJAIMICH LUPKYJAIUM M 3arps3HEHUs, 00y-
CJIOBIICHHBIC CTOHHBIM BETPOM M HaJIMYMEM HA PACCMAaTPHBAEMOM y4YacTKe ABYX HCTO YHU-
KOB CTOYHBIX BOJA. UHCICHHBIE 3KCHEPHUMEHTHI, BBIIOJHEHHBIE C HCIOJH30BaHHEM TpEX-
MepHOW OapoTpomHoi sumHeiHOW Momemn Denp3eHOayma, TOATBEPAWIM HAOIIOIAB -
IIMIACS amlBEJUIMHT W IO0Ka3ajd, YTO MOABEM BOJ AaHTPOIOTEHHOTO IPOUCXOXKICHU
13 KaHAJIM3AI[MOHHBIX MCTOYHHUKOB K TIOBEPXHOCTH MOPSI OOYCIOBJICH KakK BIOJBOEpero-
BBIM, TaK M OPHEHTHPOBAHHBIM 10 HOPMAaJM K OeperoBoi JMHUH CTOHHBIM BeTpoM. M o-
JIeNbHBIC PAacYeThl TakKe IMO3BOJIMIIM MPOCISIUTh PACIIPOCTPAHEHUE aHTPOIIOTCHHO B3Be-
CH B CHTyalWH amBeJuinHTa. [loka3aHo, 9TO B BEpXHEM CJO€ BOJ B3BECh M3 KaHaJM3a-
IUOHHBIX MCTOYHHKOB PacHpOCTpaHsIIach B OTKPHITOE MOpE, a B MPOMEKYTOYHOM H IIPH -
JIOHHOM CJIOSIX OHA HaKaIlIMBaJlach BJIOJIL OeperoBoil mHuA. [Ipu ceBepHOM BeTpe 3ddexr
aKKyMyJISIIIUM B3BECH B IPHOPEKHON 30HE 00Jiee HHTEHCUBHBIN .

KiawouyeBble ciloBa: CTpyKTypa BOJ, allBEJUIMHT, 3arpsS3HEHHUE, YUCIEHHOE MOJEIUPO -
BaHue, [ epaxieiickuii monmyoctpos, Kpbim

BiarogapHocTH: paboTa BBINOJHEHA B PaMKaX IOCYJapCTBEHHOIO 3a/JaHUs MO TEME
Ne FNNN-2021-0005 «KommiekcHple MEXAUCUUILIMHAPHBIE HCCJIETOBAHUS OKEaHOJIO -
TMYECKUX TPOIECCOB, ONMPESIIomuX (yHKIIMOHUPOBAHUE W IBOJIOIMIO YKOCHCTEM ITp M-
OpexHBIX 30H YepHOTO ¥ A30BCKOTO MOPEi».
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cTouHbIX BoJ y ['epakneiickoro nomyoctpoBa (KpbiM) B cuTyaluu anBejUIMHIAa Ha OCHOBE
9KCHEIUIIMOHHBIX TaHHBIX W YUCICHHOTO MOJEIMPOBaHHA // DKoJOTHUECKask O€301mMacHOCTh
npuoOpexxHold W 1mesbGoBoi 30H Mops. 2023. Ne 2. C. 49-60. EDN UUGLBF.
doi:10.29039/2413-5577-2023-2-49-60

Introduction

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

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

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

Aims of this article:

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

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

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

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

The outlet head of the treatment facilities pipeline is located at a distance
of ~ 3 km from the shore at a depth of 88 m. At the time of the analyzed survey,
there was a leak in the pipeline, which became an additional source of anthropo-
genic suspended matter. The first information about the leak appeared in 2014,
and in 2017 it became known that it was located at a distance of ~ 700 m from
the shore ata depth 0of 34-37 m [5].

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2.2023 51



V3

| Kazachya K\

('zi})c("llc[30|1estls ‘(\; Bay |

Black Sea_ — <

o~

\

B

3 3 i ‘t‘ : b

s " y
\ . 2 \_‘ FZ/ 4 "l\P H\)
¢ 88D LS

y [ { 1

-] } {104

, ¥ O° N W
v b {
16 T H

15 ® ] !

u . A 4
2 ;
4 Heraclean
y :
i ~.,  Peninsula
¥ ™

20 é,_‘

d
-3
----- S

Fig. 1. Geographical position of the studied water area and map of
stations of the oceanological survey performed on 23 August 2019

Initial data and research methods

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

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

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

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

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

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

The survey was accompanied by a fresh and strong wind, the average daily
velocity of which was 6 m/s, and the direction changed in the sector from north
to northeast. At sea, the wind gusts reached 12—15 m/s. The excitement of the sea
reached 34 points™.

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

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

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

Ct + (MC— HCx)x + (VC— HC}’)}’ + ((W + Wc)'C_ KC'z)z = 0,

where C(x, y, z, f) is suspension concentration; x is vertical, p is horizontal turbu-
lent diffusion coefficient; w, is own velocity of the suspension.

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

The problem of impurity transfer is solved numerically. A conservative
scheme is used, which has the property of transportability and positive definiteness.
This scheme is described in detail in [17].

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

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

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

Discussion of the results

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

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

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

In the extreme southern area of the test site in the surface layer of the sea,
against the background of a low-gradient field of TOM content, a lens with a verti-
cal size of 5~7 m and a maximum concentration of 2.3-2.5 mg/L within the entire
considered area was clearly distinguished, which was three times higher than
the natural nomm (extreme southern section, stations 17-20). In addition, smaller
formations with the content of this substance of anthropogenic origin were noted
(Fig. 152, ¢).

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

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

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

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

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

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

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

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

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

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

Conclusion

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

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

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

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

The work aims at construction of chlorophyll a fields based on variational assimilation
of available satellite information for a few days in a transport model. Such information is
the most real-time, but most often it has omissions (sometimes significant) in its structure
due to the scattering effect of clouds, glares, etc. Therefore, obtaining reliable fields taking
into account the available information for the Black Sea is an important and urgent task.
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for the Black Sea were used. In the numerical implementation of the variational assimila-
tion algorithm, iterative gradient methods are used, and the solution of the adjoint problem
is used to construct the gradient of the cost function in the parameter space. As a result
of the calculations, a field of chlorophyll a concentration was obtained for almost the entire
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algorithm for the satellite information assimilation, which made it possible to obtain a chlo-
rophyll a concentration field for the Black Sea area, taking into account incomplete cover-
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KOHIEHTpaluun XJIOpO(l)I/IJ'lJ'la a B MOoJeJIN IepeHoca
Mo J1aHHBIM JUCTAHINUOHHOI'O 30HIUPOBAHHUSA

B. C. Koueprun *, C. B. Koueprun

Mopcrou eudpoghuzuueckuii uncmumym PAH, Cesacmonoaw, Poccust

* e-mail: vskocher@gmail.com

AHHOTaANMUA

Lenpio paboThl SBIIETCS MOCTPOCHHE MOJECH XJIOpOQIIUIa g IMyTeM BapUaIlMOHHON accH-
MWW JOCTYITHOHM CITyTHUKOBOW MH(OPMALIMH 32 HECKOIBKO CYTOK B MOJIEITH TIEPEHOCA.
Takas nHpOpMarus sABIIeTCS Hamboee ONepaTHBHON, HO Yalle BCETO MMEET B CBOEH
CTPYKTYp€ TIPOIYyCKH, WHOT/A CYIIECTBCHHBIC, BCICACTBUE paccewBaromero addexra o0-
JIaYHOCTH, OJIMKOB U T. A. [loaTOMY MoJry4eHre JOCTOBEPHBIX IOJIEH ¢ y4eTOM MMEIOLIeHCs
nHdopManmy JuIs akBaTopuu YUepHOro Mops sSBISIETCS BAXXHOW M aKTyaJbHOHM 3amadeil.
[Ipn uncneHHol peanu3ali MOJENHM IEPEHOCa M BapHAllMOHHOTO METOJa aCCUMMUIISLIUH
JaHHBIX M3MEPEHHH MCIOJIB30BAJIMCh PE3YJBTaThl PAcueTOB IO AMHAMHYECKON MOZEIH
MI'U nns Yepnoro mopsi. Ilpu uncineHHON peanu3aluy BapHaLMOHHOIO alroOpuTMa accu-
MWISILIMN TIPUMEHSIIOTCSI UTEpallMOHHbBIE IPAJIMCHTHBIE METOMBI, a PEICHNE CONPSKEHHON
3a[1a4i UCTIONbB3YeTCs UL MOCTPOSHHS TpaJueHTa (yHKIIMOHATIAa Ka4eCTBa B IIPOCTPAHCTBE
napaMeTpoB. B pesynbpraTe MpOBEICHHBIX PAcUeTOB IOJIYYCHO IOJIE KOHLEHTPALUH XJIO-
podmiia a, coriacoBaHHOE C JaHHBIMH M3MEPEHUH, IMOYTH I Bcel akBaTopuu UepHOTO
Mopsi. B pabote peanu3oBaH BapHAIlMOHHBIN aITOPUTM YCBOEHHS CITyTHHKOBOW HMH(OpMa-
LM, KOTOPBIH MO3BOJHI NMOJYYHUTh MOJI€ KOHLEHTPAMH XJIOpodmula a I aKBaTOPUH
UepHOTO MOPS C YY4ETOM HEIOJIHOTO TOKPHITHS TaHHBIMH Habmoaenwid. [Ipomeaypa MoxeT
OBITH MCIIOJIb30BaHA ISl ONIPEAEIICHHS TIOJICH KOHICHTPAIIMH Pa3JINuHbIX B3BEIICHHBIX BeE-
LIECTB B MOPE MO AAHHBIM, PACIpEIENIEeHHBIM 10 BPEMEHH U IPOCTPAHCTBY.

KnwueBble caoBa: KOHIEHTpauus Xjiopoduiia g, BAPHALMOHHBINA aJTOPUTM, COTpS-
JKE€HHas 3a]a4a, aCCUMUIIANMS JaHHBIX U3MepeHuil, UepHoe Mope, MpOCTPAHCTBE HHO-
BpPEMEHHAs HHTEPITOJISLINS

BrarogapHocTH: paboTa BBINOIHEHA B PaMKax TOCYJIapCTBEHHOTO 3aJaHUS IO TEME
FNNN-2021-0005 «KoMIiekcHbIE MEKIMCIMIUIMHAPHBIC HCCIACAOBAHUS OKEaHOJIOTHYe-
CKHX TPOLIECCOB, ONMPEACIIIOMNX QYHKIIHOHUPOBAHUE M 3BOJIIOLUIO SKOCHCTEM IPHOPEIK-
HBIX 30H UepHOTO 1 A30BCcKOro Mopeit» (mmdp «I[IpudpexHpie ucCIea0BaHUsm» ).

dasa uutupoBanun: Kouvepeun B. C., Kouepeun C. B. Bapnaunonnas uaeHTH(pHUKAINA
HA4YaJIbHOTO MOJIA KOHIEHTPAWU XJIOpo(hHula ¢ B MOAEIH TEPEHOca MO JaHHBIM JTUCTaH-
IHUOHHOTO 30HANPOBAHUS // DKomormdeckas 6e30MacHOCTh MPHOPEKHOH U mIeNb( OBOM 30H
Mops. 2023. Ne 2. C. 61-70. EDN UHOSMC. doi: 10.29039/2413-5577-2023-2-61-70

Introduction

Solving the problem of environmental orientation for the Azov-Black Sea
Basin requires the creation of systems that make it possible to receive real-time
information about the state of the environmental situation. The main constituent
elements of such systems are numerical dynamic models " [1], models of transport

Y Marchuk, G.I. and Sarkisyan, A.S., 1988. Mathematical Modelling of Ocean Circulation. Berlin:
Springer, 292 p.
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and transformation of various components of suspended solids *, as well as proce-
dures concerning assimilation of available information * [2-7].

An extensive review of measurement data assimilation methods is presented
in [8]. In this paper, a variational assimilation algorithm is implemented to assimi-
late satellite information on the concentration of chlorophyll a in the upper layer
of the Black Sea. A characteristic feature of satellite information is that it often
contains some omissions, for example due to clouds.

The use of surface values of chlorophyll concentration in the transport and dif-
fusion model makes it possible to complete the missing information in the mea-
surement data. In the algorithm, the applied model plays the role of a space-time
interpolant, and the resulting solution of the problem on the time interval used is
consistent not only with the model itself, but also with the measurement data.
The initial field of chlorophyll concentration was chosen as a desired parameter.
When implementing the search procedure for the extremum of the functional that
characterizes the deviations of the model estimates from the measurement data,
the solutions of the main, adjoint problems and the problem in variations are used
to construct the gradient of the functional and organize the iterative process.
With difference discretization of the above problems, TVD approximations are
used [9]. As input information for the transport model, the results of calculations
based on the MHI hydrothermodynamic model [1, 10] with a spatial step of 1.6 km
and with realistic atmospheric action were used [11]. 27 horizons are used vertical-
ly with the time step of 1.5 min. To simulate the dynamics of chlorophyll a fields
in the aquatic environment, the advection and diffusion equation is used.

Transport and diffusion model

Let us write the equation of the impurity transport model in the following
form:
0 oC

Ay V3iC +— A4y —, 1
H e A (1)

oc N owC) N o(vC) N o(wC) _
ot ox oy oz
where C — concentration; Ay, Ay — coefficients of horizontal and vertical turbulent

diffusion, respectively.
On the sea surface (z = 0), the following condition is used:

A4, —=0. )
At the bottom and solid boundaries, the no-flow condition is taken. In the area of

straits, the first type Dirichlet condition is used (homogeneous in this calculation).
The concentration field C°(x, y, z) is set for the initial moment of time.

D Marchuk, G.1., 1986. Mathematical Models in Environmental Problems. Amsterdam: Elsevier
Science Publishers B.V., 216 p.

3 Penenko, V.V., 1981. Methods of Numerical Modelling of Atmospheric Processes. Leningrad:
Gidrometeoizdat, 352 p. (in Russian).
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The finite-different discretization of equation (1) is implemented on grid C
[12]. TVD schemes [9] are used to approximate the advective terms. Vertical tur-
bulent diffusion coefficient 4 is set in accordance with [13], with 4, = 107 cm?/s.

Variational algorithm of identification
Let us consider a functional of the following form:
Io = l(P(RC —cmeas) | p(Rey, - CmeaS)j 3)
0 b ty 1 ’ ty 1 0 )
t

which characterizes deviations of model concentration values from measurement
data. In expression (3), R — operator of designing the model solution at the observa-
tion point; P — operator of zero expansion of the residuals of the forecast specified
at the measurement points; # — time points at which the measurement data are
received; the scalar product is defined in the standard way in My = M x [0, TJ;
M — area in which the model is integrated on the time interval [0, T7; SP=5"x [0, T,
S° — sea surface; I, =T x [0, T], T — boundary of area M.

Minimization of expression (3) with the constraints of formulas (1)—(3) is re-
duced to finding the extremum of the functional of the following form:

=1, +{8_C+8UC+6VC+8WC —EAHﬁ—C—QAHa—C—iKﬁ—C, C*} +
ot Ox oy 0z  Ox ox Oy oy 0o 0Oz M,
+(§, c*) +(c-co. ), o)
on |

where I, =" x [0, T], I" — boundary of area M.

By varying expression (4) and then integrating by parts, taking into account
the boundary conditions and the continuity equation, the following expression can
be obtained:

sl =(Cc-Cp, ¥, (5)

where C" — Lagrange multipliers, which are chosen from the solution of the follow-
ing adjoint problem:

*

_oct _auct ovct owc
ot Ox oy oz Ox ox Oy oy 0z Oz
=—P\RC;, — Cg{leas),

*

* %
r:aizo, Z=Oia£=0, Z=H:a£=0, t=T:C"=0.
n Oz Oz

The initial approximation is set to zero, and the next approximation can be
found by the following formula:

il =cp+1e,l,

where 1 — iterative parameter.
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Results and discussion

The flow rates for the period from 14 May 2016 to 17 May 2016 were calcu-
lated using the MHI model [1, 10] with a horizontal resolution of 1.6 km in latitude
and longitude, taking into account the realistic atmospheric action for 2016
(according to ERAS data with a spatial resolution of 0.25°) [10]. The reanalysis
data [14] interpolated onto the model grid were used as initial fields. The obtained
flow fields were used as input information.

The satellite data are often characterized by some omissions observed in their
structure due to, for example, clouds or other factors that significantly affect the quality
of incoming information processing. The presence of clouds over the Black Sea can
be evaluated based on the information concerning pseudocolor composite MODIS-
Aqua (URL: https://earthdata.nasa.gov/labs/worldview/?p=geographic&l=MODIS),
which also characterizes the suspended matter concentration in the upper sea layer.
As on 15 May 2016, the spatial structure of such fields is characterized by an in-
creased concentration of chlorophyll a in the area of the Danube mouth and
the area adjacent to the Dnieper-Bug Estuary. In addition, the composite contains
areas of developed clouds in the eastern part of the sea. The increased concentra-
tion of impurities along the western coast is stipulated by the dynamics of the wa-
ters, namely the Main Black Sea Current. Figure 1 shows the composite as
on 16 May 2016. Same as on May 15, the maximum concentration of chlorophyll a
is located near the western coast of the Black Sea, and the eastern part of the sea
along the Caucasian coast is covered with cloudy fields. On the contrary, clouds
cover the central part of the sea on May 17.

#

F__ S

Fig. 1. Pseudocolour composite MODIS-Aqua, 16 May 2016, the contrasts
on the sea are determined by changes in the suspended matter concentration
(https://earthdata.nasa.gov/labs/worldview/?p=geographic&1=MODIS)
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Fig. 2 shows the chlorophyll a concentration field on 15 May 2016 according
to the website http://dvs.net.ru/mp/data/201507vw.shtml.

The maximum values near the western coast reach 18-20 mg/m’. The values
of the central part of the sea are 2-3 mg/m’. Figure 3 shows the chlorophyll a con-
centration field on May 16. Omissions in the data correspond to the clouds over
the Black Sea in this period (see Fig. 1).

Chlorophyll a Concentration, mg/m?

28° 30° 32° 34° 36° 38° 40° E

Fig. 2. Chlorophyll a concentration field on 15 May 2016 (available at:
http://dvs.net.ru/mp/data/201507vw.shtml)

Chlorophyll a Concentration, mg/m?

Fig. 3. Chlorophyll a concentration field on 16 May 2016
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Fig. 4 similarly shows the data on May 17, which are available mainly for
the eastern part of the sea.

Fig. 5 shows the result of the variational assimilation procedure.

In its structure, the presented field is in clear line with the image of
the pseudocolor composite shown in Fig. 6. The remaining data omissions are
determined by the assimilable information. Thus, zero concentration along

46° |

44°

o
Chlorophyll a Concentration, mg/m3

42° 1

28° 30° 32° 34° 36° 38° 40° E

46° 1

44°

Chlorophyll a Concentration, mg/m?

42°

28° 30° 32° 34° 36° 38° 40° E

Fig. 5. Chlorophyll a initial concentration field on 14 May 2016
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Fig. 6. Pseudocolour composite MODIS-Aqua, 14 May 2016

the Caucasian coast is stipulated by the lack of data for this area in assimilable
fields. Most probably, the data omissions on May 17 are stipulated by the quality of
the primary processing of satellite information, in which data with increased con-
centration were erroneously rejected.

As a result of the variational assimilation procedure, an initial field that is well
consistent with the available information on the concentration of chlorophyll a and
suspended matter in the upper sea layer, was obtained. The resulting field contains
the main features of the spatial distribution of concentration with increased values
in the area of the Danube and the Dnieper-Bug Estuary and along the western coast
of the Black Sea. The spatial structure of the field is characterized by the influence
of dynamic structures of a vortex nature on it. To the west of the Bosporus, there is
a mushroom-shaped structure, which is partially present in the data on May 15
and 16 and is clearly visible in the composite on May 14 (Fig. 6). The resulting
chlorophyll a concentration field is consistent with the model and with the informa-
tion used for subsequent time moments on the sea surface due to the minimization
of the functional of expression (5). 3—4 iterations are sufficient to reach the extre-
mum of the functional on a given time interval.

Conclusion

The performed calculations showed the effectiveness of the algorithm used
in initializing the initial chlorophyll a concentration field in the Black Sea.
The transport model is used as a space-time interpolant, and the solution of the ad-
joint problem is necessary to construct a gradient in the parameter space for itera-
tive descent. The concentration fields obtained in this way are consistent with
the measurement data distributed over time and space and the available information
for the corresponding period of time. The results of the work can be used in order
to solve environmental problems concerning the Azov-Black Sea Basin.
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Abstract

The paper aims at assessing the variability of characteristics of redox conditions in the water
column and the surface layer of sediments under changing anthropogenic load using in situ
observational data and results of numerical modelling (the case of Sevastopol Bay).
A comprehensive analysis is carried out of the chemical characteristics of the water column
and pore water as well as geochemical characteristics of the bottom sediments. It is confirmed
that there is the previously determined violation of the natural hydrochemical regime due to
phytoplankton blooms in summer and the location of a large amount of stormwater and
municipal wastewater in the bay. Despite the saturation of waters with oxygen in the bottom
layer (94—113 % sat.), suboxic conditions are registered in the surface layer of bottom
sediments. This is explained by predominance of the fine-grained fraction and high content
of organic carbon. Mathematical calculations were performed using the one-dimensional
benthic-pelagic Bottom RedOx Model (BROM). The numerical modelling results were
validated using in situ observational data. The results showed that the model reproduces
the natural seasonal variations of hydrochemical parameters associated with phytoplankton
blooms, the occurrence of high concentrations of organic matter and its oxidation
by the dissolved oxygen. Two numerical experiments with decreased and increased concen-
trations of organic matter were conducted to assess the effects of varying amounts of the
organic matter entering the bay. It was found that the increased load on the bay results
in a decrease in the oxygen concentration (up to 12 uM) and the development of anaerobic
conditions in the bottom layer of water. Reduced organic matter input promotes aerobic
conditions in the water column and in the bottom water layer. However, for bottom sedi-
ments, such a reduction in the load is not sufficient given the level of excess organic matter
accumulated in them. The pore waters still consume oxygen and nitrates heavily
and produce reduced forms of iron and manganese.

