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Synoptic Variability of Bio-Optical and Hydrological
Parameters off the Crimea Coast According to Data
from in situ Measurements in Summer 2023

Yu. V. Artamonov, E. A. Skripaleva *, A. A. Latushkin, A. V. Fedirko

Marine Hydrophysical Institute of RAS, Sevastopol, Russia
* e-mail: sea-ant@yandex.ru

Abstract

The paper studies the synoptic variability of the light beam attenuation coefficient and
intensity of chlorophyll a fluorescence on the sea surface and its relationship with the dis-
tributions of hydrological parameters based on the hydrological and bio-optical measure-
ments carried out off the coast of Crimea during the 127% cruise of R/V Professor Vodya-
nitsky in summer 2023. The measurements were carried out on a finer station grid with
the vessel moving from west to east twice with a weekly interval (14-20 June and
22-28 June). Itis shown that due to Rim Current penetration into the polygon during
the 2" stage of measurements, the Azov-Kerch waters flew into the polygon water area
more intensely. This was accompanied by a decrease in waters transparency and salinity,
and an increase in temperature, which was also influenced by the ongoing seasonal heating.
In most of the study area, data from both measurement stages revealed a significant ten-
dency of increasing chlorophyll a fluorescence intensity in water areas with a higher
beam attenuation coefficient. Changes of the vertical thermohaline and bio-optical waters
structure on a scale of about a week were observed in the entire measurement layer and
were manifested in changes in the number and values of the maxima of the chlorophyll a
fluorescence intensity, the light beam attenuation coefficient, temperature and salinity ver-
tical gradients, as well as their depths. The main maximum of the light beam attenuation
coefficient was observed either in the surface layer or in the layer of seasonal thermocline
and halocline, while the maximum of the chlorophyll a fluorescence intensity was located
under the layer of seasonal thermocline and halocline. The study found a significant linear
correlation between the distributions of the depth of the seasonal thermocline and the depths
of the maximum of the light beam attenuation coefficient and chlorophyll a fluorescence
intensity, as well as between the depths of the seasonal halocline and the maximum intensi-
ty of chlorophyll a fluorescence.

Keywords: Black Sea, hydrological stations, light beam attenuation coefficient, chloro-
phyll a fluorescence, temperature, salinity, water circulation, synoptic variability
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CuHonruyeckasi 3AMEHYUBOCTL OMOONITHYECKHX
U THAPOJIOTHYECKUX MapaMeTpoB y OeperoB Kpoima
10 JAHHBIM JKCIIeIMIIHOHHBIX U3MepeHuii jerom 2023 roaa

FO. B. Apramonos, E. A. Ckpunanena *, A. A. JIaTymkuH,
A. B. ®eaupko

Mopckoii euopogusuueckuui uncmumym PAH, Cegsacmononw, Poccus
* e-mail: sea-ant@yandex.ru

AHHOTaNUA

[To maHHBIM THAPOIOTUYECKUX U OMOONTHYECKUX M3MEPEHHH, BHIIIOJHEHHBIX y Oeperon
Kprsima B xome 127-ro peiica HUC «IIpodeccop Bogsaumxmit» nerom 2023 r., uccienoBana
CHHONTHYECKAsi M3MEHYMBOCTh 1TOKA3aTeJIsl OCIa0JICHUsI HAIIPaBJICHHOTO CBETa W MHTECHCUB-
HOCTH (DIIyOpecLeHIINN XJIOPOQHILIA ¢ HA TIOBEPXHOCTH MOPSI U €€ CBSI3b C paclpeeIeHUIMU
THIPOJIOTUYECKUX IapamMeTpoB. V3MepeHHs NpOBOIMIIM IO YYAIEHHOM CeTKe CTaHIMH
C TIPOJIBIDKEHHEM CYJIHA C 3alla/ia Ha BOCTOK JIBAX/bI C HeACIBHBIM HHTepBaoM (14—20 wioHs
n 22-28 wntons). [lokazano, 4To NMPOHMKHOBEHHE 1MOoTOKAa OCHOBHOrO YepHOMOPCKOTO Teue-
HUS Ha TIOJIMTOH BO BpeMsl 2-TO 3Tara u3MepeHHuii NpuBeno K 6ojiee MHTEHCMBHOMY MOCTYTI-
JICHUIO Ha aKBATOPHIO INOJHMIOHA a30BO-KEPUYEHCKHUX BOJ. DTO COMPOBOXKAAIOCH MOHIKE-
HHEM IPO3PavyHOCTH M COJEHOCTH BOJ M MOBBIIICHUEM TEMIEPATyphl, HA KOTOPYIO TaKXke
OKa3bIBAJI BIUSHUE MPOIOJDKAIONINICS Ce30HHBIN TporpeB. Ha Gompiell 4acTu MOJIUroHa,
10 JAaHHBIM OOOMX 3TaloB M3MEPEHHH, BBISIBICHA 3HaUMMas TCHICHIMA K YBEIHUCHUIO
HMHTEHCUBHOCTH (IIyOpECLEHIMH XJIOpoduiia a B 00JacTAX BOJ C MOBBIIICHHBIMH 3Haue-
HUSIMU TIOKa3aTelisi 0cabJIeHus HalpaBlIeHHOTo cBeTa. IlokazaHo, YTO M3MEHEHUs BEPTH-
KaJIbHOW TEPMOXaJMHHONW M OMOONTHYECKOW CTPYKTYPhI BOJ Ha MacumTabe OKOJIO HeJenu
HaOJII0ATIMCh BO BCEM CJIOE U3MEPEHUH U MPOSBIBLINCH B U3MEHEHHH KOJIMUYECTBA M 3HAUC-
HUH MaKCMMYMOB MHTEHCHBHOCTH (DJIyopecLeHIMN XJIopodma a, IToKa3aTens ocaadIeHus
HAIpaBIEHHOTO CBETA, BEPTHKAIbHBIX I'PaJUEHTOB TEMIEPATyphl U COJCHOCTHU, a TaKKe
IIIyOHH 3alieraHusi 3THX napameTpoB. OCHOBHOM MakCHMyM 3HA4eHHH MOKa3aTess ociad-
JICHUs HANPaBJICHHOTO CBETa MPOCIECKUBAICA WU B IOBEPXHOCTHOM CJIOE, MU B CIIOE Ce-
30HHBIX TEPMOKJIMHA W TaJOKJINHA, & MAKCUMYM WHTCHCHBHOCTH (DIyOPECIEHIMN XJIOpPO-
¢mia a pacnonarasucs MoJ CIOEM CE30HHBIX TEPMOKIIMHA U TAIOKJINHA. BhIABIeHa 3HAYH-
Masl JINHEHHas: KOPPEIALs MEXy paclpeAeleHUIMH TTyOUHbI 3aJIeTaHus CE30HHOTO Tep-
MOKJIMHA ¥ TJIyOWH 3aJleTaHusl MAKCUMYMOB TI0Ka3aTens 0CIabIeHuUs] HAalIPaBJICHHOTO CBETA
1 MHTEHCHBHOCTH (DIIyOpPECLECHINH XJI0podminia a, a Takke MEXIy INIyOMHAMH 3aJleTaHus
CE30HHOT0 TAIOKJIMHA M MAaKCUMyMa HHTEHCHBHOCTH ()IyOpeCcleHIINH XJIOpohHiIIa d.

KaioueBsbie cioBa: UepHoe Mope, THIPOJIOTMYECKHE CTaHIMH, MOKa3aTelb OcCiIallieHHs
HAalpaBJICHHOTO CBeTa, (hIyOpecleHIMs XJIopopuiia d, TEMIEpaTypa, COJICHOCTh, LIUPKY-
JIALUS BOJ, CHHONTHYECKAs H3MEHUUBOCTh

BaarogapuocTu: paboTa BBIIIOJHEHAa B paMKax TeM TOCYJIapCTBEHHOTO 3aJaHus
OI'BYH UL MI'M FNNN-2024-0014 «B3aumonelictBue oxeaHa u atMmocdepb» u
FNNN-2024-0012 «OmnepaTuBHass oKeaHOJIOTHs». JlaHHBIE moydeHsl B LleHTpe KOJIeK-
tuBHOrO moip3oBanus «HUC IIpodeccop Bomsauukuity ®I'BYH OUILL «uCcTUTYT O6MO-
moruu 10XHBIX Mopelt nmenn A.O. Kosanesckoro PAH».
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Jos nurupoBanusi: CHHONTHYECKAs N3MEHUYMBOCTh OMOONTHYECKUX M THIPOJIOTHIECKUX
mapaMeTpoB y 6eperos KpbiMa 1o TaHHBIM 3KCIICJUIIMOHHBIX U3MepeHuit tetoM 2023 roma
/ 1O. B. ApramoHOB [u np.] // Dkomormdeckas 6€30MacHOCTh MPUOPESKHON U MIETb(POBOM
30H Mops. 2025. Ne 3. C. 6-24. EDN QEZZHL.

Introduction

In recent years, there has been a noticeable increase in anthropogenic pressure
on the coastal part of the Black Sea, making assessments of the ecological state of
seawater, which is largely reflected in its hydro-optical structure, increasingly rele-
vant [1, 2]. To assess changes in the ecological state of the waters under the influ-
ence of various natural and anthropogenic factors, the light beam attenuation co-
efficient (LAC) is widely used, which reflects the total suspended solids (TSS)
content and characterizes water transparency ¥ [3-7]. An important characteristic
for assessing primary bioproductivity in water is the content of the photosyntheti-
cally active pigment chlorophyll a (Chl-a) in marine phytoplankton, determined
from measurements of Chl-a fluorescence (F) or direct measurements [8-13].
In this regard, an important element of environmental monitoring is the study of
the variability of LAC and Chl-a content at different time scales and the relation-
ship between this variability and the characteristics of the hydrological structure of
waters.

Effective monitoring of the hydrological and bio-optical structure of surface
waters is conducted using remote sensing methods [2, 14-18]. The use of satellite
data has enabled the identification of variability in bio-optical characteristics
at different time scales on the surface of the Black Sea [19-22], as well as investi-
gation of the relationship between bio-optical parameters and the thermohaline
structure and dynamics of water [23, 24]. According to data from the SeaWiFS and
MODIS-Aqua ocean color scanners from the atlas Bio-optical Characteristics of
Russian Seas from Satellite Ocean Color Data, Chl-a concentration exhibits
two main peaks in the seasonal cycle: spring (March—May) and autumn (Octo-
ber—November). At the same time, the backscattering coefficient of suspended
particles exhibits a pronounced maximum in June [20]. Analysis of the climatic
seasonal cycle of Chl-a concentration, the diffuse light attenuation coefficient Kq
(490), and the remote sensing reflectance Ry (555) based on data from the MODIS-
Agua and NPP-VIIRS satellite scanners from the Copernicus array showed that
the main maxima of Chl-a concentration and Kq (490) on the northwestern shelf are
observed during the period of the highest water warming rate in May. In the south-
ern part of the western shelf and in the deep-water part of the sea, these maxima
occur in November, coinciding with the maximum cooling rate of the water.
The maximum Rys (555) values in most of the Black Sea are recorded in June, when
the water warms most rapidly [21]. According to data from the MODIS-Aqua

D Mankovsky, V.I., Solov'iev, M.V. and Mankovskaya, E.V., 2009. [Hydrooptical Properties of
the Black Sea]. A Reference Book. Sevastopol: MGI NAN Ukrainy, 41 p. (in Russian).
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ocean color scanner, the influence of the Rim Current (RC) on the distribution of
the remote sensing reflectance is observed in April as a band of elevated Ry values
above the continental slope [23]. According to Copernicus data, south of the Cri-
mean coast, the influence of the RC on the spatial distribution of average monthly
climatic fields of Chl-a and Rys (555) is manifested as “tongues” of water with ele-
vated Chl-a concentration, Ry (555), temperature, and reduced salinity. The maxi-
mum westward spread of waters carried by the RC (almost to 32° E) in the climatic
fields of bio-optical and thermohaline parameters is observed in February, during
the period of increased zonal geostrophic velocity of the RC [24]. In [22], based on
SeaWiFS and MODIS satellite measurements, trends in interannual variability of
chlorophyll concentration on the shelf of the northern Black Sea off the Caucasian
and Crimean coasts for the period from 1997 to 2015 were analyzed. It was shown
that, despite high variability in average annual chlorophyll concentrations across
different years, no long-term trend in the distribution of these values was observed,
and no pronounced interannual trends were identified [22].

Information about the bio-optical structure of deep-sea waters can only be ob-
tained using contact methods, while conducting hydrological and bio-optical ob-
servations quasi-synchronously with instrumental measurements of currents signif-
icantly enhances the interpretation of bio-optical field distribution characteristics.
Regular expeditionary studies in the northern Black Sea have enabled the assess-
ment of bio-optical and hydrological fields and their variability across various spa-
tial and temporal scales [11, 13, 24-34]. A summary of detailed hydro-optical
surveys conducted as part of the expeditionary research program of Marine Hy-
drophysical Institute of the Russian Academy of Sciences from 2016 to 2020
on R/V Professor Vodyanitsky showed that the main sources of increased TSS con-
centration in the surface layer off the Crimean coast are low-salinity, turbid waters
from the Kerch Strait, riverine inputs from the Caucasian coast, and desalinated
waters from the northwestern shelf. In the deep-water part of the sea, localized
areas of turbid water were identified, formed under the influence of vertical circu-
lation in regions of cyclonic circulation and meanders of the RC. The vertical struc-
ture of TSS concentration was characterized by an upper guasi-homogeneous layer,
typically coinciding in thickness with the upper quasi-homogeneous layer of ther-
mohaline parameters. Within this layer, a significant negative linear correlation was
observed between TSS concentration and temperature and salinity, while a positive
correlation was found with density. In the seasonal thermocline and pycnocline
layer, a subsurface maximum of TSS concentration was observed. Below the core
of the cold intermediate layer, in the main thermocline, halocline, and pycnocline,
an intermediate minimum of TSS concentration was noted. Below this minimum,
another layer of increased turbidity was observed, coinciding with the upper
boundary of the hydrogen sulfide zone [28].

In June 2023, during the 127" cruise of R/V Professor Vodyanitsky in the coas-
tal waters of the Black Sea off the Crimean coast, a comprehensive hydrologi-
cal and bio-optical survey was conducted, yielding results of particular interest.
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Hydrological and bio-optical measurements were performed at a dense network
of stations, repeated twice at approximately one-week intervals. The coordinates
of the stations surveyed during the two measurement stages were nearly identical,
enabling comparison of the measured parameter distributions and assessment
of their differences due to synoptic variability. The aim of this study is to analyze
the synoptic-scale variability of the light beam attenuation coefficient and Chl-a
fluorescence distributions off the Crimean coast in the summer of 2023 and
to evaluate their relationship with changes in the hydrological structure of the waters.

Materials and methods

Hydrological measurements during the 127" cruise of R/V Professor Vodya-
nitsky in June 2023 were conducted within Russian territorial waters off the Crime-
an coast, from Cape Sarych to Cape Chauda (Fig. 1). While maintaining the total
expedition time (25 days), the measurement area was reduced compared to previ-
ous cruises due to administrative restrictions. This allowed for the increased num-
ber of hydrological stations, enabling detailed spatial distributions of hydro-optical
parameters that reflect the current state of the water structure in the coastal zone of
Crimea. The first measurement stage was carried out from June 14 to 20 (64 sta-
tions) (Fig. 1, a), the second stage from June 22 to 28 (62 stations) (Fig. 1, b), with
the station coordinates during the two stages almost coinciding.

Seawater temperature (°C)
and salinity (PSU) were mea-
sured using the IDRONAUT
OCEAN SEVEN 320 PlusM
CTD probe?. The speed and di-
rection of currents (cm/s) were
A, measured using a Workhorse
TN Monitor 300 kHz ADCP acous-
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Fig. 1. Map of hydrological sta-
tions surveyed near Crimean coasts
during the 1% (14-20 June 2023) (a)
and 2" (2228 June 2023) (b) crui-
ses of R/V Professor Vodyanitsky
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2 URL: http://www.technopolecom.ru/dounloads/doc_212.pdf
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The intensity of chlorophyll a fluorescence (F Chl-a, relative units) and the light
beam attenuation coefficient at a wavelength of 660 nm (ege0, M) were measured
using the KONDOR hydrobiophysical multiparametric submersible autonomous
complex®, primarily during daylight hours. Additionally, surface wind speed W
(m/s) was continuously recorded at each station using the AIRMAR-220WX ship-
board weather station.

In guantitative assessments of the consistency of distributions of bio-optical
parameters and the depths of their maxima, as well as seasonal thermoclines and
haloclines, the statistical reliability of linear correlation coefficients R was evaluat-
ed with a statistical significance level of a=0.01 (99% confidence level) according
to the methodology ®.

Results

During the first measurement stage, the light beam attenuation coefficient
varied within the survey area between 0.6 and 0.83 m* (Fig. 2, a). The most
turbid waters (values ges0 > 0.77 m™) were observed in the coastal part of
Feodosia Gulf, southeast of Ayu-Dag and at the western boundary of the polygon.

45.1° %,
44.9°4 |
44.7°

445+

44.3°

1 e |

T T T T T T B e A o
33.5°E 4 .5° 2 ° ¢ 35.5°

T T A T T T
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Station number Station number

Fig. 2. Distributions of ggso Values on the surface (a, b) and wind speed W (c, d)
at stations according to data from the 1% (a, c) and 2" (b, d) stages of the 127™ cruise
of R/V Professor Vodyanitsky. Bold curves in fragments ¢, d — smoothing by a mov-
ing average over three stations

4 Available at: http://ecodevice.com.ru/ecodevice-catalogue/multiturbidimeter-kondor [Accessed:
27 August 2025].

% Malinin, V.N., 2008. [Statistical Methods of Analysis of Hydrometeorological Information]. Saint
Petershurg, Izd-vo RGGMU, 408 p. (in Russian).
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The increased turbidity in the shallow part of Feodosia Gulf, at depths less than
30 m, was associated with a significant increase in wind speed at stations 61-63
(Fig. 2, c), which caused resuspension of bottom and coastal sediments. The clear-
est waters (values gge0 < 0.67 m't) were observed along the Meganom transect.

During the second stage, one week later, water turbidity at the surface
increased significantly across most of the polygon. The ges0 Values for most of
the polygon’s water area ranged from 0.65 to 1.15 m? (Fig. 2, b). The highest €ss0
values (> 0.91 m*) were recorded east of Cape Ayu-Dag and at the southern border
in the eastern part of the polygon. A noticeable increase in o0 Values (0.83-0.89 m?)
was observed near the coast in the area of Cape Kiik-Atlam, where, during the first
stage of measurements, €50 Values did not exceed 0.73 m™. As in the coastal part
of Feodosia Gulf at stations 61-63, this increase in turbidity was associated with
increased wind speed at stations 120-128 (Fig. 2, d). The waters with the highest
transparency (ges0 Values < 0.63 m) were located at the western border of the poly-
gon, where the highest turbidity was observed during the first stage.

The distribution of F Chl-a intensity on the sea surface during the two meas-
urement stages was highly heterogeneous. For technical reasons, F Chl-a mea-
surements in the first stage began at station 24 (Fig. 3). Consequently, the compari-
son of F Chl-a distribution was limited to the central and eastern parts of the poly-
gon. During the first measurement stage, F Chl-a values ranged from 0.32
to 0.53 relative units, with a patchy spatial distribution. The highest F Chl-a values
(0.47-0.53 relative units) were observed at the southern border of the polygon,
approximately between 34.6° and 34.8° E. The lowest F Chl-a values (< 0.35 rela-
tive units) were recorded near the coast in the Cape Meganom area and in the east-
ern part of Feodosia Gulf (Fig. 3, a).

During the second stage of measurements, a general increase in F Chl-a values
was observed across almost the entire water area of the polygon (Fig. 3, b).
The highest F Chl-a values ranged from 0.59 to 0.61 relative units. The lowest F Chl-a
values (< 0.33 relative units), as in the first stage, were observed at the eastern border
of the polygon. In the coastal zone near Cape Meganom, where the lowest F Chl-a
values were observed during the first stage, a noticeable increase in F Chl-a in-
tensity (0.45-0.50 relative units) was recorded during the second stage (Fig. 3, b).

F Chl-a, conv. un.

44.3°4 7 ) F Chl-a, conv. un.
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Fig. 3. Distributions of chlorophyll a fluorescence intensity during the 1 (a) and
2" (b) stages of the 127" cruise of R/V Professor Vodyanitsky
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Notably, during the second stage, waters at the eastern border of the polygon
with reduced F Chl-a intensity were characterized by increased turbidity
(Fig. 2, b; 3, b).

Overall, despite the observed differences in the distribution of the light beam
attenuation coefficient and F Chl-a intensity between the first and second stages,
a significant trend of increasing F Chl-a intensity was identified in areas of elevat-
ed water turbidity across most of the polygon (Fig. 4). The exception is the water
area at the eastern border of the polygon, characterized by increased turbidity dur-
ing the second stage. In this area, a decrease in F Chl-a intensity was observed
(Fig. 2, b; 3, b; 4, ¢).

Analysis of the distribution of flow vectors based on instrumental measure-
ments showed that differences between the distribution of eeso Values during
the two measurement stages were associated with noticeable changes in water cir-
culation (Fig. 5). Thus, the main westward flow characterizing the RC was most
clearly traced only in the western part of the polygon during the first stage, while
east of Cape Ai-Todor, a flow in the opposite eastern direction was observed
(Fig. 5, a). In the eastern part of the polygon, well-defined synoptic vortices were
observed — cyclonic south of Feodosia Gulf (Feodosia cyclone) and anticyclonic
slightly west of the Karadag traverse (Karadag anticyclone). This water circulation
pattern shows that over most of the water area east of Cape Ai-Todor, the main RC
flow was located further south, outside the polygon.

During the second stage, the circulation pattern changed significantly
(Fig. 5, b). Across most of the water area, except for Feodosia Gulf, westward
currents corresponding to the RC flow were observed. In the central part of
the polygon, one branch of the RC flow turned north, then northeast, forming
the Crimean anticyclone, while the other branch continued westward.
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Fig. 4. Graphs of the linear correlation between the values of F Chl-a and &sg0 ac-
cording to the data of the 1% stage at stations 24-65 (a), the 2" stage at stations 71-119
(b) and 120-141 (c). Dashed lines are the boundaries of the 99% confidence interval

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2025 13



451
YR RY/ }

449+ |

Feodosia

anticyclone
Karadag s

anticyclone /7%

Crimean -
anticyclone >

447 |
44,57

44.3° % al i . ‘ | . . . . .
1 : (5 10 25 40 50 |1 e 5 10 25 40 50

B e e e L e T B R e T
335°E 34° 34.5° 35° 35.5° 335°E 34° 34.5° 35° 35.5°

current speed, m/s current speed, m/s
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face layer according to data from the 1% (a) and 2™ (b) stages of the 127" cruise of
R/V Professor Vodyanitsky. Anticyclonic eddies are shown in red, cyclonic eddies are
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The Karadag anticyclone persisted in the eastern part of the polygon. Instead of
the Feodosia cyclone, an anticyclonic vortex formed closer to the southern border
of the polygon, provisionally named the Feodosia anticyclone (Fig. 5, b).

The distributions of temperature (TPM) and salinity (SPM) at the sea surface
during the two measurement stages differed significantly (Fig. 6). Weekly temporal
changes were evident in a noticeable increase in TPM values (22.6-25.3°C) during
the second stage compared to the first stage, when TPM values ranged from 20.6
to 23.4°C (Fig. 6, a, b). This increase in TPM was associated with both ongoing
seasonal warming of surface waters, as the second stage occurred one week later,
and the inflow of water into the polygon’s water area, carried by the RC flow from
the southeast to the shores of Crimea. These waters were characterized by elevated
temperatures and reduced salinity [24], which was associated with the influence
of the Azov-Kerch desalination, in which Azov Sea waters penetrate through
the Kerch Strait and move westward along the northern periphery of the RC [24, 35].
The influence of Azov-Kerch desalination on the salinity field at the sea surface
(Fig. 6, c, d) was most clearly evident during the second stage of measurements
in the central part of the polygon. Desalinated waters with SPM values below
17.9 PSU, carried by the RC flow, spread along the periphery of the Crimean anti-
cyclone to the northeast, then followed the coast in an easterly direction and further
to the southeast (Fig. 6, d).

In addition to reduced salinity, the Azov-Kerch waters are also characterized
by increased turbidity [24, 35], which led to an increase in g0 values during the se-
cond stage of measurements, most evident in the southeastern and central parts of
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Fig. 6. Distributions of temperature (a, b) and salinity (c, d) at the 2 m horizon
according to data from the 1 (a, c) and 2" (b, d) stages of the 127" cruise of R/V Pro-
fessor Vodyanitsky

the polygon (Fig. 2, b). Notably, in the eastern part of the polygon, where in-
creased turbidity was observed during the second stage, a noticeable decrease
in Chl-a fluorescence intensity was recorded. This may be associated with
the penetration of Azov-Kerch waters into the southeastern part of the polygon,
which then spread along the periphery of the Feodosia anticyclone to the entire
eastern part of the water area. According to [36], during the measurement period
(June), the concentration of Chl-a in the Sea of Azov reaches its lowest values.

Thus, changes in the distribution of the light beam attenuation coefficient,
temperature, and salinity at the sea surface on a synoptic time scale (approximately
one week) were primarily due to variability in water circulation. The penetration
of the RC flow into the polygon during the second stage of measurements led to
a more intensive inflow of Azov-Kerch waters into the polygon’s water area, which
was accompanied by a decrease in transparency and salinity and an increase
in temperature, further influenced by ongoing seasonal warming.

The vertical distribution of the light beam attenuation coefficient, F Chl-a
intensity, temperature, and salinity showed that the thermohaline and bio-
optical fields were characterized by well-defined summer vertical stratification.
Examples of vertical profiles of esc0, F Chl-a, and vertical gradients of tempera-
ture (VTG) and salinity (VSG) at stations measured at the same point at weekly
intervals in different parts of the polygon are shown in Fig. 7. Synoptic changes
in the vertical bio-optical and thermohaline structure of the water column on
a scale of approximately one week were observed throughout the measurement
layer and were evident in changes in the number and magnitude of the eego,
F Chl-a, VTG (in absolute terms) and VSG maxima, as well as their depths.
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Fig. 7. Vertical distributions of F Chl-a, gge0, VTG and VSG values at sta-
tions carried out at the same point with a weekly interval in different parts of
the polygon. The station numbers are indicated on the graphs

For example, at station 24 (stage 1), one main gss0 maximum (0.8 m) was observed
at a depth of 18 m. One week later (station 93, stage 2), two gss0 maxima (0.92 m™)
were observed — at the surface and at a depth of 16 m. The main F Chl-a intensity
maximum at station 24 was located at a depth of 25 m, while at station 93, it was
at a depth of 18 m, with its value increasing from 0.6 to 0.7 relative units (Fig. 7, a).

The thermohaline structure at station 24 was characterized by one main maxi-
mum VTG (1.2°C/m) at a depth of 20 m and two maximum VSG (0.045 PSU/m)
at depths of 11 m and 22 m. One week later (station 93), one maximum VTG and
VSG were observed at depths of 18-20 m, with values increasing to 1.6°C/m and
0.09 PSU/m, respectively (Fig. 7, a).
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Further east, at station 31 (stage 1), two maxima of €es0 (0.78 M%) were detected
at depths of 18 m and 23 m. One week later (station 100), ge50 maxima (0.85 m™)
were observed in the surface layer. The maximum F Chl-a intensity, based on data
from both stages, was located at a depth of 30 m, with its value decreasing from 0.7
relative units (station 31) to 0.65 relative units (station 100) (Fig. 7, b). The season-
al thermocline (VTG ~ 0.78°C/m) and halocline (VSG ~ 0.05 PSU/m) at station 31
were located at depths of 20-21 m. One week later (station 100), their depth
remained unchanged, but their values increased to 1.17°C/m and 0.08 PSU/m,
respectively (Fig. 7, b).

In the Cape Meganom area at station 40 (stage 1), maxima of &es0 (0.74 m™)
were observed at depths of 18 m and 25 m. One week later (station 109), these
maxima increased to 0.84 m™ and were observed in the surface layer at depths
of 2-7 m. The maximum F Chl-a intensity at stations 40 and 109 was detected
at depths of 28 m and 32 m, respectively, with its value increasing from 0.6 to
0.8 relative units (Fig. 7, ¢). The maximum VTG value increased from 0.6°C/m
(station 40) to 1.3°C/m (station 109). The maximum VSG values at both stations
ranged from 0.06 to 0.063 PSU/m. The depths of the seasonal thermocline and
halocline decreased from 18 m and 22 m at station 40 to 12 m and 15 m at sta-
tion 109 (Fig. 7, c).

In the eastern part of the polygon, at shallow station 57, the main maxima &go
(0.77 m™) were observed at a depth of 30 m. One week later (station 138), the ges0
maxima (0.95 m) were observed in the surface layer at depths of 2-10 m.
The maximum F Chl-a intensity, in contrast, decreased from 0.95 relative units
(station 57) to 0.77 relative units (station 138). It was observed in the layer 27-32 m
at station 57 and at a depth of 32 m at station 138 (Fig. 7, d). The depths of
the VTG and VSG maxima at station 57 were 24 m and 27 m, respectively. At sta-
tion 138, two well-defined VTG maxima were observed at depths of 5 m and 12 m,
while the depth of the VSG maximum decreased to 12 m. The maximum VTG val-
ues decreased from 1°C/m (station 57) to 0.9°C/m (station 138), and the maximum
VSG values at both stations ranged from 0.080 to 0.082 PSU/m (Fig. 7, d).

Notably, at deep-water stations, another maximum of g5 Was observed below
the main halocline, located approximately in the 150-170 m layer (Fig. 7, a, b),
which, according to [37], corresponds to the lower boundary of the suboxic redox
zone and the upper layer of the hydrogen sulfide zone. According to previous
expedition measurements, a maximum concentration of TSS was also detected
at these depths [29, 30]. This increase in €ss0 Values (up to 0.6 m™) was observed
in both measurement stages, but the depth of these maxima varied by 10-15 m over
the week (Fig. 7, a, b).

Overall, during the second stage of measurements, an increase in the maxi-
mum VTG (Fig. 8, a) and VSG (Fig. 8, b) values was observed across most of
the polygon, indicating more pronounced vertical thermohaline stratification.
In the subsurface layer, there was also an increase in g0 Values, particularly
in the eastern part of the polygon (Fig. 8, ¢), an increase in F Chl-a intensity
across most of the polygon, and a decrease in these values in the eastern part of
the polygon (Fig. 8, d).
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Fig. 8. Distributions of the main maxima of VTG (a), VSG (b), gseo (c), F Chl-a
(d) values, their depths (e) at stations according to data from the 1% (left) and
2" (right) stages of the 127" cruise of R/V Professor Vodyanitsky. The red ellipse
highlights the depths of the parameters at stations located in the area of the Karadag
anticyclone, and the blue ellipse highlights the depths of the parameters at stations
located in the area of the Feodosia cyclone.
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The distribution of the depths of the main maxima of VTG, VSG, g0 and
F Chl-a intensity at all stations showed that the depths of the seasonal thermocline
during the first stage ranged from 7 to 30 m, while during the second stage, the ther-
mocline rose closer to the surface and was located at depths of 4-24 m (Fig. 8, e).
The seasonal halocline was observed at depths of 6 to 32 m during both stages
(Fig. 8, e). Analysis of vertical profiles of es0 values during both stages showed
that the maximum ess0 Values were observed either in the surface layer or within
the seasonal thermocline and halocline layers, consistent with the depth of the max-
imum concentration of TSS according to long-term expedition measurements [28].
According to data from all stations, the maximum F Chl-a intensity was located
below the seasonal thermocline and halocline layers (Fig. 8, e). The distribution of
depths of the maximum thermohaline and bio-optical parameters during the first
stage of measurements clearly showed the dynamics of water masses. There was
a noticeable increase in these depths at stations located in the Karadag anticy-
clone area (stations 54-59, highlighted with a red ellipse) and a decrease at stations
in the Feodosia cyclone area (stations 60-65, highlighted with a blue ellipse)
(Fig. 8, ). Analysis of the vertical structure of water circulation showed that these
synoptic vortices were clearly visible throughout the entire upper 50 m layer.

During the second stage of measurements, synoptic anticyclonic vortices were
evident only in the upper 10 m layer, so the circulation features were minimally
reflected in the distribution of the depths of the thermohaline and bio-optical pa-
rameters (Fig. 8, e).
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Fig. 9. Graphs of the linear correlation between the depths of occurrence of the
maxima of F Chl-a, gs0, VTG and VSG according to the data of the 1% (a) and 2" (b)
stages of the 127 cruise of R/V Professor Vodyanitsky. Dashed lines are the bounda-
ries of the confidence interval of the 99% level of statistical significance
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Quantitative assessments of the consistency of the distributions of the depths
of the maximum bio-optical parameters and the seasonal thermocline and halocline
(Fig. 9) showed that the strongest relationship between these parameters was ob-
served during the first stage of measurements (Fig. 9, a). A significant direct linear
correlation, with a statistical significance level of a = 0.01 (99% confidence level),
was found between the depth of the seasonal thermocline and the depths of
the maximum g0 and F Chl-a intensity, as well as between the depths of the sea-
sonal halocline and the maximum F Chl-a intensity. The correlation coefficients R
for these relationships were 0.4, 0.6, and 0.4, respectively. The linear correlation
between the depth of the seasonal halocline and the maximum &gs0, as Well as be-
tween the maxima of ess0 and F Chl-a, was weaker, with R values of 0.3 (Fig. 9, a).

During the second stage of measurements, the relationship between the distri-
butions of the depths of the maximum bio-optical parameters and the seasonal
thermocline and halocline remained significant at a = 0.01, but weakened noticea-
bly, with R values not exceeding 0.3 (Fig. 9, b).

Conclusions

According to hydrological and bio-optical measurements conducted in June
2023 during the 127" cruise of R/V Professor Vodyanitsky off the coast of Crimea,
the variability of the distribution of the light beam attenuation coefficient and
F Chl-a intensity on a synoptic scale was analyzed, and the relationship between
this variability and changes in the hydrological structure of the waters was as-
sessed. Across most of the polygon, data from both measurement stages revealed
a significant trend of increasing F Chl-a intensity in areas with elevated light beam
attenuation coefficient values. It was shown that changes in the distribution of tem-
perature, salinity, and LAC values at the sea surface on a weekly time scale were
associated with changes in water circulation. During the second stage of measure-
ments, warmer, less saline, and more turbid Azov-Kerch waters penetrated the pol-
ygon with the RC flow, leading to a decrease in salinity in the central part of
the polygon, an increase in turbidity in the southeastern and central parts of
the polygon, and an increase in temperature, further influenced by ongoing season-
al warming. The Azov-Kerch waters entering the southeastern part of the polygon
and then spreading to the entire eastern part of the water area along the periphery of
the Feodosia anticyclone contributed to a decrease in F Chl-a intensity in the area
of increased turbidity at the eastern border of the polygon, as the concentration
of Chl-a in the Sea of Azov during the measurement period was reduced.

It has been shown that synoptic changes in the vertical thermohaline and bio-
optical structure of waters on a scale of approximately one week were observed
throughout the measurement layer and were evident in changes in the number and
magnitude of the maxima of LAC, F Chl-a, VTG and VSG, as well as their depths.
During the second stage of measurements, thermohaline fields were character-
ized by more pronounced vertical stratification across most of the polygon.
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In the subsurface layer, as at the surface, there was an increase in LAC values, par-
ticularly in the eastern part of the polygon, an increase in F Chl-a intensity across
most of the polygon, and a decrease in these values in the eastern part of the poly-
gon. The main LAC maxima were observed either in the surface layer or within
the seasonal thermocline and halocline layers, while the maximum F Chl-a intensi-
ty was located below the seasonal thermocline and halocline layers. At deep-water
stations, another LAC maximum was observed below the main halocline layer,
located in the 150-170 m layer, corresponding to the lower boundary of the subox-
ic redox zone and the upper layer of the hydrogen sulfide zone.

A significant linear correlation was found between the depth of the seasonal
thermocline and the depths of the maximum LAC values and F Chl-a intensity,
as well as between the depth of the seasonal halocline and the maximum F Chl-a
intensity, based on data from the first stage of measurements, with R coefficients of
0.4, 0.6, and 0.4, respectively.
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Abstract

The paper studies dynamics of carbonate system parameters during the spring-summer
coccolithophores bloom using data on temperature, salinity, carbonate system parameters
(CO;, pH and alkalinity) and backscattering index (bpp(550), m2) for the northern Black
Sea surface waters during the 127" and 131% cruises of R/V Professor Vodyanitsky.
Within the studied periods (June 2023, May-June 2024) coccolithophores concentrations
exceeded 1.00 million cells/L, while high pCO, (mean 486 + 18 patm) was also observed.
The surface water layer was oversaturated with CO, compared to the atmosphere, with
a mean water CO» supersaturation of 14% (58 patm). However, no pronounced relationship
was found between coccolith concentrations and pCO,, pH and alkalinity values, which
may indicate a non-core contribution of the bloom to CO, concentrations in the surface
waters. It was found that even during the coccolithophores blooming period, temperature is
the key factor determining the surface waters pCO,. The spatial distribution of suspended
matter concentration represented by coccoliths was determined by water dynamics and cur-
rent structure in the Black Sea.
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N3MeHUYMBOCTH NAPAMETPOB KAPOOHATHOM CHUCTEMBI
MOBEPXHOCTHOI'O CJIOS BOJ ceBepHO YyacTu YUepHoro mops
B [IEPHOJ «UBETEHUD> KOKKOJUTO(opuI

H. A. OpexoBa *, E. H. Kopuémkuna, E. B. Measenes, U. H. Mykocees

Mopcxkotui eudpoghusuueckuii uncmumym PAH, Cesacmonons, Poccus
* e-mail: natalia.orekhova@mhi-ras.ru

AHHOTaNUA

PaccmoTrpena nuHamMuKa mapaMeTpoB KapOOHATHOM CHCTEMBI B IEPUO]] BECCHHE-JIETHETO
«IBETEHHS» KOKKOJIMTO(MOPH] C HCIOJIb30BAHUEM JaHHBIX O TEMIIEPAaType M COJICHOCTH,
napameTpoB kapOonatHoit cucremsl (CO2, pH u menodyHocTH) M MOKa3aTess paccesHUs
Haszaz B3Bechbio (Dpp(550), M 1) IS MOBEPXHOCTHOTO CIIOS BOJ B CEBEPHOM 4acTn YepHOro
Mopst B 127-m u 131-m peiicax HUC «IIpodeccop Bopsauikuii». B nccnenyemsie nepuo-
el (mroHb 2023 1., Mai — uioHb 2024 T.) KOHIEHTPAIMH KOKKOJIMTO(GOPH] MPEBHIIIAIIH
1.00 mute ki1/11, Takke oTMedeHO Bbicokoe 3HaueHue pCOz (cpeanee 486 + 18 mraTm).
IToBepxHOCTHEIN cioit Box 0w mepeckimen CO, mo cpaBHEHHIO ¢ aTMOC(hEpOH, cpenHee
nepecsienne Bog CO, cocrasmino 14 % (58 mxarm). OnHAKO BBISIBICHO OTCYTCTBHE BbI-
PaKEHHON CBS3M MEXIY KOHIEHTpPAIMAMH KOKKOJIWTOB M BenuanHamu pCOz, pH u mie-
JIOYHOCTH, YTO MOXKET yKa3bIBaTh HA HEOCHOBHOM BKJIAJl «IBETCHU» B KoHIEHTparmu CO>
B IIOBEPXHOCTHOM CJIO€ BOJI. Y CTAHOBJIEHO, YTO JIaXK€ B IIEPHO]] KIIBETEHHS» KOKKOIUTO]O-
PHI KIIOYEBBIM (akTOpoM, onpexessiomuM Bennuuay pCOz HOBEPXHOCTHOTO CJIOSI BOJ,
SIBISIETCST TeMIeparypa BoJbl. IIpu 3TOM NpoCTpaHCTBEHHOE paclpeieieHre KOHIIEHTpa-
LU B3BECH, NPEICTABICHHOI KOKKOIUTaMU, ONPEAEIOCh IUHAMUKON BOJ U CTPYKTYypOH
TedeHuil B YepHOM Mope.

KuaroueBbie cioBa: kapOOHAaTHas CHCTeMa, MapIUalbHOE JABICHHE YIJIEKHCIOrOo Trasa,
kokkonuTodopuasl, YepHoe Mope

BaaromapHocTu: paboTa BBIOJHEHA B paMKax rocyaapcrBeHnoro 3amanus OULl MI' PAH
FNNN-2025-0001 «Mouutopunr koruneHTpariun CO2 B IOBEPXHOCTHOM CIIOE BOI M aTMO-
chepe Bo BHyTpeHHUX MOpsix Poccum» u FNNN-2024-0012 «OnepatuBHast OKEaHOJIOTHSD».
Jannbie nony4densl B 127-M u 131-m peticax HUC «IIpodeccop Bomsaurkuit» (Llentp koi-
nexktuBHOro nonbs3oBanusa «HUC Ipodeccop Bomsuunkuity denepaabHOTO TOCYIapCTBEH-
HOT'0 OFOJDKETHOTO yUpesk/eHus Hayku DeaepasbHOro HecieI0BaTesIbeKoro neHTpa «uctu-
TyT OHostornu 1kHBIX Mopeit nmeHn A. O. Koanesckoro Poccuiickoil akaneMun Hayk»).

Jas nuTupoBanus. M3MeHINBOCTh apaMeTPOB KapOOHATHON CHCTEMBI TOBEPXHOCTHOTO
CIIOST BOJ| CeBepHOM uwactu UepHOro MOps B MEPHUOJ «IIBETEHUS» KOKKomutodopua /
H. A. OpexoBa [u ap.] // Dxonorudeckasi 6€30MaCHOCTh MPUOPEIKHON U 1IENb(OBOH 30H
Mopst. 2025. Ne 3. C. 25-40. EDN VCOCEY.

Introduction

The continuous increase in atmospheric CO concentrations and its further
absorption by ocean waters, which are one of the main natural CO; sinks, has led to
a decrease in the buffer capacity of those waters and a change in the hydrochemi-
cal characteristics of the World Ocean. In particular, there has been an increase
in the concentration of hydrogen ions in seawater [1]. According to [2—4], over the past
250 years, the pH of surface ocean waters has decreased by approximately 0.11,
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which corresponds to a 30-40% increase in the concentration of hydrogen ions.
In addition, there has been a decrease in oxygen concentrations and the spread of
oxygen-deficient zones in the waters of the World Ocean [5, 6]. At the same time,
the increase in CO; concentrations in water and the atmosphere, as well as changes
in the hydrochemical characteristics of the ocean, have a negative impact on bio-
logical organisms, including those with carbonate skeletons [2-4, 7].

In the waters of the World Ocean, the main reserve of dissolved carbon is
in inorganic form and amounts to about 38 Gt C (1 Gt = 10° t) [1]. The atmos-
phere contains significantly less carbon, and significant carbon fluxes are formed
at the boundary between the surface waters and the sea-surface atmosphere [1, 7, 8].
As a result, at the boundary with the atmosphere, as well as between the surface
and deeper waters, various forms of carbon, including COy, are redistributed [2, 3],
leading to changes in its concentrations.

The exchange of CO; between water and the atmosphere occurs due to the dif-
fusion of gaseous CO; across the phase boundary, with the total exchange being
proportional to the difference in partial pressures of gaseous CO; in the air and
seawater. Thus, it is closely related to the solubility of CO; in seawater (Ko), which
determines the ratio of CO; in seawater to the partial pressure of CO; in the gas
phase [5] at chemical equilibrium:

Ko = [COZ]SW/pCOL SW-

In addition to physical transport and temperature contributions, the dynamics
of CO; concentration in the surface waters is determined by biological processes
as well as bya complex set of abiotic chemical reactions [2-4].

The combination of CO; dissolution and carbonic acid dissociation products
forms a carbonate system, which can be described by a system of equilibria [1, 2, 4]:

COs, (g) — COy (aq) — COy (aq) + H,0 & H*+ HCO3 < 2H" + C0327, (1)
Ca?" + COz* «> CaCOs (s). )

Hydrogen ions (H™) (or pH) are one of the main components describing
the state of the carbonate system; their concentration is closely related to the con-
centration of CO.. An increase in CO; concentration is accompanied by an increase
in the concentration of hydrogen ions and a decrease in pH:

pH = —lg ans, or, conventionally, pH = —Ig [H']. 3

Another important parameter of the carbonate system — one not directly de-
pendent on CO; concentration — is total alkalinity (AlK), which is typically defined
as the excess of proton acceptors (bases formed from weak acids) over proton do-
nors measured relative to a reference point; formally, the acid dissociation constant
pKa = 4.5 corresponds approximately to the equivalence point of H,COs in sea-
water. In aerobic ocean waters, carbonate alkalinity constitutes up to 96-99% of
the total alkaline reserve [9], which is expressed as:

Alk = [HCO5] + 2[CO3*]. 4)
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Carbonate alkalinity determines the buffering capacity of the system, and the dis-
solution of CO. primarily causes a shift in chemical equilibrium, altering the ratio
of inorganic forms of carbon, while the concentration of total dissolved inorganic
carbon remains nearly constant.

The primary chemical and biological processes governing the dynamics of
the carbonate system in the water column are those involving organic matter —
namely, its production and destruction:

6CO,+6H,O > 6H"+6HCO; < CeH1206 + 6 O,. (5)
as well as the processes of carbonate formation/dissolution:
CaCO; + CO2 + H20 <> Ca?* +2HCOs. (6)

One group of marine phytoplankton involved in carbonate processes are coc-
colithophores. Their cells are covered with layers of plates —coccoliths — formed
from calcium carbonate. The most abundant species in the Black Sea is Emiliania
huxley, which can account for up to 99% of the total coccolithophore population.
Cells of this species can shed coccoliths, a process in which the ratio of detached
coccoliths to cells can reach 400:1 [11, 12]. Obviously, by possessing carbonate
skeletons, coccolithophores during intense blooms (when their population exceeds
1 million cells/L [13]), significantly affect the optical and thermal characteristics of
the surface waters of the World Ocean. The coccoliths cause strong light scattering,
which reduces water transparency, and increase the ocean surface albedo, thereby
reducing the insolation of the surface water layer [14]. An increase in backward
scattering leads to higher values of upwelling sea radiance and the radiance coeffi-
cient [12]. This property enables the estimation of coccolithophore cell abundance,
detached coccolith concentration, and overall carbonate concentration through the
remote sensing of upwelling radiance [15]. The rate of carbonate formation, and
consequently the rate of CO, drawdown, can increase or decrease based on limiting
factors such as light intensity, temperature, nutrient concentrations, and carbon
dioxide availability [16, 17].

Thus, by participating in the carbon cycle, these algae influence the oceanic
CO; budget. However, accounting for all relevant factors and establishing a direct
link between coccolithophore abundance/biomass and their carbon fixation rate
remains highly challenging [18].

The study aims to evaluate the relationship between carbonate system parame-
ters and coccolithophore blooms in the late spring. To this end, we investigate
the spatiotemporal dynamics of temperature, salinity, carbonate system parameters
(CO,, pH, and alkalinity), and backscattering coefficient (bys(550), m™) in the sur-
face layer of the northern Black Sea.

Materials and methods

The data were obtained during the 127" (June 14, 2023-July 7, 2023) and
131t (May 27, 2023-June 21, 2024) cruises of R/V Professor Vodyanitsky off
the southeastern coast of Crimea (Fig. 1).
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Fig. 1. The scheme of stations of points where
the carbonate system parameters and optical characteris-
tics were determined. The red circles stand for stations
surveyed in the 127% cruise of R/V Professor Vodyanitsky,
the black ones stand for those surveyed in the 131% cruise

The temperature and salinity of the surface water layer were measured using
Sea-Bird 911plus CTD or IDRONAUT OCEAN SEVEN 320 PlusM sounding
complexes; at shallow stations (depth less than 50 m), a SeaSun CTD48M hydro-
logical CTD probe was used.

Water samples were collected from a depth of 1.5-3.0 m using a submersible
pump. Atmospheric air was collected at a height of 10 m above sea level, ensuring
the absence of local CO; sources.

CO. concentration was determined using a LI-7000 infrared analyzer with
a CO; concentration range of 0-3000 pumol/mol. A special module (equilibrator)
was used to determine the CO, concentration in water, ensuring contact between
the analyzed water and air to achieve equilibrium pCO; in the gas phase.

The device was calibrated using argon (volume fraction of CO, = 0 umol/mol)
and a calibration mixture with a CO, concentration of 440 umol/mol. The mea-
surement uncertainty of this method is 1% [19]. Argon was used as the carrier gas.

The pH value was measured using 1-160 and I-160MP ionometers calibrated
on the NBS scale with buffer solutions [20]. Total alkalinity was determined
by direct titration with potentiometric termination, titrating 50 ml of seawater with
a0.02M Y solution of hydrochloric acid. The titration was performed using a high-
precision Metrohm Dosimat 765 piston burette, and the endpoint was deter-
mined with a Hanna HI-2215 pH meter. All measurements were made according
to the established methodology 2.

D Bordovsky, O.K., ed., 1978. [Methods of Hydrochemical Research of the Ocean]. Moscow:
Nauka, 267 p. (in Russian).

2 Dickson, A.G. and Goyet, C., eds., 1994. Handbook of Methods for the Analysis of the Various
Parameters of the Carbon Dioxide System in Sea Water. Version 2. Oak Ridge, Tennessee: DOE,
187 p. (ORNL/CDIAC-74).
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Optical characteristics

The backscattering coefficient at a wavelength of 550 nm (bpp(550), m™) was
calculated based on data from measurements of the spectral reflectance coefficient
of the water column in the visible range using a semi-analytical algorithm [21].
A spectrophotometer developed in the laboratory of the Department of Marine
Optics and Biophysics of the FRC MHI was used to determine the reflectance coef-
ficient [22]. The measurement methodology is consistent with NASA protocols for
sub-satellite measurements ®. To convert backscattering to the number of separated
coccoliths N¢ (pcs/m?), an empirical relationship from [23] was used:

by, (546) = 1.1-10°N,, ©)

where b, _(546) is the backscattering coefficient of a coccolith suspension
at a wavelength of 546 nm.

Changes in scattering within 5 nm range are neglected in this work.

It should be noted that eq. (7) was derived from the Black Sea data in the 1990s;
consequently, the coefficients may not be directly applicable today. As shown
in [24], these coefficients can vary significantly over a few days in a single area,
although the linear relationship itself remains consistent. Therefore, the concentra-
tions of suspended coccoliths and coccolithophore cells reported here should be
regarded as estimates accurate only to a coefficient. This coefficient is introduced
for convenience, particularly as the water also contains terrigenous suspended mat-
ter, which is difficult to estimate precisely.

To calculate the number of cells N.... (million cells/liter), we used the formula
from [25], which was also obtained based on data from 1996-1998:

Neoce = 160 b,,(555) — 032 R2=0.82, (8)

where b, _(555) is the backscattering at a wavelength of 555 nm.

Results

According to the calculations, the backscattering coefficient bpy(550), during
the late spring hydrological season ranged from 0.008 to 0.020 m™* (in 2023) and
from 0.004 to 0.021 m™* (in 2024). In other seasons, values of 0.003-0.009 m are
typical for the Black Sea [26]. This indicates that suspended matter of coccolitho-
phore origin contributed at least half of the total backscattering.

The calculated number of coccoliths and coccolithophore cells, derived using
this parameter (following formulas (8) and (9) [23, 25]), is presented in Table 1.
The ratio of cells to coccoliths at the measured scattering levels averaged approx-
imately 88 and 94 in the 127" and 131% cruises, respectively. This result implies
that the formulas assume a relationship between elevated backscattering and
an increase in the number of detached coccoliths per cell.