Keywords: bottom sediments, pore waters, oxygen, organic carbon, modelling,
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OKHCJINTEIbHO-BOCCTAHOBUTEIbHBIX YCJIOBHI
HA rPaHMIIEe BOAA — IOHHbIE OTJIOKECHHUS
B CeBacTOnoJbCKoOi Oyxre
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AHHOTaANHUA

Henp paboTel — OLEHKAa HM3MEHYMBOCTH XapaKTEPHCTHUK OKHCIUTEIHHO-BOCCTAHOBH-
TEJIEHBIX YCIIOBHHA B BOJHOW TONIIEC W TOBEPXHOCTHOM CJIO€ OTIOXEHUH MPH HW3MEHSIO-
IIeicsl aHTPOIMOTEHHOW Harpy3Ke ¢ HWCIOJIb30BaHUEM JAHHBIX HATYPHBIX HaOIIOACHMMA
1 pe3yNIbTaTOB YHCIEHHOTO MOZICTHpoBaHUsA Ha mpumepe CeBacTomoibckoi OyxTel. BeI-
MTOJTHEH KOMIUIEKCHBIH aHAIN3 XUMHUYECKUX XapaKTEPHUCTHK BOJHOW TOJIIHM W TOPOBBIX
BOJA, a TaKKe TCOXMMHUYECKHX XapaKTepUCTHK IOHHBIX oOTioxeHui. [loaTBepikmeHo,
YTO MIPOMCXOJUT YCTaHOBJICHHOE paHee HapyLIEeHHE ECTECTBEHHOTI'O THAPOXHMHUYECKOTO
pEeKMMa, CBS3aHHOE C IIBETCHHEM (DUTOIUIAHKTOHA B JIETHEE BPEMsS M PACIHOJIOKEHHEM
B aKBaTOpHH OYXTHI OOJBIIOrO KOJMYECTBA JMBHEBHIX M KOMMYHAIBHBIX CTOKOB. HecMoTps
HA HACHIIIECHIE MPUIOHHOTO CJI0s BOJ KuciopoaoM (94—113 % Hac.), B BepXHEM CIIO€ TOH-
HBIX OTJIIOKEHHMH 3a()MKCUPOBAaHBI CYOKHCIIOPOJHBIE YCIOBHS. DTO OOBSICHsAETCS Npeoodia-
JAHWEM MEJKO3EpHHCTOW (PpaKIWK M BBICOKHM COJCpPKAHWEM OPTaHWYEeCKOTO YTIepona.
MateMaTHYeCKie pacdeThl BBIIOIHAINCH C IOMOIIBI0 OJHOMEPHOW OEHTOCHO-IIeNaru-
geckoit Mmomenmn Bottom RedOx Model (BROM). C ucmnonp30BaHNEM NaHHBIX HATYPHBIX
HAOIIOICHUH TIpOBE/IeHA BaJIMAAIMS PE3yIbTaTOB YHUCIEHHOTO MojaenupoBaHus. [lomyden-
HBIC PE3YNBTATHl IMOKAa3aJd, YTO MOJETHh BOCIIPOW3BOAWUT E€CTECTBEHHBIH CE30HHBINH XOI
THIPOXIMUYECKIX MTApaMeTPOB, CBSI3AaHHBIN C [IBETEHHEM (DPUTOIUIAHKTOHA, TTOSIBIICHUEM BBI-
COKMX KOHLIEHTPALUI OPraHNYeCKOTO BELIECTBA M €r0 OKHCIEHHEM PACTBOPEHHBIM KHCIIO-
poaoMm. [l OLEHKM MOCNIEICTBUH TOCTYIUIEHHS pa3IMYHOTO KOJIWYECTBa OpraHuyec-
KOTO BEIIeCTBA B aKBAaTOPUIO OyXThl OBUIM NPOBENECHBHI JBa YHCICHHBIX SKCIEPUMEHTA
C YMEHBIICHUEM M YBEIMUECHHEM €ro KOHIEHTPAIUH. Y CTAHOBJIEHO, YTO YBEJIMYEHHE HATPY3KH
Ha aKBaTOpUIO OYXThI IIPUBOIUT K CHIDKEHHMIO KOHIEHTpaumuu kuciopoga (mo 12 MxM)
U pa3BUTUIO aHa’POOHBIX YCIOBHH B MPUAOHHOM ciioe Boj. CoKpalleHHE MOCTYIUICHHS
OpPTaHMYECKOTO BEIIECTBA CIIOCOOCTBYET (DOPMHUPOBAHHIO a3pPOOHBIX YCIOBHHA B BOJHOU
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TOJIIC U IIPUAOHHOM CJIOC BOA. OZ[HaKO JJIA JOHHBIX OTJ'IOH(GHI/II\/’I, C Y4YCTOM YPOBHA HAKOII-
JICHHOTO B HHUX H30BITOYHOI'O OpraHn4eCKoro BCLICCTBA, HO,I[O6HOFO CHW)KCHUA HArpys-
KU HEIOCTAaTO4YHO. B MOPOBBLIX BOJAaX BCC CIIC MPOHUCXOAUT HMHTCHCHUBHOC HOTpe6J'IeHI/I€
KHCJIOpOJa U HUTPATOB U 06pa3y}0Tcsl BOCCTAaHOBJICHHBIC (I)OpMBI JKeJIe3a U Maprasuna.

Kamo4deBble cil0Ba: [OHHBIC OTIOKCHHS, ITOPOBBIC BOMBI, KHUCIOPOJ, OPTaHHYCCKUMA
yraepon, MojaenupoBanue, YUepnoe mope, CeBactonodibckas 0yxTa, Moaens BROM
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OUILL MI'U mo teme Ne FNNN-2021-0005 «IIpubpeskHbie UcCIeI0BaHU» U TOCYAapCTBEH-
Horo 3amanmst ®I'BYH MO PAH Ne FMWE-2021-0001, npu ¢uHaHCOBOH MOAIEpKKE
Munob6pHayku Poccunm B pamkax Cormamenus Ne 075-15-2021-946, a taxxe mpu moa-
nepxke rpaHToB PODU Ne 20-35-90103 m PH® Ne 21-17-00191. ABTOpHI BBRIpa)karoT
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pacyera rupo(U3NIECKIX XapaKTEPHUCTHK, TTOJIydeHHbIE ¢ IIOMOIIbI0 Mojen POM.

Anss nurupoBanusi: YucieHHOE MOICIMPOBAHHE JUHAMHMKH OKUCIHTEIBHO-BOCCTA-
HOBUTEJBHBIX YCIIOBUH Ha TpaHHLE BOJa — JOHHBIE OTI0XKeHHU B CeBacTONOIbCKOM OyxTe
/ 1O. C. I'ypoBa [u np.] // Dxonorndeckast 6e30MacHOCTb MPUOPEKHOI 1 1meNbPOBOH 30H
Mops. 2023. Ne 2. C. xx—xx. d0i:10.29039/2413-5577-2023-2-71-90

Introduction

Coastal ecosystems characterized by high biodiversity, play a significant role
in the social and economic sphere. It is in the coastal water areas that the highest
level of pollution is observed [1].

The anthropogenic load exerted on coastal water areas leads to the inflow of
an additional amount of organic matter and nutrients into them. The consumption
of oxygen for the oxidation of organic matter and other reduced compounds leads
to a shift in the processes occurring due to the anaerobic oxidation of organic mat-
ter closer to the surface of bottom sediments. As a result, oxygen is exhausted
in the upper layer of sediments, which results in the formation of anaerobic condi-
tions [2]. An increase in the content of reduced compounds in the surface layer
of sediments leads to an increase in their flow into the bottom layer of waters,
due to which suboxic and anaerobic conditions are also registered in it [3].

The bays of the Sevastopol region are an example of the water areas of
the Crimean shelf with the maximum anthropogenic load, in which the accumula-
tion of organic matter in bottom sediments significantly prevails over its decompo-
sition [4].

Of all the bays of the Sevastopol region, Sevastopol Bay stands out directly
as the level of anthropogenic load on it has shown significant growth over the years
[5—7]. This results in intensive silting of bottom sediments, accumulation of organ-
ic carbon in them, development of oxygen deficiency in bottom sediments and
the bottom water layer, and further emergence of ecological risk zones.

Various systematic studies of the hydrological and hydrochemical parameters
of waters [5, 6, 8-10], the spatial distribution of the geochemical characteristics
of bottom sediments [11-13], and the level of their pollution [7, 14, 15] have been
carried out for a long time in the bay water area. In addition to the characteristics
of the solid phase of bottom sediments, the chemical composition of pore waters
has also been actively studied [2, 13, 16].
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Based on in sifu measurements, important information about the current state
of the water area was obtained. The use of the results of model calculations
makes it possible to obtain a broader (in space and time) idea of possible changes
in the characteristics of the ecosystem when the influencing factors change
[17, 18].

Concerning Sevastopol Bay, both its hydrodynamic regime [19-21] and
the distribution of pollutants in it [22, 23] are regularly modelled. However,
no work has been carried out in the studied area to assess changes in redox condi-
tions in bottom sediments and the bottom water layer on a space-time scale
using mathematical modelling methods.

The paper aims at assessing the variability of characteristics of redox condi-
tions in the water column and the surface layer of sediments under changing anth-
ropogenic load using in situ observational data and numerical modelling (the case
of Yuzhnaya Bay, which constitutes a part of Sevastopol Bay).

Area characteristics

Sevastopol Bay is a semi-enclosed water area with significantly limited water
exchange between the bay and the open sea [24]. The water area of the bay is under
constant anthropogenic pressure [10]. The average depth of the bay is 12.5 m.
The formation of the hydrochemical structure of the Sevastopol Bay waters is sig-
nificantly influenced by the river runoff in the eastern part and municipal waste-
water, which transport an additional amount of organic matter into the water area
(Fig. 1) [5, 13, 25]. For a long time, the bay was used for growing oysters, but now
such use is impossible due to the depletion of bioresources and the increasing level
of pollution [6]. Currently, the bay is one of the most polluted Black Sea coastal
areas [4—7], with the maximum level of pollution in Yuzhnaya Bay. This bay is
elongated in the meridional direction and is characterized by a large number of
sources of municipal wastewater and stormwater and the location of ship repair
facilities along its shores [7, 11, 26, 27] (Fig. 1).

According to [28], the hydrodynamic regime of the Yuzhnaya Bay ecosystem
(Fig. 1) is characterized by difficult water exchange with the main water area of
the bay and by water ventilation determined by the wind regime. With northerly
and northeasterly winds, the waters are blocked in Yuzhnaya Bay. With southerly
winds, waters polluted by municipal wastewater can be carried out of Yuzhnaya
Bay and reach the northern shores of Sevastopol Bay [28].

Under certain conditions, bottom sediments also influence the characteristics
of the bottom water layer of Yuzhnaya Bay [13]. The surface layer of bottom se-
diments (05 cm) in the bay is represented mainly by sandy silty and pelitic silts
and, to a lesser extent, by silted shell rock [11-13]. Abrasion processes accumulate
coarse-grained material at the outlet of the Sevastopol Bay and along the coastline.
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Fig. 1. Location of the bottom sediment column sampling station (red dot)
as well as stormwater and emergency wastewater outlets [13]

In Yuzhnaya Bay, the rate of input of terrigenous material weakens, and fine-
grained fractions accumulate here as a result of intensive input of organic matter
(OM) and low water dynamics [11, 12]. In recent years, the proportion of the silt
fraction in the surface layer of bottom sediments of the bay has been increasing,
which can indicate silting of the bay [7]. The vertical distribution of C,,, in Yuzh-
naya Bay is heterogeneous and varies from 4.5 to 7 % dry weight [7].

In accordance with the hydrological and hydrochemical parameters of the wa-
ters of the bay and its physical and geographical characteristics, the seasonal distri-
bution of hydrochemical components, in particular oxygen, is determined not only
by the temperature regime and hydrodynamics of the waters, but also by a biologi-
cal factor, namely, phytoplankton blooms [5]. At the same time, the saturation of
the bottom layer of waters with oxygen, as a rule, does not reach 100 % during
the year in the Yuzhnaya Bay apex. According to [5, 29], mass phytoplankton
blooms both in the surface and in the bottom water layer are observed in July.
The so-called summer maximum is typical for polluted water areas including
Sevastopol Bay. The amount of phytoplankton decreases in the cold period of
the year. Therefore, the Sevastopol Bay waters can be characterized in terms of
phytoplankton biomass as conditionally clean in winter and polluted in summer
[29].

Over the past 20 years, the supply of nutrients and organic matter to Sevasto-
pol Bay has increased, which results in a decrease in oxygen concentration and pH,
as well as acidification of the bay waters [6]. The results of the study [16] showed
that the organic matter oxidation occurred mainly under anaerobic conditions.
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Materials and methods

A comprehensive analysis of the hydrological and hydrochemical characteris-
tics of the water column and the physical and chemical characteristics of bottom
sediments was carried out in May 2018 under quarterly expeditions of the Marine
Biogeochemistry Department of the Marine Hydrophysical Institute of RAS on-
board the small vessel “Hydrograph-4”. Fig. 1 shows the location of the sea water
and bottom sediment column sampling station in Yuzhnaya Bay.

Sea water samples from the surface and bottom horizons were taken with a ba-
thometer.

The content of dissolved oxygen in water samples was determined by the me-
thod of Winkler volumetric titration modified by Carpenter [30]. This method
makes it possible to obtain results with the accuracy of £0.01 ml/L (0.4 uM).
The degree of oxygen saturation (%) was calculated using Weiss formula [31]

InC = A4, + 4, (100/T) + A5 In(7/100) + A4 (T/100) +
+ S [B, + B, (T/100) + B; (1/100)*],

where C — solubility of oxygen at total pressure of 1 atmosphere, taking into ac-
count the pressure of saturated water vapor, ml/L; A(;,34) and B(;,3) — constants
(4, =-173.4292; 4, = 249.6339; A; = 143.3483; A, = —21.8492; B, = —0.033096;
B, =0.014259; B; =-0.0017); T — absolute temperature, K; .S — salinity, PSU.

Mineral forms of biogenic substances (phosphates, silicic acid, ammonium
nitrogen) were analyzed by the photometric method on a spectrophotometer
KFK-3KM after seawater samples were filtered through a membrane filter with
a pore size of 0.45 um (except for samples for determining the content of ammo-
nium ions) . When determining the concentration of silicic acid, a correction was
made for salinity, calculated by the following formula

Ciru = Cops'(1 + 0.00455),

where Cy, — true silicic acid concentration; C,,, — observed silicic acid concentration;
S — final salinity of the analyzed sample, PSU .

Ammonium nitrogen was determined using modified Sage-Solorzano method
for sea water, which is based on a phenol-hypochlorite reaction using sodium
nitroprusside and sodium citrate . To determine the amount of nitrates and nitrites
on a flow autoanalyzer AutoAnalyzer AA 1l (Bran+Luebbe), the method of reduc-
ing nitrates to nitrites with copper-plated cadmium was used.

To determine the chemical composition of pore waters, bottom sediment
columns were sampled using a Plexiglas tube, 6 cm in diameter, with a vacuum
liquid trap.

1)Bordovsky, O.K. and Ivanenkov, V.N., eds., 1992. Modern Methods of Ocean Hidrochemical
Investigations. Moscow: 10 AS USSR, 201 p. (in Russian).

2 UNESCO, 1987. Thermodynamics of the Carbon Dioxide System in Seawater. Paris: UNESCO,
pp- 3-21.
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When analyzing the chemical profile of the pore waters of bottom sediments,
a polarographic method of analysis was used with a glass Au-Hg microelectrode
[13, 32, 33]. An electrode saturated with silver chloride was used as a reference
electrode, and a platinum electrode was used as an auxiliary one. Profiling of bot-
tom sediment columns was carried out with a vertical resolution of 1 to 10 mm.
The main advantage of the method is the ability to analyze the chemical composi-
tion of pore waters under conditions as close as possible to natural ones, without
any sample destruction and additional sample preparation. For all the measure-
ments, the determination error did not exceed 10 %.

The granulometric composition of bottom sediments was determined with
the combined decantation and diffusion method. The separation of the silty and
pelitic fraction (< 0.05 mm) was performed by wet sieving followed by gravimetric
determination of the dry weight. Coarse-grained fractions (> 0.05 mm) were sepa-
rated by the dry sieving method using standard sieves (GOST 12536-2014).

Carbon content (C,,) was determined coulometrically on an express analyzer
AN 7529 according to the method adapted for marine bottom sediments. The stan-
dard deviation value for samples with C,, content less than 0.5 % was 0.03,
and for samples with C,;, more than 1.5 % it was 0.08 [34].

Mathematical model and input data

The one-dimensional benthic-pelagic Bottom RedOx Model (BROM) was
used to calculate redox conditions and predict their possible changes in the water
column and the surface layer of sediments of Yuzhnaya Bay [35].

BROM is integrated into the existing Framework for Aquatic Biogeochemical
Modeling (FABM) and includes a 2D transport model 2DBP [36] and a biogeochem-
ical module (BROM-biogeochemistry) [17, 37—41].

The biogeochemical module consists of several submodules that parameterize
the processes in the ecosystem and the processes of transformation of the chemical
elements considered in the model: nitrogen, phosphorus, carbon, silicon, iron,
manganese, and sulfur. Within the framework of the model, OM is represented
as particulate organic matter labile (POML) and dissolved organic matter labile
(DOML), which can be oxidized by dissolved oxygen, being a part of various com-
pounds.

The equations and parameters used in BROM are given in [35], and the block
diagram of the model is shown in Fig. 2.

The temporal variability of the substance concentration is stipulated by its dif-
fusion and sedimentation, taking into account the processes leading to the forma-
tion and consumption of this substance:

aa—f = ;;D aail - (%(W@)Jr en(Coi = Ci )+ Thirr i) + Ry,
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Fig. 2. Block diagram of the biogeochemical module provided in the Benthic RedOx
Model (BROM)

where C; — concentration, mmol-m> total volume, i-th state variable; D(z, f) — ver-
tical diffusion coefficient; v; — sedimentation rate; €,(z, ) — specific rate of climatic
concentration relaxation C'Oi(z,t); Thirrqy — trend stipulated by bioirrigation (non-
zero for solutes in the bottom water column only); R; — sources minus wastewaters.

Sedimentation rate v; is non-zero for weighted (undissolved) variables only
and is determined at each time step by the biogeochemical module [36].

The vertical grid in the BROM transport is divided into the water column,
the bottom boundary layer, and bottom sediments. The grid spacing in the water
column is 2 m. For the bottom water layer (I m above the sediment surface),
the grid spacing decreases towards the water—bottom boundary from 20 cm
to 17 mm for the fluffy layer. For the upper layer of deposits, the grid spacing
increases geometrically downward from the boundary of the fluffy layer from
1.5 mm to 20 mm. The result is represented by a complete grid with non-uniform
spacing and maximum resolution near the water-bottom boundary. In this vertical
grid, temperature, salinity, and biogeochemical concentrations are determined
at the centers of the layers, while diffusion coefficients, sedimentation rates,
and net fluxes are determined at the boundaries between the layers [36].

The results of the calculation of the Princeton Ocean Model (POM) adapted
for the bays of the Sevastopol region were used as input data in the BROM hydro-
physical module [19].
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Results and discussion

Chemical composition of bottom water layer

The concentrations of hydrochemical parameters in the surface and bottom
water layers for the period from February 2017 to February 2022 are shown
in Fig. 3.

For the surface water layer, high values of the degree of saturation of water
with oxygen (98—102 %) are observed from April to September, while from No-
vember to February, these values decrease (87-94 %). Such a decrease in the oxy-
gen content is explained by the fact that in cold weather, due to the absence of
phytoplankton blooms, oxygen is probably consumed for the oxidation of organic
substances entering the bay [5].

It is known from literary sources that the maximum values of ammonium ion
concentrations and the sum of nitrates/nitrites are noted in the apex of Yuzhnaya
Bay both in the surface and in the bottom water layer [5, 6]. This is explained
by the presence of stormwater and municipal wastewater in the apex of the bay
(Fig. 1). Analysis of the data obtained confirmed the change in the intra-annual
course of hydrochemical parameters [5, 6], which takes place for the waters of

14 210 105 4

12 180
100 4
s ko a 1501
[xa) =1
3 g a
5 9 120 £ 95
E 6 tl i}
' o %40
4]z
90 -
5 60
0 301 g5
44 NO,+NO,
3.5 187 105 - NH,
3 15 90 0,
100
25 5:12 N
2§ |8
s 2 % ol £ o5 b
; 15{ & 61C
Z 90 4
1 3
0.5 ol 85

2 4 5 8 9 1. 12
Month
Fig 3. Temporal variability of hydrochemical

characteristics in the surface (a) and bottom (b)
water layers in Yuzhnaya Bay in 2017-2022
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Sevastopol Bay, as well as significant difference in their concentration in the sur-
face and bottom layers [6] (Fig. 3). The decrease in the concentration of the sum
of nitrates/nitrites in the warm period of the year is explained by their consumption
by phytoplankton, and in the autumn and winter seasons their concentrations
increase.

The maximum concentrations of ammonium ions were determined in the warm
period of the year: in the surface layer in September, and in the bottom layer
from May to September. According to [5, 6], this is explained by the processes
of bacterial destruction of organic matter, as well as the intensification of
the processes of stormwater and municipal wastewater in the summer.