%) Zibordi, G., Voss, K.J., Johnson, B.C. and Mueller, J.L., 2019. Ocean Optics and Biogeochemistry
Protocols for Satellite Ocean Colour Sensor Validation. Vol. 3: Protocols for Satellite Ocean
Colour Data Validation: in situ Optical Radiometry. Dartmouth, NS, Canada: I0CCG, 67 p.
http://dx.doi.org/10.25607/0OBP-691

30 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2025



Table 1. Data of hydrological-hydrochemical and bio-optical characteristics of
the Black Sea surface waters in late spring period

127" cruise 131% cruise
Parameter (14 June 2023-7 July 2023)* (27 May 2023-21 June 2024)
Average Value range Average Value range
T, °C 23.0+0.8 20.7-24.6 20.2+15 16.8-25.7
S, %o 17.88+£0.11 17.63-18.35 18.38£0.14 17.99-18.62
PCO; sea, patm 480+ 7 460-501 498 + 23 449-546
pCO; air, patm 421 +5 411-441 435+ 3 423-448
ApCO,, patm 59+ 9 36-79 70 +31 15-117
mclticlion cells/L 1.39+0.28 0.87-2.95 1.16 £ 0.55 0.32-2.97
N¢-10°, pcs./m? 112 +19 82-225 102 + 37 44-226
Alk, mmol/L 3.224 +£0.019 3.170-3.279 3.250 +0.033 3.137-3.296
pH 8.30+£0.02 8.25-8.37 8.27+0.02 8.23-8.32

* The bio-optic and pCO, measurements were synchronized using the period of 14-26 June.

Table 1 presents the main hydrological characteristics and parameters of
the carbonate system in the surface waters of the Black Sea, as measured during
the 127" and 131% cruises of R/V Professor Vodyanitsky.

As shown in Table 1, coccolithophore blooms of varying intensity occurred during
the study period, with an average coccolith concentration exceeding 100-10° pcs/m?®.
In this study, we focus on the coccolith concentration (Nc) as the most reliable
metric. This is because optical methods allow for its direct calculation, unlike
the ratio of cells to coccoliths, which varies with the bloom stage. On average, this
ratio was approximately 90 coccoliths per cell, as noted previously. Furthermore,
we posit that coccoliths likely contribute more significantly to the CO; concentra-
tion than coccolithophore cells, in accordance with equation (6).

In all cases, the surface waters were oversaturated with CO, relative to the at-
mosphere (Table 1), indicating that it acted as a source of carbon dioxide to
the atmosphere.
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In June 2023, coccolithophore cell density reached 2.95 million cells/L,
with a mean value of 1.39 million cells/L. The concentration of coccoliths averaged
112-10° pcs/m® (Table 1). The predominance of carbonate-based cells drove high
pCO; levels — a result of CO, formation according to equation (6)) — leading to
oversaturation of the surface waters with CO; relative to the atmosphere. The mean
pCO; in the surface layer was 480 + 7 patm, ranging from 460 to 501 patm.
Elevated surface water temperatures (reaching 24.6°C with a mean of 23.0 + 0.8°C)
also contributed to the high pCO. values, as indicated by the average nature of
the relationship between these parameters — the correlation coefficient of pCO;
with temperature in the surface waters is 0.52.

Fig. 2 presents the dynamics of the studied parameters during the 127" cruise.
The principal trends observed include an increase in temperature and pCO; along-
side a decrease in coccolith concentration.

Fig. 3 illustrates parameter changes at the end of the spring hydrological sea-
son of 2024 (late May—June). During this period, coccolithophore blooms occurred
again, with cell densities averaging 1.16 million cells/L with a range of 0.32—
2.96 million cells/L. The concentration of coccoliths averaged 102-10° pcs/m3
(Table 1).

As expected, the surface waters were also significantly oversaturated with CO;
compared to the atmosphere

(the pCO. gradient could reach 7(: . PR
more than 100 patm), and deep © »{ , g ¢ 8 8 8 °
evasive conditions were ob- & 204 °
served in the surface waters of "
the Black Sea (CO; flux directed N S ' '
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periods. The average pH was
8.30 £ 0.02 in 2023 and 8.27 + 0.02 in 2024 (Table 1), consistent with long-term
observational data for this period.

Alkalinity exhibited minimal interannual variability, with values of 3.224 + 0.019
in 2023 and 3.250 £+ 0.033 in 2024. However, significant spatial heterogeneity was
observed. This heterogeneity was primarily attributed to the influence of salinity
(correlation coefficient 0.73), rather than to physicochemical processes associated
with organic matter transformation or blooms.

Discussion

During the spring-summer phytoplankton bloom (late May—June), coccolitho-
phores comprise the majority of the biomass (50-60%) [11, 13, 27]. Their devel-
opment in this period is determined by a combination of abiotic factors — including
light, temperature, and nutrient concentration — as well as biotic factors such as
grazing by microzooplankton [11].

During the study perio ds, coccolithophore concentrations exceeded 1.0 mil-
lion cells/L (Table 1), indicating a bloom state. High pCO- (average 486 + 18 patm)
was also observed in the surface waters , with an average value of 442 + 44 patm
(according to our data for 2015-2024, covering the period from March to December).
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The average CO; oversaturation of the water relative to the atmosphere was 14%
(58 patm). It can be assumed that the high pCO- values were contributed to by coc-
colithophore bloom, which is accompanied by CO; production (equation (6), right
to left). In addition, the increase in the sea surface temperature (Table 1) contrib-
utes to the shift of the carbonate equilibrium system towards CO, accumulation
(equation (1)), as well as the intensification of organic matter destruction (equation
(5), right to left) formed during the spring phytoplankton bloom.

In June 2023 (127" cruise of R/V Professor Vodyanitsky), the average cocco-
lithophore content was 1.39 million cells/L, corresponding to 112-10° cocco-
liths/m® (Table 1). However, a decrease in the number of coccoliths was observed
during the month (see Fig. 2). This may indicate the attenuation of the bloom and
the gradual dissolution of carbonates, occurring according to the scheme of equa-
tion (6) (direction from left to right). This process should be accompanied by a de-
crease in CO; concentration and an increase in bicarbonate concentration, which
inturn leads to an increase in pH; according to equations (4) and (6), alkalinity
should also increase. However, no such trend was observed either spatially or sea-
sonally: according to long-term observations for this region in the absence of cocco-
lithophore blooms (March), the average alkalinity values are 3.281 + 0.062 mmol/dm?,
and pH is 8.26 £ 0.09, which are statistically indistinguishable from their late
spring values (Table 1). At the same time, the waters were significantly undersaturat-
ed with CO, compared to the atmosphere (average pCO; gradient = —46 + 21 patm).
Thus, it can be assumed that this biological process is not decisive for the dynamics
of CO; or for the dynamics of other hydrochemical characteristics (pH and alkalini-
ty). This is also confirmed by correlation analysis data: the correlation coefficient
between pCO, and the number of coccoliths is —0.22, indicating a weak relation-
ship. The closest relationships were between pCO; and temperature (correlation
coefficient 0.52) and pH (correlation coefficient —0.53).

At the end of May—June 2024, coccolithophore blooms were also observed
(1.16 million cells/L; Table 1), corresponding to 102-10° coccoliths/m3. Based on
the dynamics of the studied hydrochemical and bio-optical parameters, two periods
can be distinguished: May 28-June 7 and June 11-17 (Fig. 3). Thus, the change
in the number of coccoliths indicates the development of the bloom during
the voyage from May to June. In the first period, the average number of coccoliths
was (83 £ 20) x 10° pcs/m3, and in the second, (131 + 49) x 10° pcs/m?, with max-
imum values reaching 226 x 10° pcs/m?3.

In the first period, against the backdrop of rising sea surface temperatures and
no visible trend toward an increase in the number of coccolith particles, there was
an increase in pCO; and a decrease in the pH of the surface waters (Fig. 3). This may
indicate the beginning of coccolith formation and gradual accumulation, accompa-
nied by an increase in pCO- (equation (6) from right to left) and a decrease in pH
(Fig. 3). The following period (June 11-17) is characterized by an increase in the num-
ber of coccoliths, a decrease in pCO,, and an increase in pH (Fig. 3). The increase
in the number of coccoliths and the concentration of coccolithophores (the average
concentration during this period was 1.66 million cells/L) indicates blooming.
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However, the gradual decrease in pCO- and increase in pH observed at this time
most likely indicate the presence of an additional factor contributing to CO- bind-
ing. In this case, coccolith formation is not the main process determining the con-
centration of CO- and hydrogen ions.

Thus, based on the dynamics of coccolith numbers in late spring, three periods
can be distinguished: the beginning of the bloom and gradual accumulation of coc-
colithophores (late May — early June; average number of coccoliths 83-10° pcs/m?),
their accumulation and bloom outbreak during June (average number of coccoliths
131-10° pcs/m?®), and then the attenuation of the bloom by the end of June (aver-
age number of coccoliths 112-10° pcs/m?®) followed by carbonate decomposition
(Fig. 2, 3).

We attempted to describe the dynamics of pCO; in terms of processes involv-
ing inorganic carbon and its transformation, as well as changes in the parameters of
the carbonate system (equations (1), (2), (5), (6)). However, the lack of a statistical-
ly significant correlation between the number of coccolithophore cells (and the num-
ber of coccoliths) and either pCO- (correlation coefficients of —0.22 and —0.06
for cruises 127 and 131, respectively) or alkalinity (correlation coefficients of 0.05
and 0.09 for cruises 127 and 131, respectively), along with their moderate correla-
tion with pH (correlation coefficients of 0.30 and 0.40 for 127" and 131% cruises,
respectively), indicates that coccolithophores do not play a key role in the state of
the carbonate system and its parameters.

The lack of correlation between coccolithophore concentration and alkalinity
suggests that changes in alkalinity are not related to biological processes but are
primarily determined by an abiotic factor — changes in salinity (correlation coeffi-
cients of 0.86 and 0.88 for 127" and 131% cruises, respectively). It should be noted
that the ranges of alkalinity variation during the voyages were small — approxi-
mately 4% (statistically significant changes are greater than 2%) of the average
value.

As expected, in accordance with equations (1)—(5), the change in pH was op-
posite to the change in pCO;: an increase in pCO, was accompanied by a decrease
in pH. This relationship was most clearly expressed in the 131 cruise. In the first
period (May 28, 2024—June 7, 2024), the increase in pCO; was 10%, and the de-
crease in pH was less pronounced in percentage terms, but the concentration of
hydrogen ions (equation (3)) increased by ~7%. After that (June 11-17, 2024),
there was an 8% decrease in pCO, and a 7% decrease in hydrogen ion concentra-
tion. The correlation coefficient between pH and pCO; was —0.53 and —0.57
for 127" and 131 cruises, respectively, indicating a moderate relationship and
the contribution of the abiotic component to CO, dynamics (equation (1), carbonate
equilibrium system).

Nevertheless, the contribution of the temperature to the dynamics of pCO;
was most pronounced, with correlation coefficients of 0.52 and 0.71 for 127" and
131% cruises, respectively. At the same time, an increase in temperature contributes
to both the intensification of biological processes and a shift in the equilibrium
in the carbonate system towards CO, accumulation.
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Fig. 4. Spatial distribution of pCO, (a), temperature (b) and coccoliths (c)
in the surface water layer based on data from the 131% cruise (1% stage, 28.05—
07.06.2024)
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The influence of sea surface temperature on pCOx is also evident in the spatial
distribution of these parameters. This is exemplified by data from the 131% cruise
(Figure 4), which shows that areas of maximum pCO. coincide with regions of ele-
vated surface water temperature.

Furthermore, the spatial distribution of coccoliths did not correspond with
the pCO; pattern (Fig. 4, a, ), which also confirms the assumption about the minor
contribution of the biotic factor to the pCO- value of the surface water layer.

Based on the calculated data (Fig. 4, c) and satellite imagery data (for exam-
ple, URL.: http://dvs.net.ru/mp/data/modis/2406/24062955.gif), it is assumed that
fields of suspended matter, consisting mainly of coccoliths, are formed under
the influence of a hydrodynamic factor: water, enriched with coccolithophore cells
and the suspended matter they produce, is carried along with the Main Black Sea
Current from the southern regions of the sea. As a result, a field of suspended mat-
ter concentrations is formed, where clearer water is pressed against the shore and
more turbid water is observed in the open sea part of the polygon.

Conclusions

During the study periods (May—-July), coccolithophore blooms (more than
100 million cells/L) were observed in the surface waters, and the proportion of
suspended matter of coccolithic origin was 50% or more. The spatial distribution
of the concentration of suspended matter represented by coccolithophores was de-
termined by the dynamics of the water and the structure of currents in the Black Sea.

The waters were oversaturated with CO, compared to the atmosphere, with
an average pCO; of 486 + 18 patm, which is ~ 20% higher than the average annual
pCO; value for this region.

Analysis of coccolith dynamics in late spring allowed us to identify three peri-
ods: the beginning of blooming and gradual accumulation of coccolithophores
(late May — early June; average number of coccoliths 83-10° pcs/m?), their accumu-
lation and bloom outbreak during June (average number of coccoliths 131-10° pcs/m?),
and then the attenuation of the bloom by the end of June (average number of coc-
coliths 112-10° pcs/m?) followed by carbonate decomposition.

No statistically significant correlation was found between the number of coc-
colithophore cells (and the number of coccoliths) and either pCO; (correlation
coefficient —0.22 and —0.06 for 127" and 131% cruises, respectively) or alkalinity
(correlation coefficients of 0.05 and 0.09 for the 127" and 131% cruises, respective-
ly), as well as a moderate correlation with pH (correlation coefficients of 0.30 and
0.40 for the 127" and 131% cruises, respectively). The absence of a pronounced
relationship between coccolith concentrations and pCO-, pH, and alkalinity values
suggests that, despite the contribution of coccolithophore blooms to maintaining
high CO: concentrations in the sea surface, this factor is not the main one.

The temperature factor contributes most significantly to the dynamics of pCO,,
with correlation coefficients of 0.52 and 0.71 for 127" and 131 cruises, respectively.
This is primarily due to the fact that an increase in temperature contributes to both
the intensification of biological processes and a shift in the equilibrium in the car-
bonate system towards CO, accumulation. Thus, even during the coccolithophore
bloom period, temperature is the key factor determining the pCO, value of the sur-
face water layer.
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Abstract

A database of nutrients and dissolved oxygen for 20122022 was formed from long-term
monitoring results of the hydrochemical indicators of the Yalta Port water area. The paper
shows dynamics of nutrients for the studied water area and determines inorganic forms
of nitrogen (nitrites, nitrates, ammonium) as priority pollutants in the port ecosystem.
The self-purification capacity of the Yalta Port water ecosystem was assessed by calculat-
ing the specific assimilation capacity (ACsp) in relation to nitrates, nitrites and ammonium
using the balance method. The rates and times of removal of these inorganic nitrogen forms
from the mentioned ecosystem were calculated. The paper analyses the obtained ACsp
values for the Yalta Port water ecosystem for two periods (2012-2017 and 2018-2022).
The study shows that for nitrates, there is an increase in ACs, from 31.49 to 36.07 pg/(L-day)
for these periods, respectively. The same dependence was established for nitrites. For this
nitrogen form, the change in ACs, ranged from 0.08 to 0.1 pg/(L-day). As for ammonium,
an inverse relationship was observed for these periods: a decrease in the ACs, value from
8.67 to 7.56 ng/(L-day). The paper compares the obtained ACs, values in relation to inor-
ganic forms of nitrogen for the Yalta Port water ecosystem with similar values for the Se-
vastopol Bay ecosystem, which is under high anthropogenic load, affected by river runoff
and has limited water exchange with the open sea. The more intensive hydrodynamic
regime is suggested to account for the higher self-purification capacity in relation to inor-
ganic forms of nitrogen in the Yalta Port ecosystem (as part of Yalta Bay) if compared with
Sevastopol Bay.

Keywords: nutrients, biogenic nitrogen, ecosystem, self-purification capacity, assimilation
capacity, Yalta Port
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AHHOTALUA

ITo pe3ysbpraTaM MHOTOJIETHEIO MOHHTOPHHIA THIPOXUMHUYECKUX MOKA3aTelieil akBaTOpHU
Snrtuackoro mopra 3a 2012-2022 rr. chopmupoBaHa 0a3a TaHHBIX O KOHIIEHTpaLUu Ono-
TeHHBIX 3JIEMEHTOB M PACTBOPEHHOT'O KMCIIOPOAA 32 YKa3aHHBIN nepuo. s ucciexyeMon
aKBaTOPHHM ITOKa3aHa JUHAMHKa COJlepKaHMs OMOT€HHBIX JIEMEHTOB M BBIICJICHBI HEOpra-
Huueckre (Gopmbl a3oTa (HUTPUTHI, HUTPAThl, aMMOHHUI) KaK MPUOPHUTETHBIE 3arpsi3HsIO-
Iye BELIeCTBAa B 3KocHcTeMe nopTa. OueHKa CaMOOYHCTHTENILHOM CIIOCOOHOCTH 3KOCH-
CTEMBl aKBAaTOPWH SIITHHCKOTO MOPTa BBHINOJHEHA IIyTeM pacdera 0alaHCOBBIM METOJOM
BEJIMYMHBI YIEIbHON acCCUMUIISIIMOHHON eMKOCTH (AEy;) B OTHOIICHHH HUTPATOB, HUTPH-
TOB W aMMOHHS. PaccuuTaHbl TakKke CKOPOCTH M BpeMs YAJICHHS 3THX HEOPraHWYECKUX
¢dopM a3oTa U3 yKazaHHOW 3KocucTeMbl. [IpoaHanu3upoBanbl nonyyeHHble 3HaueHHusT AEy,
JUTSE DKOCUCTEMBI aKBaTOpUHU SInTHHCKOTO TopTa 3a aBa mepuoma: 2012-2017 u 2018—
2022 rr. Tloka3aHo, 4TO B OTHOIICHUHM HUTPATOB Habmoaaercs yeenunueHue AEy, ot 31.49
10 36.07 MKr/(J1'cyT) 3a yKa3aHHBIC IIEPHOJBI COOTBETCTBEHHO. Takas K€ 3aBHCHMOCTb
ycraHoBNeHa [ig HUTpUTOB: m3MmeHeHHe AE,, cocraBmino ot 0.08 mo 0.1 Mkr/(orcyr).
B oTHOImIeHNN aMMOHHMS 3a yKa3aHHbIE IIEpPHOJbl HAOIIOJaeTCsl OOpaTHasl 3aBUCUMOCTD —
ymenbuienue AEy, ot 8.67 no 7.56 mkr/(ir-cyt). IIpuBeneHsl pe3ynbTaThl CPaBHEHUS TIOITY-
YeHHbIX 3HadeHUH AEy; B OTHOIIEHMM HEOpPraHMYEeCKHMX (OpM a30oTa Ul 3KOCHCTEMBI
aKBaTOPHM SIITHHCKOTO MOpPTa C COOTBETCTBYIOUIMMH IIOKAa3aTeNsIMHU Uil JKOCHCTEMBI
6. CeBacCTONONBCKON, KOTOpas XapaKTEpU3yeTcs BBHICOKOW aHTPOIIOICHHOW Harpys3Kow,
TIOJIBEPKEHA BIMSHHIO CTOKA PEK U UMEET 3aTPyAHEHHBIH BOJOOOMEH C OTKPBITHIM MOPEM.
Bricka3piBaeTcs MPEANONOKEHHE, YTO TPUIMHON OoJiee BBICOKOH, YeM Yy JKOCHCTEMBI
6. CeBaCTONOJILCKOH, CIOCOOHOCTH K CAaMOOYMIIEHHIO B OTHOIICHMH HEOPraHWYECKUX
¢dopM azora SKOCHCTEMBI SINTHHCKOTO IMopTa (Kak 4acTH SINTHHCKOTO 3aJIMBa) SIBISETCS
0oJiee MHTEHCUBHBIA THAPOTMHAMUICCKIN PEXKHIM.

KiawueBble cjioBa: OMOICHHBIC AJIEMEHTBI, OMOTCHHBIM a30T, SKOCHCTEMa, CAaMOOYHCTH-
TeJIbHAS CIIOCOOHOCTh, ACCUMUIIAIIUOHHAS. €MKOCTb, SITTUHCKUI MOPT

BaarogapHocTH: paboTa BRIOJIHEHA B paMKax rocyaapcTBeHHoro 3aganus @TBYH MI'U
o Teme FNNN-2024-0016 «IIpubpexHble HccaeI0BaHUS.

Jdasi nutupoBanusi: Meszenyesa U. B., Cosea E. E., Xmapa T. B. CamoounucTuTeIbHas
CIIOCOOHOCTH 3KOCHCTEMBI SITTHHCKOTO MOpTa B OTHOLICHHUH HEOpPTaHW4IeCcKuX (opm azora
3a 20122022 rogp! // Dxomormdeckas 0€30MacHOCTh MPUOPEKHON U MIETb(OBOI 30H MOPSI.
2025. Ne 3. C. 41-53. EDN ZFXLJK.
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Introduction

The coastal waters of the Southern Coast of Crimea, in particular Yalta Bay,
being recreational and resort areas, experience significant anthropogenic pressure
with pronounced seasonality.

The Yalta Port water area, with depths of up to 8.5 m, is part of Yalta Bay and
is bounded by a harbour with a protective breakwater. The water area is under ad-
ditional anthropogenic pressure due to year-round navigation in the port and runoff
from mountain rivers. As a result, higher concentrations of pollutants, including
nutrients (phosphates, nitrates, nitrites, ammonium and silicon), are observed
in the Yalta Port waters compared to similar indicators in the entire Yalta Bay.

The eutrophication level for the aquatic environment is determined by the dis-
tribution of biogenic nitrogen and phosphorus compounds, their seasonal and annual
variations and recirculation degree. The sources of inorganic nitrogen (nitrites, ni-
trates and ammonium) entering the sea are river waters, domestic and industrial
effluents and atmospheric precipitation. The nitrogen cycle in the surface layer of
water is associated with nitrification NHs* — NO,~ — NO3z and ammonification
NO37 —> NO[ —> NH4+.

To date, numerous studies have been devoted to the hydrological and hydro-
chemical characteristics of the coastal waters of the Southern Coast of Crimea,
including Yalta Bay. Work [1] summarises information on the hydrometeorologi-
cal conditions of the Yalta coastal zone based on all observation data from 1870
to 2003 and on the hydrochemical regime in 1986-2004. Work [2] compares
the hydrochemical characteristics of two water areas (the Yalta Port area and Yalta
Bay) analysing the annual dynamics of concentrations of biogenic substances (ni-
trogen NO;, NO3~, NH4*, Niot, phosphorus PO4*, Pyt and silicon SiO2) as well as
dissolved oxygen (O,) and water temperature in the surface layer for 1987-2004
and 2005-2010. The presented results show changes in the ecological state of
the surface water layer of Yalta Port during the study periods.

The inflow of significant amounts of nutrients and pollutants into Yalta Bay is
caused by the runoff from the mountain rivers: Derikoyka (Bystraya) and Uchan-Su
(Vodopadnaya) with their tributaries, Lyuka (which supplies water to Yalta), and
others Y. Of note, according to work [3, p. 61], “the Vodopadnaya River mouth and
the adjacent waters of Yalta City Beach are in an area of ecological risk due to ele-
vated levels of nitrates and nitrites in the river water and severe bacterial contami-
nation by Escherichia coli in the seawater (several hundred-fold above sanitary
standards values during the high season)”. According to the data ¥, the channel,
floodplain and mouth of the Bystraya River and the adjacent water area of the Yalta

) Borisova, Yu., 2014. The Uchan-Su River. In: Yu. Borisova, 2014. Plantarium. Plants and Lichens
of Russian and Adjusted Countries: The Open Online Plant Atlas and Field Guide. Available at:
https://www.plantarium.ru/page/landscapes/point/2563.html  [Accessed: 29 August 2025] (in
Russian).
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passenger seaport are in an ecological risk zone. Elevated levels of nitrates and
nitrites were recorded in the river water. The seasonal dynamics of inorganic nitro-
gen and phosphorus in the mouth zone of the Vodopadnaya River was studied
in work [4]. The studies revealed that nutrient concentrations in the freshwater
of the estuary significantly exceeded those in the seawater: nitrites (7.2-fold),
ammonium (3.0-fold), nitrates (62.9-fold), and mineral phosphorus (13.2-fold).
The total mineral nitrogen concentration in the river water was 27.9 times higher
than in the seawater.

Currently, comprehensive monitoring of the background environmental condi-
tion in the coastal waters of Crimea, especially in the areas adjacent to the infra-
structure of cargo, passenger, fishing and military fleets. Therefore, a proper as-
sessment of the baseline condition is difficult.

The effectiveness of natural self-purification of marine ecosystems is deter-
mined by interdependent processes, such as input of pollutants, their deposition
in bottom sediments and interaction with marine aerosols, the redistribution of pol-
lutants and their transformation by biota, and the dynamic removal of pollutants
beyond the water area. Under intense anthropogenic pressure, the first step towards
normalising the ecological status of shallow marine waters is to assess their self-
purification capacity by calculating the assimilation capacity (AC) of the ecosys-
tem in relation to a priority pollutant or complex.

The AC concept developed by Yu. A. Izrael and A. V. Tsiban [5], based on
the results of comprehensive oceanographic studies, was tested on the Baltic Sea
ecosystem for benz(a)pyrene, polychlorinated biphenyls and a number of toxic
metals (Cu, Zn, Pb, Cd, Hg). According to [5], the AC indicator characterises
the ability of a marine ecosystem to withstand the addition of a certain amount of
pollutants without developing irreversible biological consequences. AC has the di-
mension of a substance flux (mass of substance per unit of volume per unit of time).
As shown in [6, 7], when using the balance method for calculating AC, the most
difficult task is calculating the integral residence time of pollutants in the ecosys-
tem under study. This quantity depends largely on the physical and chemical prop-
erties of a particular pollutant, the hydrodynamic parameters of the water area, and
the set of processes (physical, chemical, microbiological) responsible for destruction
of the pollutant or its removal beyond the boundaries of the water area under study.

The work is aimed to determine the priority pollutant based on the results of
long-term monitoring of nutrients in the Yalta Port water area and to assess the self-
purification capacity of the ecosystem by calculating the specific AC (ACsp) in re-
lation to inorganic forms of nitrogen (NO3z~, NO2~, NH4").

Notably, a literature data analysis reveals that this study provides the first cal-
culation of this kind for the ecosystem of the Yalta Port water area.
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Materials and methods of the study

To achieve our objective, a database on the Yalta Port water area was created.
It was based on materials from the annual reports Sea Water Quality by Hydro-
chemical Indicators for 2018-2022 by the Federal State Budgetary Institution State
Oceanographic Institute? and materials from the database of Marine Hydrophysical
Institute. According to work?, hydrochemical studies of the biogenic complex
were carried out by the Yalta Environmental Pollution Monitoring Laboratory
using methods approved by the Roshydromet hydrochemical monitoring system .

Samples were collected in the Yalta Port water area at a single point with
a depth of 6 m at the base of the breakwater annually from January to December,
with standard hydrological monitoring conducted every ten days. Trends in the sea-
sonal and long-term dynamics of nutrients and dissolved oxygen against the back-
ground of changes in temperature and salinity of the surface and bottom water layers
of the Yalta Port water area for 2018-2022 were considered. Changes in the ecologi-
cal situation in the water area were assessed compared to the previous period of
2013-2017 [8].

The analysed database consisted of 1,920 measurements of total nitrogen and
phosphorus content, mineral nitrogen complexes (nitrites, nitrates, ammonium),
phosphates, silicon and dissolved oxygen, as well as sea water temperature and
salinity. The number of analysed samples and concentration limits are presented
in Table 1.

The characteristics of the database for 2013—2017 are presented in work 2.
In this study, AC was calculated using the balance method proposed by Yu. A. Izrael
and A. V. Tsiban [5]. The authors of this paper have adapted the method for marine
ecosystems where state hydrochemical monitoring is carried out [8], for example,
in Sevastopol Bay with regard to inorganic nitrogen and phosphorus [9, 10].

According to [7], the final formulas for estimating the mean value Ay and stand-

ard deviation /D[A.;]1 for AC of a marine ecosystem (m) in relation to the i-th
pollutant are as follows:

AE,; =Am =*./D[A,] (1)

— QmC ri — 'Ct i i
Amizcith'vi’ D[%i]:[MJ -D[v;,]1, (2)

max i Cmaxi

where Qn is the volume of water in the calculation area; Curi is the threshold
concentration of a pollutant; Cmax i iS the maximum concentration of a pollutant
in the ecosystem; v; is the rate of removal of a pollutant from the ecosystem,

the average value Vi and dispersion D[Vi] of which are determined according to

2 Korshenko, A.N., ed., 2024. Marine Water Pollution. Annual Report 2022. lvanovo: PresSto, 302 p.
(in Russian).

% Oradovsky, S.G., ed., 1993. Guide on the Chemical Analysis of Sea Waters. RD 52.10.243-92.
Saint Petershurg: Gidrometeoizdat, 264 p. (in Russian).
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Table 1. Characteristics of the used data for 2018-2022

Parameter MPC Average (0%' %);i lejDT:) (?et?/?;?(;i
PO, pg/L 50 12 48 (96) 8.48
Pior, pg/L - 54.9 172 34.76
NO2z, pg/L 24 3.7 15.4 (64) 2.80
NOs-, pg/L 9032 140 953 (11) 201.77
NH,*, pg/L 389 18.6 104 (27) 14.27
Niot, pg/L - 1157 4301 831.60
Siz0z, pg/L 368 265 1698 (461) 303.91
02, % - 91 109 6.49
Salinity, %o - 16.98 19.41 2.52
Temperature, °C - 17.1 26.7 5.87

Note. The number of samples taken to determine the nutrient concentrations is 120 for each
parameter, and 360 for each of oxygen content, temperature and salinity.

the original algorithm [6, 7]. In the equation above, the most difficult part of calcu-
lating AC is the quantitative assessment of the integral residence time of a pollutant
in the ecosystem under study.

For areas under state monitoring, including the waters of Yalta Bay and Yalta
Port, work [7] suggests a method to estimate the residence time of pollutants in the eco-
system. This indicator is calculated as the ratio of the change in pollutant concen-
tration per unit of time to its average concentration, as well as the average rate of
pollutant removal, determined from the complete data set for a specific water area
(inour case, Yalta Port). The specific rate of pollutant removal is estimated using
the equation

t=Cly,

where 7 is the residence time of a pollutant in the ecosystem; C is the concentration
of a pollutant in seawater; v is the specific elimination rate of a pollutant from
the ecosystem.
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The specific rate of pollutant removal from the ecosystem of the studied water
area was determined by the change in pollutant concentration in seawater per unit
of time using the formula

Vh = (Cn - Cn+1)/(tn - tn+l),

where v, is the specific rate of pollutant removal from the ecosystem during
the selected period of concentration decrease t, — th+1; Cy is the concentration dur-
ing the period t,; Cn+1 is the concentration during the period tn+1; forn =1, ..., N,
where N is the sample size. Using the ratio of the average concentration of the i-th
substance under study and the average rate of its removal (for all selected periods),
the integral time of the pollutant residence in the ecosystem is calculated:

Ti = Cavi/ Vavi.

The calculation results from the above equations are shown in Table 2.

The reliability of the calculated AC values is ensured by the analysis of a large
dataset from long-term monitoring observations (1,920 measurements) over 10 years.
It should be noted that for the Yalta Port water area, some boundaries with adjacent
water areas are not strictly defined (i. e., they are permeable), therefore, ACs, per
unit volume (1 dm?®) was calculated as a relative value characteristic of the central
part of the port water area [7].

To calculate AC parameters, only data from the water area under consideration
was used, which allowed for a better assessment of its response to pollutant inputs
and its self-purification capacity compared to using MPCs, which are accepted for
all marine ecosystems disregarding regional peculiarities.

The average values of all forms of inorganic nitrogen during the observation
period did not exceed the corresponding MPCs. This allowed us to use these aver-
age values as a threshold level in calculating the self-purification capacity of
the ecosystem under study, which is one of the prerequisites for using lzrael's bal-
ance method [5] for calculation, the second prerequisite being the availability of
long-term monitoring data.

Results and discussion

During the study period, the salinity in the Yalta Port water area varied be-
tween 4.59 and 19.41 %o, with strong desalination (less than 10 %o) observed
in the surface water layer in 2018, 2019, 2021 and 2022. Oxygen saturation
remained consistently low (averaging 89-92%), resulting in a dissolved oxygen
deficit of 25-37%. The actual concentration of dissolved oxygen varied significant-
ly, ranging from 5.29 to 10.99 mg/L.

The average values for 2018-2022 for all mineral forms of nutrients did not
exceed the MPC. As can be seen from Table 1, only the MPC for silicon was ex-
ceeded during the study period, which is quite understandable given the significant
volume of fresh river water entering Yalta Bay . The maximum phosphate content
in 2021 was close to the threshold value (96% of the MPC).
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A single sample of surface water taken on 15 July 2022 in the port area con-
tained high concentrations of nitrates and ammonium: 953 pg/L (0.11 MPC) and
190 pg/L (0.49 MPC), respectively. The maximum total nitrogen content in the sur-
face waters of the port area during this period reached 20,779 pg/L, which is five
times higher than that for other samples that year (4,301 pg/L) (Table 1) and previ-
ous years (1559-3266 pg/L) and is obviously associated with heavy rainfall and
the transport of nutrients with river water from the catchment area [3, 4]. The ni-
trite content reached its maximum (15.4 pg/L) in 2019, when the second maximum
of ammonium content (104 pg/L) was recorded, which in other years did not ex-
ceed 69 pg/L. The dynamics of average and extreme values of the studied nutrients
for 2018-2022 are presented in Fig. 1.

With relatively little change in the aeration of the waters (Oy) of the Yalta
Port water area during the described period, an increase in the average annual con-
centration of phosphorus and nitrogen was observed [8]. Thus, the total phosphorus
content (Pit) increased from 16 pg/L in 2018 to 77 ug/L in 2021, and that of nitro-
gen (Nit) increased from 650 pug/L in 2019 to 1440 pg/L in 2022. Among mineral
complexes, the maximum increase in the average annual concentration is character-
istic of nitrates (from 51 pg/L in 2018 to 228 pg/L in 2022), while less noticeable
for phosphates (from 6.5-11.7 pg/L in 2018-2020 to 15.7-16.3 pg/L in 2021-2022)
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Fig. 1. Long-term dynamics of average and extreme values of nutrients content
in the water area of the port of Yalta in 2018-2022
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and nitrites (from 2.4-3.8 to 4.7-5.5 ug/L in the specified years). The dynamics of
ammonium nitrogen concentration showed a decrease from 24-25 pg/L in 2019—
2020 to 9 ug/L in 2021.

An analysis of the database for 2018-2022 showed that inorganic forms of ni-
trogen (NOs~, NO2~, NH4") were the priority nutrients in Yalta Port: their concen-
trations increased by 50-120% over five years (the dynamics of phosphates and
silicon were not as pronounced), and their contribution to total nitrogen reached
70%. At the same time, comparative estimates of inorganic and total nitrogen con-
tent based on data for two periods (2013-2017 [8] and 2018-2022) showed a two-
fold increase in the total content of mineral forms of nitrogen (on average from
84 ng/L in 2013-2017 to 161 pg/L in 2018-2022) in the waters of Port of Yalta
against a significant decrease in the total content of this pollutant (on average from
1212 to 996 pg/L for the specified periods) (Fig. 2). Due to the reduction in the or-
ganic component contribution, the total share of mineral nitrogen increased from 7
to 16%.

The created database allowed us to assess the self-purification capacity of
the port's water ecosystem by calculating its AC for inorganic forms of nitrogen
(nitrates and nitrites) that showed steady growth, as well as for ammonium, whose
content changed insignificantly. The characteristics of the self-purification capacity
of the marine waters of the Yalta Port ecosystem with regard to nitrates, nitrites
and ammonium for 2013-2017 and 2018-2022 are presented in Table 2.
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Fig. 2. Content of inorganic and total nitrogen in the Port of Yalta water area
in 2013-2017 and 2018-2022
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Table 2. Calculation results for the specific value of ACs, in the ecosystem of the Port
of Yalta water area in relation to inorganic forms of nitrogen for 2013-2017 and 2018-
2022

_ Content, pg/L - ACs,
Forms of nitrogen e . we/(L-day) T, day wg/(L-day)

2013-2017

Nitrites (NO2") 2.5 13.5 0.049 52-55 0.081

Nitrates (NO3") 61.6 300.0 1.120 55-59 31.490

Ammonium (NH.") 19.8 43.0 0.180 113-120 8.660
2018-2022

Nitrites (NO2") 37 15.4 0.065 58-60 0.097

Nitrates (NO3") 140.0 953.0 4.210 33-37 36.070

Ammonium (NHs") 16.5 104.0 0.220 81-83 7.560

As shown in Table 2, the average elimination time for nitrites from the Yalta Port
water area in 2018-2022 was 58-60 days, while in 2013-2017 it was 52-55 days.
In 2018-2022, the time required to remove nitrates and ammonium from the eco-
system decreased by approximately 20 and 30 days, respectively.

Nitrate removal occurs much faster. The removal rate varies widely: its maxi-
mum values for nitrites reach 0.302 ug/(L-day), nitrates — 9.86 pg/(L-day) and am-
monium nitrogen — 2.95 ug/(L-day), which exceeds the average values for the peri-
od by 2.3-9.2 times.

An analysis of ACs, dynamics showed that the ecological situation in the Yalta
Port water area in terms of nitrite and nitrate concentrations in 2018-2022 im-
proved compared to 2013-2017, but deteriorated in terms of ammonium content.
The decrease in ACs, for ammonium as a reduced inorganic form of nitrogen indi-
cates an increase in the inflow of untreated municipal wastewater into the Yalta
Port water area in the recent period.

To verify the obtained parameters of the self-purification capacity of the Yalta
Port water area ecosystem, they were compared with the corresponding ACs, val-
ues for the Sevastopol Bay ecosystem published in [10, 11]. For Sevastopol Bay
as a whole, the ACs, for nitrites was 0.047 pg/(L-day) and for nitrates it was
25.92 pg/(L-day). An analysis of the results showed that these values are lower
than those obtained for the ecosystem of the Yalta Port water area (Table 2).
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This indicates a more favourable state of the water area, apparently due to in-
creased water dynamics.

The ACs, value for ammonium in the Yalta Port water area was 7.56 pg/(L-day),
which exceeded the average value for the Sevastopol basin (5.67 ug/(L-day)) and
the value in the bay’s most problematic eastern part (1.99 pg/(L-day)), which is
affected by the Chernaya River runoff [11, 13].

The self-purification capacity for inorganic nitrogen was compared for Port of
Yalta and Sevastopol Bay. Although they share common pollution sources (tech-
nogenic and recreational press, inflow with river waters), the Yalta Port ecosystem
revealed a significantly greater self-purification potential. We attribute this differ-
ence to the distinct hydrodynamic conditions of these water areas.

Unlike Sevastopol Bay, which has limited water exchange with the open sea,
Port of Yalta is characterized by complex hydrodynamic processes [13]. These are
driven by the western and south-western currents of the Rim Current, which flow
along the southern coast of Crimea. Furthermore, the interaction of the Rim Cur-
rent's northern boundary with the shelf topography, such as capes and bays, signifi-
cantly shapes the local circulation. Future research will focus on how this interac-
tion affects the self-purification capacity of the Southern Coast of Crimea's coastal
ecosystems.

Thus, the calculated ACs, values for each form of inorganic nitrogen allow us
to assess the self-purification capacity limit specifically for the ecosystem of
the Yalta Port water area, in contrast to the uniform MPC adopted for all marine
ecosystems disregarding local peculiarities.

When assessing the self-purification capacity of the Yalta Port water area eco-
system in cases of emergency discharge, the ACs, should be used as a reference,
which is 0.097 ug/(L-day) for nitrites, 36.1 ug/(L-day) for nitrates and 7.56 pg/(L-day)
for ammonium nitrogen. Regulating discharges, given the established quantitative
limits covering the entire range of disposal processes, will improve the envi-
ronmental condition of the port's water area and, as a result, reduce the negative
impact on Yalta Bay as a whole.

Conclusions

Based on long-term monitoring results (2012—-2022), a database has been cre-
ated on the content of nutrients and dissolved oxygen in the waters of Port of Yalta.
We used this database to assess the dynamics of nutrients and identify inorganic
forms of nitrogen (nitrites, nitrates, ammonium) as priority pollutants of the port
ecosystem.

For the first time for this ecosystem, over two periods (2012-2017 and 2018—
2022), the ACs, for inorganic forms of nitrogen (nitrates, nitrites and ammonium)
was estimated using the balance method, and the rate and time of their removal
from the studied ecosystem were calculated.
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The decrease in ACs, for ammonium as a reduced inorganic form of nitrogen,
obtained for 2018-2022, indicates that the amount of untreated municipal waste-
water entered the Yalta Port water area during this period was greater than during
the first period.

The ACs, values, obtained for the ecosystem of the Yalta Port water area
for 2018-2022 for all inorganic forms of nitrogen, were compared with similar
indicators for the ecosystem of Sevastopol Bay, an area with high anthropogenic
pressure and limited water exchange with the open sea.

The calculated ACs, values for each form of inorganic nitrogen (nitrates, nitrites,
ammonium) can be used by local authorities for quantitative and qualitative
assessment of municipal and storm water discharge as main sources of these forms
of nitrogen.

REFERENCES

1. Ivanov, V.A,, Repetin, L.N. and Malchenko, Yu.A., 2005. [Climate Changes of Hydro-
meteorologocal and Hydrochemical Conditions of the Yalta Coastal Area]. Sevastopol:
MHI, 163 p. (in Russian).

2. Sovga, E.E., Godin, E.A., Plastun, T.V. and Mezentseva, 1.V., 2014. Assessment of
Hydrochemical Regime of the Yalta Bay Coastal Waters. Morskoy Gidrofizicheskiy
Zhurnal, (3), pp. 48-59 (in Russian).

3. Vetrova, N.M., Ivanenko, T.A., Gaisarova, A.A. and Mennanov, E.E., 2019. The Prob-
lem of Ecological Risk Zones in the Coastal Areas of the Crimea. Biospheric Compati-
bility: Human, Region, Technologies, (2), pp. 59-73. https://doi.org/10.21869/23-11-
1518-2019-26-2-59-73 (in Russian).

4. Egorov, V.N., Bobko, N.I., Marchenko, Yu.G. and Sadogurskiy, S.Ye., 2021. Nutrient
Content and Limitation of the Phytoplankton Primary Production in the Estuary Area
of the Vodopadnaya River (South Coast of Crimea). Ecological Safety of Coastal and
Shelf Zones of Sea, (3), pp. 37-51. https://doi.org/10.22449/2413-5577-2021-3-37-51
(in Russian).

5. lzrael, YU.A. and Tsyban, A.V., 1989. [Anthropogenic Ecology of the Ocean]. Moscow:
Gidrometeoizdat, 529 p. (in Russian).

6. Sovga, E., Mezentseva, |. and Verzhevskaia, L., 2015. Assimilation Capacity of
the Ecosystem of Sevastopol Bay. In: E. Ozhan, ed., 2015. Proceedings of the Twelfth
International Conference on the Mediterranean Coastal Environment MEDCOAST'
2015, 6-10 October 2015. Varna, Bulgaria. Varna. Vol. 1. P. 317-326.

7. Sovga, E.E. and Mezentseva, 1.V., 2017. Methodological Aspects of Estimates of Self-
Purifying Ability of Marine Shallow Water Ecosystems (Gulfs, Bays, Ports). Ecological
Safety of Coastal and Shelf Zones of Sea, (3), pp. 57-68 (in Russian).

8. lvanov, V.A., Sovga, E.E. and Mezentseva, 1.V., 2019. Long-Term Dynamics of
Biogenic Elements and Oxygen in the Yalta Port Water Area in 2013—2017. Ecological
Safety of Coastal and Shelf Zones of Sea, (2), pp. 86-93. https://doi.org/10.22449/2413-
5577-2019-2-86-93 (in Russian).

9. Sovga, E.E., Mezentseva, I.V. and Kotelyanets, E.A., 2017. Assimilation Capacity of
the Marine Shallow Water Ecosystems with Various Anthropogenic Impacts as the Es-
timation Method of Its Self-Purification Ability. Problems of Ecological Monitoring
and Ecosystem Modelling, 28(4), pp. 39-52. https://doi.org/10.21513/0207-2564-2017-
4-38-51 (in Russian).

52 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2025



10. Sovga, E.E., Mezentseva, [.V. and Khmara, T.V., 2022. Simulation of Seasonal Hydro-
dynamic Regime in the Sevastopol Bay and of Assessment of the Self-Purification Ca-
pacity of Its Ecosystem. Fundamental and Applied Hydrophysics, 15(2), pp. 110-123.
https://doi.org/10.48612/fpg/92ge-ahz6-n2pt (in Russian).

11. Mezentseva, 1.V. and Sovga, E.E., 2019. Self-Purification Ability of the Ecosystem of
the East Part of the Sevastopol Bay with Respect to Inorganic Nitrogen. Ecological
Safety of Coastal and Shelf Zones of Sea, (1), pp. 71-77. https://doi.org/10.22449/2413-
5577-2019-1-71-77 (in Russian).

12. Sovga, E.E., Mezentseva, 1.V. and Slepchuk, K.A., 2020. Comparison of Assimilative
Capacity and Trophic Index for Various Parts of the Sevastopol Bay Water Area.
Ecological Safety of Coastal and Shelf Zones of Sea, (3), pp. 63-76.
https://doi.org/10.22449/2413-5577-2020-3-63-76 (in Russian).

13. Repetin, L.N., Romanov, A.S. and Churilova, T.Ya., 2010. Upwelling in the Area of
Anticyclone Vorticity on the South Crimea Shelf. Ecological Safety of Coastal and
Shelf Zones of Sea, 22, pp. 205-227 (in Russian).

Submitted 28.11.2024; accepted after review 11.01.2025;
revised 24.06.2025; published 30.09.2025

About the authors:

Irina V. Mezentseva, Senior Research Associate, Sevastopol Branch of the N. N. Zubov
State Oceanographic Institute (61 Sovetskaya St., Sevastopol, 299011, Russian Federation),
PhD (Geogr.), ORCID ID: 0000-0001-9771-0380, mez-irina@mail.ru

Elena E. Sovga, Leading Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), DSc (Geogr.), ORCID ID:
0000-0002-0670-4573, ResearcherID: A-9774-2018, science-mhi@mail.ru

Tatiyana V. Khmara, Research Associate, Marine Hydrophysical Institute of RAS (2 Kapi-
tanskaya St., Sevastopol, 299011, Russian Federation), Scopus Author ID: 6506060413,
ResearcherID: C-2358-2016, xmara@mbhi-ras.ru

Contribution of the authors:

Irina V. Mezentseva — calculations of the assimilation capacity of the Yalta Port ecosys-
tem, analysis of the calculation results

Elena E. Sovga — study task statement, analysis of the method of assimilation capacity
calculation, comparison of the assimilation capacity values of the ecosystems of Yalta Port
and Sevastopol Bay, preparation of the manuscript

Tatiyana V. Khmara — calculations, discussion of the study results, data analysis and visu-
alisation, article editing

All the authors have read and approved the final manuscript

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2025 53



ISSN 2413-5577, Ecological Safety of Coastal and Shelf Zones of Sea, 2025, No. 3, pp. 54-66.

Original paper

The Tier Structure of the Ericaria—Gongolaria Phytocenosis
in the Coastal Zone of Protected Areas of Sevastopol

D. A. Kandaurova*, N. A.Milchakova

A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russia
* g-mail: dkandaurova@ibss-ras.ru

Abstract

The paper describes the taxonomic diversity of the Ericaria—Gongolaria phytocenosis
(Ericaria crinita + Gongolaria barbata — Cladostephus spongiosus — Ellisolandia elongata),
which is the key part of the coastal ecosystems of specially protected natural areas of
Sevastopol. The material was collected according to a standard procedure in the waters
of six protected sites at depths of 1-5 m in summers from 2016 to 2021 during the peak
of the macrophyte growing season. When analyzing the samples, we considered the species
composition of the phytocenosis, the duration of life cycle of macroalgae, and their distri-
bution by tiers and depths. The phytocenosis structure was found to be characterized by
a high phytodiversity. Totally, 34 species of macroalgae were recorded. Two of them were
found in the first tier, seven species were included in the second tier, and 25 taxa were repre-
sented in the third tier. The greatest diversity was found in red (Rhodophyta) algae: their share
accounted for 52% of the total number of species. The contribution of brown (Ochrophyta)
and green (Chlorophyta) macroalgae was 2.2 times less (24% each). In terms of life cycle,
perennial and annual algae predominated: their share was 44 and 38%, respectively. The larg-
est contribution of perennial species (70%) was registered near Cape Aya and Cape Sarych.
In general, Ericaria—Gongolaria phytocenosis of different specially protected natural areas
was characterized by low floral similarity: the values of the Jacquard coefficient (Kj)
ranged from 7.1 to 66.7% and the average value was 21%. The taxonomic diversity, full tier
structure and the predominance of perennial species indicate the stability of the key phytoce-
nosis in specially protected natural areas of Sevastopol and effectiveness of their environmen-
tal regime.

Keywords: macrophytobenthos, Ericaria crinita, Gongolaria barbata, phytocenosis, phy-
tocenosis vertical structure, species composition, marine protected areas, southwestern
Crimea, Black Sea
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AHHOTALUA

Jlana XxapakTepHCTHKa TaKCOHOMHYECKOTO pPa3HOOOpa3usi 3pUKapHeBO-TOHTOJISIPHEBOTO
¢uronenosa (Ericaria crinita + Gongolaria barbata — Cladostephus spongiosus — Elliso-
landia elongata), kiaroueBoro B cocraBe MakpoduTobeHTOCa 0000 OXpaHIEMBIX MPUPOJI-
HBIX TeppuTopuii r. CeBacTonons. MaTtepuan oTOMpaIy MO CTAHAAPTHON METOIMKE B aKBa-
TOPUSIX IIECTH 3allOBEIHBIX OOBEKTOB Ha TMyOmHax oT 1 mo 5 M B jerHmit ce3oH ¢ 2016
o 2021 r. B MK BereTalMoOHHOrO nepuoaa mMakpoduros. [Ipu ananuse mpoOd yuuTHIBaIH
BHJIOBOH cocTaB (hUTOIEHO3a, IPOJOIKUTEILHOCTh )KU3HEHHOTO IIMKJIa MAaKPOBOIOPOCIIEH,
UX paclpejelieHne 1o sipycaM M IiIyOuHam. YCTaHOBJICHO, YTO sSIpyCHasi CTPyKTypa (uTo-
[IeHO03a XapaKTepHU3yeTCsl BEICOKMM pa3HOOOpa3reM TaKCOHOB BHIOBOTO paHra. M3 34 BbI-
SBJICHHBIX BHJOB MaKpOBOJOPOCJIEH B NEPBOM sIpyce BCTPEUAINCH J[BA, BO BTOPOM —
ceMb U B TpeTbeM — 25 BunoB. Hanbonbmmm pazHooOpasueM XapakTepH30BaJIHCh Kpac-
uele (Rhodophyta) Bomopociy, Ha J0JII0 KOTOPBIX MPUXOAMIOCE 52 % obmiero Koiude-
CTBa TaKCOHOB, BKiaja Oypsix (Ochrophyta) u 3enensix (Chlorophyta) 6611 MeHbBLIE TOYTH
B 2.2 pa3za (mo 24 %). Ilo mpoAOKUTETBHOCTH KU3HEHHOTO LMKJIA Mpeo0Iagann MHOTO-
JIETHHE W OJHOJIETHHE BOJOPOCIH, JIOJSI KOTOPBIX cocTaBisuia 44 u 38 % coOTBETCTBEHHO,
MaKCHUMaNbHBIA BKJIaJ MHOTOJICTHHX BUIOB (70 %) 3apeructpupoBan y M. Aiist 1 M. Capbru.
ITokazaHo, 4YTO Ha pa3HBIX y4acTKax 0co0O OXPaHAEMbBIX HMPUPOTHBIX TEPPUTOPHNA 3PHKaA-
PHEBO-TOHTOJISIPUEBBIN (DUTOLEHO3 XapaKTEpPHU30BaJCI HHU3KUM (DIOPUCTHYECKHM CXOJ-
CTBOM, 3HaueHus kKod¢pdurmenta XKakkapa (Kj) Bapsuposamu ot 7.1 mo 66.7 % mpu cpen-
HeM 3HaueHnH 21 %. TakcoHOMUYeckoe pazHooOpas3ue, MOTHOWICHHAS IpyCHast CTPYKTypa
u npeoOyiaflaHie MHOTOJIETHUX BHJOB OTPaKalOT YCTOMUYMBOCTH KIIFOUEBOTO (PUTOIEHO3a
1 MOTYT CBHUAETEIHCTBOBATh 00 3((HEKTUBHOCTH ICHCTBYIOMIETO MPUPOIOOXPAHHOTO pe-
KHMMa Ha 0c000 OXpaHIEMBbIX IPUPOJHBIX TePPUTOPHsX T. CeBacTOnoIs.