Geochemical composition of bottom sediments

The surface layer (0-5 cm) of bottom sediments in the apex of Yuzhnaya Bay is
formed mainly by silty material (78 %), consisting of 51 % of the pelitic and aleurite
fraction and 27 % of the aleurite and pelitic fraction. The proportion of fine-grained
material increased with depth. The C,,, content in the surface layer was 4.82 %,
and its vertical distribution was distinguished by the presence of several concentra-
tion peaks at a depth of 30 and 90 mm (Fig. 4, a).

Chemical composition of pore waters

In the apex of Yuzhnaya Bay, oxygen penetrated into the bottom sediments
toa depth of 4 mm, its average concentration was 132 uM (up to 79 % sat.).
The characteristics of pore waters were determined by processes involving
dissolved forms of iron (Fe(Il, III)), with their maxima in the 40—60 mm and
130-140 mm layers (Fig. 4, b). The average Fe(Il) concentration was 398 uM.
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Fig. 4. Vertical distribution of C,, (a) and pore
water components (b) in the bottom sediments of
Yuzhnaya Bay
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The analysis of the pore waters of bottom sediments showed that, despite suf-
ficient saturation of the bottom water layer with oxygen (94—113 % sat.), suboxic
conditions formed in the upper layer of bottom sediments. This is explained
by the predominance of the fine-grained fraction (> 75 %) and high C,, content
>4 %).

To predict the variability of the redox conditions in the bottom sediments and
bottom water layer of Yuzhnaya Bay on a space-time scale, the numerical model-
ling results were validated and a series of model experiments was carried out, sug-
gesting a change in the amount of OM in the water area of the bay.

Validation of numerical calculations

To validate the numerical modelling results, in situ observational data obtained
for the water column (O, concentrations) and bottom sediments (concentrations
of O, Fe(Il), Mn(Il), H,S, C,,) during expeditions along Sevastopol Bay (Yuzh-
naya Bay) in 2017-2020, were used. To compare the numerical results with in situ
observations, the BROM model was run with a vertically uniform initial distribu-
tion of parameters. After reaching a quasi-stationary state with seasonal fluctua-
tions of the studied parameters, the results were compared with in situ observa-
tions. In order to adequately reproduce seasonal dynamics of biogeochemical characte-
ristics and to adapt the model parameters to local conditions, the model was run several
times. The validation results are shown in Fig. 5, 6.

The modelling took into account biogeochemical processes occurring under
various redox conditions, which determine the mechanisms of OM mineralization
(aerobic oxidation, denitrification, reduction of manganese and iron, and sulfate
reduction). Most of the results of model calculations generally corresponded to
the concentrations of the measured parameters in the water column, bottom sedi-
ments, and pore waters (points in Fig. 5).

Two numerical experiments were conducted to assess the effects of changes
in the OM entering the bay for the distribution of hydrochemical characteristics
in the water area of the bay. The first experiment assumed an increase in the OM
concentration by a factor of two compared to the concentration observed in the wa-
ter area of the bay. It was established that the seasonal course of biogeochemical
processes was disturbed (Fig. 7). An increase in OM inflow can result from an in-
crease in the impact of stormwater and emergency discharges of wastewater enter-
ing the water area of the bay (see Fig. 1).

A sharp increase in the amount of OM (DOML, DOMR) activates the process
of oxygen consumption for its oxidation and disrupts the seasonal course of oxy-
gen. If OM excessive supply of occurs in February, then in June suboxic condi-
tions are formed in the bottom water layer (the oxygen concentration decreases
up to 12 uM) [42], and in August such conditions also arise in the water column.
In September, hydrogen sulfide appears in the upper layer of sediments, and condi-
tions in the bottom layer of waters change to anaerobic ones. The return to the orig-
inal conditions of the bay ecosystem is slow and lasts for several months.
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Fig. 5. Calculated seasonal changes of vertical profiles of the concentration of dis-
solved oxygen (O,), organic carbon (C,,), hydrogen sulfide (H,S), reduced iron
(Fe(Il)), reduced manganese (Mn(Il)) and data from in situ observations in the water
column (upper panels) and in the bottom layer of waters and bottom sediments (lower
panels). The orange and blue lines are simulated warm and cold seasons, red and blue
dots are in situ data in warm and cold seasons

For the second numerical experiment, the OM concentration was reduced
by a factor of two compared to the observed concentration in the bay (Fig. 8).

It was found that with a decrease in the load on the bay, the seasonal course
of biogeochemical parameters was preserved. The intensity of phytoplankton
blooms decreases, and the period of blooms stretches out from March to October.
When oxygen is consumed for OM oxidation, suboxic conditions do not arise
either in the bottom water layer or in the water column. The minimum oxygen
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concentration (142 pM) in the bottom water layer, which corresponds to aerobic
conditions, is observed in July. However, in bottom sediments, despite the presence
of oxygen in the bottom water layer, suboxic conditions are fixed, and this fact
confirms the presence of reduced forms of iron and manganese in pore waters.

Conclusion

Based on observations and modelling, it is shown that the redox conditions
in bottom sediments depend mostly on seasonal changes in the oxygen content
in the bottom water layer, the particle size distribution of sediments, and the OM
entering them. At the same time, bottom sediments, being a source of secondary
water pollution, can also determine the hydrochemical characteristics and redox
conditions in the bottom water layer.

It is shown that the BROM model used in the work to assess the redox condi-
tions in the bottom sediments and the near-bottom water layer of Yuzhnaya Bay
reproduces the seasonal course of hydrochemical parameters properly. The modelled
increase in the load (a doubling of the OM concentration) on the bay water area
leads to the OM accumulation and decrease in the oxygen concentration (up to
12 uM), as well as to the seasonal oxygen cycle violation in the bottom water layer.
The results of numerical experiments showed that if the OM average annual con-
centration on the surface increased from 107 to 195 uM, anaerobic conditions
developed in the bottom water layer.

The change in the load on the bay water area, which consisted in a twofold
decrease in the OM entering the bay, contributed to the fact that the oxygen con-
centration did not fall below 142 uM throughout the year, and aerobic conditions
were preserved in the water column and bottom water layer. However, such a load
reduction is not sufficient for bottom sediments. Taking into account the level
of accumulated pollutants determined by high concentrations of organic carbon
in the surface layer of sediments (> 4 %), the oxygen is still insufficient for OM
oxidation, and reduced forms of iron and manganese are still formed in the pore wa-
ters, which indicates the development of suboxic conditions in bottom sediments.

REFERENCES

1. Bryantsev, V.A., Litvinenko, N.M. and Sebakh, L.K., 1997. Anthropogenic Impacts
on the Black Sea Ecosystem (Results of YugNIRO Nature Protective Studies for
the Last Decade). In: YugNIRO, 1997. Proceedings of the Southern Scientific Re-
search Institute of Marine Fisheries & Oceanography. Kerch: YugNIRO Publishers.
Vol. 43, pp. 1627 (in Russian).

2. Orekhova, N.A. and Konovalov, S.K., 2018. Oxygen and Sulfides in Bottom Sedi-
ments of the Coastal Sevastopol Region of Crimea. Oceanology, 58(5), pp. 679-688.
https://doi.org/10.1134/S0001437018050107

3. Meysman, F.J.R., Middelburg, J.J., Herman, P.M.J. and Heip, C.H.R., 2003. Reactive
Transport in Surface Sediments. II. Media: An Object-Oriented Problem-Solving Envi-
ronment for Early Diagenesis. Computers and Geosciences. 2003. Vol. 29, iss. 3.
P. 301-318. https://doi.org/10.1016/S0098-3004(03)00007-4

4. Ignat'eva, O.G., Ovsyanyi, E.I., Romanov, A.S., Konovalov, S.K. and Orekhova, N.A.,
2008. Analysis of State of t he Carbonate System of Waters and Variations of the Con-
tent of Organic Carbon in Bottom Sediments of the Sevastopol Bay in 1998-2005.
Physical Oceanography, 18(2), pp. 96—105. doi:10.1007/s11110-008-9010-x

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



10.

11.

12.

13.

14.

15.

16.

17.

18.

Ivanov, V.A., Ovsyany, E.L., Repetin, L.N., Romanov, A.S. and Ignatyeva, O.G., 2006.
Hydrological and Hydrochemical Regime of the Sebastopol Bay and Its Changing under
Influence of Climatic and Anthropogenic Factors. Sevastopol: MHI, 90 p. (in Russian).

Orekhova, N.A. and Varenik, A.V., 2018. Current Hydrochemical Regime of the Se-
vastopol Bay. Physical Oceanography, 25(2), pp. 124—135. doi:10.22449/1573-160X-
2018-2-124-135

Gurov, K.I. and Kotelyanets, E.A., 2022. Distribution of Trace Metals (Cr, Cu, Ni, Pb,
Zn, Sr, Ti, Mn and Fe) in the Vertical Section of Bottom Sediments in the Sevastopol
Bay (Black Sea). Physical Oceanography, 29(5), pp. 491-507. doi:10.22449/1573-
160X-2022-5-491-507

Svishchev, S.V., Kondrat'ev, S.I. and Konovalov, S.K., 2011. Regularities of Seasonal
Variations in the Content and Distribution of Oxygen in Waters of the Sevastopol Bay.
Physical Oceanography, 21(4), pp. 280-293. doi:10.1007/s11110-011-9122-6

Moiseenko, O.G. and Orekhova, N.A., 2011. Investigation of the Mechanism of the
Long-Term Evolution of the Carbon Cycle in the Ecosystem of the Sevastopol Bay.
Physical Oceanography, 21(2), pp. 142—152. doi:10.1007/s11110-011-9111-9

Orekhova, N.A., Medvedev, E.V. and Konovalov, S.K., 2016. Carbonate System Cha-
racteristics of the Sevastopol Bay Waters in 2009-2015. Physical Oceanography, (3),
pp. 36—46. doi:10.22449/1573-160X-2016-3-36-46

Ovsyaniy, E.I., Romanov, A.S. and Ignatieva, O.G., 2003. Distribution of Heavy
Metals in Superficial Layer of Bottom Sediments of Sevastopol Bay (the Black Sea).
Marine Ecological Journal, 2(2), pp. 85-93 (in Russian).

Romanov, A.S., Orekhova, N.A., Ignatyeva, O.G., Konovalov, S.K. and Ovsyany, E.I.,
2007. Influence of Physico-Chemical Characteristics of the Bottom Sediments
on the Trace Elements’ Distribution by the Example of Sevastopol Bays (Black Sea).
Ekologiya Morya = Ecology of the Sea, 73, pp. 85-90 (in Russian).

Orekhova, N.A. and Konovalov, S.K., 2009. Polarography of the Bottom Sediments
in the Sevastopol Bay. Physical Oceanography, 19(2), pp. 111-123. doi:10.1007/s11110-
009-9038-6

Soloveva, O.V. and Tikhonova, E.A., 2018. The Organic Matter Content Dynamics
in the Sea Bottom Sediments of the Sevastopol Harbor Water Area. Scientific Notes of
V.1 Vernadsky Crimean Federal University. Biology. Chemistry, 4(4), pp. 196-206
(in Russian).

Malakhova, L.V., Egorov, V.N., Malakhova, T.V., Lobko, V.V., Murashova, A.l. and
Bobko, N.I.,, 2020. Organochlorine Compounds Content in the Components of
the Black River Ecosystem and Assessment of their Inflow to the Sevastopol Bay
inthe Winter Season 2020. International Journal of Applied and Fundamental
Research, (5), pp. 7-14 (in Russian).

Orekhova, N.A., Konovalov, S.K. and Medvedev, E.V., 2019. Features of Inorganic
Carbon Regional Balance in Marine Ecosystems under Anthropogenic Pressure. Physi-
cal Oceanography, 26(3), pp. 225-235. doi:10.22449/1573-160X-2019-3-225-235

Yakushev, E.V., Pollehne, F., Jost, G., Kuznetsov, 1., Schneider, B. and Umlauf, L.,
2007. Analysis of the Water Column Oxic/Anoxic Interface in the Black and
Baltic Seas with a Numerical Model. Marine Chemistry, 107(3), pp. 388—410.
doi:10.1016/j.marchem.2007.06.003

Pakhomova, S., Vinogradova, E., Yakushev, E., Zatsepin, A., Shtereva, G., Chasovni-
kov, V. and Podymov, O., 2014. Interannual Variability of the Black Sea Proper Oxy-
gen and Nutrients Regime: The Role of Climatic and Anthropogenic Forcing. Estua-
rine, Coastal and Shelf Science, 140, pp. 134—145. doi:10.1016/j.ecss.2013.10.006

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2023 87



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

88

Kubryakov, A.L, 2004. Application of the Nested Grids Method in Developing
the System of Hydrophysical Fields Monitoring in the Coastal Regions of the Black
Sea. In: MHI, 2004. Ekologicheskaya Bezopasnost' Pribrezhnoy i Shel'fovoy Zon i
Kompleksnoe Ispol’zovanie Resursov Shel'fa[Ecological Safety of Coastal and Shelf
Zones and Comprehensive Use of Shelf Resources]. Sevastopol: ECOSI-Gidrofizika.
Iss. 11, pp. 31-50 (in Russian).

Mikhailova, E.N. and Shapiro, N.B., 2005. Simulation of the Circulation and Space
Structure of Thermohaline Fields in the Sevastopol Bay with Regard for the Actual
External Data (Winter, 1997). Physical Oceanography, 15(2), pp. 118-132.
doi:10.1007/s11110-005-0035-0

Alekseev, D.V., Fomin, V.V., Ivancha, E.V., Kharitonova, L.V. and Cherkesov, L.V.,
2012. Mathematical Simulation of Wind Waves in the Sevastopol Bay. Morskoy
Gidrofizicheskiy Zhurnal, (1), pp. 75-84 (in Russian).

Belokopytov, V.N., Kubryakov, A.l. and Pryakhina, S.F., 2019. Modelling of Water
Pollution Propagation in the Sevastopol Bay. Physical Oceanography, 26(1), pp. 3—12.
doi:10.22449/1573-160X-2019-1-3-12

Ryabtsev, Yu.N. and Lemeshko, E.M., 2014. [Modelling of Sevastopol Bay Pollutant
Distribution for Complex Ecological Monitoring]. In: MHI, 2014. Ekologicheskaya
Bezopasnost' Pribrezhnoy i Shel'fovoy Zon i Kompleksnoe Ispol’zovanie Resursov
Shel'fa [Ecological Safety of Coastal and Shelf Zones and Comprehensive Use of Shelf
Resources]. Sevastopol: ECOSI-Gidrofizika. Iss. 28, pp. 165—171 (in Russian).

Pavlova, E.V., Ovsjanyi, E.I. Gordina, A.D., Romanov, A.S. and Kemp, R.B., 1999.
Modern State and Tendencies of Change in Sevastopol Bay Ecosystem. In: E. V. Pavlova
and N. V. Shadrin, eds., 1999. Sevastopol Aquatory and Coast: Ecosystem Processes
and Services for Human Society. Sevastopol: Akvavita Publ., pp. 70-94 (in Russian).

Ovsyany, E.J., Romanov, A.S., Min'kovskaya, R.Ya., Krasnovid, L.I., Ozyumenko, B.A.
and Zymbal, I.M., 2001. Basic Polluting Sources of Sea near Sevastopol. In: MHI,
2001. Ekologicheskaya Bezopasnost' Pribrezhnoy i Shel'fovoy Zon i Kompleksnoe Is-
pol’zovanie Resursov Shel'fa [Ecological Safety of Coastal and Shelf Zones and Com-
prehensive Use of Shelf Resources]. Sevastopol: ECOSI-Gidrofizika. Iss. 2, pp. 138—152
(in Russian).

Osadchaya, T.S., Alyomov, S.V. and Shadrina, T.V., 2004. Ecological Quality of Se-
vastopol Bay Borrom Sediments: Retrospective and Present-Day State. Ekologiya
Morya = Ecology of the Sea, 66, pp. 82—87 (in Russian).

Minkina, N.I., Samyshev, E.Z. and Kopytov, Yu.P., 2015. Long-Term Changes of
Level of Contamination and Development of Plankton in the Sevastopol Bay. Monitoring
Systems of Environment, (1), pp. 82-93 (in Russian).

Sovga, E.E., Mezentseva, I.V. and Khmara, T.V., 2022. Simulation of Seasonal Hy-
drodynamic Regime in the Sevastopol Bay and of Assessment of te Self-Purification
Capacity of its Ecosystem. Fundamentalnaya i Prikladnaya Gidrofizika, 15(2),
pp. 110-123. doi:10.48612/fpg/92ge-ahz6-n2pt (in Russian).

Bersen'eva, G.P. and Gevoriz, N.S., 2003. Variability of Chlorophyll abd Pheophytin
Concentrations in the Phytoplankton of the Sevastopol Bay during 2000-2001. In: MHI,
2003. Ekologicheskaya Bezopasnost' Pribrezhnoy i Shel'fovoy Zon i Kompleksnoe Is-
pol'zovanie Resursov Shel'fa [Ecological Safety of Coastal and Shelf Zones and Com-
prehensive Use of Shelf Resources]. Sevastopol: ECOSI-Gidrofizika. Iss. 8, pp. 90-97
(in Russian).

Eremeev, V.N., Konovalov, S.K. and Romanov, A.S., 1998.The Distribution of Oxy-
gen and Hydrogen Sulfide in Black Sea Waters during Winter-Spring Period. Physical
Oceanography, 9(4), pp. 259-272. doi:10.1007/BF02522712

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



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Weiss, R.F., 1970. The Solubility of Nitrogen, Oxygen and Argon in Water and Sea-
water. Deep Sea Research and Oceanographic Abstracts, 17(4), pp. 721-735.
doi:10.1016/0011-7471(70)90037-9

Brendel, P.J. and Luther III, G.W., 1995. Development of a Gold Amalgam Voltam-
metric Microelectrode for the Determination of Dissolved Fe, Mn, 02, and S(-II)
in Pore Waters of Marine and Freshwater Sediments. Environmental Science and
Technology, 29(3), pp. 751-761. d0i:10.1021/es00003a024

Luther 111, G.W., Brendel, P.J., Lewis, B.L., Sundby, B., Lefrancois, L., Silverberg, N.
and Nuzzio, D.B., 1998. Simultaneous Measurement of O2, Mn, Fe, I', and S (-II)
in Marine Pore Waters with a Solid-State Voltammetric Microelectrode. Limnology
and Oceanography, 43(2), pp. 325-333. doi:10.4319/10.1998.43.2.0325

Zabegaev, I.A., Shul'gin, V.F. and Orekhova, N.A., 2021. Application of Instrumental
Methods for Analysis of Bottom Sediments for Ecological Monitoring of Marine Eco-
systems. Scientific Notes of V.I. Vernadsky Crimean Federal University. Biology.
Chemistry, 7(4), pp. 242-254 (in Russian).

Yakushev, E.V., Protsenko, E.A., Bruggeman, J., Wallhead, P., Pakhomova, S.V.,
Yakubov, Sh.Kh., Bellerby, R.G.J. and Couture, R.-M., 2017. Bottom RedOx Model
(BROM v.1.1): a Coupled Benthic—Pelagic Model for Simulation of Water and Sedi-
ment Biogeochemistry. Geoscientific Model Development, 10(1), pp. 453-482.
doi:10.5194/gmd-10-453-2017

Yakushev, E.V., Wallhead, P., Renaud, P.E., Illinskaya, A., Protsenko, E., Yakubov, Sh.,
Pakhomova, S., Sweetman, A.K., Dunlop, K., Berezina, A., Bellerby, R.G.J. and Dale, T.,
2020. Understanding the Biogeochemical Impacts of Fish Farms Using a Benthic-
Pelagic Model. Water, 12(9), 2384. doi:10.3390/w12092384

He, Y., Stanev, E.V., Yakushev, E.V. and Staneva, J., 2012. Black Sea Biogeoche-
mistry: Response to Decadal Atmospheric Variability during 1960-2000 Inferred
from Numerical Modeling. Marine Environmental Research, 77, pp. 90-102.
doi:10.1016/j.marenvres.2012.02.007

Stanev, E.V., He, Y., Staneva, J. and Yakushev, E., 2014. Mixing in the Black Sea
Detected from the Temporal and Spatial Variability of Oxygen and Sulfide — Argo
Float Observations and Numerical Modelling. Biogeosciences, 11(20), pp. 5707-5732.
doi:10.5194/bg-11-5707-2014

Yakushev, E., Pakhomova, S., Serenson, K. and Skei, J., 2009. Importance of the Different
Manganese Species in the Formation of Water Column Redox Zones: Observations and
Modeling. Marine Chemistry, 117(1-4), pp. 59-70. doi:10.1016/j.marchem.2009.09.007

Yakushev, E.V., Pollehne, F., Giinter, J., Kuznetsov, 1., Schneider, B. and Umlauf, L.,
2007. Redox Layer Model (ROLM):A Tool for Analysis of the Water Column Oxic/Anoxic

Interface Processes. Meereswissenschaftliche Berichte, no. 68. Warnemiinde, 59 p.
doi:10.12754/msr-2007-0068

Yakushev, E.V., Kuznetsov, 1.S., Podymov, O.1., Burchard, H., Neumann, T. and Pol-
lehne, F., 2011. Modeling the Influence of Oxygenated Inflows on the Biogeochemical
Structure of the Gotland Sea, Central Baltic Sea: Changes in the Distribution of Manga-
nese. Computers and Geosciences, 37(4), pp. 398—409. doi:10.1016/j.cageo.2011.01.001

Yakushev, E.V., ed., 2013. Chemical Structure of Pelagic Redox Interfaces: Observa-
tion and Modeling. Berlin: Springer, 290 p. doi:10.1007/978-3-642-32125-2

Submitted 18.02.2023; accepted after review 15.04.2023;
revised 03.05.2023; published 26.06.2023

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2023 89



About the authors:

Yulia S. Gurova, Junior Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), ORCID ID: 0000-0002-
9826-4789, ResearcherID: AAB-5628-2019, kurinnaya-jul@yandex.ru

Evgeniy V. Yakushev, Chief Research Associate, Shirshov Institute of Oceanology RAS
(36 Nahimovskiy Ave., Moscow, 117997, Russian Federation), Dr.Sci. (Phys-Math.), ORCID
ID: 00000-0001-5008-9611, ResearcherID: M-5470-2019, evgeniy.yakushev@gmail.com

Anfisa V. Berezina, Leading Engineer, Shirshov Institute of Oceanology RAS (36 Nahi-
movskiy Ave., Moscow, 117997, Russian Federation), ORCID: 0000-0001-9356-8807,
ResearcherID: AAK-7150-2021, fisa4247@gmail.com

Matvey O. Novikov, Engineer, Shirshov Institute of Oceanology RAS (36 Nahimovs-
kiy Ave., Moscow, 117997, Russian Federation), ORCID ID: 0000-0003-3124-3702,
ResearcherID: AGP-2782-2022, novikov.mo@ocean.ru

Konstantin I. Gurov,Junior Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), ORCID ID: 0000-0003-
3460-9650, ResearcherID: L-7895-2017, gurovki@gmail.com

Natalia A. Orekhova, Head of Marine Biogeochemistry Department, Marine Hydro-
physical Institute of RAS (2 Kapitanskaya St., Sevastopol, 299011, Russian Federation),
Ph.D. (Geogr.), ORCID ID: 0000-0002-1387-970X, ResearcherID: I-1755-2017,
natalia.orekhova@mbhi-ras.ru

Contribution of the authors:

Yulia S. Gurova — problem statement, analysis of calculation results, article text and
graphic material preparation

Evgeniy V. Yakushev — mathematical model development, performance of calculations,
discussion of results, critical analysis and revision of the text

Anfisa V. Berezina — performance of calculations, graphic material preparation
Matvey O. Novikov — correction of the mathematical model

Konstantin I. Gurov — sampling, analysis of geochemical characteristics of bottom sedi-
ments, article text and graphic material preparation

Natalia A. Orekhova — analysis of pore water chemical composition, critical analysis and
revision of the text

All the authors have read and approved the final manuscript.

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



Original article DOI: 10.29039/2413-5577-2023-2-91-104

Winter Peak of Phytoplankton Bloom in Sevastopol Bay
according to Numerical Modeling

K. A. Slepchuk *, T. V. Khmara

Marine Hvdrophysical Institute of RAS, Sevastopol, Russia
* e-mail: skira@mhi-ras.ru

Abstract

The winter peak of phytoplankton bloom in the Sevastopol Bay is reproduced using the 3D
water quality model MECCA using meteorological data for January 2003. A detailed dy-
namic pattern of currents’ variability, temperature, salinity, concentration of phytoplankton
biomass and phosphate phosphorus is reproduced. The formation of an anticyclonic eddy
in the central region of the bay is demonstrated, which led to an increase in the phosphorus
phosphates concentration and phytoplankton bloom. The maximum of phytoplankton
bloom (0.056 gC/m’) was observed on the 23rd model day in the central part, then
the maximum concentration of biomass decreased to 0.047 gC/m?® in the central and eastern
parts of the bay. There was also a decrease in phosphorus phosphates concentration from
the maximum 0.0085 gP/m’ on January, 10 to 0.0049 gP/m? on January, 23 in the central
part of the bay. The concentration of phytoplankton biomass increased until January, 23,
and then decreased, the phosphorus phosphates concentration decreased throughout
the whole calculation period. The estimates obtained in the course of numerical modelling
generally agree with the observational data. The performed study can serve as a basis
for the development and application of a model approach to monitoring and managing of
ecosystem processes on shallow water. Using this model, it is possible to calculate various
scenarios for the bay eutrophication in case nutrients are discharged.
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AHHOTaANUA

B pabore Bocnpon3BOIUTCS 3MMHMI MUK IBETEHUS (UTOMIaHKTOHa B CeBacTONOIBCKOM
OyXTe ¢ MMOMOIIBI0 TPpeXMEPHOH Moaenn kadecTBa Box MECCA ¢ UCIIONb30BaHHEM METEO-
JaHHBIX 3a sHBapb 2003 1. Bocnpoussenena neTanbHas AMHAMAYECKash KapTHHA U3MEHUYH-
BOCTH TCUYECHHUI, TEMIIEpaTypbhl, COJEHOCTH, KOHLEHTpAIMH OuMoMacchl (UTOIUIAHKTOHA
u pochopa dpocdatos. [Tokazano oOpa3oBaHNEC AHTHIMKIOHHYECKOW BUXPEBOH SUCHKHI
B LICHTPAJIbHOM paifoHe OyXThI, KOTOPOE MPHBEJIO K YBEIHMUCHUIO KOHLEHTpauu (Gocdopa
¢docdaroB 1 nBeTeHHIO GUTOILIAHKTOHA B 3TOM paiioHe. MakcuMyM LBeTeHUs! pUTOILIAHK-
tona (0.056 rC/m>) nabmonancsa 23 aHBaps B EHTPAILHOM pPaiioHe, 3aTEM MaKCHMallbHas
KOHIEHTpaIMs GuoMacchl cHusmnack a0 0.047 rC/M® B LEHTPaIbHOM U BOCTOYHOM paiio-
Hax OyxThl. Takke MPOCICIKUBACTCS YMEHBIICHHE KOHIeHTparmu (ocdopa docharor
oT MakcuMaiibHbIX 0.0085 rP/m® 10 smBaps no 0.0049 rP/m* 23 suBaps B LEHTpalbHOM
paiione OyxTel. KoHIeHTpamsa 6noMacchl (UTOIUIAHKTOHA pacTeT 10 23 sHBaps, a 3aTeM
CHI)XaeTcsl, KOHIEeHTparus Gocdopa pocdaToB cHImKAETCS HA MPOTSHKEHUH BCETO PacyeT-
Horo nepuoaa. OUeHKH, MOTydYeHHbBIE B X0/I€ YHCICHHOTO MOJEIUPOBAHUS, B IIEJIOM COOT-
BETCTBYIOT JaHHBIM HAONIOACHUH. BEIMOIHEHHOE MCCIIeI0BaHNE MOXKET CIIYKHTh OCHOBOM
JUISL pa3BUTHS U IPUMEHEHHS MOJICJIBHOTO T10JIX0/1a K MOHUTOPHHTY M YIPaBICHHUIO SKOCH-
CTEMHBIMHU TIPOIECCAaMH B MEJIKOBOJHBIX BogoeMax. C IMOMOIIbIO JAHHOH MOJENN MOXKHO
paccuuTaTh paziIM4HbIe CLEHAPUH 3BTPOPHUPOBaHUS OYXThl NpU cOpocax B Hee OMOTEHHBIX
BEILIECTB.

KawueBbie caoBa: 6uomacca GUTOIUIAHKTOHA, BETCHHE (QUTOIUIAHKTOHA, OHOTCOXH-
MHYECKOE MOJICIUPOBAHHIE, THAPOANHAMHUYCCKas MO Ie)ib, CeBacTOMONbCKast OyXxTa

BaaromapHocTH: aBTOPHI BBIPaXKAIOT 0JIar0JapHOCTh JOKTOPY r'eorpadUuecKux Hayk
Cogre Enene EprenneBHe 3a 00cyXIeHIE PyKOIIMCH U LIEHHBIE 3aMedaHus. PaboTa BIIOIHEHA
B paMkax rocygaapctseHHoro 3aganuss ®I'bYH OULl MI'M mo teme Ne FNNN-2021-0005
«[TpnbpesxHbIEe UCCITETOBAHUS.

JAas nutupoBanus: Crenuyk K. A., Xmapa T. B. 3uMHMIA MK 1IBEeTCHUST (UTOILIAHK-
ToHa B CeBaCTOMOJILCKON OyXTe IO pe3ynbTaTaM YHUCICHHOTO MOAEINPOBaHUs // DKOIOTH-
yeckasi 0e30macHOCTh NMpPUOpekHOW M menb(oBoi 30H Mops. 2023. Ne 2. C. 91-104.
EDN PLLXAZ. doi:10.29039/2413-5577-2023-2-91-104

Introduction

The coastal areas of the sea, especially closed and semi-closed water areas,
which include Sevastopol Bay, experience a significant man-caused load. Limited
water exchange with the sea results in the pollution of the bay and prevents rapid
self-purification. The stationary sources of pollution are economic and recreational
facilities located on the shores of the bay, as well as ship moorings. More than thir-
ty temporary and permanent wastewater and municipal sewage outlets, as well as
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P runoff from the river Chernaya
" ) ) : transport untreated or conditionally
_C - treated waters with pollutants of
X : various nature to the bay. The con-
sequences of such discharges de-
pend on a number of physical,
chemical and biological processes,
the result of which is the response
Fig. 1. Sevastopol Bay zoning according to  of phytoplankton.
the pollution level [2]: W — mild pollution zone; Depending on the localization
E — moderate pollution zone; C — strong pollu-  4f pollution sources, morphometric
tion zone; S — very strong pollution zone characteristics and hydrometeoro-
logical conditions, both relatively
clean zones and zones of a stable high level of pollution (e.g., Yuzhnaya Bay) are
formed in Sevastopol Bay [1]. According to the pollution level, the water area of
Sevastopol Bay was divided into four zones (Fig. 1) [2].

When assessing the ecological state of the Sevastopol Bay ecosystems, it is
also necessary to take into account the seasonality of biological processes (warm
and cold periods), which determine the inclusion of nutrients in the composition of
the waterbody primary production, their deposition in bottom sediments, and sub-
sequent recycling resulted from the destruction of organic matter.

The winter period is one of the most important seasons for the shallow water
ecosystems. The winter phytoplankton bloom in the bay is stipulated by an increase
in the supply of nutrients resulted from the decomposition of organic matter in deep-
er layers with good vertical mixing throughout the entire water column of the bay.

An increase in the eutrophication level of a waterbody is one of the negative
results of human impact on nature due to the saturation of the water area with nu-
trients, which is accompanied by an increase in phytoplankton biomass. Phyto-
plankton, being the initial element in the food chain of an aquatic ecosystem,
produces organic matter with higher energy content from inorganic substances
with low energy content. Phytoplankton can indicate the state of the ecosystem,
because the state and development of zooplankton and fish depends on it.

Previously, the problem of the phytoplankton biomass modelling in Sevastopol
Bay was solved using a 2D ecological model of the reaction-diffusion class [3].
In this model, the photosynthetic rate does not depend on the concentration of
nutrients due to the fact that the bay is excessively enriched with them. Among
other things, there is no dependence on water temperature. The only factor limiting
the process in this model is light. Using a 3D physical and biochemical model [4],
the concentration fields of phytoplankton biomass and nutrients in Sevastopol Bay
were calculated for wind conditions prevailing in July, while in this work the pho-
tosynthetic rate depended on the concentration of nutrients and light.
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The aim of this work is to study the formation of the winter peak of phyto-
plankton bloom in the waters of Sevastopol Bay based on mathematical modelling,
taking into account the variability of temperature and water dynamics in winter,
as well as to assess the effect of phytoplankton bloom on changes in the eutrophi-
cation level of the bay.

Materials and methods

Using a numerical non-stationary 3D model MECCA " (Model for Estuarine
and Coastal Assessment) and chemical and biological module, the fields of varia-
bility of phytoplankton biomass, phosphate phosphorus, ammonium nitrogen, ni-
trates and nitrites, and oxygen in Sevastopol Bay in the period from January 1
to January 31 of the model year were calculated. Model days correspond to
the days of the month. Previously, this model was standardized in a 1D version
in order to obtain the specific rates of chemical and biological processes and coef-
ficients reflecting the characteristics of the environment and external factors in em-
pirical equations [5]. Using a standardized 1D version of the model, the annual var-
iation of the phytoplankton biomass, the content of phosphorus phosphates, ammo-
nium nitrogen, nitrite nitrogen and nitrate nitrogen, and oxygen in Sevastopol Bay
was calculated. In addition, the annual variation of the E-TRIX eutrophication in-
dex was calculated both in the entire bay and in each of its zones [6, 7]. The results
of calculations using the hydrodynamic module of the MECCA model 3D version
are presented in [8].

The mathematical structure of the chemical and biological module of
the MECCA model is based on the synthesis of known theoretical and applied wa-
ter qualitymodels [9]. When constructing the module, it is taken into account that
the rates of phosphatization and ammonification of organic matter can be different.
Inclusion of concentrations of nitrogen and phosphorus organic and inorganic
forms in the structure of the model as variables makes it possible to automatically
take into account possible differences in the ratios between nitrogen and phospho-
rus in the composition of autochthonous and allochthonous (including those com-
ing from anthropogenic sources) organic matter. The combination of phosphorus
and nitrogen cycles in the model is based on the equation of phytoplankton dynam-
ics, which describes the primary production of organic matter by phytoplankton
in the process of photosynthesis, as well as the replenishment of inert organic mat-
ter (in units of phosphorus and nitrogen) as a result of respiration, natural death
rate, and phytoplankton grazing.

The following hydrochemical and hydrobiological characteristics are consid-
ered as model variables: phytoplankton biomass By, constant Pryop and labile Pipop
fractions of organic phosphorus in detritus,constant Prop and labile Piop fractions
of dissolved organic phosphorus, mineral dissolved phosphorus Pgip, constant Nipon
and labile Nypon fractions of organic nitrogen in detritus, constant Nyon and labile
Nidon fractions of dissolved organic nitrogen, ammonium nitrogen Nns, nitrogen of

D Hess, K.W., 1989. MECCA Programs Documentation. Washington, D.C.: U.S. Department of Com-
merce, 266 p. Available at: https://repository.library.noaa.gov/view/noaa/19301/noaa_ 19301 DS1.pdf
[Accessed: 08 June 2023].
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nitrates and nitrites Nnos+no2, constant Crpoc and labile Cipoc fractions organic carbon
in detritus, constant Cigoc and labile Ciaoc fractions of dissolved organic carbon, dis-
solved organic carbon emitted by algae Cexdoc, dissolved oxygen O, [10].

The model uses the assumption of the constancy of the organic matter chemical
composition in accordance with its stoichiometric model (CH20)106(NH3)16H3POs.
Thus, the ratio between carbon, nitrogen and phosphorus in organic matter is
C:N:P = 106:16:1 (umol) ?. Since mineral phosphorus limits the phytoplankton
bloom, we present the equations of phytoplankton biomass and phosphate

phosphorus.
Phytoplankton biomass Bph (gC/m?):
dByn
— =108 ~kpr(T) ~ Kz (1) By

where ¢ — time, day; 7 — water temperature, °C; Gg — specific gross production,
1/day; ky— specific metabolic rate (respiration), 1/day; ke — specific rate of grazing
of phytoplankton by zooplankton and natural death rate of phytoplankton, 1/day,
which are written as the following functional dependencies:

G GBmaxG (T)G (T)GNP( din> dlp)

2718fd

Gh=— jfz(l Wz = = Jdfexp(-R, ) ~exp(-R, )],

Ry=—*, R, =R,exp(-0Z;), Az=z,, -z,

I I
fz(IZ)ZI_ZeXp[l_I_Z}a I, =1,exp(-0z),
opt

opt

. N, P
G (Ndln’Rilp) min dn dp
K +Ng K. » T b

dip

where N

din

=Nnh4+N

no3+no2°

Y
e T ecrm T<T,,

Gr (1) = {egz (1, -1

ko (T)=7,Gg + rbeg-”),

,eem I'>T,,

kg, (T) = ng(ZO)O‘T 20,

grz

Here, Gamax — maximum specific gross production, 1/day; I, — average daylight flow
of photosynthetically active radiation (PAR) that penetrates the sea surface, W/m?;

2) Alekin, O.A. and Lyakhin, Yu.l., 1984. Chemistry of the Ocean. Leningrad: Gidrometeoizdat,
343 p. (in Russian).
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ILopt — optimal irradiance for photosynthesis, W/m?; f; — proportion of daylight hours
per day and night period (0 < f; < 1); I, — irradiance at depth z, W/m?; a — integral
coefficient of PAR intensity attenuation with depth; Kmn, Kmp — half-saturation con-
stants of the utilization rate of nitrogen and phosphorus mineral forms by phyto-
plankton, respectively, g/m?; T,, — water temperature optimal for algae growth, °C;
G, G — coefficients that determine the nature of the temperature influence on
the growth of algae in the ranges above and below 7,,, 1/°C?; r, — proportion of
algae production that is spent on the photosynthesis energy supply; 7, — specific
algae metabolic rate at 20 °C, 1/day; 0, — coefficient of temperature influence
on metabolic rate; kg,(20) — specific rate of grazing and death of phytoplankton
at 20 °C, 1/day; 04 — coefficient of temperature effect on the rate of algae grazing
and death.
Mineral dissolved phosphorus Pgi, (TP/M?):

d})dip
7 = apcf;iip (kpr (T) + kgrz (T))Bph +

_ _ O
+ (kmrdpeglrdzf?ﬂdop + kmldpegﬂdzpoﬁdop ) K _’2_ 0 - (ch (1 - f;)XB )GBBph >
(0) 2

where a,c — coefficient expressing the stoichiometric ratio between carbon and
phosphorus in organic matter, gP/gC; kmwp — specific rate of mineralization of dis-
solved organic phosphorus stable fraction at 20 °C water, 1/day; 6mqp — tempera-
ture coefficient; kmigp — specific rate of mineralization of the dissolved organic
phosphorus labile fraction at 20 °C water, 1/day; Omgp — temperature coefficient;
Ky, — process half-saturation constant in relation to available oxygen concentration,
g0»/m?; f4ip — proportion of mineral phosphorus in the algae metabolic secretions,
remains of dead and grazed algae; fexg — proportion of algae primary production
that is excreted as dissolved organic matter. The parameters and empirical coeffi-
cients used in the calculations are shown as follows:

Ghimax oo 1.88 1/day Y 1.1
SR 0.006 1/°C> G eeeevveeerereernee 0.022 gP/gC
Q2 e 0.006 1/°C> Fiip eeeeereeerereennee 0.2

T oo 9.5°C Kintdp —eoeeeeveeeenn 0.01

) 0.025 gN/m’ Oy wvvveeeeereeee 1.08

) S 0.0025 gP/m’ Kinldpveeeeeereeeenns 0.1

P vermmeeereeeeronn 0.2 Onldp wvvveeereerrnee 1.08

P oo 0.01 Ko, woorveeereeee 1 gC/m?

Opr vevoerreeee 1.067 FoxB oo 0.1

Kozt eoevereeeereen 0.05 1/day

During calculations, the water area of the bay was covered with a grid of
47 x 97 nodes with a step of 80 m and was divided into 10 model levels along
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the vertical in the o-coordinate system. Data on air temperature and wind impact
were estimated from measurements at the hydrometeorological station at Cape Pav-
lovsky on the southern shore of Sevastopol Bay. Urgent data on wind speed and
direction, air temperature for 2003 with a 6-hour interval, monthly average data
on humidity and cloud cover for 2003 were used for modelling.

At the boundary between the bay and the open sea, average monthly values of
temperature, salinity, phytoplankton biomass, phosphorus phosphates, nitrogen
nitrates, nitrites and ammonium, oxygen on the surface and at the bottom were set.
At the boundary between the bay and the river, daily values of temperature, salini-
ty, phytoplankton biomass, phosphorus phosphates, nitrogen nitrates, nitrites and
ammonium, oxygen on the surface and at the bottom of the river were set.
The initial fields of temperature, salinity, phytoplankton biomass, content of nutri-
ents and oxygen were set to be horizontally homogeneous.

Results

The cumulative effect of a number of factors, among which air and water tem-
perature, waterbody hydrodynamic regime, and concentration of nutrients (mainly
inorganic phosphorus), plays a significant role in the development of phytoplank-
ton in shallow water areas.

The air temperature in January 2003 was characterized by strong fluctuations
(from =5 to 15°C) in the first half of the month and was relatively stable
(about 5 °C) in the last third of January (Fig. 2). Such changes in air temperature
affected the surface water temperature in the bay. /n situ data analysis showed that
the low air temperature in January 2003 led to the upper water layer cooling [11].

In January, low salinity was noted. The main reason for its change in the study
area is a salinity decrease in the surface layer caused by rains during the survey
period and just before [11].

The wind regime is the main factor determining the dynamics of waters
in shallow water areas. Fig. 3 shows the windroses in Sevastopol Bay in January
2003: from 1 to 19 January, from 20 to 26 January, and from 27 to 31 January.

e S |
1 | | 1 1 1
10 T f“‘m A I} AT ‘
i 1 L | | ATl A I
5 - WA ARRERZL VY T Ma o
-5 4] v | 1] |
-10 \ | ‘ I
0 10 20 30
January 2003

Fig. 2. Changes in air temperature in Sevastopol Bay area
in January 2003
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Fig. 3. Windroses from 1 to 19 January (red col-
our), from 20 to 26 January (blue colour) and from 27
to 31 January (green colour) 2003

In the first half of the month, the wind regime
was very variable. Winds of all directions were
observed with the predominance of southerly winds.
From January 20, mainly northerly and northeast-
erly winds were observed, which from January 27
changed their direction to the south, southwest.

The structure and speed of currents in a reservoir affect production processes
both directly and indirectly. The direct effect is manifested in the mechanical effect
on the growth and development of phytoplankton, and the indirect effect is shown
through the change in the physical and chemical conditions of algae vegetation.

The distribution of currents and water temperature in the Sevastopol Bay was
obtained using a 3D hydrothermodynamic model. The pattern of currents in the bay
is influenced by shallow depths, as well as by the large length and indentation
of the coastline. The structure of the currents corresponds to the average climate
for the winter period, obtained in [12] with an easterly wind. According to the cal-
culation results, the current is directed from the bay to the open sea, while
the highest vorticity is typical for the eastern part of the bay (Fig. 4).