KumroueBble ciioBa: makpodurobentoc, Ericaria crinita, Gongolaria barbata, ¢utonenos,
BEpPTUKAIbHAS CTPYKTYpa (HUTOLEHO3a, BHIOBOW COCTaB, OxXpaHsembie akBatopuu, FOro-
3ananusiii Kpeim, UepHoe Mope

BaaropapuocTn: pabora BbIIIOJIHEHa B paMKax rocynapcrenHoro 3ananus GUL MabIOM
mo Teme «bropazHooOpas3ue Kak 0CHOBAa yCTOWYMBOTO (PYHKIMOHHPOBAHUS MOPCKHUX
9KOCHCTEM, KPUTEPHUH U HAay4YHbIE NMPUHIUIBI €TO coXxpaHeHus» (Ne roc. perucrpanun
124022400148-4). ABTOpBI IPHHOCST UCKPEHHIOK 0JIATOAapHOCTH KOJUIEKTHBY J1abopaTo-
pun puropecypcoB otaena o6morexHonoruid u puropecypcos OUI MubIOM 3a momomb
B MIPOBEICHUH SKCIICTUIIMOHHBIX UCCIIENOBaHUN 1 00paboTke mpod MakpodpuTodeHTOCa.
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Introduction

The nature conservation network of Specially Protected Natural Areas
(SPNAs) in the city of Sevastopol comprises 19 sites, covering a total area of
23,768 km? (30% of the city’s territory). This represents one of the highest figures
among the subjects of the Russian Federation?. Although Marine Protected Areas
(MPAs) account for only 3% of the total area of these protected sites, they play
a significant role in conserving the biodiversity of coastal ecosystems. According
to various estimates ?, the proportion of protected macrophyte species within
the waters of SPNAs ranges from 18.2 to 45.5% of the species listed in the Red
Book of Sevastopol ¥.

The benthic vegetation of the MPA is dominated by the Ericaria—Gongolaria
phytocenosis, comprising Ericaria crinita + Gongolaria barbata — Cladostephus
spongiosus — Ellisolandia elongata, which is one of the key ecosystems for the Black
Sea coastal ecosystems and is protected at the international level 9. The coenosis-
forming species, Ericaria crinita (Duby) Molinari & Guiry and Gongolaria bar-
bata (Stackhouse) Kuntze, also hold protected status ® ”. Along the open shores of
southwestern Crimea, the Ericaria-Gongolaria phytocenosis forms a belt type ®
vegetation structure [1], with maximum productivity and the ecological-phytocenotic
optimum of E. crinita and G. barbata recorded at depths from 1 to 5 m®, where
the influence of factors driving the transformation of benthic communities is most
pronounced. The primary factor is anthropogenic impact, which leads to biotope
degradation, pollution from inadequately treated or untreated domestic wastewater,
etc. [2, 3].

1) Sevastopol City Administration, 2023. [Annual Report on State and Protection of Environment
of the City of Sevastopol in 2023]. Sevastopol: Main Department of Natural Resources and Ecology
of the City of Sevastopol. Part 1, 194 p. (in Russian).

2) Milchakova, N.A., ed., 2015. [Marine Protected Areas of Crimea. Scientific Reference Book].
Sevastopol, Simferopol: N. Orianda, 300 p. (in Russian).

3) Dovgal, 1.V. and Korzhenevskiy, V.V., eds., 2018. The Red Data Book of Sevastopol. Sevastopol:
ROST-DOAFK, 432 p. (in Russian).

4 EEC Council, 1992. Habitats Directive 92/43/EEC. Available at: https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri= CELEX:31992L.0043 [Accessed: 22 August 2025].

5) Gubbay, S., Rodwell, J.R., Garcia Criado, M., Borg. J., Otero, M., Janssen, J.A.M., Haynes, T.,
Beal, S., Nieto, A. [et al.], 2016. European Red List of Habitats. Part 1. Marine habitats.
Luxembourg: Publications Office of the European Union, 2016. 52 p. https://doi.org/10.2779/032638

6) Ena, A.V. and Fateryga, A.V., eds., 2015. Red Book of the Republic of Crimea. Plants, algae and
fungi. Simferopol: ARIAL, 480 p. (in Russian).

7y Dumont, H.J., ed., 1999. Black Sea Red Data Book. New York: United Nations Office for Project
Services, 413 p.

8) Kalugina-Gutnik, A.A., 1975. [Phytobenthos of the Black Sea]. Kiev: Naukova Dumka, 246 p.
(in Russian).
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Over the past two decades, negative anthropogenic factors have impacted
the coastal waters of Crimea and Black Sea regions, including protected areas,
leading to a decline in macrophyte diversity, a shift in their lower growth boundary
toward the shore, reduced productivity of macrophytobenthos, and alterations
in the spatial distribution and vertical structure of phytocenoses [2, 4-6]. Under
conditions of high anthropogenic pressure and coastal water pollution, macrophy-
tobenthos transformation has been marked by outbreaks of short-cycle and epiphyt-
ic algae, changes in the tiered structure of benthic phytocenoses, reduced ecosys-
tem stability, and a consequent decline in the self-purification capacity of coastal
ecosystems [4, 5, 7-12]. As a result of anthropogenic succession, E. crinita and
G. barbata have lost their dominant positions in many areas of the coastal zone
along the Caucasian shelf, as well as off the coasts of Romania, Bulgaria and Tur-
key, including MPAs [11, 13, 14]. Similarly, in the Mediterranean Sea, their phyto-
cenoses, particularly in the lower tiers, have experienced a replacement of perenni-
al species with short-cycle or ephemeral species, predominantly green and calci-
philic red algae [6, 15-20]. Concurrently, in many Mediterranean MPAs, the area
occupied by phytocenoses of perennial brown algae, including species of the genera
Ericaria and Gongolaria, has significantly decreased, largely due to biotope degra-
dation resulting from inadequate regulation of fishing in protected areas [19-22].

Considering the role of key brown algae phytocenoses — the primary producers
in the coastal ecosystems of southwestern Crimea — and the limited research
on their structure, the objective of this study was to characterize the species com-
position and tiered structure of the Ericaria—Gongolaria phytocenosis and to eval-
uate its stability in the waters of SPNAs of Sevastopol.

Materials and methods of research

The vertical tiered structure of the Ericaria—Gongolaria phytocenosis was
investigated in six SPNAs in Sevastopol, including two State Natural Preserves
(SNPs) — Cape Aya and Karansky — and four Natural Monuments (NMs):
the Coastal Aquatic Complex (CAC) at Cape Sarych, CAC at Cape Fiolent, CAC
at Tauric Chersonese, and CAC at Cape Lukull (Fig. 1). In the coastal zones of
these protected areas, this phytocenosis occurs on rocky-block substrates at depths
ranging from 0.5 to 10 m.

The study focuses on lithophytic macroalgae of the Ericaria—Gongolaria phy-
tocenosis, a key component of the Black Sea macrophytobenthos 9.

Material was collected at depths of 1, 3 and 5 m, corresponding to the eco-
logical-phytocenotic optimum for E. crinita and G. barbata, during the summer
periods of 2016-2021. Quantitative samples of macrophytes were collected using
a standard method ®, employing a 25 x 25 cm sampling frame at each depth hori-
zon in four replicates. To assess the species diversity across tiers, qualitative sam-
ples were gathered at various horizons within the phytocenosis distribution zone.

When processing the samples, the species composition, biomass of macro-
phytes by vertical tiers, the number of cenosis-forming lithophytic macroalgae, and
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Fig. 1. The map of specially protected
natural areas of Sevastopol: 1 — Natural
Monument at Cape Lukull, 2 — Natural
Monument at Tauric Chersonese, 3 — Nat-
ural Monument at Cape Fiolent, 4 — State
Nature Preserve Karansky, 5 — State Na-
ture Preserve Cape Aya, 6 — Natural Mon-
ument at Cape Sarych (the borders of ob-
jects are highlighted in red colour)
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total projective cover of the phytocenosis were evaluated. A total of 93 quantitative
and 20 qualitative samples of macrophytobenthos were collected and analyzed
along six vertical transects located in the central part of SPNAs.

To characterize the vertical tiered structure of the Ericaria—Gongolaria phyto-
cenosis, we analyzed the species composition of lithophytes in the 153 tiers.
For the 4™ tier, comprising crustose lithophytes, only the presence or absence of
species was recorded using the underwater photofixation method [6].

A comparative analysis of the diversity of lithophytic synusiae was conducted
across three vertical tiers, evaluating the proportion of species by division (Chloro-
phyta, Ochrophyta, Rhodophyta) and life cycle duration. For each species, the co-
efficient of occurrence Po (%) was calculated using the formula:

a
P, =P —100,
n

where a represents the number of sites where the species was recorded; and n is
the total number of surveyed sites 9.

The similarity of the species composition of the phytocenosis across the water
areas of the SPNAs was assessed using the Jaccard coefficient Kj (%) *

Cc
Kj =100 ———
J a+b-c’

where a is the number of species in one site; b is the number of species in another
site; and c is the number of species common to both sites.

9 Pesenko, Yu.A., 1982. [Principles and Methods of Quantitative Analysis in Fauna Studies]. Mos-
cow: Nauka, 287 p. (in Russian).
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To evaluate the similarity of the vertical tier structure of the Ericaria—
Gongolaria phytocenosis in SPNAs, a cluster analysis was performed using data
on species occurrence and presence or absence *%. Macroalgal names were updated
to reflect recent taxonomic revisions and nomenclature changes V.

Results and discussion

The phytodiversity of the tiered structure of the Ericaria—Gongolaria phyto-
cenosis in the coastal zone of Sevastopol’s SPNAs exhibited high species richness,
comprising 34 species. These were distributed as follows: 2 species in the 1 tier,
7 in the 2™ tier, and 25 in the 3" tier. The 1% tier was dominated by the coenosis-
forming species Ericaria crinita and Gongolaria barbata, the second was dominat-
ed by Phyllophora crispa (Hudson) P. S. Dixon, Cladostephus spongiosus (Hud-
son) C. Agardh and Ulva rigida C. Agardh, the third by Apoglossum ruscifolium
(Turner) J. Agardh, Chondria da-syphylla (Woodward) C. Agardh, Dictyota fasciola
(Roth) J. V. Lamouroux, Ellisolandia elongata (J. Ellis & Solander) K. R. Hind &
G. W. Saunders, Gelidium crinale (Hare ex Turner) Gaillon, G. spinosum (S. G. Gme-
lin) P. C. Silva, Jania rubens (Linnaeus) J. V. Lamouroux, J. virgata (Zanardini)
Montagne, Laurencia coronopus J. Agardh and Vertebrata subulifera (C. Agardh)
Kuntze.

Analysis of the species composition by taxonomic division revealed that red
algae (Rhodophyta) contributed the largest proportion, accounting for 52% of
the total species, while brown algae (Ochrophyta) and green algae (Chlorophyta)
each represented 24%. Notably, species proportions varied significantly across ver-
tical tiers. In the 2™ tier, brown algae comprised 57% of the species, seven times
higher than in the 3™ tier (8%). Conversely, green and red algae were 2-2.2 times
less (29% and 64%, and 14% and 28%, respectively).

The number of species in SPNAs varied significantly across vertical tiers,
ranging from one to five species in the 2" tier and from one to eight in the 3™ tier.
In the 2™ tier, the highest frequency of occurrence (Po = 75-100%) was recorded
for C. spongiosus, Ph. crispa, and U. rigida. In the 3™ tier, high occurrence fre-
quencies (from 50 to 75%) were noted for A. ruscifolium, D. fasciola, E. elongata,
G. crinale, G. spinosum, J. rubens, J. virgata, C. dasyphylla, L. coronopus, and
V. subulifera.

The highest species richness of lithophytes in the 2™ and 3 tiers was observed
in the waters of the NM CAC at Cape Fiolent, while the lowest was recorded
in the Karansky SNP (Fig. 2). The greatest proportion of red algae was found
in the coastal zones of the Cape Aya SNP and the NM CAC at Cape Sarych,
accounting for 67% and 80% of the total species, respectively ®. Brown algae con-
tributed 23% in the NM CAC at Cape Lukull, indicating relatively clean water con-
ditions in these areas [2]. A high proportion of green algae (38%) was recorded
in the CAC at Cape Fiolent, likely due to elevated recreational pressure in the coastal
zone during spring and summer.

10) Zaytsev, G.N., 1990. [Mathematics in Experimental Botany]. Moscow: Nauka, 296 p. (in Russian).

11) Algaebase Team. Algaebase. 2025. [online] Available at: http://www:algaebase.org [Accessed: 22
August 2025].
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Fig. 2. Ratio of green, brown and red algae of
the Ericaria—Gongolaria phytocenosis in the marine
area of specially protected natural areas of Sevastopol

Analysis of species richness across the tiers in SPNAs of Sevastopol revealed
slight variations with depth. The 1% tier, dominated by E. crinita and G. barbata,
occurs at depths of 1 to 5 m and 3 to 5 m, respectively. In the 2" and 3" tiers,
the highest number of species was recorded at depths of 1 and 5 m (22 species
each), while diversity was lower at 3 m (15 species). The proportion of species by
taxonomic division also varied slightly with depth; across all sites, red algae con-
tributed twice as much to species richness as green and brown algae. In the 3 tier,
the proportion of Rhodophyta was three times higher than that of Ochrophyta and
Chlorophyta, whereas no such pattern was observed in the 2™ tier.

Across SPNAs, the number of macroalgal species in the tiers also varied
slightly with depth (Fig. 3). The highest phytodiversity was observed in the NM
CAC at Cape Fiolent at a depth of 1 m. In the 2™ tier, the greatest species richness
(five species) was recorded in the phytocenosis of the NM CAC at Cape Fiolent at 1 m,
while the lowest (one species) was recorded in the Karansky SNP and the NM CAC
at Cape Sarych at 3 m. Near Cape Lukull, species richness in the 2™ tier increased
slightly with depth, reaching a maximum at 5 m.

In the 3" tier, the highest species richness was observed in the waters of
the NM CAC at Tauric Chersonese and the NM CAC at Cape Sarych at a depth of
5m (7 and 8 species, respectively). The lowest species richness was recorded
at depths of 3 and 5 m in the Karansky SNP and at 1 m in the NM CAC at Tauric
Chersonese (one species each). Notably, in certain areas of the Cape Aya and Ka-
ransky SNPs, as well as the NM CAC at Cape Fiolent, at depths from 3 to 5 m
within the ecological-phytocenotic optimum of the phytocenosis®, no algae were
found in the 2™ and 3" tiers, which is probably due to the high density of coenosis-
forming species in the 1% tier [1].

Comparative analysis of the phytodiversity across the three tiers of the Eri-
caria — Gongolaria phytocenosis revealed that the total species richness in SPNAs
of Sevastopol was 1.3 times higher (34 species) than in other areas of the Crime-
an and Caucasian coasts (27 species) [1, 2, 5, 8, 10, 11, 13, 14, 23]. However,
within protected waters, the number of taxa in the tiers ranged from 8 to 17 spe-
cies, compared to 6 to 27 species in other areas of the Russian Black Sea shelf.
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Fig. 3. The change in the number of species in the 2" and
3 tiers of the Ericaria—Gongolaria phytocenosis at depths of
1, 3 and 5 m in the marine area of specially protected natural
areas of Sevastopol (see Fig. 1)

In the phytocenoses of protected areas, the 2™ tier contained 7 species, 1.6 times
fewer than the 11 species reported elsewhere, while the 3" tier exhibited 1.5 times
greater species richness (21 species) compared to other studies (14 species).
The increased diversity in the 3" tier may be attributed to the presence of certain
macroalgae, specifically A. ruscifolium, C. dasyphylla, L. coronopus, L. obtusa and
V. subulifera, which were identified as lithophytic in this study but are typically
epiphytic in other regions [8].

Analysis of the proportion of macroalgal species with varying life cycle dura-
tions in the tiers of the Ericaria—Gongolaria phytocenosis in SPNTs of Sevastopol
revealed that perennial algae accounted for 44%, annual algae for 38%, and
ephemeroids for 18% of the total species identified. Among brown algae, perennial
and short-cycle species predominated; among red algae, perennial and annual spe-
cies were prevalent; and among green algae, annual species dominated. The 1% tier
consisted exclusively of perennial species, while in the 2" and 3" tiers, perennial
species contributed 43% and 40%, respectively, and short-cycle species accounted
for 57% and 52%, respectively. The highest proportion of perennial species (78%)
was recorded in the waters of the NM CAC at Cape Sarych (Fig. 4), while the low-
est (18%) was found in the Karansky SNP. The predominance of annual species
(67%) in the Karansky SNP is likely associated with the influx of domestic and
industrial wastewater from the Balaklava collector under specific synoptic condi-
tions [24, 25].

The greatest proportion of perennial algae, ranging from 50 to 70%, was ob-
served in the waters of the NM CAC at Tauric Chersonese (depth 1 m), the NM
CAC at Cape Sarych and the Cape Aya SNP (depth 3 and 5 m). No seasonal or
ephemeral species were recorded in the phytocenosis of the latter two sites.
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Fig. 4. The ratio of Ericaria-Gongolaria phytoceno-
sis species by their life history in the marine area of spe-
cially protected natural areas of Sevastopol

The proportion of species with different vegetation periods reflects both
the condition of benthic phytocenoses and their resilience to adverse environmental
factors ® [4, 18]. The predominance of perennial species in the Ericaria—Gongo-
laria phytocenosis (Fig. 4) suggests favorable conditions for macrophytobenthos
in the coastal zone of Sevastopol’s SPNAs, which is confirmed by evidence of
improved environmental quality in these protected waters over recent decades
[12, 24-26].

Previous studies have demonstrated that increased domestic pollution and eu-
trophication result in reduced species richness in perennial brown algae phytoceno-
ses of the Black Sea, decreased biomass of coenosis-forming species in the 1% and
2" tiers, and an increase in coralline calciphilic macroalgae in the 3" tier [1, 2, 4,
8, 11, 13, 16]. Under the influence of these adverse factors, some key phytocenoses
in the Mediterranean Sea have exhibited a replacement of perennial brown algae
inthe 1% tier with red coralline algae, such as Corallina officinalis Linnaeus,
E. elongata, J. rubens, and others. This shift has led to significant structural trans-
formation and a decline in the productivity of macrophytobenthos [17-20].

Analysis of the species diversity across the tiers of the Ericaria—Gongolaria
phytocenosis in SPNAs revealed low structural similarity. The average value of Kj
between sites did not exceed 21% (Fig. 5), compared to 56-62% in other areas of
the coastal zone of Crimea®. The highest number of shared species was observed
between the phytocenoses of the Cape Aya SNP and the NM CAC at Cape Sarych
(Kj from 33.3 to 46.2%). In other sites, Kj values were 3-5 times lower.

Significant variation in Kj was observed across depths. The highest species
similarity was recorded in the phytocenoses near Cape Aya and Cape Fiolent
at a depth of 3 m (Kj = 66.7%), while the lowest was found near the Karansky
SNP and the NM CAC at Cape Lukull at depths of 3 and 5 m (Kj = 7.1%).
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Fig. 5. Dendrogram of similarity in species composition of Ericaria—Gongo-
laria phytocenosis in the specially protected natural areas of Sevastopol (see Fig. 1):
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Conclusion

The Ericaria—Gongolaria phytocenosis (Ericaria crinita + Gongolaria bar-
bata — Cladostephus spongiosus — Ellisolandia elongata) is a key component of
the Black Sea macrophytobenthos, exhibiting high taxonomic diversity in the coastal
SPNAs of Sevastopol. Thirty-four macroalgal species were identified in the litho-
phytic synusiae across three tiers, of which Chlorophyta and Ochrophyta each con-
tributed 24% to the total species richness, while Rhodophyta accounted for 52%.
The 1% tier was dominated by coenosis-forming brown algae (Ochrophyta),
inthe 2" and 3" tiers, their proportions were 57% and 28%, red algae (Rhodo-
phyta) — 29% and 64%, green algae (Chlorophyta) — 14% and 8%, respectively.
The proportion of species across taxonomic divisions varied slightly across regions
and depths, with brown and red algae consistently 2—-3 times more abundant than
green algae.

Perennial species predominated in the composition of the tiered synusiae of
the phytocenosis, with their highest proportion (53-78%) recorded in the phytoce-
noses of the NM CAC at Cape Fiolent, the NM CAC at Cape Sarych, and the Cape
Aya SNP. In other protected waters of SPNAs of Sevastopol, the proportion ranged
from 17 to 46%. The floristic similarity of the species composition across the tiers
in these protected areas was low, with the highest number of shared species ob-
served among the phytocenoses of the Cape Aya SNP, the NM CAC at Cape Sar-
ych, and the NM CAC at Cape Fiolent.

Elements of restorative succession, indicative of ecological stability, were
identified in the Ericaria—Gongolaria phytocoenosis within the coastal zone of
SPNAs of Sevastopol. These include a well-developed structure, high floristic
diversity across tiers, and the predominance of perennial brown and red algae.
The ecological and phytocoenotic characteristics of this phytocoenosis suggest that
the protected waters of Sevastopol can be classified as relatively clean. However,
due to significant fuel oil inputs into the waters of the Cape Aya SNP and the NM
CAC at Cape Fiolent, regular monitoring of key benthic phytocoenoses, which are
critical for the self-purification of coastal waters, remains an essential conservation
priority.
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Abstract

The paper studies the current state of macrophytobenthos in the eastern part of Sevastopol
Bay. The study collected information on the distribution of key macrophyte species and
compared changes in their contribution for over 40 years. Hydrobotanical surveys were
performed using standard methodology on the same profiles during the summers of 1977,
2017, and 2024. Gongolaria barbata and Ericaria crinita were found to dominate the bot-
tom vegetation composition at present (2017 and 2024), and green algae (Cladophora
laetevirens, Ulva intestinalis, U. rigida) were also abundant. In 2024, almost all profiles
at 0.5 m depth showed a decrease in total macrophyte biomass and the proportion of
G. barbata and E. crinita due to the damaging effects of the extreme storm. However,
at depths of 1 and 3 m, quantitative macrophytobenthos biomass values were about twice as
high as those in 2017. A comparative analysis of macrophytobenthos distribution for almost
half a century showed that the most significant transformation of the vegetation component
was observed in the eastern part of the bay, where higher aquatic vegetation (Zostera marina,
Z. noltei, Stuckenia pectinata, Zannichellia sp., Ruppia sp.) was replaced by thickets of
perennial algae (G. barbata and E. crinita). These changes are probably due to increase
in water salinity in the Chyornaya River estuarine zone and changes in the intensity of long-
shore sediment fluxes in the water area. In the eastern part of the bay, a change in the pre-
dominance of Ulva species to G. barbata and E. crinita was recorded during this period,
possibly indicating some improvement in environmental quality. The study results can be
applied during monitoring of the marine environment state in the bay, as well as for deve-
loping coastal protection measures.
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AHHOTaNUA

IpeacraBineHbl pe3ysbTaThl UCCIACIOBAHKS COBPEMEHHOTO COCTOSHUSI MakpoduTodeHToca
B BocTouHOU dacTu 0. CeBacTomonbckoid. B xone uzydenus coOpaHbl cBeIeHUs O pacipe-
JICTICHUH KITFOUEBBIX BHIOB MakpO(hHUTOB M NPOBEACH CPaBHUTEIbHBINA aHAIU3 W3MEHEHHN
¥X BKJaJa B o0yt omomaccy MakpoduTobeHToca 3a nepuox 6oxnee 40 ner. ['uapobora-
HUYECKHE UCCIICAOBAHUS BBIMOJHSIN COTJIACHO CTAHAAPTHONW METOJHMKH MO OJHHM U TeM
ke paspesam B sieTHui nepuon 1977, 2017 u 2024 rr. BrisBieHo, 4To B HacTOsIIEe BpEMS
(2017 u 2024 rr.) B cOocTaBe IOHHOW pacTUTeNbHOCTH JoMUHHpPYOT Gongolaria barbata
u Ericaria crinita, Taxke o0uibpHO mpencraieHbl 3eneHbie Bogopociu (Cladophora
laetevirens, Ulva intestinalis, U. rigida). B 2024 r. mouti Ha Bcex paspesax Ha riiyOwWHe
0.5 M oTrmMeueHo cHmKeHHe o0Ieit Gromaccsl Makpoduros, gonmu G. barbata u E. crinita
BCJIC/ICTBHE Pa3PYIIUTEILHOTO BO3ICHCTBUS IKCTPEMAIBHOTO mTopMma. [Ipu 3ToM Ha rity-
oune | U 3 M KOJIMYECTBEHHBIE MMOKA3aTeI OMOMAacChl MakKpopUTOOEHTOCA OBLTH IPUMED-
HO BBOE BbImIe, ueM B 2017 1. CpaBHUTEIBHBIN aHAIHU3 paclpeaeieHus: MakKpoPUTOOSHTO-
ca 3a IOYTH ITOJYBEKOBOH IMEpHo]] IIoKa3all, 4To Hanbosee CyIIecTBeHHas TpaHchopMarus
pacTUTENIbHOI KOMITIOHEHTBI MPOW30IIIA B KYTOBOW 4acTu OyXThl, TA€ MPOU3PACTAIOIIAs
3/IeCh paHee BBICIIAs BOJIHAS pacTHTENRHOCTD (Zostera marina, Z. noltei, Stuckenia pectinata,
Zannichellia sp., Ruppia sp.) cMeHIIach 3apocisiMu MHOTOJIeTHHX Bopopociei (G. barbata
u E. crinita). DTu n3MeHeHus, BEPOIATHO, MOKHO OOBSCHUTH MOBBILICHUEM COJECHOCTH
BOJIBI B IPHYCTHEBOU 30HE p. UepHOH, a Takke N3MEHEHHNEM UHTCHCUBHOCTH BJOJIHOEpEro-
BBIX ITOTOKOB HaHOCOB B aKBAaTOpPHHU. B BOCTOYHOH 4yacTH OyXTHI 3a 3TOT NEPHOA 3aperH-
CTpPUpPOBaHa CMEHA TOMHHAHTHBIX BHIOB BOAOPOCIEH: BMecTo mpencraputeneii poga Ulva
Havanu npeobnagate Buasl G. barbata u E. crinita, 4ro, Bo3MOXHO, CBHIETENBLCTBYET
00 ynyd4IIeHHU KauecTBa cpepbl. Pe3ynbrarel paboThl MOTYT OBITh IPUMEHEHBI MPH MOHH-
TOPHMHIE COCTOSIHUSI MOPCKOM Cpenbl B OyXTe, a TakkKe NMpH INIAaHWPOBAHUHM OXPAHHBIX Me-
POTIPUATHI PUOPEKHON 30HBI MOPSI.