Wind direction and bottom topography have the main effect on the formation
of currents in the central region of the bay. In winter, there is almost no fresh water
inflow from the river Chernaya. During the period of winter cooling, a sharp cool-
ing of surface waters and activation of convective mixing lead to the appearance of
many irregular structures in the overall flow pattern. One of the eddies is observed
in the central region.

Figures 5 and 6 show the dynamics of phytoplankton biomass, phosphate phos-
phorus for the 10th, 17th, 23rd, and 29th model days. The table shows the values

180°

P ‘g 10 cm/s

Fig. 4. Map of currents on the bay water surface on the 23rd model day
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Variability range (above the line) and average values (under the line) of the phytoplankton
biomass concentration Bp, gC/m?, and phosphate phosphorus PO., gP/m’, in the Sevasto-

pol Bay areas
Concentration
Model day Area
Ben POy
w 0.0222-0.0355 0.0011-0.0069
0.0307 0.0059
S 0.0272—-0.0385 0.0032-0.0078
0.0332 0.0064
10 C 0.0325-0.0444 0.00590.0094
0.0404 0.0086
E 0.0238-0.0432 0.0009-0.0094
0.0383 0.0085
w 0.0235-0.035 0.0014-0.0041
0.0306 0.0033
S 0.0306-0.0387 0.0025-0.0048
0.0343 0.004
17 C 0.0401-0.0526 0.0053-0.0067
0.047 0.0061
E 0.0282-0.0525 0.0007-0.0068
0.0488 0.0061
W 0.0242-0.0472 0.0012-0.0038
0.0416 0.0032
S 0.0301-0.051 0.0022-0.0042
0.0411 0.0034
23 C 0.0455-0.056 0.0045-0.0053
0.0537 0.0049
E 0.0294-0.0553 0.0006—0.0053
0.0504 0.0048
W 0.0221-0.0343 0.0009-0.0021
0.0291 0.0016
S 0.0294-0.036 0.0009-0.0021
0.0332 0.0016
29
C 0.0377-0.0472 0.0027-0.0041
0.0429 0.0033
E 0.029-0.0474 0.0006—0.0043
0.0436 0.0039
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0.048

—0.044

—0.04

— 0.036

0.032

0.028

Phytoplankton biomass concentration, gC/m?

0.024

Fig. 5. Phytoplankton biomass concentration, gC/m?,
on the 10th (a), 17th (b), 23rd (c) and 29th (d) model days
in Sevastopol Bay
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0.0093

0.0083

0.0073

0.0063

0.0053

0.0043

0.0033

0.0023

Phosphate phosphorus concentration, gP/m?

0.0013

Fig. 6. Phosphate phosphorus concentration, gP/m?,
on the 10th (a), 17th (b), 23rd (c¢) and 29th (d) model days
in Sevastopol Bay

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2023 101



of these indicators on average, as well as their range of variability in the western
(W), southern (S), central (C), eastern (E) areas of the bay according to zoning
in [2] (see Fig. 1). The highest concentrations of phytoplankton biomass and phos-
phorus phosphates over the entire model period are observed in the eastern and
central regions. The maximum phytoplankton bloom is observed on the 23rd model
day — 0.056 gC/m’ in the central region, then the maximum biomass concentration
decreases to 0.047 gC/m’ in the central and eastern regions. In addition, in the cen-
tral region of the bay, a decrease in the concentration of phosphorus phosphates is
observed from the maximum 0.0085 gP/m? on the 10th model day to 0.0049 gP/m?
on the 23rd model day. This confirms the fact that phosphorus, being the limiting
element, is consumed by phytoplankton.

The blooming area in the central region can be explained by the formed eddy,
due to which an area with an increased concentration of phosphorus phosphates,
as well as an increased temperature, compared to other areas of the bay, appeared,
which is a favourable factor for the development of algae. If the phytoplankton bi-
omass concentration increases on average in the bay from 0.0357 gC/m’
on the 10th model day to 0.0467 gC/m> on the 23rd model day, and then decreases
to 0.0372 gC/m* on the 29th model day, then the concentration of phosphorus
phosphates during the entire model period decreases from 0.0074 gP/m’
on the 10th model day to 0.0028 gP/m?® on the 29th model day. This fact also indi-
cates the consumption of phosphorus phosphates by phytoplankton and, due to its
shortage by the end of the model period, a decrease in the concentration of phyto-
plankton biomass. The results obtained are in good agreement with the experi-
mental data described in [11, 13, 14].

Conclusion

The performed numerical modelling of the winter phytoplankton bloom
in the Sevastopol Bay under the meteorological conditions of January 2003 makes
it possible to trace the dynamics of phytoplankton and phosphorus phosphates
in different regions of the bay. The peak of phytoplankton bloom is observed
on the 23rd model day in the central region of the bay, while the concentration
of phosphorus phosphates decreases throughout the model period. The maxi-
mum values of the concentrations of these parameters in the central region of
the bay are stipulated by the formed eddy and increased water temperature.
The estimates obtained in the course of numerical simulation generally agree with
the observational data.

Despite the fact that, in the absence of observational data, the results of model-
ling serve only as an indirect estimate, their use will help advance the understand-
ing of the mechanisms of ecological processes and outline the direction of future
clarifying studies. Through modelling, it is also possible to calculate various sce-
narios for the bay eutrophication with an increase in the volume of nutrients dis-
charged into it.

The performed study can serve as a basis for further development of the model
approach and its application to the monitoring and management of ecosystem pro-
cesses in shallow waterbodies.
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Abstract

The paper analyzes the data on lead content in water and bottom sediments of the central part
of the Sea of Azov and Taganrog Bay for 1991-2020. Studies have shown that in 1991-2009
the lead concentration in the water of the central part of the sea was below the maximum
permissible concentration. Since 2010, the lead contamination in waters has been higher, but
that in bottom sediments has been lower. It is shown that with an increase in the lead con-
centration in water its content in bottom sediments decreased. which is associated not only
with saturation of the bottom sediment surface, but also with a decrease in the accumulation
coefficient. Until 2006, in Taganrog Bay, except for small peaks in 1992—1998, the lead con-
centration in water was quite low. After 2006, its upward changes were noted, which generally
did not exceed the maximum permissible concentration. The paper lists possible sources of
increased lead concentration in the gulf and sea in 2010-2015. For 1991-2020, the lead con-
centration in the bottom sediments of Taganrog Bay varied in antiphase with changes in its
content in the water and in all cases was below the permissible concentration normalized
according to the Dutch Lists. The relationship between the accumulation coefficient and lead
concentration in the bay water was characterized by a high coefficient of determination. The
materials illustrate the sorption capacity of bottom sediments, which is an important compo-
nent of their assimilation capacity for lead. The paper defines the maximum permissible flows
of lead (59.6 t/year into the open part of the sea and 21.4 t/year into Taganrog Bay). which
can be assimilated by water areas without affecting their biological and water resources. After
analyzing the long-term data on the lead content in the water and bottom sediments of
the central part of the sea and Taganrog Bay. the paper concludes that the bay can serve both
as a lead pollution source and a barrier that either transports lead into the Sea of Azov or
entraps it.
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AHHOTaANUA

[Ipoananu3upoBaHbl TaHHBIE O COJIEPKAHUU CBUHIIA B BOJIE U B JJOHHBIX OTJIOKEHUSX IIEHT-
panbHO#M yacTu A30BcKkoro Mops u Taranporckoro 3anuBa 3a 1991-2020 rr. UccnenoBanust
mokaszanu, 4to B 1991-2009 rr. KOHIIEHTpalus CBUHIA B BOJAE LIEHTPAILHONW YacTU MOps
ObLTa HIDKE MpeeabHO aomycTumoil korrentparmu. C 2010 r. Habmoaancs 6oiee BRICOKUIN
YPOBEHB 3arps3HCHUS CBHHIIOM BOJ, HO 00Jiee HH3KHI YpOBEHb 3arpsi3HCHUS UM JTOHHBIX
omnoxxeHn#. [lokazaHo, 94TO ¢ yBENHUCHUEM KOHIICHTPAIIMH CBHUHIIA B BOJE €TO CO/CPKAHUE
B JOHHBIX OTJIOKCHUSIX CHIKAJIOCH, YTO CBS3aHO HE TOJIBKO C HACHIIICHHUEM MOBEPXHOCTH
JOHHBIX OTJIOXXEHHUH, HO U C yMEHbIIeHHeM Kod(dduimenta HakomieHus. B Taranporckom
3amuBe 10 2006 ., kpoMe HeOoMbmHX THKOB B 1992—1998 rT., KOHIIEHTpaLHs CBUHIIA B BOJE
Opu1a moctaTogHO HU3KOU. [Tocme 2006 T. ObUTH OTMEUCHBI €€ U3MEHEHHUS B CTOPOHY YBEIH-
YEeHWs, KOTOPBIC B II€JIOM HE MPEBHIMIAN TPEACIbHO TOMYCTUMYIO KOHICHTpanuio. [lepe-
YKCJIEHBl BO3MOXKHBIE MCTOYHHMKH TIOBBIIIEHHS KOHIICHTpAIlMM CBUHIIA B 3QJIMBE U B MOpE B
20102015 rr. 3a nepuoz 1991-2020 rr. KOHIEHTpAIHs CBUHIIA B JOHHBIX OTJIOKEHUIX Ta-
TaHPOTCKOTO 3aJMBa U3MEHSJIACH B POTHBO(a3e ¢ M3MEHEHUEM €T0 COJAEePKaHUs B BOJE U
BO BCEX CITy4asix ObUIa HIDKE JOIYCTUMON KOHIIEHTPAIIUK, HOPMHUPYEMOH 10 «TOJUIAHICKHIM JIH-
cTamy. 3aBUCUMOCTh MEXAY K03 (PHUIIMEeHTOM HAKOTIIIEHUS U KOHIICHTpAIlMEH CBUHIIA B BOJIE
3alliBa XapaKTePH30BaIach BHICOKHM KOA(D(GUIIMEHTOM JeTepMHUHAIINA. MaTepHabl HILTIO-
CTPUPYIOT COPOLMOHHYIO CIIOCOOHOCTH TOHHBIX OTJIOXKEHHH, KOTOpAs SBISICTCS BaXKHBIM KOM-
IMOHEHTOM MX AaCCHUMWIIIUOHHONW EMKOCTH B OTHOWICHHHM CBHUHIA. OTIpenerneHsl mpe-
JIETBHO JOIMYyCTUMBIC IOTOKK cBUHIA (59.6 T/TOI — B OTKPHITYIO YacTh Mopst U 21.4 T/ron —
B TaraHporckuii 3a1mB), KOTOPBIE MOTYT aCCHMILTHPOBATHCS aKBaTOPUSIMU Oe3 yIepoa st ux
OHMOJIOTUYECKHX W BOJHBIX pecypcoB. [lociie aHamm3a MHOTOJICTHHX JTAHHBIX O COJICPIKAHUH
CBUHIIA B BOJIE ¥ B JIOHHBIX OTJIOEHHUSX IEHTPAIbHON YacTH MOps M TaraHporcKoro 3ajanBa
JIeTIAeTCSI BRIBOJ, YTO 3QJIMB MOXKET BBIMIOJHATH (DYHKIMH KaK HCTOYHHUKA 3arps3HEHUS CBUH-
1IOM, TaK ¥ Oapbepa, IPOITyCKAaIOIIEro CBUHEI B A30BCKOE MOPE FITH 33ACPKUBAIOIIETO €T0.

KawueBbie cioBa: A30BCKOE MOpE, CBUHEL, 3arPSI3HEHHUE, BOJA, JOHHBIE OTIOXKEHUS,
HpeHeHbeIe IIOTOKH, HOpMI/IpOBaHl/Ie, ACCUMUJIISILIMOHHAA €EMKOCTb

BaarogapuocTu: pabora BemonHeHa B paMkax tembl ®UL] UHBIOM «Mommcmomnorn-
YecKkre W OMOTeOXMMHYECKHIE OCHOBBI TOMeocTa3za MOpPCKuX dKkocuctem» (121031500515-8).
ABTOpHI OmarogapHsl ¢pmmmany «AzosmopuHpopmieHTp» PI'BBY «lleHTppernoHBoAX03)
3a IIPeIOCTAaBIICHHBIC JaHHBIC.
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Introduction

Radioactive and chemical contaminants of various nature entering the marine
environment are exposed to many biotic and abiotic factors. First of all, they are car-
ried by currents in water areas. Due to the vertical component of the current velocity,
advection and diffusion, pollution penetrates into deep waters. Simultaneously with
migration due to mixing of waters, they are absorbed by living and inert components
of ecosystems, and abiotic and biotic transformation of physicochemical forms and
transfer to water and geological depots take place [1, p. 150; 2].

According to modern concepts [2], the ecotoxicological situation of water areas
is largely determined by the interaction of suspended matter with heavy metals
(HMs). Under the influence of sorption and metabolic processes, HMs are extracted
by suspended matter from the water solution, acquire a density that differs from the
specific mass of water, and are involved in biogeochemical cycles that determine not
only their migration over water areas, but also their sedimentation entry into bottom
sediments. The intensity of biogeochemical cycles depends on the concentrating
ability of suspended matter characterized by accumulation coefficients (Co.) [1].
In the Black Sea, suspended matter can accumulate such HMs as Co, Ni, Cu, Zn, As,
Mo, Cd, and Pb, with Co, equal to (0.02-180)-10* units in terms of dry mass, and
their pool can make 0.2-55.9 % of the total content in water [3]. The pool of mercury
in the composition of the Black Sea suspended matter can exceed 98% of its content
in the marine environment [4]. The pool of HMs (copper, zinc, mercury, lead) in the
suspended matter of the Sea of Azov can reach 95.6% [5]. Hence it appears that the
high concentrating ability of suspended matter is a significant factor in the biogeo-
chemical self-purification of the aquatic environment.

It is commonly known that marine nature management is regulated by anthro-
pocentric and ecocentric principles, which differ in the choice of the so-called weak
link by which ecosystems are managed [6]. The anthropocentric approach is based
on taking into account only the anthropogenic factor, while the ecocentric one pro-
ceeds from the objectivity of the existence of a single system within which the person
and all living organisms interact with each other and with the environment. There-
fore, not only the person can be the weak link in the ecosystem, but also its individual
biotic components.

Consideration of this circumstance requires the development of new approaches
in order to provide marine nature management activities. One of them is to imple-
ment the concept of sustainable development of water areas by maintaining a balance
between consumption and natural reproduction. With regard to eco-
toxicological problems, this concept is based on the consideration of the assimilation
(ecological) capacity of the marine environment as a result of the impact of natural
biogeochemical processes [1, 2, 7]. One of the promising ways to exploit this area
is the development of biogeochemical criteria for the assessment of
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the self-purification flows of waters with subsequent regulation of the maximum
permissible anthropogenic impact on marine ecosystems by factors of radioactive
and chemical pollution of the marine environment.

Currently, human health-related environmental criteria, which correspond to the
maximum permissible concentrations (MPC) of pollutants in water or in hydrobi-
onts, are used as the main indicators of the marine environment quality. The quality
standards for water bodies of commercial fishing importance, which include the Sea
of Azov, were established by Order No. 552 of the Minister of Agriculture of the
Russian Federation of December 13, 2016 “On the Approval of Water Quality Stand-
ards for Water Bodies of Fishing Importance, Including Standards for the Maximum
Permissible Concentrations of Harmful Substances in the Waters of Water-Based
Fishing Objects™ V. In accordance with this Order, lead belongs to the third hazard
category with its MPC in sea water of 10 pg/L.

Concerning marine bottom sediments in the Russian territorial waters, there are
currently no normatively fixed characteristics of their quality in terms of the level of
pollutant concentration similar to MPC in the water column. However, it is possible
to assess the degree of pollution of bottom sediments in a controlled area of the sea
based on the compliance of the level of certain pollutants with the criteria for envi-
ronmental assessment of soil pollution according to normative indicators adopted in
other countries, e. g., the Dutch List?. These indicators can be used for the simpli-
fied comparative characterization of different parts of the water area or for the as-
sessment of interannual variability. Thus, in Russia, permissible concentrations ac-
cording to the Dutch List are used in the Marine Water Pollution Annual Reports ¥,
According to the Dutch List, permissible concentration of lead in bottom sediments
is 85 pg/g dry mass.

It should be noted that the ecotoxicological characteristics according to MPC
and the Dutch List have the dimensions of the maximum permissible concentration
of pollutants in water, hydrobionts and bottom sediments. These characteristics are
diagnostic indicators only. On the other hand, biogeochemical criteria have the di-
mensions of self-purification flows of water [2]. Therefore, their use makes it possi-
ble to assess the maximum allowable water pollution flows based on the condition
of maintaining the stationarity of the state of ecosystems due to the equality of flows
of self-purification and pollution of the marine environment. At the same time, the
fact should not be ignored that pollutants dissolved in water are

D Ministry of Agriculture of the Russian Federation, 2016. On the Approval of Water Quality Standards
for Water Bodies of Fishing Importance, Including Standards for the Maximum Permissible Concen-
trations of Harmful Substances in the Waters of Water-Based Fishing Objects. Order No. 552 of the
Ministry of Agriculture of the Russian Federation of 13.12.2016 (in Russian).

2 Ministerie van Volkshuisvesting, Ruimtelijke Ordening en Milieubeheer, 2000. Dutch
Target and Intervention Values (2000) (the New Dutch List). Annexes. Circular on Target
Values and Intervention Values for Soil Remediation. P. 8. Available at:
https://www.yumpu.com/en/document/read/44815398/dutch-target-and-intervention-values-2000-
esdat/13 [Accessed: 26 June 2023].

3 Korshenko, A.N., ed., 2022. Marine Water Pollution. Annual Report 2021. Moscow: Nauka, 230 p.
(in Russian).
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transported through water areas and in depth only in the direction of decreasing gra-
dients in the fields of their distribution in water as a result of the impact of hydrody-
namic processes, and pollutants as part of suspended matter can migrate through any
water areas. These processes take place on different scales of space and time. There-
fore, it is necessary to take into account the periods of averaging the characteristics
of hydrodynamic and biogeochemical processes.

The purpose of the work was to study the lead content in water and bottom
sediments of the central part of the Sea of Azov and Taganrog Bay for 1991-2020.
In this work, the studies were carried out with the mid-annual averaging of the pa-
rameters. At the same time, the following problems were solved:

1) to determine the trends and level of lead pollution of the waters of Taganrog
Bay and the open part of the Sea of Azov (the sea proper) based on the results
of monitoring studies from 1991 to 2020;

2) to study the dependence of lead concentration in bottom sediments on its
concentration in the water of the Sea of Azov;

3) to assess the assimilation capacity of bottom sediments in relation to lead
in the open part of the Sea of Azov and Taganrog Bay;

4) to find out whether Taganrog Bay is a source of lead pollution of the open
part of the Sea of Azov.

Materials and methods

The data on lead concentration in water and bottom sediments in 2010-2020
provided by the Azovmorinformcenter branch of Centerregionvodkhoz State Organ-
ization under cooperation with the Department of Ecology and Environment Man-
agement of the Federal State Budgetary Institution of Higher Education “Sergo Or-
dzhonikidze Russian State University for Geological Prospecting”, were used in this
work. Water samples for analysis were taken by the PE-1220 sampling system in
accordance with GOST 31861-2012 and RD 52.24.309-2016 from the surface hori-
zon at 32 points (Fig. 1). The studies were carried out in the central and eastern parts
of the Sea of Azov and in Taganrog Bay. Water samples were taken in spring
(March—April), summer (June—July), autumn (September—October) and winter (De-
cember). Outboard works were performed according to standard methods. Chemical
analysis of water samples concerning lead content was carried out in accordance with
the method PND F 14.1:2:4.140-98, with the sensitivity lower limit of
0.0002 mg/dm’.

Samples of bottom sediments were taken for the analysis at the same stations as
water samples using a bottom sampler DCh-0.034 according to GOST 17.1.5.01-80
in the surface layer of soils (0—2 cm). Samples of bottom sediments were taken an-
nually in the summer. Chemical analysis of samples of bottom sediments for lead
content was carried out in accordance with the M-MVI-80-2008 method, with the
lead sensitivity lower limit of 0.0005 mg/g.

The lead content in water and in bottom sediments was measured with
the AAS KVANT-Z.ETA device.

To determine interannual trends, retrospective data on the lead content
in water and bottom sediments of the Sea of Azov from 1991 to 2006 were addition-
ally used [8]. In this work, the studies were carried out in accordance with
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Fig. 1. Map of sampling of water and bottom sediments in 2010—
2020

guideline FR.1.31.2005.01514 — this method preceded the method
PND F 14.1:2:4.140-98, according to which lead concentrations were determined
by the 4zovmorinformcenter branch of Centerregionvodkhoz State Organization.
With this consideration in mind, the data from monograph [8] were used in our work
for comparison.

Mathematical processing of analytical data was carried out using the standard
Excel package.

In the work, two areas were identified in the Sea of Azov: Taganrog Bay and
the open part of the Sea of Azov (the sea proper), which is associated with their
morphometric and hydrological features. The parameters of the districts used
in the calculations are presented in the following table.

Parameters of the studied areas

Area Total area, Average sedimentation rate ),
km? [9] g-m2-year™
Taganrog Bay 5600 700
Open part of Sea of Azov 33400 300

4 Sorokina, V.V., 2006. [Peculiarities of Terrigenous Sedimentation in the Sea of Azov in the Second
Half of the 20th Cenfury]. Ph.D. Thesis. Rostov-on-Don, 216 p. (in Russian).

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



Key data

One of the objectives of the study was to determine the impact of Taganrog Bay
on lead pollution of water and bottom sediments in the open part of the Sea of Azov.
Its solution was carried out on the basis of a comparison of lead concentrations in
water and bottom sediments of Taganrog Bay and the open part of the Sea of Azov
(Fig. 2 and 3).

HMs, including lead, can enter the Sea of Azov from both natural and anthro-
pogenic sources. One of the main ones is the flow of such large and small rivers
as Don, Kuban, Mius, Yeya, Beisug, Kagalnik, etc. [10, 11]. An important role in sea
pollution belongs to the cities located on the coast and in the delta of the Don River
— Azov, Taganrog, Yeysk, Primorsko-Akhtarsk, Temryuk — as a result of the dis-
charge of insufficiently treated wastewater. It is also worth noting the impact of
ports, shipping, landfills, and soil dumping > . Lead can come with atmospheric
precipitation [8, 10—12] and also as a result of coastal abrasion.

The lead content in the water of the central part of the sea and Taganrog Bay
increased in 2010-2015, which can have been associated with the development of in-
dustrial production in this region (thus, in 2010-2012, the following facts
can be taken into account: the construction of a port complex near the city of
Primorsko-Akhtarsk, of the Taman transshipment complex; the implementation of
the Temryuk and Akhtarsk project for the extraction of oil and gas condensate; an in-
crease in the capacity of the Taganrog Metallurgical Plant, the Taganrog Boiler Plant
“Krasny Kotelschik” and the Taganrog Automobile Plant with an increase in emis-
sions and discharges of pollutants).

According to the data presented in Fig. 2, a, it can be seen that in 1991-2009
the lead concentration in the water of the open part of the Sea of Azov was signifi-
cantly below the MPC. Since 2010, there have been higher levels of lead pollution
in waters, but lower levels of sediment pollution (Fig. 2, b). The dependence of lead
concentration in bottom sediments on the change in the average annual values of its
specific content in surface waters with a sufficient degree of probability (R* = 0.6)
lay on a straight line on a logarithmic scale along the ordinate axes (Fig. 2, ¢), which
allowed it to be described by the following exponential function:

Chs = 14.14-C,, 0%, (1)

where Cys — concentration of lead contained in the upper layer of bottom sediments;
Cy — lead concentration in the liquid phase.

Fig. 2, d shows the dependence of the change in Co, on the value of C,, based on the
results of observations in 1991-2020. Statistical analysis materials showed

3 Bespalova, L.A., 2006. [Ecological Diagnostics and Assessment of Sustainability of the Landscape
Structure of the Sea of Azov]. Ph.D. Thesis. Rostov-on-Don, 271 p. (in Russian).

9 Latun, V.V., 2005. [Impact of the Operation of Shipping Channels on the Ecosystem of Taganrog
Bay]. Ph.D. Thesis. Rostov-on-Don, 209 p. (in Russian).
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Fig. 2. Characteristics of lead distribution in the open part of
the Sea of Azov: concentration in water, pg/L (a); concentration
in the surface layer of bottom sediments, pug/g dry mass (b); depend-
ence of the lead concentration in bottom sediments on its concentra-
tion in water (c); dependence of the change in the coefficient of ac-
cumulation of lead by bottom sediments on lead concentration in wa-

ter (d)
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that the correlation between Co, and C,, with reliability characterized by the coeffi-
cient of determination R*>=0.84, could be described by the exponential function
equation:

Coa = 14958 C,, 142, )

Correlation (1) showed that with an increase in lead concentration in water (Cs),
its concentration in bottom sediments (Cys) decreased. The study of this effect
showed that a decrease in the value of Cps with an increase in Cy, was
associated not only with the saturation of the surface of bottom sediments, but
also with a decrease in their Co,, taking into account the dimensional matching
Coa = 1000Cyy/Cy.

Fig. 3, a shows that except for small peaks in 1992—-1998, the lead concentration
in the water of Taganrog Bay was quite low until 2006. After 2006, its oscillatory
changes were noted with an increase of concentration in water, which in general did
not exceed the MPC of 10 pg/L. In 1991-2020 (Fig. 3, b), the lead concentration in
the bottom sediments of Taganrog Bay, as a rule, changed in antiphase with the
change in its content in the water, and in all cases it was below the MPC rationed
according to the Dutch List. The dependence between Cis and C, lay
on a straight line with determination characterized by the corresponding coefficient
R?=0.47. The exponential function equation obtained according to Fig. 3, ¢, was as
follows:

Chs = 13.767-C 031, 3)

The dependence between Co, and Cy, on a logarithmic scale along the ordinate
axes (Fig. 3, d) was also described by a straight line, characterized by the coefficient
of determination R* = 0.8. When approximating these data by the exponential func-
tion equation, we obtained:

Co, = 13766-Cy, . 4)

Obviously, materials shown in Fig. 2, ¢, d and 3, ¢, d, illustrate the ability of
bottom sediments to concentrate lead under the combined impact of biotic and
abiotic factors of the marine environment. The determination of the biogeochemical
mechanisms responsible for the formation of the types of exponential dependence
between C,, and Cys, as well as between Cy and Co,, requires the study of sorption,
metabolic, and trophic interactions of living and inert matter included in bottom sed-
iments under conditions of changes in salinity, pH, temperature, and hydrodynamic
characteristics of the water. The above mentioned parameters were not registered in
1991-2020 as a part of the monitoring carried out by Centerregionvodkhoz State
Organization.

It should be noted that lead entering the Sea of Azov with river runoff, with
slope runoff from the coast and from atmospheric precipitation, is carried by currents
along the sea area and vertically. According to reference data®, surge phenomena
up to 4-6 m high, manifesting themselves on a time scale up to 12 h, and seiches up
to 1 m with a period of some minutes to several hours, are observed
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in the Sea of Azov. At an average current velocity of 60—80 cm/s, a relatively uni-
form distribution of impurities over the sea area is ensured on a weekly time scale
and in depth on an hour scale. However, under strong winds, detachment of bottom
sediments is observed. The frequency of waves with a height of over 2 m, causing
detachment of the bottom sediment, is 13%. In general, the non-stationarity of
the hydrodynamic characteristics of the Sea of Azov can be estimated on a time scale
of no more than one month and a half. The size spectrum of suspended particles in
the Sea of Azov ranges from 1 to 300 microns, and their sedimentation to the bottom
proceeds on time scales from minute to week in accordance with the Stokes” Law
and Bernoulli’s Principle. A review of the hydrodynamic and
sedimentation features of the Sea of Azov as a whole indicates that the average an-
nual estimates of pollution of its waters and bottom sediments with lead are
acceptably adequate.

According to modern concepts, bottom sediments can be considered as a sorbent
interacting with lead dissolved in water. The degree of their sorption saturation is
usually reflected by the Freundlich equation. In accordance with the designations
adopted in this paper, the Freundlich equation has the following form:

Cos =A-Cy", ®)

where 4 and n — parameters (n < 1).

Comparison of correlations (1) and (3) with expression (5) showed that with
identical common notation of these equations, parameter » in equations (1) and (3)
had a negative sign. This means that the Freundlich equation of form (5) does not
reflect the sorption saturation of bottom sediments with lead or that the sorption sat-
uration does not prevail over other factors not currently taken into account.

Consideration of relations (2) and (4) showed that a significant (R* = 0.84
and R?> = 80) decrease in Co, of lead has a significant effect on the concentrating
ability of bottom sediments in accordance with a power function of form (5), but with
a negative sign of exponent n. Comparison of correlations (1) and (3) showed that
the relative error of parameter A4 incongruence in them was 7.9,
and n — 2.1 %. With the variability of the data characterized by the coefficients of de-
termination, respectively, R? = 0.84 and R* = 80, this indicates the identity of corre-
lations (2) and (4). The former was obtained from the results of monitoring of the
open part of the Sea of Azov with a sedimentation rate of 300 g-m 2-year !, and the
latter — according to the study of Taganrog Bay with a sedimentation rate of
700 g-m-year '. Hence it appears that the regularities of changes in the concentrat-
ing capacity of bottom sediments with respect to lead do not depend on the intensity
of sedimentation.

At the same time, it should be noted that materials shown in Fig. 2, ¢, d
and 3, c, d, illustrate the regularities of change in the sorption (Cys) and concentrating
(Coa,) capacity of bottom sediments on the scale of the entire observation period. There-
fore, these dependences are significant indicators of the assimilation capacity
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of bottom sediments in relation to pollutants. The assimilation capacity of bottom
sediments in water areas is determined from the correlation [2]:

Qas =SVsea' Cbs, (6)

where S — area of the water area under consideration, km?; V.4 — specific sedimen-
tation rate, g-m -year '

Formula (6) is applicable when rationing the maximum permissible flows of
pollution of water areas with HMs according to the Dutch List (with Cys = MPChs).
Taking into account that Cys = Cy- Coa, with due regard to formulas of forms (2)
and (4), equation (6) is transformed into the following correlation:

Ous = 5 Vit CwA-Cy ™, (7

which can be used for rationing according to ecotoxicological criteria
(with Cy = MPC).

With MPC,, =10 pg/L, the rationed maximum allowable flow of lead into
the open part of the Sea of Azov calculated by correlation (7), was 59.6 t/year,
and for Taganrog Bay, taking into account correlation (7), it was 21.4 t/year.

It can be seen from Fig. 4 that over the entire observation period from 1991
to 2020, except for 2007-2009, lead concentrations in the waters of Taganrog Bay
and the open part of the Sea of Azov almost coincided. The same was noted for bot-
tom sediments (Fig. 4, b). However, consideration of the dependences
between the lead content in the water of the sea Cy(scay and bay Cuypay) revealed
a weakly manifested relationship (R*> = 0.38) between these two parameters.
At the same time, the dependence between the lead content in the bottom sediments
of the sea Cs(sea) and bay Cospay) Was highly significant statistically (R* = 0.87). These
data indicated that suspended matter with a higher lead content entering
Taganrog Bay was transported as a result of hydrodynamic processes to the open
part of the Sea of Azov and deposited in this water area as part of bottom
sediments.

Calculations of the lead input resulted from water exchange through the Dol-
zhansky Strait (with average long-term values of the annual water outflow into
the sea and the annual water inflow into the bay) performed in [13], showed that,
e. g.,in 2017, 302—1184 tons of lead could have arrived from the Sea of Azov to Ta-
ganrog Bay, and from Taganrog Bay to the sea proper — 131-827 tons. Thus, the sea
proper acted as a source of pollution of Taganrog Bay. In 2007-2009, on the con-
trary, Taganrog Bay was a source of water pollution of the open part of the sea: lead
concentrations in the bay were significantly higher than in the open part of the sea,
e. g.,in 2008, 6.67 pug/L in the bay and 0.8 pg/L in the open sea. Thus, Taganrog Bay
can serve both as a source of pollution and a barrier that either transports HMs, in-
cluding lead, into the Sea of Azov or entraps them [14].
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Conclusion

In general, for the period from 1991 to 2020, fluctuations in the average annual
lead concentrations both in water and in bottom sediments of the open part of the sea
and Taganrog Bay are not environmentally significant. The lead content in the water
of the central part of the sea and Taganrog Bay increased in 2010-2015, which can
have been associated with the development of industrial production in this region
(thus, in 2010-2012, the following facts can be taken into
account: the construction of a port complex near the city of Primorsko-Akhtarsk,
of the Taman transshipment complex; the implementation of the Temryuk and Akh-
tarsk project for the extraction of oil and gas condensate; an increase in the capacity
of the Taganrog Metallurgical Plant, the Taganrog Boiler Plant “Krasny Kotelschik”
and the Taganrog Automobile Plant with an increase in emissions and discharges of
pollutants).

It is determined that the dependences of the change in the concentration and
coefficients of lead accumulation in bottom sediments on the change in its concen-
tration in the water of Taganrog Bay and the open part of the Sea of Azov are
described with a high degree of statistical significance by an exponential function
equation. It is shown that the parameters of this equation represent the indicators of
the assimilation capacity of bottom sediments in relation to lead. They can be used
for the purposes of environmental regulation, taking into account sanitary and
hygienic standards.

It is found that an increase in the lead concentration in the suspended matter
of the Taganrog Bay led to an increase in its concentration in the suspended matter
of the open part of the Sea of Azov.

Analysis of long-term data on the lead content in water and in bottom sediments
of the central part of the sea and Taganrog Bay makes it possible to conclude that
Taganrog Bay can serve both as a lead pollution source and a barrier that either
transports lead into the Sea of Azov or entraps it.
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The First Data on the Hydrocarbon Composition of Water,
Bottom Sediments of the North Crimean Canal
and Soils Adjacent to Agricultural Land
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Abstract

The paper presets the results of quantitative and qualitative indicators of the hydrocarbon
composition of water, bottom sediments of the North Crimean Canal and soil from adjacent
agricultural lands during filling the canal with water after an eight-year break. The material
for the study was water, bottom sediments and soil samples taken in the spring of 2022.
When planning sampling, the ways of hydrocarbon entry into the canal were taken into
account: directly with the Dnieper water, with atmospheric precipitation, and with washout
from neaiby termritories. The qualitative and quantitative composition of hydrocartbons in water,
bottom sediments, and soil was determined by gas chromatography in the Scientific
and Educational Center for Collective Use «Spectrometry and Chromatography» of IBSS.
To identify probable sources of the studied class of substances, biogeochemical matkers were
used. The obtained concentrations of aliphatic hydrocarbons in water (0.032+0.006 mg -L_l)
of the studied section of the North Crimean Canal did not exceed the maximum permissible
values (0.05 nlg-L_I) and were close to the values typical for unpolluted water areas.
The hydrocarbon content in the bottom sediments of the canal (30 mg -k,g_1 air-dry bottom
sediments) and in adjacent fields (18.1 mg-kg_l air-dry bottom sediments) also indicated
the absence of high pollution levels. In the canal water, n-alkanes were identified
in the C17—C3p range; in the bottom sediments and soils of adjacent territories, the n-alkane
range was C;7-Cs3. The composition of n-alkanes and the values of biogeochemical markers
in water indicated a mixed nature of hydrocarbons with a predominan ce of compounds
of allochthonous origin washed away from the drainage basin of the lower Dnieper.
The composition of n-alkanes and the markers calculated for the bottom sediments and
soils were typical for the soils of the steppe regions and were significantly similar to them.

Keywords: hydrocarbons, water, bottom sediments, soil, North Crimean canal
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IlepBbie 1aHHBIE 00 YI1€BOAOPOAHOM COCTABE BO/bI,
JAOHHBIX 0TJ10:kKeHuil CeBepo-KpbIMCKOro KaHaJja
U MOYB NMPWIErainX CeJIbCKOX03SiCTBEeHHbIX YT OXuil

O. B. CoaoBbéBa, E. A. Tuxonona *

Q@I'BYH ©UL Hucmumym 610102UU 10HCHBIX MOpell
umenu A. O. Kosanesckoco PAH, Cesacmonoaw, Poccus
* e-mail: tihonoval@mail.ru

AHHOTa I uA

IIpoBeneHO MccIeHOBaHNE KOMMYECTBCHHBIX W Ka4ECTBEHHBIX MOKa3aTelell yriIeBOAOPO A-
HOTO COCTaBa BOJIbI, JOHHBIX OoTiokeHHH CeBepo-KpbIMcKoTo KaHama ¥ MOYBHI IMPUIIETAI0 -
X 3eMeNb CEeIbCKOXO03AHCTBEHHOTO Ha3HAYCHMS B IEPHO] HANOJHEHUS KaHala BOJOU
[OCJIE BOCBMHUJICTHETO TepephiBa. MaTepHuanoM AJS HCCJEAOBAHUS MOCITYXKHUIH MPOObI
BOJbI, JOHHBIX OTJIOXEHHUH W MOYBbI, 0TOOpanHeie BecHOW 2022 r. Ilpu mnaHupoBaHUHM
mpo600Tdopa YUUTHIBAIUCH MMyTH MOCTYIUICHUS YINEBOJAOPOJOB B KaHAT: HEMOCPEACTBE H-
HO C JHEMPOBCKOW BOJOW, BBIMAJICHUE C aTMOC(EPHBIMH OCAaJKaMHU U IOCTYILJICHHUE
CO CMBIBOM C Ouiu3Jiekamux Tepputopuil. KauecTBeHHBIH W KOJMYECTBEHHBIM COCTaB
YIJIEBOJAOPOJOB B BOJE, JOHHBIX OTJOXKEHHUSIX U MOYBE OMNpPEAeIIU METOIOM Ta30BO M
xpomarorpaduu Ha 6a3e HOLKII «Cnekrpomerpus u xpomarorpadus» ULl UHBIOM.
Jnst uneHTH QUKa UK BEPOSTHBIX HCTOYHUKOB HCCIEIYEMOTO KJlacca BEIIECTB HCIOJB30-
BaJM OMOreOXHMHUYECKHE MapKepbl INPOUCXOXKIEHHUs YIiIeBoaoponoB. IlomyueHHble KO H-
[EHTpaluK amiaTudeckux yrieBoaopoaoB B Bojae (0.032 +0.006 Mr‘nfl) HCCIIeTy EMOTO
ydgactka CeBepo-KprIMCKOTO KaHajla He NPEBBIMIAIOT MPEeNbHO JOIMYyCTHMBIC 3HAYCHHS
(0.05 Mr-1 ') 1 GIM3KH K 3HAYCHHAM, XapaKTEPHBIM [ He3arps3HEHHBIX akBaTopwit. Co-
JlepkaHie yTIeBOIOPOIOB B JOHHBIX OTJIOKEHHAX KaHama (30 MI“KT ' BO3LY IIHO-
CYXOTO JOHHOTO 0CaJiKa) U Ha mpuieraromux moJsix (18.1 MIKT | BO3IYIIHO-CYXOTO JIOH-
HOTO 0CajKa) TAakke MOITBEPIKIAJO0 OTCYTCTBHE BBHICOKMX YPOBHEH 3arpsi3HeHHsA. B Bone
KaHaJlla WACHTH(GHUIMPOBAaHBI H-ankaHel B auamazoHe C;;—Cs, B JOHHBIX OTIJIOKCHHAX
1 TPYHTAaX NMPWIETAIONINX TEPPUTOPHUH Arana3oH H-ankaHoB 0b11 Cj7—Cs;3. CocTaB H-aJIKAaHOB
1 3HaYeHUs OMOTeOXMMHYECKHX MapKepOB B BOJE yKa3bIBAIOT HA CMENIAHHYIO NPHUPOIY
YITEBOIOPOIOB C MpeobIagaHneM COSAMHEHUH aNIOXTOHHOTO NMPOWCXOKACHUS, CMBIBae-
MBIX C TEPPUTOPHH BOZOCOOpHOTO OacceliHa HIDKHero TedeHus [{uenpa. CocTaB H-alKaHOB
U MapKephl, pacCUNUTaHHBIC AT NOHHBIX OTJIOXKEHWH M MOYB, OBLIM XapaKTepHBIMHU
IS TPYHTOB CTEIHBIX PAHOHOB M HMEIHU CYIIECTBEHHOE CXOICTBO C HUMH.

KiawyeBble €J10Ba: yIIeBOAOPOABL, BOAA, JOHHBIE OTIOXKEHUS, TouBa, CeBepo-Kpbimc-
KM KaHaj

BaarogapHocTH: aBTOPHI BEIPaXKAIOT OJaroJapHOCTH BEIYIIMM WH)KEHEpaMm OTAelNa pa-
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Introduction

The North Crimean Canal (NCC) and its branches, canals of melioration sys-
tems, water supply facilities of drinking water intakes of surface and groundwater
sources, and water supply networks are used as water supply routes in the territory
of the Republic of Crimea ".

The NCC was designed and built not only for land melioration, but also
for public water supply. Now, it is an extensive network of main and inter-farm
canals, reservoirs, hundreds of pumping stations and hydraulic engineering struc-
tures. The canal leaves the Kakhovka water reservoir and reaches Kerch through
the Perekop Isthmus. Its length from Novaya Kakhovka (Kherson Region) to Kerch
(Republic of Crimea) is 405 km, the length of the main canal and its branches ex-
ceeds 10,000 km ".

The canal width varies from 15 m to 150 m, with a depth of up to 7 m.
The maximum discharge capacity is 300 m’-s "', and on the border with the Repub-
lic of Crimea itis 1) 225 m’-s .

During its full operation, the NCC covered up to 85 % of the peninsula's total
water consumption, of which almost 80 % was for agricultural production. Most of
the irrigation water (about 60 %) was used for rice cultivation [1].

In the days of successful development of the melioration water management
complex, the imrigated area reached almost 400,000 ha. In 2014, the supply of
Dnieper water via the NCC was discontinued. From 2015 to 2022, the NCC route
was used to supply water to fill off-stream reservoirs from Nezhin, Prostomoye and
Novogrigoryevsk groundwater intakes, as well as from the Belogorsk and Taigan
reservoirs supplied through the Biyuk-Karasu River bed to meet the drinking and
domestic needs of the Feodosiya—Sudak and Kerch regions and some settlements
of the Leninsky district. Since 2022, the supply of Dnieper water to the NCC has
been resumed, which undoubtedly has a positive effect on the water supply of
the peninsula. At the same time, the poor technical condition of the NCC led and
still leads to significant water losses during transportation, to waterlogging of
lands, and to salinization of soils in the nearby areas " [1].

When running the Dnieper water through the canal, it is important to control
not only the quality of the water in the canal itself but also that of the soil after irri-
gation. Hydrocarbons (HCs) in soils are a wide range of compounds, the study
of which has recently received much attention due to their global distribution
and impact on the condition of soils themselves, as well as the environment

b Tkachuk, V.G., 1971. [Hydrogeology of the USSR. Volume 8. Crimea). Moscow: Nedra, 364 p.
(in Russian).
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as a whole, including humans. Besides, HCs can serve as indicators of modem ge-
ochemical processes in landscapes, therefore it is essential to study the qualitative
and quantitative composition of HCs in environments to increase the efficiency of
ecological forecasts and ecological monitoring [2].