Karouesbie ciioBa: makpodurodenroc, Gongolaria barbata, Ericaria crinita, Ulva rigida,
Cladophora laetevirens, Yeproe mope, CeBacTononb

BuaronapHoctu: padoTta BHIITOTHEHAa B paMKax rocyaapcTBenHoro 3aganus OUI MebIOM
mo Teme «KomriekcHOe mcciieoBaHNne MEXaHW3MOB (YHKIIMOHHUPOBAHUS MOPCKHX OHO-
TEXHOJIOTHYECKUX KOMIUIEKCOB C LEJIbI0 MOJy4eHHs OMOJIOTMYECKH aKTUBHBIX BEIIECTB
n3 rupoononToB» Ne roc. perucrparuu 124022400152-1.
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Introduction

Macrophytobenthos plays a leading role in the stabilization of coastal geosys-
tems by providing a range of ecosystem functions and services [1-3]. It is well
established that benthic vegetation actively responds to environmental changes.
Consequently, changes in the species composition and abundance of macrophytes
enable phytobenthos to serve as a unique indicator of the ecological condition of
coastal waters.

The depth distribution of benthic vegetation is determined by the photic zone’s
boundary, where algal photosynthesis takes place, primarily influenced by water
clarity. Consequently, investigating macrophytobenthos is increasingly critical
in waters heavily affected by economic activities.

The eastern part of Sevastopol Bay, subjected to long-term anthropogenic im-
pact, was selected as a model region. Notably, significant volumes of wastewater
are discharged into the bay [4-6]. The studied water area experiences active ship-
ping, dredging, and other hydraulic engineering activities, leading to elevated pollu-
tant levels in the water [7, 8]. Numerous contemporary studies have focused on this
part of the bay, examining its hydrological and hydrochemical parameters [9, 10],
the lithological composition of bottom sediments [11-14], and the quantitative
characteristics of meio- and macrozoobenthos communities [15-18]. However,
research on benthic vegetation remains limited [19-22].

This study aims to evaluate the current state of macrophytobenthos in the east-
ern part of Sevastopol Bay and to characterize the interannual dynamics of the dis-
tribution of dominant macrophyte species from 1977 to 2024.

Materials and methods of research

The eastern part of Sevastopol Bay has an average depth of 13.1 m, with max-
imum depths along the fairway reaching 19.5 m. The sea area is characterized by
a complex hydrodynamic regime driven by two opposing currents: one flowing
westward from the Chyornaya River and another eastwards from the open sea.
The ecological condition of the waters in this region is further influenced by water
exchange with Yuzhnaya Bay [4, 6, 23].

The apex of the bay is shallow, with an average depth of 4.7 m and a maxi-
mum depth of 10.8 m [7]. This semi-enclosed region of the bay is influenced by
the Chyornaya River, which causes desalination of surface waters and delivers sig-
nificant amounts of allochthonous organic and mineral substances, including nutri-
ents and pollutants, through river runoff [23].

In recent decades, the area along the eastern shore of the bay has undergone
significant transformation. Coastal fortifications, breakwaters, and piers have been
constructed, altering the landscape. The mouth of the Chyornaya River has been
modified to accomodate the Sevastopol seaport basin, while the floodplain now
hosts a pier and the Chyornaya River shipping canal [24].
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Phytobenthos samples were collected in Sevastopol Bay in July 2017 and 2024
and were used as study material. The samples were obtained using vertical profiles
by a diver at depths of 0.5, 1, 3 and 5 m, up to the boundary of macrophyte distri-
bution, with quadruplicate sampling conducted within 25 x 25 cm survey plots Y.
A total of 96 quantitative samples were collected and analysed (Table 1). The aim of
the work was to study the distribution and biomass of macrophytobenthos in the coas-
tal zone of the eastern part of the bay (profiles 1-5) (Fig. 1). A portable Oregon 650
GPS receiver was used to determine the coordinates of the profiles. The results are
presented in Table 1.

The benthic vegetation was characterized using the dominance classification
proposed by A. A. Kalugina-Gutnik ?. To analyze the structure of phytocommu-
nities, the Shannon species diversity index (H) was calculated. Algal species identi-
fication followed the guide®, incorporating the latest nomenclature revisions ¥,
Data on the composition and distribution of benthic vegetation in the bay for 1977
were obtained by one of the authors, who participated in sample collection during
the summer period in the study areas and analyzed them using a similar method.

Black Sea

Cape Kosa Severnaya ° 5
Sevastopol Bay A
°

12" ®

=
-

Cape Chersonese

®-2017
A -2024

Fig. 1. Schematic map of hydrobotanical profiles in the western part of
Sevastopol Bay: 1 — Cape Pavlovsky; 2 — Ushakov Beam; 3 — thermal sta-
tion; 4 — Inkerman; 5 — Gollandia

D Kalugina-Gutnik, A.A., 1969. [Study of the Black Sea Bottom Vegetation Using Lightweight
Diving Equipment]. In: Academy of Sciences of the USSR, 1969. [Marine Underwater Studies].
Moscow: Nauka, pp. 105-113 (in Russian).

2 Kalugina-Gutnik, A.A., 1975. [Phytobenthos of the Black Sea]. Kiev: Naukova Dumka, 248 p.
(in Russian).

%) Zinova, A.D., 1967. [Field Guide to Green, Brown and Red Algae of the Southern Seas of
the USSR]. Leningrad: Nauka, 397 p. (in Russian).

4 Available at: http://www.algaebase.org [Accessed: 22 August 2025].
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Table 1. Coordinates and depth range of hydrobotanical profiles, number of sampled
macrophytobenthos in Sevastopol Bay

Coordinates De
. ! pth, m Number of
Profile samples
°N °F 05 1 3 5 P

1 44°36'57" 33°32'4" +/0 +/0 +/0 +/0 16

2 44°36'57"  33°32'42"  +l+  +H+ 4+ 4 28

3 44°36'37" 33°34'57" ++ ++ - - 16

4 44°36'30" 33°36'05” +/+ +/+ — - 16

5 44°37'23" 33°33'39" +/+ +/+ —/+ — 20

Note: Numerator — samples taken in 2017; denominator — samples taken in 2024. Symbol “+” denotes
presence of bottom vegetation, and symbol “—” denotes its absence, “0” — no samples were taken.

Results and discussion

Analysis of the collected data revealed that benthic vegetation in the eastern part
of Sevastopol Bay is primarily concentrated at depths of 0.5 to 3 m, and in the apex
at depths of 0.5 to 1 m. In the early 2000s, O. G. Mironov and colleagues observed
dark gray and black silts at depths exceeding 5 m in this region, often characterized
by hydrogen sulfide and fuel oil odors [11]. Pollution of water areas with organic
matter, oil and its derivatives — originating from river runoff, industrial, agricultural
and domestic waste — leads to a degraded oxygen regime, significant siltation of
sediments and, consequently, the decline of landscape and biological diversity
[6, 13-15, 25].

Distribution of benthic vegetation in the eastern part of the bay in 2017 and
2024

Profile 1. In 2017, the total macrophyte biomass (TMB) along this profile de-
creased by 1.5 times as depth increased from 0.5 to 1 m, while the proportion of
the dominant species declined by approximately half (Table 2). At these depths,
Gongolaria barbata (Stackhouse) Kuntze (= Cystoseira barbata) was the dominant
species (Fig. 2). The macrophytobenthos at these depths included Dictyota fasciola
(Roth) Howe (9-18% of TMB) and Cladophora laetevirens (Dillw.) Kiitz. (10-21%
of TMB) (Fig. 2). The contribution of epiphytes at depths of 0.5-1 m was minimal
(Table 2). Notably, at a depth of 5 m, benthic vegetation was nearly absent, with
C. laetevirens (60%) and Ulva rigida L. (17%) as the primary contributors to TMB.
Zostera marina L. was occasionally observed within the community at this depth.
The species diversity index increased with depth from 1.07 to 2.07, indicating
a more complex community structure.
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Fig. 2. Interannual and spatial dynamics of species composi-
tion of dominant macrophytes

Profile 2. In 2017, at a depth of 0.5 m in this profile, over 50% of the TMB
was contributed by G. barbata and Ericaria crinita (Duby) Molinari & Guiry
(= Cystoseira crinita) (Table 2). At this depth, green algae were abundant within
the microphytobenthos, including U. rigida (32%), C. laetevirens (6%), C. albida
(Nees) Kiitz. (6% of TMB) (Fig. 2). At depths of 1-3 m, C. laetevirens was domi-
nant (Fig. 2). Within this depth range, TMB decreased by 1.4 times, while the pro-
portion of the dominant species increased to 66—78% (Table 2). U. rigida was
also present in the community at these depths (3-22% of TMB) (Fig. 2). Notably,
at a depth of 3 m, the lithophytic form Laurencia obtusa (Huds.) J. V. Lamour was
abundant, contributing 30% of TMB (Fig. 2). At a depth of 5 m, TMB was low,
with C. albida dominating among the algae, accounting for 94% of TMB (Table 2).
At this depth, C. laetevirens was recorded within the microphytobenthos, con-
tributing 3% of TMB (Fig. 2). The contribution of epiphytic algae to TMB along
profile 2 was minimal, ranging from 0 to 5% (Table 2). The species diversity
index decreased approximately fivefold with increasing depth, from 2.00 to 0.43
(Table 2).

In 2024, benthic vegetation was recorded at a depth of up to 3 m along pro-
file 2. At a depth of 0.5 m, the TMB was nearly an order of magnitude lower than
in 2017 (Table 2). At this depth, only seedlings of G. barbata and E. crinita were
observed, replacing their previously dominant thickets and contributing just 9%
of the TMB (Fig. 2). The microphytobenthos was dominated by C. albida (35%),
Polysiphonia opaca (C. Ag.) Moris et De Notaris (21%), Carradoriella denudata
(Dillwyn) Savoie et G. W. Saunders (17%), Callithamnion corymbosum (Smith)
Lyngb. (7% of TMB) (Fig. 2). No epiphytic algae were recorded. At depths of 1-3 m,
TMB was two to three times higher than in 2017 (Table 2). G. barbata dominated
at these depths, although its proportion decreased by half from 1 to 3 m, while
the contribution of D. fasciola increased from 9 to 45% of TMB (Fig. 2). The contri-
bution of epiphytes ranged from 6 to 7% of TMB. Notably, during the study period,
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Table 2. Distribution of dominant macrophyte and epiphyte species and diversity index
H in Sevastopol Bay in 1977, 2017 and 2024 (by depths)

Proportion, %
_ Depth, Total biomass -
Profile m Year | of macrophytes, Gongolaria ) ) H
g-m2 barbata, Epiphytic
Ericaria crinita
1 1977 858.3+45.7 0 0 0.67
0.5 2017 1783.8 +837.9 79 1 1.07
1977 1171.7 £207.8 0 0 1.18
1 2017 1192.5+189.9 47 2 1.96
1977 1452 +37.9 0 0 0
2017 16.1+2.5 0 5 2.07
2 2017  3333.2+603.6 55 5 2.00
0.5 2024 357.2+£93.5 9 0 291
2017 1332.3+192.3 0 0 0.77
1 2024  3782.4+786.9 82 7 1.05
2017 980.0 £ 326.9 0 2 1.13
3 2024 1834.6 +247.2 41 6 1.77
5 2017 495+5.16 0 0 0.43
3 1977 231.6£55.8 0 0 142
05 2017 4042.8 +£1738.5 97 0 0.24
2024 1394.8 £ 198.5 22 0 2.60
1977 353.8+96.2 0 0 1.74
1 2017 1957.4 + 665.0 100 0 0.05
2024 3308.8+976.9 85 5 0.80
4 2017 1738.0 = 540.5 46 1 4.27
05 2004 43407+ 10673 82 0 0.89
2017 1467.4 +493.8 60 5 1.03
1 2024 2811.4+273.5 87 0 0.88
5 2017  4532.2 £456.7 73 14 1.23
05 2024  3888.4+1158.5 76 1 1.09
2017  3146.3 £336.9 92 5 0.69
1 2024 7307.7+1754.1 94 0 0.68
3 2024  1647.8 +583.2 73 4 1.48

Note: Data for 1977 are taken from the article by A. A. Kalugina-Gutnik [26].
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the species diversity index increased across all studied depths, indicating a more
complex algal community structure (Table 2).

Profile 3. In 2017, the TMB decreased twofold as depth increased from 0.5 to
1 m (Table 2). At these depths, G. barbata was dominant, with its proportion reach-
ing maximum values (Fig. 2). U. rigida and C. laetevirens were observed sporadi-
cally within the phytocommunity. No epiphytic algae were recorded. Low values
of the species diversity index H indicated a homogeneous phytocommunity struc-
ture, dominated by the primary species (Table 2).

In 2024, along profile 3, the TMB at a depth of 0.5 m decreased threefold,
while at a depth of 1 m, it doubled compared to 2017 values (Table 2). G. barbata
remained dominant at these depths, although its proportion decreased, particularly
at 0.5 m, where lithophytic forms, including Vertebrata subulifera (C. Ag.) Kiitz.
(28%), Brongniartella byssoides (Good. et Wood.) F. Schmitz (10%), Chondria dasy-
phylla (Woodw.) C. Ag. (21%), C. laetevirens (11%), and Ceramium virgatum Roth
(5% of TMB), were prominent (Fig. 2). Notably, at a depth of 1 m, where G. barbata
dominated, Zostera noltei Hornem. (9% of TMB) was observed in patches with
a silty-sandy substrate. Epiphytic algae were represented by C. laetevirens. A simp-
lification of the algal community structure with increasing depth was confirmed
by a more than threefold decrease in the species diversity index (Table 2).

Profile 4. In 2017, along this section, the TMB decreased slightly as depth in-
creased from 0.5 to 1 m, while the proportion of the dominant species (G. barbata)
increased (Table 2). At these depths, the microphytobenthos included green algae
(C. laetevirens (23-26%) and U. rigida (1-2%)) and higher aquatic vegetation rep-
resented by the genera Ruppia, Stuckenia, and Zannichellia (12-30% of the TMB)
(Fig. 2). The contribution of epiphytes increased with depth from 1 to 5% of TMB.
Notably, the species diversity index reached its maximum at a depth of 0.5 m, indi-
cating a polydominant community structure (Table 2).

In 2024, along profile 4, the depth distribution of macrophytobenthos remained
consistent with previous years. The TMB decreased by 1.5 times as depth increased
from 0.5 to 1 m, while its values were approximately twice as high as in 2017
(Table 2). G. barbata dominated at these depths. The macrophytobenthos included
C. laetevirens (3-9%) and the seagrasses Ruppia spiralis L., Stuckenia pectinate (L.)
Borner (formerly Potamogeton pectinatus), and Z. noltei (7-9% of TMB) (Fig. 2).
No epiphytic algae were recorded. The species diversity index varies within a nar-
row range (Table 2).

Profile 5. In 2017, along this profile, the TMB decreased by 1.4 times as depth
increased from 0.5 to 1 m (Table 2). G. barbata dominated at these depths, contrib-
uting 73 to 92% of the TMB. U. rigida and C. albida were also present, with their
contribution decreasing with depth from 14 to 6% and from 12 to 1% of the TMB,
respectively (Fig. 2). Notably, as depth increased, the proportion of epiphytes de-
creased nearly threefold, the phytocommunity structure simplified, and the species
diversity index decreased by half (Table 2).
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In 2024, along profile 5, benthic vegetation was recorded at depths up to 3 m.
The highest TMB was observed at a depth of 1 m; at 0.5 m, TMB was approxi-
mately half as high, and at 3 m, it was four times lower (Table 2). E. crinita and
G. barbata dominated at all studied depths, contributing 73 to 94% of the TMB.
The remaining TMB was mainly attributed to species of the genus Ulva (Fig. 2).
Notably, at a depth of 0.5 m, the TMB values and the proportions of dominant spe-
cies were comparable to those in 2017, while at 1 m, TMB in 2024 was twice
as high as in 2017, although the proportion of dominant species remained similar
(Table 2). Epiphytic algae were minimally represented (0-4% of the TMB).
The species diversity index ranged from 0.68 to 1.48, indicative of an algal com-
munity dominated by a few key species.

Over the past seven years (from 2017 to 2024), the depth distribution of mac-
rophytobenthos in the eastern part of Sevastopol Bay underwent changes, while
the species composition of dominant macrophytes remained relatively stable.
Notably, in 2024, at all profiles except profile 4, the TMB at a depth of 0.5 m was
lower, while at depths of 1 and 3 m, it was approximately twice as high as in 2017.
The significant decrease in TMB at 0.5 m can probably be explained by the de-
structive impact of an extreme storm in autumn 2023 [27]. Specifically, at profile 2
in 2024, TMB was nearly ten times lower than in 2017 (Table 2). At this depth,
only seedlings of G. barbata and E. crinita were observed, with their proportion
decreasing from 55 to 9% of TMB over the study period (Fig. 2). At profile 3,
at a depth of 0.5 m, TMB decreased threefold compared to 2017 values (Table 2).
Here, isolated thalli of G. barbata were recorded, with its proportion decreasing
from 97 to 22% of TMB during this period (Fig. 2). At profile 5, over the seven-
year period, the decrease in TMB at 0.5 m was minimal, while the proportion of
G. barbata ranged from 73 to 76% of TMB (Table 2). Notably, in 2024, at all stud-
ied profiles at a depth of 0.5 m, the benthic vegetation was dominated by annual
algae (Cladophora albida, Carradoriella denudata, Callithamnion corymbosum,
Vertebrata subulifera, Brongniartella byssoides, Chondria dasyphylla, Ceramium
virgatum), further indicating the influence of the autumn storm.

A comparative analysis of the composition and quantitative indicators of mac-
rophytobenthos for 2017-2024 at depths of 1 and 3 m revealed several differences.
At profile 2 in 2017, C. laetevirens dominated the 1-3 m depth range, contributing
from 66 to 78% of the TMB, while G. barbata and E. crinita were absent. In con-
trast, in 2024, G. barbata contributed 41-82% of TMB at these depths (Fig. 2).
At profile 3, at a depth of 1 m, the proportion of G. barbata was consistently high,
ranging from 85 to 100% of TMB (Fig. 2). At profile 4, the contribution of G. bar-
bata increased from 46-60 to 82-87%, while the proportion of seagrasses de-
creased from 12-30 to 7-9% of TMB during this period (Fig. 2). Notably, at pro-
file 5 in 2024, benthic vegetation was recorded up to a depth of 3 m, whereas
in 2017, macrophytobenthos was observed only up to 1 m (Table 2). During
the study period, the combined proportion of G. barbata and E. crinita at a depth
of 1 m remained high, varying slightly from 92 to 94% of TMB (Fig. 2).
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Analysis of spatio-temporal changes in macrophytobenthos over nearly half
a century revealed significant transformations. According to the hydrobotanical
survey of Sevastopol Bay conducted in 1977 by A. A. Kalugina-Gutnik, species of
the genus Ulva dominated on hard substrates at depths of 0.5-5 m in the eastern part
of the bay, while G. barbata and E. crinita were present in the macrophytobenthos
at greater depths [26]. Notably, at the beginning of the 20" century, S.A. Zernov
(1913) reported “pure” thickets of G. barbata and E. crinita in this region?®.
According to a number of authors, for over a century, clusters of eelgrass (Zostera
marina and Z. noltei) have been observed on soft substrates at the apex of the bay
(its top) ¥ 9. In 1977, species of the genus Ulva were also recorded as part of
the higher aquatic vegetation in this area [26].

According to A. A. Kalugina-Gutnik’s 1977 survey, along the coastline at pro-
files 1-3 at a depth of 0.5 m, species of the genus Ulva dominated, contributing
85-100% of the TMB (Fig. 2) [26]. Subsequently, I. K. Evstigneeva and I. N. Tankov-
skaya reported that in 2003-2005 G. barbata and E. crinita began to appear at this
depth in the waters of profile 2 [21]. Studies conducted in 2017 at profiles 1-3
at a depth of 0.5 m confirmed the dominance of G. barbata and E. crinita, with bio-
masses of 1412.4 + 543.9, 1818.9 + 476.2, and 3921.9 + 776.2 g-m 2, respectively
(79, 55, and 97% of the TMB).

At profile 1 in 1977, benthic vegetation extended to a depth of 3 m, with mac-
rophytobenthos consisting almost entirely of species of the genus Ulva (95-100%
of the TMB). By 2017, the vertical distribution of macrophytes had expanded to
a depth of 5 m, with G. barbata dominating at 1 m (47%) and species of the genus
Cladophora predominating at depths of 3-5 m (60% of the TMB) (Fig. 2).

At profile 3 in 1977, Zostera noltei was noted at a depth of 1 m, in addition
to species of the genus Ulva. It is notable that, with an increase in depth from 0.5 to
1 m, the proportion of Ulva species decreased from 85 to 56 %, while the propor-
tion of Z. noltei increased from 15 to 40% of the TBM (Fig. 2) [26]. In 2017,
the TBM index significantly exceeded the 1977 values, which is associated with
the formation of nearly monodominant stands of G. barbata (97-100% of the TBM)
(Fig. 2).

Thus, an analysis of literary sources and our own data on the distribution of
macrophytobenthos in the eastern part of Sevastopol Bay over nearly half a century
shows that its distribution and composition have changed significantly. The most
significant transformation of the plant component occured in the corner of the bay,
where higher aquatic vegetation (Zostera marina, Z. noltei, Stuckenia pectinata,
Zannichellia sp., Ruppia sp.) previously grew, but was replaced by thickets of per-
ennial algae (G. barbata and E. crinita). These changes can probably be explained
by an increase in water salinity in the estuary zone of the Chernaya River [23].

s) Zernov, S.A., 1913. [On Studying Life of the Black Sea]. In: IAS, 1913. Zapiski Impera-
torskoy Akademii Nauk. Saint Petersburg: Imperatorskaya Akademiya Nauk. Vol. 32,
iss. 1, 304 p. (in Russian).

) Kalugina-Gutnik, A.A., 1974. [Bottom Vegetation of Sevastopol Bay]. In: AS USSR,
1974. Biologiya Morya. Kiev: Naukova Dumka. Iss. 32, pp. 133-164 (in Russian).
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It was concluded in [23] that there has been a steady trend toward increased water
salinity in both the surface and bottom waters in the eastern part of the bay in re-
cent decades. At a distance of about 1000 m from the river mouth, the salinity of
the water was 17 %o, during the low-water period, this figure reached 17.6-17.9 %o
throughout the entire corner of the bay [23]. Second, the construction of the north-
ern and southern parts of the pier, piers and berths, as well as intensive dredging,
caused changes in coastal sediment flows and decreased the degree of abrasion
throughout the bay [28]. This may have led to a change in the composition of bot-
tom sediments. In the corner part of the bay, at profiles 3 and 4, where seagrasses
previously grew on soft substrates, bedrock has become exposed, providing a sub-
strate for algae attachment.

The transformation of the macrophytobenthos in the eastern part of the bay is
characterized by a change in dominant species. The Ulva genus, which was previ-
ously predominant, is being replaced by G. barbata and E. crinita, whose popula-
tion continues to grow.

Over the past two centuries, Sevastopol Bay has experienced intense anthro-
pogenic impact, evidenced by increased concentrations of nutrients in the water,
reaching levels 1-2 orders of magnitude higher than in the open waters of the Black
Sea [4-6, 10, 23]. The elevated concentrations of pollutants in the bay, including
its eastern sector, have significantly impacted biotic components, particularly
the structure of benthic phytocenoses. At all profiles of the eastern part of the bay,
green algae were abundant, particularly C. laetevirens, Ulva intestinalis L., and
U. rigida. These algae are indicators of eutrophication in the water. These algae,
as well as Callithamnion corymbosum and Ceramium virgatum, grow in polluted
water from domestic and industrial wastewater.