A group of authors performed a study [2] of soil samples taken from areas
with different degrees of anthropogenic load and various soil formation processes
and showed that the data on n-alkanes in soils have a certain indicative potential for
identifying natural and anthropogenic processes affecting the hydrocarbon state
of soils. Also, for aquatic ecosystems, n-alkanes are widely used as an indicator
of biogeochemical processes of organic matter transformation [3]. Biogeochemical
processes involving HCs occurring in such water bodies, particularly after a break
in their functioning, are poorly studied.

Hence, a need arose to obtain information on the safety and quality of
the Dnieper water that came through the canal bed and the possibility of using it
for irrigated agriculture. Immediately after the filling of the NCC with water, stud-
ies were conducted to provide information on the current state of the environment
and to become a basis for further observations.

The paper aims at studying quantitative and qualitative indicators of the HC
composition of water, bottom sediments of the canal, and soil of the adjacent agri-
cultural lands during the period of canal filling with water after an eight-year break.

Study material and methods

Water, sediment, and soil samples taken in spring 2022 were used as the mate-
rial for the study. While planning sampling, we considered how HCs had entered
the canal: directly from the Dnieper, with atmospheric precipitation, and with
washout from nearby territories.

Therefore, water sampling was conducted along the course of the canal water
flow from the transect related to a large industrial city of Crimea — Ammyansk
(Fig. 1). The transect included three water sampling stations, and we took into ac-
count the flush from both banks and the intense water flow in the canal: Station 7 —
the left bank, Station 2 — the middle part, and Station 3 — the right bank. The bot-
tom sediments were taken by a hand sampler directly in the canal, the soil was tak-
en from the adjacent area. The material was transported on the day of sampling
in special containers.

According to guideline FR.1.31.2010.08907 “Methodology for measurement
of n-paraffin hydrocarbons mass fraction in samples of soil and bottom sediments
of fresh and marine water bodies by gas-liquid chromatography”, soil and bottom
sediments were dried in the laboratory in natural conditions, then pounded manual-
ly in a porcelain mortar and sieved through a 0.25 mm sieve. The dried and sieved
sample in an amount of 1-2 g was extracted in 150 mL n-hexane in a Soxhlet ex-
tractor for one hour. The obtained extract was purified on a glass column filled
with aluminium oxide to remove the polar compounds. The obtained extract was
concentrated to 1 mL.
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Fig. 1. Map of the North-Crimean Canal (a) and sampling stations for water, bot-
tom sediments and adjacent soil, spring 2022 (b)

HCs were extracted with hexane under laboratory conditions from 1 L of wa-
ter. An aliquot of the concentrated extract (1 puL) for all test objects was injected
with a microsyringe into the evaporator of a Crystal 5000.2 gas chromatograph
with a flame ionization detector heated to 250 °C. HC separation was performed
on a TR-1MS capillary column 30 m long, 0.32 mm in diameter, and with the sta-
tionary phase film thickness of 0.25 pm (Termo Scientific). The column tempera-
ture was programmed from 70 to 280 °C (rate of temperature rise: 8 °C-min ).
The carrier gas (nitrogen) flow in the column was 2.5 mL ‘min~' without flow split-
ting. The detector temperature was 320 °C.

Quantitation of HC content was performed by absolute calibration of the flame
ionization detector with a mixture of HCs (ASTMD2887 Reference Gas Oil stand-
ard (SUPELCO, USA)), that of n-alkanes — by a reference sample of paraffin HCs
in hexane with mass concentration of each component 200 pg-mL ', pristane +
phytane — 100 pg'mL " in hexane (SUPELCO, USA).

Determination of HCs and n-alkanes was carried out at the Scientific
and Educational Center for Collective Use «Spectrometry and Chromatography» of
IBSS. To process results during HC concentration determination, Chromatec Ana-
lytical 3.0 software (absolute calibration and percentage normalization method)
was used.

HC markers were used to identify probable HC sources. In the course of work,
a number of ratios were used allowing concluding about biogenic or petrogenic
origin of n-alkanes and to some extent to differentiate their autochthonous or
allochthonous origin. These ratios were calculated for each sample. The diagnostic
indices used to determine the sources of organic compounds are shown in Table 1.

124 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2.2023



Table 1. Diagnostic molecular ratios and their value interpretation

Calculation formula Index value Entry source Work
- .
LWH/HWH = ¥(Cy; — Ca1)/ ! Oil
> (Cxn— Css) . . [4]
<1 Terrigenous, higher plant
<0.4 Autochthonous matter
C31/Cio (3]
>0.4 Allochthonous matter
CPI = (1/2){(C15 +Ci7+Cyg + Czl)/ . .
Int bial transfor-
(CarCun G Cop e o o | <1 Il st
+ Ci9 + C21)/(Cis + Cis + Coo + Ca2)}
CPL = (1/2){(Cas5 + Ca7 + Ca9 + C31 + near 1 Oil or biodegradation [6-8]
+ C33+ C35)(Cag + Cog + Cos + Cao +
+ Cs2+ C4) +(Cos + Car + Coo + C31 + <1 Biogenic
+C33+ C35)(Cag + Cos + C3o + Cz +
+ Csa)} 5-10 Higher ground plant
TMD = (Cys5 + Ca7 + Ca9 + C1 + C33)/ 0571 Mixed (9]
+Ci17+Cro+Co +
(Cis+ Cir+ Cio+ Cor + C3) >1 Ground vegetation
<04 Tree Vegetatlon
predominance
C31/Cy [10-12]
~ 0.4 Herbaceous vegetation
predominance
>1 Biogenic
Pr/Ph [13-15]
<1 0Oil
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Results and discussion

HCs in the NCC water. HC concentrations in the water of the studied area of
the NCC averaged 0.032 +0.006 mg-L™". The obtained values are lower than the max-
imum permissible concentrations (MPC) for fishery water bodies (0.05 mg-L™),
but slightly higher than those for low-polluted water areas [7]. The content of
n-alkanes in the NCC water was in the range of 0.010—-0.016 with average 0.013 +
0.003 mg-L .

All the samples recorded n-alkanes in the C;,—Cyy range (Fig. 2, @). In two
samples C3, was present. In one sample it was possible to identify Cs,. In all three
samples the dominant homologue was compound C,s (18-26 %). At the same time,
the share of other n-alkanes did not exceed 11 %. N-alkane C,s is predominantly
associated with bacterial and allochthonous production [6]. Along with the pres-
ence of C,y and C,, peaks, also typical of microbial production, we can speak of
an active microbial community in the canal waters. Even-numbered n-alkanes with
a high molecular weight (C,s, Cs0, C3,) are often associated with sapropel matter
formed from the organic matter of phyto- and zoobenthos, plankton, and lower
plants and is autochthonous for aquatic ecosystems [6]. Such substances accumu-
late under reducing conditions. Light HCs (up to C;;) were not recorded, which
indicates the absence of fresh oil inputs. The unresolved complex mixture was ab-
sent, which indicates the absence of chronic oil contamination of water (Fig. 2, b).
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Fig. 2. Concentrations (C) of n-alkanes and isoprenoids (a) and a typical chroma-
togram of n-alkanes (b) in the water of the North Crimean Canal, spring 2022
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A low weight to high weight HC ratio (LWH/HWH) of less than 1 demon-
strates that the source of n-alkanes is higher plants, aquatic animals and bacteria
[16]. When the values of this index are close to 1, we can speak of oil pollution,
and when the values exceed 2, we can speak of fresh oil input [11]. The calculated
LWH/HWH index, according to the received data, was on average 0.35, which in-
dicates the biogenic nature of HCs.

The carbon preference index (CPI) reflects the ratio of odd-numbered to even-
numberedn-alkanes. In the low-molecular (C < 22) and high-molecular (C > 22)
spectral regions, the CPI; and CPI, indices have different interpretations, and there-
fore it is recommended to calculate them separately [17]. This index may indicate
a biogenic or oil origin of hydrocarbons. The contribution of the bacterial commu-
nity is not excluded. In our case, the average CPI; value is 0.62 and CPL is 0.45,
which is less than 1 and indicates the biogenic origin of hydrocarbons (Table 2).

The C31/Cyo ratio is an index showing the ratio of allochthonous to autochtho-
nous components. Its value less than 0.4 indicates predominance of autochthonous
substance and more than 0.4 — allochthonous. In our case, the average value of this
index is 0.94, which indicates the allochthonous nature of hydrocarbons. The
C31/Cyo ratio of 0.63 indicates the predominance of herbaceous vegetation [18].

The ratio of terrigenous to autochthonous matter is estimated by the TMD in-
dex [19]. A value of this diagnostic index of less than 0.5 indicates the predominance
of autochthonous matter. The range 0.5-1 indicates a mixed input. In this study,

Table 2. Average values of diagnostic indices and the origin of hydro-
carbons in the water of the North Crimean Canal, spring 2022

Index Average Hydrocarbon origin
LWH/HWH 0.35 Biogenic
CPI 0.62 Biogenic
CPI, 0.45 Biogenic
Pr/Ph 0.40 0Oil
C31/Cro 0.94 Allochthonous
TMD 3.15 Terrigenous
C31/Coo 0.63 Plant (herbaceous vegetation)

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2023 127



the mean value of this indicator was 3.15, which is more than 1 and indicates
an intensive input of terrigenous matter produced by higher ground plants
(Table 2). This fact is natural for river systems, as their filling with water occurs
due to runoff from the river basin [18, 20].

An important diagnostic index * is the ratio of pristane, which is predomi-
nantly of natural origin, to phytane, which is present mostly in oil [21]. This ratio
ranged from 0.22 to 0.82 with an average of 0.40, which most likely indicates
the presence of oil products in the water. At the same time, other markers diagnose
the biogenic nature of HCs.

HC:s in the bottom sediments of the NCC and the soils of the adjacent are-
as. The sediments sampled from the canal bottom were not river sediments
butrather soil that was in the canal bed and was flooded when the canal started
working. It should be noted that soils in the area are dark brown *, which are char-
acterised by a neutral pH. In terms of mechanical composition, brown soils are
mostly heavy. Due to deep (from 1 m) penetration of humus, a significant part of
brown soils is highly fertile *.

The HC concentration in bottom sediments of the NCC studied area was
30 mgkg ' air-dry bottom sediment (a.d.b.s.) (Fig. 3, @), which corresponds to nat-
urally clean water areas [22]. The n-alkane content in the NCC bottom sediments
was 18.7 mgkg ' a.d.b.s. In the soil sampled from the farmland adjacent to
the canal, HC content was 18.1 mgkg ', n-alkanes accounted for 112 mgkg™
a.d.b.s., i. e. the proportion of n-alkanes in soil (62 %) was the same as in bottom
sediments (62 %). The recorded HC content is low and characterizes the soils and
bottom sediments as unexposed (in terms of oil contamination) [22].

In the samples of bottom sediments and soil, we identified n-alkanes in
the range from C;; to Cs;, which corresponded to the presence of these
compounds in water at the sampling station and is also typical of the soil mantle
of steppe areas [23]. The maximum concentrations of n-alkanes were in the high-
molecular-weight range dominated by odd-numbered compounds indicating
the predominance of compounds synthesized by land organisms. The even-
numbered peaks in the C;3—C,, range were not pronounced indicating no active
microbial degradation of organic matter in the bottom sediments of the canal and
adjacent field areas. The autochthonous peaks corresponding to C,;, C etc. were
also not pronounced. Active microbial processes were probably confined to the
water column at the moment of sampling and were not characteristic of bottom
sediments.

D AMAP, 2007. AMAP (Arctic Monitoring and Assessment Programme). Chapter 4. Sources, inputs
and concentrations of petroleum hydrocarbons, polycyclic aromatic hydrocarbons, and other con-
taminants related to oil and gas activities in the Arctic. Oslo: AMAP, 87 p.

» Soboleva, E.V. and Guseva, AN., 2010. [Chemistry of Fossil Fuels]. Moscow: Izd-vo
Mosk-ovskogo Un-ta, 312 p. (in Russian).

4 Shoba, S.A., ed., 2011. [National Atlas of Soils of the Russian Federation]. Moscow: Astrel, 632 p.
(in Russian).
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Fig. 3. Concentrations (C) of n-alkanes and isoprenoids (a) and typical chromato-
gram of n-alkanes (b) in bottom sediments of the North Crimean Canal and adjacent
soil, spring 2022

The n-alkane G,y (26-29 %) of plant origin (terrestrial herbaceous plants) was
dominant in concentration both in soil and in bottom sediments [24]. This fact is
consistent for soils in steppe areas. In addition, this, along with the lower propor-
tion of Cy (5 %) in the canal water, confirms the assumption that the large amount
of allochthonous compounds in the canal bottom sediments may be associated
with their accumulation in the canal bed during the eight-year period of no-runoff
in the canal.

Today, it can be assumed that the canal bottom sediments can be a significant
source of input of various compounds into the canal waters. The peaks from Cy,
to C;;, which also indicate the presence of allochthonous compounds in the studied
environment [5], are also sufficiently pronounced. It should be noted that separa-
tion of alkanes originating from aquatic and terrestrial plants is rather conventional.
This is due to the fact that this approach is strictly applicable only to fresh organic
matter [6], while in bottom sediments, transformed compounds are mostly presented.

The ratio of light to heavy n-alkanes in the mixture was low and averaged 0.10
(Table 3). These values are consistent with the biogenic nature of organic matter.
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Table 3. Average values of diagnostic indices and the origin of hydrocarbons
in the bottom sediments and adjacent soil of the North Crimean Canal, spring 2022

Average
Index Hydrocarbon origin
in bottom sediments in soil

LWH/HWH 0.09 0.11 Biogenic

CPI, 1.06 0.81 Biogenic

CPL, 7.64 8.42 Biogenic

Pr/Ph 0.18 0.14 Oil

Cs31/Cro 7.26 8.56 Terrigenous

TMD 9.04 10.35 Terrigenous

Plant

C31/Ca9 0.49 0.81 (herbaceous

vegetation)

The CPI; marker for the low-molecular-weight region for both studied media
is almost equal to 1 (Table 3), but one cannot conclude from this about the pres-
ence of petroleum products in the sediments. Similar CPI; values, along with a pro-
nounced peak of Cy, are most likely indicative of natural ways of HC input
and transformation [6]. In the high-molecular-weight region, where CPL is more
informative as a criterion of biogenicity, its value exceeded 7 indicating a large
fraction of biogenic matter [13—15].

The ratio of the pristane (predominantly biogenic) to phytane (observed in oil)
was low, suggesting the possible presence of traces of oil contamination in sedi-
ments and soil [25]. With a similar ratio of pristane to phytane, the transformation
of organic matter in reducing condition® can also be stated. This is a more likely
explanation of this isoprenoid ratio, since the values of other markers indicate
the biogenic nature of HCs.

The ratio of C;1 and Ci9 n-alkanes in sediments from the canal bottom indicates
a strong predominance of terrigenous matter in the composition of organic com-
pounds in the bottom sediments [9]. The high TMD value (9.04) also indicates
an active input of HC from land. In addition to direct outwash of substances from
the land, their accumulation on the canal bottom during the period of water absence
can also be assumed. On the whole, the predominantly terrigenous origin of HCs
was indicated by the corresponding indices. The indices were higher in the soil
than on the canal bottom. This fact seems to be expected, since organic matter is
produced in the water column of the canal and is partially deposited on the bottom
increasing the share of autochthonous n-alkanes of the bottom sediments.
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The ratio of n-alkanes, which characterises the proportions of herbaceous and
tree vegetation, averaged 0.49 for sediments and 0.81 for soil. This indicator shows
the predominance of organic compounds associated with ground vegetation in soil
rather than in canal bottom sediments. In the water column, the value of this index
was 0.63, which was the average between its values in the two mentioned solid
media.

Thus, the interpretation of the diagnostic relationships for the bottom sedi-
ments of the NCC and adjacent fields is generally consistent. A high correlation
of soil organic compounds with ground vegetation was noted.

Conclusion

The obtained HC concentrations in the water (0.032 + 0.006 mg-L™") of
the studied section of the NCC do not exceed the MPC and are close to the values
characteristic of values typical of uncontaminated water areas. The HC content
in the canal bottom sediments (30 mgkg™' a.db.s) and in the adjacent fields
(18.1 mg'kg ' a.d.b.s.) also indicated the absence of high pollution levels.

In the NCC water, n-alkanes were identified in the C,—C;, range with an aver-
age concentration of 0.013 £0.003 mg-L™". In the bottom sediments and soils of the
adjacent areas, the range of n-alkanes was C;—C;; and their concentrations were
18.7and 11.2 mgkg ' a.d.b.s., respectively.

The composition of n-alkanes in water indicates the mixed nature of HCs,
with the predominance of compounds of allochthonous origin, which are washed
away from the river basin of the lower Dnieper. The compositions of n-alkanes
of the bottom sediments and soils were significantly similar and were typical of
soils of steppe areas. This is probably due to the accumulation of soil in the canal
bed during the period of water absence in it.

Most of the markers for water, sediments and soil, which allow differentiating
between oil and biogenic HCs (LWH/HWH, CPL, Pr/Ph), indicate the predomi-
nance of natural components. The presence of oil HCs (Pr/Ph < 1) cannot be ex-
cluded, although this is unlikely due to the absence of other signs of oil contamina-
tion. At the same time, the markers which allow revealing predominance of autoch-
thonous or allochthonous compounds (C;,/Cy, TMD) definitely indicate predomi-
nance of allochthonous ones. This fact is expected for river systems, as their filling
with water occurs due to runoff from the river basin. The high amount of
allochthonous compounds may also be due to their accumulation in the canal dur-
ing the eight-year period of no-washout i it. The C;,/C,y ratio indicates the pre-
dominant formation of allochthonous organic matter by HCs originating from her-
baceous plants. This fact is consistent with the fact that the NCC and adjacent parts
of the Dnieper are located in steppe areas.

REFERENCES

1. Yurchenko, LF., 2022. Water Supply for Irrigation in the Republic of Crimea. Interna-
tional Agricultural Jounal, 65(6),pp. 1334—1352. doi:10.55186/25876740 2022 6 6 46

2. Gennadiev, A.N., Pikovskii, Y.I., Tsibart, A.S. and Smimova, M.A., 2015. Hydrocar-

bons in Soils: Origin, Composition, and Behavior (Review). Eurasian Soil Science,
48(10), pp. 1076-1089. https://doi.org/10.1134/S1064229315100026

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2.2023 131



10.

11.

12.

13.

14.

15.

16.

17.

132

Kulkov, M.G., Artamonov, V.Yu., Korzhov, Yu.V. and Uglev, V.V., 2010. [Individual
Organic Oil Compounds as Indicators of Anthropogenic Oil Pollution in the Aquatic Envi-
ronment). Bulletin of the Tomsk Polytechnic University, 317(1), pp. 195-200 (in Russian).
Wang, X.-C., Sun, S., Ma, H.-Q. and Liu, Y., 2006. Sources and Distribution of Ali-
phatic and Polyaromatic Hydrocarbons in Sediments of Jiaozhou Bay, Qingdao, China.
Marine Pollution Bulletin, 52(2), pp. 129-138. doi:10.1016/j.marpolbul.2005.08.010

Fagbote, O.E. and Olanipekun, E.O., 2013. Characterization and Sources of Aliphatic
Hydrocarbons of the Sediments of River Oluwa at Agbabu Bitumen Deposit Area,
Western Nigeria. Journal of Scientific Research and Reports, 2(1), pp.228-248.
doi:10.9734/JSRR/2013/3063

Nemirovskaya, L.A., 2013. Oil in the Ocean (Pollution and Natural Flow). Moscow:
Nauchny Mir, 432 p. (in Russian).

Han, J. and Calvin, M., 1969. Hydrocarbon Distribution of Algae and Bacteria, and
Microbiological Activity in Sediments. Proceedings of the National Academy of Sci-
ences of USA, 64(2), pp. 436—443. doi:10.1073/pnas.64.2.436

Li, X. and Zhai, S., 2008. The Distribution and Environmental Significance of n-Alkanes
in the Changjiang River Estuary Sediment. Acta Scientiae Circumstantiae, 28(6),
pp. 1221-1226.

Yusoff, H.B., Assim, Z.B. and Mohamad, S.B., 2012. Aliphatic Hydrocarbons in Sur-
face Sediments from South China Sea off Kuching Division, Sarawak. The Malaysian
Journal of Analytical Science, 16(1), pp. 1-11.

Zhao, M.-X., Zhang, Y.-Z., Xing, L., Liu, Y.-G., Tao, S.-Q. and Zhang, H.-L., 2011.
The Composition and Distribution of n-Alkanes in Surface Sediments from the South
Yellow Sea and their Potential as Organic Matter Source Indicators. Periodical of
Ocean University of China,41(4), pp. 90-96.

Zhang, S., Li, S., Dong, H., Zhao, Q. and Zhang, Z., 2013. Distribution and Molecular
Composition of Organic Matter in Surface Sediments from the Central Part of South
Yellow Sea. Acta Sedimentologica Sinica, 31(3), pp. 497-508. Available at:
http://www.cjxb.ac.cn/en/article/id/950 [Accessed: 10 May 2023].

Kai-Fa, W., Yu-lan, Z., Hui, J., Jia-Sheng, X. and Youg-Ji, W., 1980. The Spore-Pollen and
Algal Assemblages fiom the Surface Sediments of Yellow Sea. Acta Botanica Sinica,
22@2), pp. 182-190. Available at: https://www.jipbnet/EN/abstract/abstract24546.shtml
[Accessed: 10 May 2023].

Cincinelli, A., Del Bubba, M., Martellini, T., Gambaro, A. and Lepri, L., 2007.
Gas-Particle Concentration and Distribution of n-Alkanes and Polycyclic Aromatic
Hydrocarbons in the Atmosphere of Prato (Italy). Chemosphere, 68(3), pp. 472-478.
https://doi.org/10.1016/j.chemosphere.2006.12.089

Commendatore, M.G. and Esteves, J.L., 2004. Natural and Anthropogenic Hydrocar-
bons in Sediments from the Chubut River (Patagonia, Argentina). Marine Pollution
Bulletin, 48(9—10), pp. 910-918. https://doi.org/10.1016/j.marpolbul.2003.11.015
Cripps, G., 1989. Problems in the Identification of Anthropogenic Hydrocarbons against
Natural Background Levels in the Antarctic. Antarctic Science, 1(4), pp. 307-312.
doi:10.1017/S0954102089000465

Wang, C., Wang, W., He, S., Du, J. and Sun, Z., 2011. Sources and Distribution
of Aliphatic and Polycyclic Aromatic Hydrocarbons in Yellow River Delta
Nature Reserve, China. Applied Geochemistry, 26(8), pp. 1330-1336.
https://doi.org/10.1016/j.apgeochem.2011.05.006

Zhang, S., Li, S., Dong, H., Zhao, Q., Lu, X. and Shi, J., 2014.An Analysis of Organic
Matter Sources for Surface Sediments in the Central South Yellow Sea, China: Evi-
dence Based on Macroelements and n-Alkanes. Marine Pollution Bulletin, 88(1-2),
pp- 389-397. https://doi.org/10.1016/j.marpolbul.2014.07.064

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2.2023



18. Soloveva, O.V., Tikhonova, E.A., Mironov, O.A. and Alyomova, T.E., 2021. Origin of
Hydrocarbons in the Water of the River—Sea Mixing Zone: A Case Study from
the Chernaya River — The Sevastopol Bay, Black Sea. Regional Studies in Marine Sci-
ence,45,101870.doi:10.1016/j.rsma.2021.101870

19. Syakti, A.D., Hidayati, N.V., Hilmi, E., Piram, A. and Doumenq, P., 2013.
Source Apportionment of Sedimentary Hydrocarbons in the Segara Anakan
Nature Reserve, Indonesia. Marine Pollution Bulletin, 74(1), pp. 141-148.
https://doi.org/10.1016/j.marpolbul.2013.07.015

20. Yunker, M.B., Backus, S.M., GrafPannatier, E., Jeffries, D.S. and Macdonald, R.W.,
2002. Sources and Significance of Alkane and PAH Hydrocarbons in Canadian
Arctic Rivers. Estuarine, Coastal and Shelf Science, 55(1), pp. 1-31.
https://doi.org/10.1006/ecss.2001.0880

21. Nemirovskaya, .A., 2020. Hydrocarbons in the Water and Bottom Sediments of
the Barents Sea during Ice Cover Variability. Geochemistry International, 58(7),
pp. 822-834.doi:10.1134/S0016702920070071

22. Mironov, O.G., Milovidova, N.Yu. and Kiryukhina, L.N., 1986. On Maximum Permi s-
sible Concentrations of Petrolium Products in Bottom Sediments of the Black Sea Lit-
toral. Gidrobiologicheskiy Zhurnal, 22(6), pp. 76—78 (in Russian).

23. Kuhn, T.K,, Krull, E.S., Bowater, A., Grice, K. and Gleixner, G., 2010. The Occurrence of
Short Chain n-Alkanes with an Even over Odd Predominance in Higher Plants and Soils.
Organic Geochemistry,41(2), pp. 88-95. doi:10.1016/j.orggeochem2009.08.003

24. Ficken, K.J., Li, B., Swain, D.L. and Eglinton, G., 2000. An n-Alkane Proxy for the
Sedimentary Input of Submerged/Floating Freshwater Aquatic Macrophytes.
OrganicGeochemistry,31(7-8), pp. 745-749. doi:10.1016/S0146-6380(00)0008 1-4

25. Volkman, J K., Holdsworth, D.G., Neill, G.P. and Bavor Jr., H.J., 1992. Identification
of Natural, Anthropogenic and Petroleum Hydrocarbons in Aquatic Sediments. Science
of the Total Environment, 112(2-3), pp. 203-219. d0i:10.1016/0048-9697(92)90188-X

Submitted 10.04.2023; accepted after review 21.04.2023;
revised 03.05.2023; published 26.06.2023

About the authors:

Olga V. Soloveva, Leading Research Associate, A. O. Kovalevsky Institute of Biology of
the Southern Seas of RAS (2 Nakhimova Ave, Sevastopol, 299011, Russian Federation),
Ph.D. (Biol.), ORCID ID: 0000-0002-1283-4593, Scopus Author ID: 57208499211,
ResearcherID: X-4793-2019, kozl ya oly@mail.ru

Elena A. Tikhonova, Leading Research Associate, A. O. Kovalevsky Institute of Biology
of the Southern Seas of RAS (2 Nakhimova Ave, Sevastopol, 299011, Russian Federation),
Ph.D. (Biol.), ORCID ID: 0000-0002-9137-087X, Scopus Author ID: 57208495804,
ResearcherID: X-8524-2019, tihonoval@mail.ru

Contribution of the authors:

Olga V. Soloveva — problem statement, analysis of the obtained results, discussion of
the results, writing and formatting of the article

Elena A. Tikhonova — sample preparation, determination of hydrocarbons in water, bottom
sediments and soil, discussion of the results

All the authors have read and approved the final manuscript.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2.2023 133


https://doi.org/10.1006/ecss.2001.0880

Original article DOI: 10.29039/2413-5577-2023-2-134-144

Autonomous Internal Wave Measurer
based on Temperature Transmitters for Shelf Studies

A. N. Serebryany -* *, D. M. Denisov %, E. E. Khimchenko

! Shirshov Institute of Oceanology, Russian Academy of Sciences, Moscow, Russia
2 Andrevev Acoustics Institute JSC, Moscow, Russia

* e-mail: serebryany53 @list.ru

Abstract

The paper describes a device for measuring internal waves, which is made on the basis
ofa line temperature sensor. This sensor measures the average temperature of the water
layer it covers, which makes it possible to avoid registration of fine-structural distortions.
The device works offline with the possibility of long-term accumulation of a large amount
of information (with an interval of 1 minute — within 1 year). The measurement resolution
is set from 1 to 1200 s. The average temperature measurement error is 0.1 °C, temperature
resolution is not worse than 0.03 °C. The working depth is up to 200 m. The autonomous
measurer is compact and easy to use. The device connects to a computer or smartphone
via Bluetooth wireless technology. The paper presents the results of comparative simulta-
neous measurements carried out by the device and a chain of point temperature sensors
on the Black Sea shelf in summer 2018 and autumn 2019. The paper gives examples
ofthe use of an autonomous measurer for recording short-period and mertial internal
waves. The comparison of the obtained series shows their close similarity. The conducted
frequency spectral analysis also demonstrates a good match and identification
ofthe main peaks of registered phenomena. The device proved to be areliable and
promising tool for measuring internal waves on the shelf.
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ABTOHOMHBIM U3MePHUTEb BHYTPEHHUX BOJIH
Ha 0a3e U3MepHUTEJbHBIX NpeoOpa3oBaTesieil TeMIepaTyphl
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AHHOTa I UA

OmuceiBaeTcs YCTpONCTBO i M3MEPEHHH BHYTPEHHUX BOJH, BBINOJHEHHOE Ha OCHOBE
pacnpeselleHHOTO JaT4yuKa TeMIIepaTypbl. DTOT JaT4MK U3MepseT CPEJHIOI TeMIepaTypy
0XBaThIBAEMOTO MM CIJIOS BOJAHOIl TOMIIHM, YTO MO3BOJISIET M30€raTh PEruCTpalud TOHKOCT-
PYKTYPHBIX HCKaXKEHHH. YCTpPOHCTBO paboTaeT B aBTOHOMHOM PEXHUME C BO3MOKHOCTHIO
JOJITOBPEMEHHOT0 HaKOIUICHHS OOJBIIOTO KOJMYecTBa nH(popMamu (Ipu HHTepBaie 1 MUH
B Teuenne | roma). JIUCKpeTHOCTh M3MepeHuid yctanasmuBaercs oT 1 mo 1200 c. Tlorpem-
HOCTb U3MEpeHus cpenHell temneparypsl cocrapieT 0.1 °C, paszpemieHue no temueparype
He xyxe 0.03 °C. Pabouast myouna o 200 M. ABTOHOMHBIH M3MEPHUTENh OTINIACTCS KO M-
MTAKTHOCTBIO M TPOCTOTOH HCIIONB30BaHMS. YCTPOHCTBO MOIKIFOYAETCS K KOMITBIOTEPY HIN
cMapTQOHy MocpeIcTBOM OecnpoBogHOM cBsI3U Bluetooth. IIpuBonsaTCst pe3yIbTarsl CpaBHe-
HUsI OJTHOBPEMEHHBIX U3MEPEHU ycTpoiicTBa ¢ THPJAHAON TOUEUHBIX JATYMKOB TEMIEPATy-
pol. M3mepenus nposenensl Ha menbde YepHoro mopst setom 2018 r. u ocennro 2019 r.
IlpencraBneHsl NpUMEPHl HMCHOJIBb30BaHHUA ABTOHOMHOIO H3MEpUTENs ANl PErucCTpalud
KOPOTKOTICPHOAHBIX M HHEPIIMOHHBIX BHYTPEHHUX BOJH. COTIOCTaBICHHE MOJIYIEHHBIX PSAIOB
MOKA3bIBACT UX OJIM3KOE CXOACTBO. IIpOBECHHBII YacTOTHBIIN CIEKTPabHBIN aHAIN3 TaKKe
JEMOHCTPUPYET XOpOIIee COBMNAICHHWE MAHHBIX PACHPENETICHHOTO JATYUKA TEMIIEPaTyphl
C IaHHBIMH, TOJYyYCHHBIMH HCKyCCTBEHHBIM pACIPENCNICHHBIM JaTYNKOM TEeMIEePaTyphl
Ha OCHOBE OCPEIHESHUS M3MEPECHUH TMPIITHAON TEPMOJATIMKOB ITyTEeM BEISBICHUS OCHOBHBIX
ITUKOB PETUCTPHUPYEMBIX SIBIICHIH. Y CTPOMCTBO MMoKa3aio ceOsl HaIeKHBIM U MePCIIEKTHBHBIM
MHCTPYMEHTOM U1 IPOBEACHUS I3MEPEHUIT BHY TPEHHHX BOJIH Ha Ielbge.

KnouyeBble cioBa: n3MepuTenb BHYTPCHHHX BOJIH, M3MEPHUTEJbHBIC NMPHOOPHI, pac-
IIPEACIICHHBII J1aT4YUK TEMIEPaTyphl, KOPOTKOIEPUOIHbIC BHYTPEHHHUE BOJIHBI, TMpJLIHAA
JaTYUKOB, TOYEYHbIE JATUYUKU TEMIIEPATYPHI, JATYUK TEMIIEPATY PbL

BaarogapuocTu: paboTa BHINOJHEHA B paMKax TeMbl roc3afgaHuss MuHoOpHayku P®
Ne FMWE-2021-0010 «MeToasl U cpeacTBa OKEAaHOJOTHYSCKUX HAOJIIOACHHUN Il UCCIIe-
JIOBaHUS NPUPOTHBIX W TEXHOTCHHBIX MOJBOJHBIX OOBEKTOB M IKOJOTWH B THIApochepe:
pa3paboTKa TeXHOJOTHII MHOTOTIAPaMETPHUECKOTO CKAaHUPOBAHMS TIOABOJHBIX CPEe/l M O0BEK-
TOB aBTOHOMHBIMH U TIPUBSI3HBIMH 30HIaMH 1 TpodrtorpadaMm.
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Introduction

Measurement of intemal waves in oceans and seas has always been a difficult
task due to the complexity of this phenomenon and the inaccessibility of its obser-
vations in the water layer. To measure intemal waves in the oceanic and marine
environment, both contact and non-contact (remote) methods are used, which have
recently become widespread. The most commonly used are contact measurement
methods based on registering changes in the temperature of the water column by
vertical chains of point temperature sensors. The widespread use of clusters of
chains of point temperature sensors is typical for large-scale experiments conducted
in recent decades to study intemal waves on the shelves [1-3]. In these experi-
ments, the chains are formed on the basis of a set of autonomous point temperature
measurers of a proprietary design. Thermistor chains are also developed as a one-
piece measuring tool [4].

An altemative to chains of temperature sensors for measuring internal waves is
the line temperature sensor (LTS) proposed in [5]. The LTS measures the average
temperature of the layer it covers, adequately tracking temperature fluctuations
caused by intemal waves. Its main advantage over a point sensor is that the LTS
recording is free of the distortion introduced by the fine structure of the verti-
cal temperature profile commonly found in real oceanic or marine conditions.
LTS have proven themselves well in measurements on the shelves from stationary
platforms [6, 7] and in measurements in the ocean from a vessel in the drift mode
or on the move when towing [8].

The disadvantage of measurements based on LTS, which were placed in the
aquatic environment, was the need to connect them with bonding wires to recorders
located at a distance. The recently developed intemal wave measurer [9] does not
have this disadvantage, since the LTS is directly connected to a small-sized re-
cording equipment (information storage device) made in a compact case, which,
together with the sensor, is lowered into the aquatic environment for the time
necessary for measurements. Here it is necessary to call back to the fact that
40 years ago, Marine Hydrophysical Institute developed an autonomous device
MGI 1304 (RITM), which performed similar functions [10, 11]. The main differ-
ence between the device described in this paper and RITM is that the former is
based on modem electronic technology, which makes it possible to reduce dimen-
sions and improve data recording and reading.

This paper presents a modified version of such an autonomous internal wave
measurer and presents comparative results of observations obtained when using it.

Technical details of internal wave measurer design

An autonomous intemal wave measurer, the general view of which is shown
in Fig. 1, structurally consists of a recording device (/) and a 20 m long line tem-
perature sensor (2). The LTS is made of copper-covered steel wire protected
from water by insulating coating. Resistance per unit length of wire is 5 Ohm/m,
temperature coefficient of resistance is 0.36 Ohm/K, time constant is 20 s.
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Fig. 1. Autonomous internal wave meas-
urer: recording device — /; line temperature
sensor (LTS)20 m long — 2

The recording device is designed for pe-
riodic recording of temperature values
obtained from the LTS. The registration
period can be set from 1 to 1200 s.
The average temperature measurement
error is 0.1 °C, temperature resolution is
0.03 °C. The working depth is up to
200 m.

The body of the device is a sealed
cylinder made of a piece of polypro-
pylene pipe with an outer diameter of
32 mm. The LTS is connected to the housing through a cable entry in the lower
metal cover of the housing. The top cover is made of transparent organic glass,
which makes it possible to observe the status of the device, displayed by the inter-
nal LED indicator flashes. Bluetooth radio communication is used to configure
the device and read the temperature data archive. To enter the setup mode and read
the data, it is necessary to bring a small permanent magnet to the top cover of
the device for a short period of time. In this case, the device activates the Bluetooth
module, which makes it possible for a computer or smartphone to connect to
the device within 20 seconds. An AA-type 3.6 V lithium battery with a capacity of
2400 mAh ensures the operation of the device in the registration mode with an in-
terval of 1 min within 1 year [9].

The recording device consists of a microcontroller with a real-time controller,
a 16-bit analog-to-digital converter (ADC) microcircuit, a non-volatile Flash
memory microcircuit, a Bluetooth wireless communication module, a proximity
switch (a Hall sensor), and a lithium battery B (Fig. 2). The electronic circuit con-
verts the sensor resistance into voltage, which is converted into an ADC code
stored in memory.

Comparative results of measurements of internal waves by an autono-
mous measurer and a chain of temperature sensors

In June 2018, we carried out comparative measurements with an autonomous
intemal wave sensor (LTS) and a chain of five point temperature sensors in the
Black Sea. The chain included autonomous DST centi-TD temperature measurers
manufactured by Star Oddi company. The point measurers were located vertically
with a spacing of 2 m, the time recording was carried out with an interval of 30 s.
Both measurers were lowered from the service ramp of the Institute of Ecology of
the Academy of Sciences of Abkhazia (IE of ASA) at the point where the sea depth
is about 13 m. The horizontal distance between the measurers was about one meter,
they were in almost the same conditions, covering a 10-meter water layer.
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Fig. 2. Structural diagram of the internal wave measurer. RTC — real time controller;
ADC — analog-to-digital converter; SPI — serial peripheral interface; [,C — inter-integrated
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Fig. 3 shows the position of the LTS and temperature sensor chains at depth and
vertical temperature profiles at the beginning of measurements. Temperature pro-
files were measured with a Valeport miniSVP probe.

The recording of the thermistor sensors at all five horizons for the entire ob-
servation time (45 h) are shown in Fig. 4. The entire water layer, with the exception
of the near-surface area, is characterized by temperature fluctuations with a range
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Fig. 3. Vertical temperature profile on June 15 at dif-
ferent time points (left); the position of the LTS and tem-
perature sensor strings at depth (right)
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Fig. 4. Recording of thermistor sensors demonstrating temperature fluctua-
tions at five horizons

of 1-2 °C with periods of several minutes or more. In the upper layer, temperature
fluctuations are insignificant, but after 30 hours of observations, an inversion
occurs.

Fig. 5 shows the implementation recorded by the LTS and the record of

the thermistor sensors averaged over five horizons where the sensors were located.
To convert the recording of the thermistor sensors into vertical displacements, it
was normalized to the measured vertical temperature gradient within the length of

the

Displacement, m

chain. The resulting series represented an artificially modeled LTS based

LTS-therm

0 5 10 15 20 25 30 35 40 45
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Time, h

Fig. 5. Comparison of the LTS recording (zop) and the averaged signal of
the five point temperature sensors (bottom). The ellipses indicate the moments
of measurement of the response of the LTS to a vertical displacement of 1 m
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on a chain of point temperature sensors. The LTS recording was converted
into vertical displacements of the water column using the measured responses ob-
tained with a short-term (20-minute) vertical displacement of the sensor by 1 m.
The conversion of the LTS average temperature recording into vertical thermocline
displacements in meters by measuring the sensor response to a given vertical dis-
placement is a well-known method when working with LTS [12, 13].

Simple visual comparison of two obtained series shows their close similarity.
Both series demonstrate synchronous thermocline fluctuations with a vertical range
of 2-3 m (Fig. 5). To further compare the data and to determine the period of
prevailing fluctuations, the spectra of the obtained series were calculated (Fig. 6).
The frequency spectra of thermocline fluctuations calculated within the measured
series show peaks corresponding to the periods of 2-2.4 h, 30—40 min, 18 min, and
4 min. The spectral tilt, which is close to the Garrett—Munk model spectrum [14],
and the spectral energy level, which is underestimated compared to the model
one, can also be noted. The Garrett—Munk spectrum developed for intemal waves
in the ocean, is used here for comparison with waves in shallow water.
All the above features are characteristic of the tideless Black Sea spectra [15, 16],
and the thermocline fluctuations with such parameters are typical for short-period
intemal waves in the Black Sea.

Registration of inertial internal waves using autonomous LTS
In addition to short-period intemal waves, long-period inertial internal waves,
which play an important role in water dynamics, often occur in the sea shelf zone.

10°
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10° |
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e
5
B 102
vy
107 Fig. 6. Frequency spectra cal-
culated from records of the LTS
107 (black curve), temperature sensors
chain (grey curve), and point sen-
10 sor (dashed-dotted curve) at a depth
of 9 m. The dash-dotted straight
. line shows the Garrett—Munk
10° ; - *
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They are reliably recorded using current measurers [17, 18], but LTS also makes it
possible to track them reliably by the thermocline vertical displacements.

In the autumn of 2019, we conducted studies of internal waves in the Black
Sea near the city of Sukhum, the area of which is characterized by a narrow shelf
edge. In these measurements, we used an autonomous LTS described in this paper.
An experimental batch of sensors was manufactured by Acoustics Institute.
The results of this work are published in [19], but here we want to give a clear
example of intemal wave registration with a period close to the inertial one, regis-
tered by this autonomous LTS located on the Abkhazian shelf at a depth of about
50 m, at a distance of about 150 m from the coast.

An inertial intemal wave with a period close to 17 h (see Fig. 7) causes
the thermocline shear 2.5 m upwards and then, after passing through the crest,
on which there are packets of short-period intemal waves, it descends almost to its
original position. Most probably, the vertical gradient of the shear flow increases in
the region of the wave crest causing the formation of a set of short-period internal
waves. The packets of short-period intemal waves are shown in the insetof Fig. 7.

The inertial internal wave shown in Fig. 7 refers to the lowest (first) mode.
In this case, the entire water layer synchronously shifts up and down in tum. This
is the most common type of inertial motion in the marine environment. But there
are also inertial internal waves of the second mode. They were also registered
in the Black Sea [16, 20], and the second mode internal waves have also recent-
ly been recorded on the ocean shelf [21]. In order to detect internal waves
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g 18f
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Fig. 7. Record of an inertial internal wave made
by an autonomous LTS on the Black Sea shelf

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2.2023 141



above the first mode, it is necessary to design sensors in stages consisting of a set
of several LTS located vertically, by analogy with the point thermistor sensors.

Conclusion

Both the proposed autonomous LTS-based measurer and chain of point tem-
perature sensors are necessary means of contact measurements of internal waves
in the marine environment with their own advantages. As for LTS, this is the abil-
ity to better transmit the thermocline wave fluctuations, its relative ease of fabrica-
tion and calibration. LTS-based records make it possible to reveal the nonlinear
nature of intemal waves, as well as to compare the profiles of the recorded waves
with theoretical models. In addition, the use of several spatially separated LTS
forming antennas makes it possible to measure reliably the spatial spectra of inter-
nal waves, which is hardly achievable by other contact means. The only drawback
of the LTS is its filtering of wave fluctuations above the first mode. This drawback
can be overcome by designing sensors in stage consisting of a set of several LTS
located vertically.

The tests of the developed autonomous intemal wave LTS-based measurer
demonstrated its applicability for marine experiments. The use of several corre-
sponding measurers in the shelf zone of the seas will make it possible to design
spatial antennas and measure spatial spectra of intemal waves, as well as to deter-
mine the wavelength, direction, and speed of their propagation.
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