In recent years, considerable attention has been given to environmental protec-
tion measures aimed at reducing the inflow of pollutants into Sevastopol Bay.
These measures undoubtedly impact the ecological situation in the bay. For exam-
ple, L. V. Malakhova with colleagues demonstrated that under current conditions,
lower concentrations of polychlorinated biphenyls (PCB 5) were found in the top
layer of bottom sediments than at depths of 5 to 20 cm, indicating a decrease
in anthropogenic pollution of the bay [12]. Perhaps the improvement in environ-
mental quality has manifested itself in a change in the dominant macrophyte spe-
cies. Thus, in 2024, G. barbata and E. crinita experienced mass growth in the stud-
ied part of the bay alongside Dictyota fasciola, Laurencia obtusa, Palisada perfo-
rata (Bory) K.W. Nam., and Vertebrata subulifera. These species usually inhabit
areas with a relatively low degree of eutrophication 2.

Conclusions

1. Hydrobotanical studies conducted in the eastern sector of Sevastopol Bay
in 2017 and 2024 revealed significant changes in the vertical distribution of micro-
phytobenthos, alongside relative stability in the species composition of the domi-
nant macrophytes. Currently, Gongolaria barbata and Ericaria crinita dominate
the benthic vegetation, and green algae (Cladophora laetevirens, Ulva intestinalis,
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U. rigida) are also abundant. Notably, during this period, an increase in the contri-
bution of G. barbata (from 46-60 to 82—87%) was recorded, while the proportion
of seagrasses decreased (from 12-30 to 7-9% of the TBM).

2. Notably, in 2024, there was a decrease in TBM and the proportion of
G. barbata and E. crinita in almost all profiles at a depth of 0.5 m due to the de-
structive impact of an extreme storm that occurred in the autumn 2023. Meanwhile,
at depths of 1 and 3 m, the quantitative indicators of macrophytobenthos biomass
were approximately twice as high as in 2017.

3. A comparative analysis of the spatial distribution of macrophytobenthos
for 1977-2024 revealed a significant changes in the plant composition, particularly
in the corner of the bay, where the communities of higher aquatic vegetation (Zos-
tera marina, Z. noltei, Stuckenia pectinata, Zannichellia sp., Ruppia sp.) completely
changed to perennial macrophytes (G. barbata and E. crinita). These changes can
probably be explained by an increase in water salinity in the estuary zone of the Chy-
ornaya River, as well as changes in coastal sediment flow dynamics. In the eastern
part of the bay, Ulva species were replaced by G. barbata and E. crinita during this
period, which may indicate a trend toward improvement in environmental condi-
tions.
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Abstract

The paper studies toxicity of drilling and cementing fluids, used in offshore oil and gas op-
erations, at concentrations of 10, 50, 100, 500 and 1000 mg/L for the mass species of ben-
thic marine communities in the coastal part of the Black Sea: the eelgrass Nanozostera
noltii and the amphipod Chaetogammarus olivii. The paper analyses effect of these toxic
mixtures on the increase in biomass, leaves and roots of the eelgrass and on the survival of
amphipods after 10, 20 and 30 days of exposure. Drilling fluid was shown to be more toxic
than cementing fluid for the test organisms. Exposure to 10 mg/L of drilling fluid reduced
the plant biomass growth by 49% after 10 days and by 62 and 78% after 20 and 30 days,
respectively. With increase in the drilling fluid concentration to 50-100 mg/L, this indicator
continued to decline rapidly to 60-80% relative to the control, and at a concentration of
500-1000 mg/L, the plants died. The roots of eelgrass were more sensitive to the toxicant
than the leaves: the root growth showed a marked tendency to decrease by 48% relative
to the control at toxicant concentrations of 50-100 mg/L after only 10 days. The harmful
effect of the cementing fluid on the eelgrass was less pronounced than that of the drilling
fluid. Exposed to the cementing fluid, the plants died at the highest concentration of
the toxicant (1000 mg/L) after 30 days. No significant differences were found between
the leaf growth in the test and control variants, but the root growth decreased significantly
by 64 and 90% at 10 and 20 days at cementing fluid concentrations of 500 and 1000 mg/L,
respectively. Throughout the experiment, the survival rate of the crustaceans exposed to
over 10 mg/L drilling fluid was significantly lower than the control (30-85%). During
exposure to the cementing fluid, however, significant differences were observed only
at the highest concentration of 1000 mg/L. An ecotoxicological assessment of substances
used in oil well drilling is necessary to determine their hazard when used in oil and gas
production, as well as to select optimal components in their composition that contribute to
reducing environmental damage to benthic marine communities.
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Bausinue 0ypoBoro pacrsopa
A TAMIIOHAKHOM KUAKOCTH HA BUABI-UHIUKATOPBI
MOPCKHX NPUOPEKHBIX 0EHTOCHBIX IKOCUCTEM
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AHHOTaNUA

HccregoBany TOKCHYHOCTh UCHOIB3YEMBIX B MOPCKHUX HE(TETa30BhIX ONEparisix 0ypoBo-
ro pacTBOpa M TAMIIOHAKHOMU XHUAKOCTH B KoHIeHTparmu 10, 50, 100, 500 u 1000 mr/m aus
MacCOBBIX BHJIOB OCHTOCHBIX MOPCKHX COOOIIEeCTB MpHOpekHON gacTn YepHOro Mops —
3ocrepy Nanozostera noltii u am¢pumnon Chaetogammarus olivii. AnanusupoBany BiausHIE
STHX TOKCHYHBIX CMECEi Ha MPUPOCT OMOMACCHI, TUCTHEB U KOPHEH 30CTEpHI 1 HA BEDKUBA-
emocth ampunos yepe3 10, 20 u 30 cyr. [Tokazana 60bIIAs TOKCHYHOCTh OYPOBOTO pac-
TBOpa IO CPaBHEHHIO C TaMIOHAKHOW JKUAKOCTBIO JUIl MCCIELYEMBIX OpPraHU3MOB.
IMon Bo3zeiicTBueM OypoBoro pacTBopa B KoHueHTpauuu 10 Mr/m npupoct 6GnoMacchl pac-
TeHus cHu3uiucs Ha 49 % uepes 10 cyT nmocne Hauana sKcnepuMeHnTa, a gyepes 20 u 30 cyt —
Ha 62 1 78 % cooTBeTCTBCHHO. [IpH MOBBIIIICHUN KOHIICHTpAIUK OypoBOro pacteopa o 50
n 100 Mr/n 3TOT MOKa3aTesb MPOJ0IDKAT MHTEHCUBHO cHIXaThcs 10 60 n 80 % coorBert-
CTBEHHO IO OTHOIIICHHIO K KOHTPOJIO, a Tpu KoHMeHTpanud 500 u 1000 mr/m pacteHust
noru6sn. KopHu 30cTephl oka3anuck 60jiee 4yBCTBUTEIbHBI K JIEHCTBUIO TOKCHKAHTA,
4eM JINCThS: MPUPOCT KOPHEH MMeJ BBIPAKCHHYIO TCHICHLUIO K CHIDKCHHIO Ha 48 %
10 OTHOIIEHUIO K KOHTPOJIO NMPH KOHIEHTpalusax Tokcukanta 50 m 100 Mr/m yxe gepes
10 cyr. BpenHoe BiIMsSHHE TAMIOHA)XHOI KUAKOCTH HA 30CTepy OBUIO BBIPRKEHO B MEHbB-
el cTerneHu, 4eM BIusHHEe OypoBoro pactBopa. I1oa Bo3aeidcTBHEM TaMIOHAKHOMW K-
KOCTH B caMoii BrIcokoH KoHneHTpauuu (1000 mr/n) pacrenuns morubnu yepe3 30 cyT nH-
KyOarmu. JlocTOBEpHBIX pa3uuuii MEXAY MPUPOCTOM JINCTHEB B OTBITHBIX U KOHTPOJIBHBIX
BapHaHTaX HE YCTaHOBJIEHO, HO NPHpPOCT KopHeH yxe Ha 10 u 20 cyTkH AOCTOBEpHO
yMeHbIIWICS Ha 64 1 90 % mpu KOHIEHTPAIUIX TaMITIOHAXHOH sxuakocti 500 u 1000 mr/n
COOTBETCTBEHHO. Ha MpoTshiKeHHHM BCEro SKCIEpHMEHTa BBDKHMBAEMOCTHh PaKOOOpasHBIX,
SKCIOHMPOBAHHBIX B pAaCTBOPAx ¢ KOHIICHTpaIuei Oyposoro pactsopa 6oiee 10 mr/m, ObI-
Jla J0CTOBEepHO Hmke KoHTpoms Ha 30-85 %, Torma kak mpu MHKyOamuu B pacTBOpax
C TAMITIOHAXHOHN XKUIKOCTBIO JOCTOBEPHBIC PA3JIMUUsl OTMEUCHBI TOIBKO MPHU CaMOil BBICO-
kot koHmeHTparuu 1000 Mr/m. DKOTOKCHKOJIOTHYECKAass OIEHKAa TOKCHYHOCTH BEIIECTB,
MIPUMEHSAEMBIX TIPH OYypPEeHHH HE(TAHBIX CKBa)KUH, HEOOXOANMA ISl ONPEIEIICHHS UX OIlac-
HOCTH TIpH HeTe- U ra30100bI9e, a TAaKKe Ul BHIOOpA ONTHMAIBHBIX KOMIIOHEHTOB B MX
COCTaBe, CIIOCOOCTBYIOUIMX CHI)KEHHIO HKOJIOTHUECKOTO Bpesa sl JOHHBIX MOPCKUX CO-
o01IeCTB.

KaroueBsie ciioBa: UepHoe Mope, HeTerasoBblii KOMILUIEKC, aM(QHIIOJbI, 30cTepa, OnoTe-
CTUPOBaHUE
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J1a nuTupoBanusa. BiusHue OypoBOro pacTBopa M TaMIIOHAKHOW JKHAKOCTH Ha BH[BI-
UHJMKATOPBl MOPCKUX MPHOpPEXHBIX OeHTOCHBIX 3kocuctem / W. WU. Pynuesa [u ap.] //
Okonoruveckas 6e30MacHOCTh MPUOPEKHON U menb(hoBoi 30H Mopst. 2025. Ne 3. C. 81-95.
EDN TUWYZA.

Introduction

The operation of offshore oil and gas facilities inevitably releases byproducts
into the environment, and the rapid expansion of these activities significantly am-
plifies this impact. Coastal areas, characterized by high biological productivity, are
extensively utilized for fishing, aquaculture, recreation, sports, shipping, and min-
eral extraction. These regions experience maximal and multifaceted anthropogenic
stress, which adversely affects natural ecosystems, leading to their transformation
and degradation, often resulting in the complete loss of resources or the impossibil-
ity of their use due to pollution and the mortality of aquatic organisms. To analyze
such harmful processes and identify ways to prevent them, ecotoxicological meth-
ods are used. These methods, applied in both natural and laboratory settings, enable
the assessment of the consequences of anthropogenic compounds entering the ma-
rine environment, evaluating their effects on natural systems, determining pollutant
behavior, establishing permissible levels, and assessing their impact on marine biota.

Offshore oil and gas development releases not only oil and its derivatives but
also drilling fluids (DFs) and other components used in well construction into
the marine environment. DFs are complex mixtures comprising water, suspensions,
emulsifiers, aerated liquids, organic solvents, heavy metals, and clay, used to flush
wells during drilling [1, 2]. After use, DFs are classified as industrial waste and
require proper disposal due to their toxicity, mutagenic and carcinogenic proper-
ties. In addition, cementing fluids (CFs) are used during drilling to cement wells.
They also have a complex composition and contain hazardous and toxic substances
[3, 4]. The volume of these components entering the marine environment is ex-
pected to increase, as the number of wells drilled rose from 39,000 in 2020
to 49,600 in 2022, with projections estimating up to 60,000 wells by 2026 [5].

Oil spills primarily affect surface waters and their inhabitants, whereas DF
emissions impact benthic communities. Information on the pollution of the marine
environment and aquatic organisms by DFs and other substances used in drilling
operations is limited and inconsistent [6, 7]. The effects may vary significantly
among representatives of different taxonomic groups [8, 9].

Macrophytes and higher aquatic vegetation, mainly represented by eelgrass
in coastal benthic biocenoses, are highly vulnerable to drilling operations [10]. These
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plants form a unique group, widely distributed in seas and oceans. Their communi-
ties play a critical role in the structure and functioning of coastal ecosystems, serv-
ing as food and habitat for numerous marine organisms, including commercially
important species. Eelgrass exhibits high productivity [11, 12] and, alongside other
marine macrophytes, contributes to the utilization of biogenic elements, such as
carbon, which is essential for biosphere exchange and biogeochemical cycles.
Seaweed and seagrass ecosystems support grazing, detrital, and food webs, stabi-
lize sedimentary deposits, and play an important role in global carbon and nutrient
cycles. These ecosystems host diverse flora and fauna, forming complex food
chains [12]. The annual ecological value of one acre of seabed covered with algae
and seagrasses is estimated to range from $9,000 to $28,000. Aquatic vegetation
biocenoses perform many ecosystem functions, including storm protection, provi-
sion of food for commercial fish and invertebrates, and nutrient and carbon cycling,
which are crucial for understanding the current state of nutrient cycles in the bio-
sphere [13, 14]. However, eelgrass communities face intense anthropogenic impacts,
particularly from the oil and gas industry, due to pollution from oil, dispersants,
DFs, and heavy metals [15-18]. These plants absorb and accumulate components
of these substances, making eelgrass an effective phytoremediator and indicator
of polluted waters. Eelgrass is widely used in ecotoxicological studies to assess
the accumulation and toxicity of various pollutants, necessitating comprehensive
data on its responses to develop criteria for maximum permissible doses [16].

Intense anthropogenic activity has an extremely negative effect on eelgrass
[19]. The plant’s capacity to actively accumulate pollutants enables its use as a bio-
indicator for assessing the ecological state of coastal marine zones and in develop-
ing test systems for analyzing the toxicity of harmful substances. However,
the concentrations of toxicants must be considered, as they can produce variable
effects, as demonstrated in the case of oil pollution [20].

Amphipods are widely distributed in coastal zones and dominate benthic
communities, including eelgrass beds. They are used in ecotoxicological studies
due to their adaptability to laboratory conditions and sensitivity pollutants. As they
lack larval stages, both juvenile and sexually mature adult crustaceans serve as test
organisms [21, 22].

The study aims to investigate the toxicity of water-based DFs and CFs used
in well cementing on dominant benthic species in the coastal Black Sea, specifical-
ly the seagrass Nanozostera noltii (Hornemann) and amphipods inhabiting its beds,
Chaetogammarus olivii (H. Milne Edwards, 1830). The research evaluates the ef-
fects of stress induced by DFs and CFs from oil and gas production on the survival,
growth, and development of these aquatic organisms, comparing the toxicity of
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these substances based on the responses of test organisms from the seagrass and
crustacean communities.

Material and methodology

DF is a viscous, light brown liquid with an ammonia-like odor, a pH of 10-11,
a boiling point above 100°C, and a relative density at 20°C of 1.1-2.0. It is misci-
ble with water and contains sodium chloride, silica and other additives. The sub-
stance is stable under normal conditions. CF, used for well cementing, primary
consists of a dry cement mixture, defoamers, propylene glycol, calcium com-
pounds, and other additives.

Eelgrass and amphipods were collected from the coastal area of Kazachya Bay
(Sevastopol region) and immediately transported to the laboratory. The plants were
washed to remove dirt and epiphytic flora and acclimated to experimental condi-
tions in seawater for 3 days at (22 + 2)°C. Toxicological experiments were
conducted in accordance with established recommendations V).

One-year-old vegetative eelgrass shoots, with an average weight of 328.5 + 56 mg,
were placed in 1.5 L glass containers (1 L working volume), with three plants per
container, maintained at (22 + 2)°C under constant artificial lighting of 1500 lux.
Sexually mature adult amphipods were placed in 500 mL aquariums, with 10 indi-
viduals per aquarium, and acclimated to experimental conditions for one week un-
der natural light (12-hour daylight duration) at (22 + 2)°C. Experiments were
carried out in triplicate over 30 days.

Solutions of the test substances at concentrations of 10, 50, 100, 500 and
1000 mg/L were added directly to the water. Natural seawater with a salinity of
18%o, without added substances, served as the control. The water was replaced
every 5-7 days. Plant biomass, including leaves and roots, was measured every
10 days. The effect of toxicants on crustaceans was assessed by mortality every
10 days over 30 days. During the experiment, amphipods were fed crushed brown
algae and dried daphnia.

The results were statistically processed, and the mean value M and standard
error of the mean m were calculated. Comparisons were performed using Student’s
t-test at a significance level of p < 0.05. The correlation between toxicant concen-
trations and amphipod survival rates was assessed using the CURVEFIT software
(version 2.10-L).

D Federal Agency for Fishery, 2009. On the Approval of Methodological Guidelines for the Deve-
lopment of Water Quality Standards for Water Bodies of Fishery Significance, Including Standards
for Maximum Permissible Concentrations of Harmful Substances in Waters of Water Bodies of
Fishery Significance: Order of the Federal Agency for Fishery of the Russian Federation dated
August 04, 2009, No. 695. Moscow: Federal Agency for Fishery.
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Results

The results revealed patterns and characteristics of the effects of toxicants
on the indicator species of benthic systems. Variable effects of DFs and CFs
on eelgrass growth and development were observed at different concentrations
(Figs. 1-3). As shown in Fig. 1, 10 days after the experiment began, a significant
(p < 0.05) reduction in plant biomass growth was observed at DF concentrations of
50 mg/L and higher compared to the control. A similar effect was noted after
20 days at a lower DF concentration of 10 mg/L, while at concentrations of 500
and 1000 mg/L, the plants died. After 30 days, the trend of reduced plant biomass
growth relative to the control persisted, but the differences were not statistically
significant. No correlation was found between DF concentrations and eelgrass
biomass growth.
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Fig. 1. Increase in seagrass N. noltii biomass (mg/speci-
men, Mean + SEM) exposed to drilling fluid (a) and ce-
menting fluid (b) in concentrations of 10 (EG10), 50 (EG50),
100 (EG100), 500 (EG500) and 1000 (EG1000) mg/L
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When incubating eelgrass in solutions of toxicants at the studied concentra-
tions for 10 days, no differences were observed compared to the control, although
a trend toward reduced biomass growth was noted. After 20 days, a significant
(p < 0.05) reduction in plant growth was observed at all tested concentrations.
After 30 days, plants exposed to 1000 mg/L died, while no significant differences
were found in the remaining experimental groups compared to the control. No cor-
relation was found between toxicant concentrations and eelgrass biomass growth.

Changes in eelgrass leaf growth of under the influence of toxicants are shown
in Fig. 2. DFs at the studied concentrations did not significantly affect leaf growth
throughout the experiment, although a trend toward reduced growth was observed
at high concentrations (500 and 1000 mg/L). When incubating eelgrass in a medium
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Fig. 2. Growth of seagrass N. noltii leaves
(pcs./specimen, Mean + SEM) exposed to drilling fluid (a)
and cementing fluid (b) in concentrations of 10-1000 mg/L.
Notation: See Fig. 1
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with CFs, no significant differences from the control were observed after 10 days.
After 20 days, a significant (p < 0.05) reduction in leaf growth was detected at low
concentrations (10 and 50 mg/L), but not at higher concentrations. After 30 days,
no differences were found between the control and experimental groups at any
concentration, except at 1000 mg/L, where the plants died. No correlation was
found between leaf growth and the concentrations of either toxicant.

Fig. 3 shows data on the effects of the tested toxicants on eelgrass root growth.

A significant (p < 0.01) reduction in root growth was observed for plants incubated
in DFs at a concentration of 500-1000 mg/L after 10 days. After 20-30 days,
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Fig. 3. Growth of seagrass N. noltii roots (pcs./speci-
men, Mean + SEM) exposed to drilling fluid (a) and cement-
ing fluid (b) in concentrations of 10-1000 mg/L. Notation:
See Fig. 1
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the same effect was observed at lower DF concentrations of 10 and 50 mg/L. After
10 days, a moderate correlation was identified between root growth and toxicant
concentration (Y = 610 — 420.9X, r = 0.490, R? = 0.37).

When incubating eelgrass in media with varying toxicant concentrations,
a significant (p < 0.01) reduction in root growth was observed after 10 days at con-
centrations of 500 and 1000 mg/L. This effect persisted after 20 and 30 days, but
at 1000 mg/L after 30 days, the plant died. A moderate correlation was identified
between root growth and toxicant concentration after 10 days (Y = 0.94 —X, r = 0.39,
R?=0.23).

Fig. 4 presents data on the survival of amphipods exposed to DFs and CFs.
A significant (p < 0.05) reduction in amphipod survival was observed after 10 days
at a DF concentration of 50 mg/L. After 20 days of exposure to media with DFs,
a significant (p < 0.05) reduction in amphipod survival was detected at concentra-
tions of 100 mg/L and higher. A strong correlation was identified between amphi-
pod survival and DF concentration (Y = 54.4 — 0.05X, r = 0.87, R? = 0.89).
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Fig. 4. Survival of amphipods (%, Mean + SEM) exposed

to drilling fluid (a) and cementing fluid (b) in concentrations
of 10-1000 mg/L. Notation: See Fig. 1
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After 30 days, in the experimental groups with DFs, the trend persisted, but
the correlation was weaker (Y = 41.9 — 0.04X, r = 0.48, R? = 0.59). When amphi-
pods were maintained in solutions with varying concentrations of toxic substances,
a significant reduction in survival was observed at a concentration of 1000 mg/L
across all study periods, but no correlation was found between survival and toxi-
cant concentration.

Discussion of research results

The results demonstrated the toxic effects of the tested substances on repre-
sentative species of the benthic community, including eelgrass and amphipods.
The observed effects varied with toxicant concentration and exposure duration,
enabling assumptions about the mechanisms of toxicity and potential consequences
for the studied benthic organisms.

Our studies demonstrate that eelgrass biomass growth decreased by 49% after
10 days of incubation in media containing DFs at a concentration of 10 mg/L.
With continued exposure, the reduction in biomass growth at this DF concentration
was 62-78%. At higher concentrations (50-100 mg/L), biomass growth continued
to decline significantly (by 60-80% compared to the control), and at concentrations
of 500-1000 mg/L, the plants died. Other researchers have also reported reduced
productivity (in terms of carbon absorption and growth rate) in seagrass of the genus
Thalassia after 10 days of exposure to DF concentrations of 200 and 1000 pL/L
[17]. However, our studies found no differences in leaf growth between eelgrass
exposed to DFs and the control, whereas root growth showed a marked reduction
(by 48%) compared to the control at toxicant concentrations of 50-100 mg/L after
just 10 days. In subsequent periods, this trend was observed across all tested con-
centrations. Notably, eelgrass root growth is influenced by many factors, including
soil substrate, oxygen availability, biogenic elements, water mixing, and the pres-
ence of toxicants, as confirmed by our findings. Thus, different plant parts responded
differently to the effects of DFs, with roots being more sensitive to adverse effects
than leaves, consistent with findings from other researchers [23].

The toxic effect of CFs on eelgrass was less pronounced than that of DFs.
At the highest CF concentration (1000 mg/L), plants died after 30 days of incu-
bation. After 10 days, no differences in biomass or leaf growth were observed
between the control and experimental samples across all tested concentrations, but
root growth was significantly reduced at CF concentrations of 500-1000 mg/L.
In subsequent experimental periods, leaf growth remained comparable to the control,
whereas biomass growth was significantly reduced after 20 days at CF concentration
of 50 mg/L and higher. Root growth inhibition persisted at these concentrations
from 20 to 30 days, but biomass growth after 30 days showed no significant differ-
ence from the control. Thus, it is possible to note different effects of the toxicant
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on different parts of the plant, which was established when studying the effect of
DFs on eelgrass. Notably, roots were more sensitive to the effects of CFs than
leaves, as similarly observed with DFs.

It has been demonstrated that various toxins, including nutrients and sulfides
at high concentrations, can severely impair the growth and survival of the eelgrass
population [19]. Different plant parts can react differently to toxicants, including
biogenic elements, associated with a higher affinity of leaves to ammonium com-
pared to roots. A negative effect on Zostera noltii biomass growth was observed
at sulfide concentration below 200 umol/L. Under natural conditions, eelgrass
habitat expansion did not occur at sulfide concentrations exceeding 1000 pmol/L,
which is associated with reduced root viability upon contact with sulfides. However,
researchers have noted that the productivity of T. testudinum in laboratory and field
conditions unaffected by DFs after 6- and 12-week exposure periods [24], confirm-
ing the need to investigate different effects of DFs on benthic flora species.

The impact of DFs on eelgrass can be both direct and indirect. Indirect effects
of drilling and DFs arise from habitat degradation. During well drilling, numerous
suspended particles are generated, significantly reducing water transparency and
impeding sunlight penetration. This inhibits photosynthetic processes in plants and
suppresses their growth, including that of epiphytic microflora [25]. When sus-
pended particles settle, they form a layer that restricts nutrient supply to eelgrass
roots, an effect particularly pronounced with CFs, as demonstrated in our studies.
Consequently, nutrient exchange between the environment and the plant is disrupted.
Additionally, the introduction of xenobiotics into water alters its physicochemical
properties, further negatively affecting the survival and growth of aquatic organisms.

The direct impact of DFs has a toxic effect due to the presence of heavy metals
and organic compounds, which accumulate in plants and impair their physiological
functions. This results in the inhibition of overall plant growth and that of specific
parts (leaves and roots), as demonstrated in our study, as well as the suppression of
dispersal and reproduction. Furthermore, eelgrass beds may become unsuitable
habitats for other marine organisms, such as amphipods, fish, and mollusks, that
rely on them.

For example, under natural and experimental conditions, researchers have ob-
served changes in the abundance of benthic invertebrates. Macrofauna exposed to
DFs or clay used in well cementing exhibited significantly reduced abundance com-
pared to the control group [26]. Our studies demonstrated that CFs were less toxic
to amphipods than DFs. Throughout the experiment, the survival rate of amphipods
exposed to DF solutions at concentrations above 10 mg/L was significantly lower
(by 30-85%) than the control, whereas during incubation in CF solutions, signifi-
cant differences were observed only at the highest concentration of 1000 mg/L,
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when this indicator was 46% lower compared to the control group. Thus, the toxic
effects on amphipods were specific to CFs and DFs.

Researchers have observed that, under natural conditions, some seagrasses
were less sensitive to oil, dispersed oils and DFs than intertidal communities, in-
cluding corals, sponges, echinoderms, mangroves, invertebrates and mollusks [27].
Notably, the number of benthic invertebrates was significantly reduced by DFs
in laboratory settings, but these effects were not observed in natural environments.
In field conditions, invertebrate density was comparable between control and
DF-treated areas but significantly lower than in laboratory controls, while species
diversity remained consistent between field and laboratory conditions [23].

The global trend of increasing oil and gas production in coastal marine areas
poses a significant threat to benthic ecosystems and their inhabitants. Changes
in the physicochemical properties of water, increased turbidity, and reduced light
availability for aquatic organisms can trigger cascading effects across the marine
ecosystem. Given the critical role of seagrasses and their associated invertebrates
in coastal ecosystems, this study highlights the vulnerability of benthic communi-
ties to the introduction of DFs and their components, particularly under changing
environmental conditions [28, 29].

Conclusion

Long-term exposure to DFs and their components disrupts eelgrass metabolic
processes, causes leaf mortality, and induces tissue degradation, threatening
the overall health and viability of seagrass. Our studies demonstrated that, at a DF
concentration of 10 mg/L, plant biomass growth decreased by 49% after 10 days.
After 20-30 days, the reduction in biomass growth at this concentration was 62—
78%. At higher concentrations (50-100 mg/L), biomass growth declined signifi-
cantly (by 60-80% relative to the control), and at 500-1000 mg/L, the plants died.
Eelgrass roots were more sensitive to DFs than leaves: no differences in leaf
growth were observed between DF-exposed eelgrass and the control, whereas root
growth was significantly reduced by 48% relative to the control at toxicant con-
centrations of 50—-100 mg/L after just 10 days. The toxic effect of CFs on eelgrass
was less pronounced than that of DFs. At the highest toxicant concentration
(1000 mg/L), plants died after 30 days of incubation. No significant differences
in leaf growth were found between experimental and control groups, but root growth
was significantly reduced by 64-90% at CF concentrations of 500-1000 mg/L after
10-20 days. Changes in the growth rate of seagrasses (eelgrass) and reductions
in the number of benthic invertebrates, resulting from environmental disturbances
and alterations in physicochemical properties, can lead to irreversible modifications
of coastal benthic communities. CFs were less toxic to amphipods than DFs,
as evidenced by a significant reduction (by 30-85%) in amphipod survival in DF
solutions at concentrations above 10 mg/L compared to the control, whereas signif-
icant differences in CF solutions were observed only at the highest concentration of
1000 mg/L. Consequently, measures to preserve ecosystems and mitigate the im-
pacts of offshore drilling are essential. Toxicity tests enable the evaluation of bio-
logical responses and determination of concentrations at which DF emissions and
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drill cuttings discharges affect indicator species and test organisms. These impacts
include changes in autotrophic and heterotrophic individuals/populations, commu-
nity structure, and energy flow processes within seagrass ecosystems and their as-
sociated invertebrates. Ecotoxicological methods facilitate the assessment of envi-
ronmental impacts throughout the drilling cycle. This integrated approach provides
valuable insights into the consequences of drilling operations, supporting informed
decision-making aligned with environmental safety principles and aiding in the
development of environmental profiles and impact assessments for various waste
management strategies.
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Abstract

The article considers solar and wind energy resources and their ecological potential
in the Khazar Reserve on Ogurchinsky Island in the Caspian Sea. The methodological basis
is formed by the empirical calculations for the preparation of a feasibility study and the crea-
tion, development and implementation of energy-efficient technologies based on solar-wind
energy equipment in the Reserve. The paper provides an energy, economic and ecological
assessment of a solar power station with a capacity of 10 kW-h/day based on theoretical and
methodological calculations and taking into account natural and climatic conditions.
The station generates electricity (3658.34 kW -h/year), saves organic fuel (1463.336 kg
of equivalent fuel) and reduces harmful emissions into the biosphere: SO, (30.41 kg),
NOx (16.38 kg), CO (2.13 kg), CH4 (4.47 kg), CO; (2339.64 kg), solids (3.19 kg). One 400 W
wind turbine can generate 19.45 kW-h/m?-year, or an average of 1.62 kW-h/m?-month, with
an equivalent reduction in fuel consumption of 7.78 equivalent fuel. The obtained scientifi-
cally substantiated results will contribute to the improvement of social, living, economic
and environmental conditions of the island's inhabitants, the conservation of bioresources,
and strengthening energy and environmental security. The results of the feasibility study
will help implement various solar-wind technological complexes in the region.
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JKOIHEPreTUYEeCKUM MOTEHIMAJ
COJIHEYHO-BETPOBOM CTAHLMH
B Xa3apckoMm 3anoBeaHuke B Kacnuiickom mope

A. M. Ilenn:kues *, 5. M. MamenoB

Typrmenckutl 20cy0apcmeeHHblll apXUmeKnypHo-CimpoOumenbHblil UHCTUMym,
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AHHOTaUUsA

PaccMOTpEHBI COTHEUHO-BETPOBBIE YHEPTOPECYPCHI U UX SKOJIOTUIECKUN MMOTEHINAT B Xa-
3apCcKOM 3amoBeAHMKe Ha ocTpoBe OrypumHckoMm B Kacmumiickom mope. Meromonoruye-
CKOM OCHOBOH MOCIY)XWIH 3MITUPUYIECKAE PACUEThl Ui COCTABICHUS TEXHUKO-3KOHOMHU-
4ecKoro 000CHOBAHMS U CO3JaHus, pa3pabOTKK U BHEIPEHHs SHEProd(h(HEKTUBHBIX TEXHO-
JIOTHH Ha OCHOBE COJIHEYHO-BETPOBOTO SHEProodopynoBaHus B 3amoBeaHuke. Ha ocHoBe
TEOPETHYECKUX W METOANYECKHX PACUCTOB M C YUETOM IPUPOIHO-KINMATHUYECKUX YCIIO-
BUH JlaHa dHEpreTHYecKas, JKOHOMHUYECKasi U SKOJIOTHYECKasl OLCHKA COJIHEYHOW IHepre-
THYECKOI ctaHuK MomHOCThIO 10 kBT u/cyT. CTanuus BepabaThIBaeT 3IEKTPOIHEPTUIO —
3658.34 kBt-4/roj1, 3KOHOMHT OpraHUYecKoe TOIIMBO — 1463.336 Kr' y. T. ¥ COKpaIaer Bpel-
HbIe BBIOpOCH B Onocthepy: SOz — 30.41 kr, NOx —16.38 kr, CO — 2.13 kr, CH4 — 4.47 kr,
CO> — 2339.64 kr, TBepapix BemecTB — 3.19 xr. C mOMOIIBI0 OTHONW BETPOYCTAHOBKHU
MommHocTh0 400 BT MokHO monyuuts 19.45 kBt'u/M?'Tox 31neKTpodHEpruu (B cpeaHeM
1.62 kBr-u/mM?-Mec.), IpM 3TOM JKBHBAJIEHT COKDAIUEHHsS PAcX0Ja TOIUIMBA COCTABUT
7.78 xr y. 1. [lony4yeHHsle Hay4HO 00OCHOBaHHBIE PE3YIbTATHl MOXKHO HCIIOJIB30BaTh
JUISL YITyUIICHNS. COIIMAIEHO-OBITOBBIX, 9KOHOMHYECKHX U 3KOJIOTHYECKHUX YCJIOBHH 0o0OHTa-
Tenei OCTpOBa, COXpaHEHHs OMOPECYpPCOB M YKPEIUICHHS! SHEPTeTHYECKOW M 3KOJIOTHYE-
cKoli Oe3omacHOCTH. Pe3ynbTaThl TEXHUKO-3KOHOMUYECKOTO OOOCHOBAHUS ITOMOTYT BHE-
PEHUIO PA3IMYHBIX COTHEYHO-BETPOBBIX TEXHOJIOTNIECKUX KOMIUIEKCOB B PETHOHE.

Ki110ueBble €10Ba: COTHEYHO-BETPOBBIC YHEPTOPECYPCHI, SKOJIOTHYECKU MOTSHITHAN, MaTe-
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Introduction

Addressing the challenge of providing energy to protected areas and pastoral
farms in the Karakum Desert, which are distant from centralized power grids,
necessitates evaluating the potential of renewable energy sources (RES). This effort
is also motivated by global climate change concerns and the need to enhance social,
economic, and environmental conditions in remote regions of Turkmenistan. Tran-
sitioning to RES will reduce reliance on fossil fuels, thereby promoting ecological
sustainability and preserving biodiversity [1].

Turkmenistan is undertaking all necessary measures to address this critical issue
and is implementing comprehensive mechanisms in collaboration with internation-
al organizations to ensure environmental and technological sustainability. This was
emphasized by the President of Turkmenistan during speeches at the 78" session
of the United Nations General Assembly and the 28" Conference of the Parties to
the United Nations Framework Convention on Climate Change.
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Turkmenistan has eight state nature reserves (Repetek, Badkhyz, Kopetdag,
Syunt-Khasardag, Kaplankyr, Amudarya, Koitendag, and Khazar) and 14 wildlife
sanctuaries, covering a total area of 2.0 million ha, or 4% of the country’s territory.

The Khazar Nature Reserve spans 270,000 ha, primarily located in the Caspian
Sea. It supports over 600 plant species and hosts 466 bird species and 55 marine
fish species, five of which are listed in the Red Book. Over 5 million birds migrate
to the reserve annually for wintering. The reserve’s fauna includes rare and pro-
tected species, such as the Caspian seal, long-eared hedgehog, and goitered gazelle,
alongside other species like the tolai hare, reed cat, sand cat, and foxes, characteris-
tic of the desert ecosystem [1-4].

The Khazar Nature Reserve includes Ogurchinsky Island (Fig. 1), located
in the southeastern Caspian Sea in Turkmenistan (39° 6' N; 53° 6' E). As the largest
sandy island in the Caspian Sea, it lies 45 km offshore and forms a narrow spit,
1-1.5 km wide and approximately 42 km long, extending from north to south.
Electricity on the island is provided by diesel generators, with organic fuels (diesel,
gasoline, kerosene, and liquefied gas) imported by sea, incurring substantial finan-
cial costs V' [5-7]. The use of diesel fuel results in the emission of pollutants into
the environment.

g .
A, 7
Ogurchihsky [

Island K 7

Fig. 1. Location of Ogurchinsky
Island (red dot) of the Khazar Nature
Reserve in the Caspian Sea [6, 7]

Scale 1:7,500,500

1) Gidrometeoizdat, 1989. [Scientific and Applied Reference Book on the Climate of the USSR].
Leningrad: Gidrometeoizdat. Series 3. Long-Term Data. Parts 1-6, 502 p. (in Russian).
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Systematic measures to ensure the island’s energy supply and enhance its eco-
nomic, food, water, and environmental security can be achieved using renewable
energy sources, specifically solar and wind power plants integrated with modern
“green” technologies. These measures will also support the conservation of the re-
gion’s biodiversity. Currently, energy provision in protected areas is limited: elec-
tricity is generated by low-capacity gasoline generators, and heating relies on lique-
fied gas.

A primary drawback of using gasoline-powered generators in protected arecas
is the significant noise they generate, audible from a distance of 5—10 km, which
disturbs the wildlife inhabiting these regions. Additionally, the combustion of fuel
emits pollutants into the environment.

The technical limitations of gasoline and diesel generators include a short engine
lifespan (600-1,500 h) and high fuel consumption (350—500 g/kW-h). These gene-
rators are unable to handle heavy electrical loads and are unsuitable for round-
the-clock operation to power household, laboratory, and other electrical appliances
[2, 3, 8]. Consequently, a key requirement for modern autonomous power sources
is the ability to provide consistent, 24-hour power supply to consumers. Currently,
the condition of existing power stations, which rely on gasoline and diesel genera-
tors, is considered unsatisfactory due to severe equipment wear and tear.

These limitations can be addressed by deploying solar and wind power sta-
tions, tailored to local energy resources, thereby reducing the environmental impact
of diesel and gasoline power stations. All of the above makes solving this problem
undoubtedly relevant.

The most energy-efficient option is to use the solar and wind energy potential
of the Khazar Nature Reserve on Ogurchinsky (Ogurjaly) Island in the Caspian
Sea. However, implementing solar and wind energy technologies requires develop-
ing detailed design and cost estimation documentation, along with a feasibility
study (FS) to assess their applicability [1-3].

Degree of development of the topic. The field of solar and wind energy has
been advanced by the contributions of prominent scientists, including V.A. Baum,
P.P. Bezrukikh, V.I. Vissarionov ?, V.M. Evdokimov, D.S. Strebkov, R.B. Bayra-
mov, V.P. Kharitonov, U.A. Bekman, D.A. Dufty, J. Twidell, A. Angstrom, M. Jin,
H.L. Wigley, and others * [3, 9-15].

2 Vissarionov, V.1, ed., 2008. [Solar Power]. Moscow: Izdatelskiy Dom MEI, 276 p. (in Russian).

3 Vasilev, Yu.S., Bezrukikh, P.P., Elistratov, V.V. and Sidorenko, G.I., 2008. Estimates of Renewable
Energy Resources in Russia. Saint Petersburg: Izd-vo Politekhn. Un-ta, 250 p. (in Russian).
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Turkmen scientists have made significant contributions to the field of solar
energy use, achieving notable scientific and practical results. However, the main
limitation of this research is its failure to account for the influence of natural and
climatic factors, as well as the lack of systematic assessments of solar and wind
energy resources, including their technical, economic, and ecological potential.

An analysis of literature sources indicates that the Caspian Sea region and
the islands of Turkmenistan possess significant RES. However, existing scientific
studies lack assessments of energy efficiency, fail to evaluate economic feasibility,
and overlook environmental priorities ?* ¥ [3-5, 9-15].

Based on the analytical studies of solar and wind energy technologies,
the goals and objectives for researching the energy resource potential of solar and
wind energy in the Khazar Nature Reserve have been established.

The purpose of this study is to systematically evaluate the solar and wind ener-
gy potential through innovative computational methods and to assess the energy,
economic, and environmental viability of developing and implementing renewable
energy technologies in the region under study.

The objective of this study is to summarize and evaluate the technical, econom-
ic, and ecological potential of solar and wind power plants on Ogurchinsky Island
in the Khazar Nature Reserve, focusing on energy efficiency, fuel savings, and
environmental impact. It aims to apply innovative computational methods to sys-
tematically assess the energy productivity of converting solar radiation into electri-
cal and thermal energy, determine the basic wind energy potential, and develop
regression equations to forecast energy resources for the preparation of a FS.

The subject of the study is the energy efficiency and environmental sustainabil-
ity of solar and wind power installations on Ogurchinsky Island.

The scientific novelty of the research lies in the development of a systematic
methodology for calculating energy efficiency, incorporating natural and climatic
conditions and the application of solar and wind energy technologies. Additionally,
it involves evaluating the economic and environmental potential of the Khazar
Nature Reserve for implementing these technologies on Ogurchinsky Island and
preparing a FS.

Research methodology and methods

The methodology and research methods employ a systematic approach, inte-
grating theoretical and practical assessments of solar and wind energy technologies
to support the conservation of the island’s rich biodiversity and biological resources.
The methodological framework includes empirical calculations for the preparation
of a FS and the development and implementation of energy-efficient technologies
based on solar and wind energy systems for farms in the region under study ?-?

[3-5, 14].
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Meteorological characteristics of the island

The energy resources of direct solar radiation reaching a horizontal surface
under clear skies in Turkmenistan throughout the year range from 1,699.4 to
1,793.0 kW h/(m?-year) (146—154 kcal/cm?), while diffuse solar radiation under
clear skies ranges from 372.3 to 453.0 kW-h/(m?-year) (32-39 kcal/cm?).
On cloudy and overcast days, direct solar radiation decreases from 35 to 27%,
with the diffuse component increasing to 25-40%. Across Turkmenistan, total
solar energy varies from 1,687.7 to 1,897.2 kW-h/(m?-year) (145-163 kcal/cm?).
The monthly distribution of the gross energy, technical, and economic potential of
solar energy per square meter of surface area ! is presented in Fig. 2 [3-7].

As shown in Fig. 2, the island’s solar energy resource potential ranges from
44 to 50 kW-h/(m?-month), with total solar radiation on a horizontal surface
amounting to 1,685.4 kW-h/(m?-year) and an average monthly radiation of
140.45 kW-h/(m?-month). The annual sunshine duration on the island is 2,668 h,
with an average monthly sunshine duration of 222.3 h. In July, the sun rises at 4:44
and sets at 19:16, and in January, it rises at 7:05 and sets at 16:55 " [3, 4, 8].

The temperature regime on the island varies seasonally. The average annual
temperature ranges from 4.0 to 27.9°C. From May to October, the average tempera-

ture remains around 20.0°C, gradually decreasing to 17.5°C. In January, it reaches
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Fig. 2. Distribution of solar energy resource poten-
tials: gross Eqpi and technical E;j, converted into thermal
Wi and electrical energy Wiy specific production into
thermal V., and electrical Vq4 energy on the territory of
the island by month during the year
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a minimum of 4.0°C. Climatic data indicate that the maximum average air tempera-
ture in January is 11.0°C, rising to 31.1°C in July. The minimum temperature drops
to —0.4°C in January and rises to 23°C in July, with an average annual temperature
of 11.0°CV [3-7].

Wind resources. The extensive meridional extent of the Caspian Sea and
the variety of atmospheric phenomena and circulation patterns result in a complex
wind regime and uneven water temperature distribution on the island. These char-
acteristics are influenced by variations in natural and climatic conditions, synoptic
situations, atmospheric phenomena, air temperature, and current direction, leading
to fluctuations in wind speed ' [3-53, 8, 9].

Scientific research indicates that storm wind formation is influenced by ter-
rain characteristics and atmospheric circulation patterns. The average wind speed
on the island ranges from 2.4 to 4.6 m/s, with an annual average of 3.3 m/s. Storm
winds exceeding 25 m/s have been recorded. The wind rose ! in the bay varies sea-
sonally, driven by changes in atmospheric air circulation [3, 4, 16, 17].

Fig. 3 presents the average daily distribution of wind and solar energy poten-
tial by month of the year for Ogurchinsky Island.

Wind directions in the Khazar Nature Reserve are influenced by atmospheric
circulation and water temperature, ranging from 3% south to 26% west, with pre-
vailing winds from the west (26%), northwest (16%), northeast (15%), and south-
west (14%) V.
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Fig. 3. Average daily distribution of wind (WP) and
solar (SP) energy potentials on Ogurchinsky Island by
month of the year

Methodology for researching ecoenergy resources

The calculation of solar energy potential was based on the methods ? described
in [3-5, 12-16], adapted to the conditions of the Caspian region. As previously
noted, no studies to date have utilized new methods that incorporate natural and
climatic conditions, hydrometeorological factors, and assessments of technical,
economic, and environmental indicators for regions in Turkmenistan [8—11].

To assess the solar energy potential on the island, long-term meteorological
data were considered, including sunshine duration; angles of incidence on inclined
and perpendicular surfaces; hourly solar angles; solar movement parameters (dec-
lination relative to inclined surfaces and the horizon, sunrise and sunset times);
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characteristics of diffuse radiation and albedo; and average monthly and annual
outdoor air and surface temperatures for an operational solar power plant. Addi-
tionally, specific energy parameters of the solar power plant and local climatic fac-
tors were incorporated.

To develop physical and mathematical models, certain assumptions were

adopted: Ogurchinsky Island is regarded as an area with intense solar radiation
reaching the surface, geographical and climatic conditions are assumed to be uni-
form across the island, and average annual meteorological data for the entire island
were used [3-5, 9].

Optimal tilt angle of solar converters on the island. To maximize the efficien-
cy of solar energy technologies and installations year-round, the optimal tilt angle
of solar converters must be determined, accounting for the geographical character-
istics of the installation site. The calculated optimal tilt angles for a solar receiver
with an east-west orientation are 54° (—0.82930 rad) in winter, 24° (0.42418 rad)
in summer, and an annual average of 39° (0.26664 rad). The energy productivi-
ty of photovoltaic modules as a function of tilt angle for Ogurchinsky Island is
presented in Fig. 4 [2—4, 7, 19].

Gross solar energy potential — the average annual total solar radiation reaching
Ogurchinsky Island, serving as a key energy resource.

To calculate the gross solar energy potential, long-term meteorological data on
solar radiation incident on horizontal and optimally inclined surfaces were consid-
ered. These data were systematized by month (Ei, where i = 1, 2, ..., 12) Y [3-5, 10,
17-20].
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Fig. 4. Receipt of solar radiation at different an-
gles of inclination of the photomodule, the angles
equaling 0°; 24°; 54°; 39° (the optimal angle for
Ogurchinsky Island)
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The calculations were performed taking into account the average cosine of
the angle 0 of direct solar radiation relative to the normal during a 10-hour inter-
val — from 7:00 to 17:00 — for a photovoltaic module with an area of 0.24 m?.
The average annual solar radiation per unit of horizontal surface area by month
under clear skies Epi, accounting for the module area, is calculated using the for-
mula:

poe 0B Wb month
P (cos®)  {cos0) ) (m?month),

where Epj is the average annual direct solar radiation per unit of horizontal surface
area by month, kW-h/(m?-month); E;jis the average annual total solar energy per
unit of horizontal surface area by month, kW-h/(m?-month); cos 0 is the average
cosine of the angle of incidence of solar rays on a perpendicular surface, varying
from 24° in summer to 54° in winter; € is the radiation coefficient, ranging from
0.14 to 0.28 (with an annual average of 0.221667) " ? [3-5, 10, 14, 15]. The opti-
mal tilt angle for the island over the year is 39°.

The total solar radiation E for a 10-hour daily interval from 07:00 to 17:00
per unit of horizontal surface area of a photovoltaic module per year is calculated as:

E=Y,E; = 404.5 kW-h/(m?-year).

Consequently, the gross solar radiation potential Wg per 0.24 m? of the island’s
area is:

Wg = E-Si,c = 404.5-0.24 = 97.08 kW -h/year,

where Sc.c is the area of the solar power plant, m?.

The technical potential of total annual solar radiation is defined as the amount
of energy that can be converted into usable energy in compliance with environmen-
tal standards over the course of a year. In this study, it is calculated as the sum
of thermal energy obtained from solar radiation conversion for water heating using
a solar collector *? with an area of 1.58 m? and electrical energy generated by
a photovoltaic module with an area of 0.24 m? [3-5, 10, 14, 15].

Technical potential for converting solar energy to heat water using a water
heater. The calculations utilized the parameters of the SCH-12 vacuum solar collec-
tor, which is thermally insulated with polyurethane foam and comprises 12 vacuum
tubes with 14 mm diameter copper heat pipes. The collector has an area of 1.58 m?,
a weight of 41 kg, and dimensions of 2000 x 950 x 1420 x 1400 mm. It is designed
for year-round operation and can withstand temperatures as low as —40 °C.

The calculations also used thermal parameters, including water tempe-
rature 7 (60 °C); absorption intensity F(ta) (0.9); heat transfer coefficient
FUL = 0.005 kW/(m?-°C); average monthly ambient temperature T,i, °C; latitude ¢;
declination angle §; sunshine varying during the i-th month tci, h/month; the num-
ber of clear and partly cloudy hours, along with operational time tpi, h/month %
[3, 4, 12-15].

The technical potential of the solar collector Wy per unit of collector area S,
during the operational period from 7:00 to 17:00 is calculated as:
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WTTi
St

to:
= E;F[(10) ~ UL (T - To;)cos(-3) 1] = X Wy = 102.65 KW h/(m?-year),
1

where S, is the area allocated for the heat collector, m?; F(ta) is the absorption in-
tensity, F(ta) = 0.9; FU¢ is the heat transfer coefficient, 0.005; T,i is the average
monthly temperature, °C; d is the declination angle, degrees; tpi is the operational
duration of solar collector, h/month.

The total of solar thermal energy potential Wy, for a 10-hour daily interval
is calculated by summing the monthly contributions:

Wi = 102.65°S,,

where S, is the area allocated for solar thermal installations, m?.

The technical potential of electricity generated from the conversion of solar
radiation. The calculations are based on the technical specifications of the SIM-30-
12-5BB silicon monocrystalline photovoltaic module, with the following character-
istics: area 0.24 m?; length 541 mm; width 439 mm; height 25 mm; power — 30 W;
cell size 156 x 55.72 mm,; operating voltage 18.67 V; and operating temperature
range from —40 to 85 °C.

The following photovoltaic module parameters were incorporated into the cal-
culation formulas: temperature gradient y = 0.004 K'; temperature 7) = 298 K;
efficiency ni = 0.15; heat transfer coefficient A = 40 W/m?-K; and absorption coef-
ficient a = 0.97% [3-5, 14, 15].

The average monthly operating temperature T; of the photovoltaic module is
calculated using the formula:

%[a —n, (1+ 7] + Ty,

E; 5

) - ;fl_nlx

where y — temperature gradient, 0.004 K™'; T} ; — temperature, 298 K; 1 — efficien-

cy, 0.15; A — heat transfer coefficient, 40 W/m?-K; o — absorption coefficient, 0.97.
The technical potential W,y; for each month at the optimal tilt angle of the pho-

tovoltaic module (39°) is calculated based on the area of one photovoltaic module

Sy, equal to 0.24 m?, using the formula:

WT i
Sy "I )] =2 Wy =427,

where S, is the area of one photovoltaic module, m?; T; is the average monthly
operating temperature of the photovoltaic module, K.

The total annual technical potential, Wry, W-h/year, is calculated by summing
the values across the entire area of the photovoltaic module:

WTqJ = 42.7‘Sq3.

The economic potential of solar energy represents the possible volume of solar
radiation converted into thermal and electrical energy on Ogurchinsky Island over
the course of a year, considering economic viability. The results are economically
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justified for this region based on current prices for energy derived from conven-
tional sources and are expressed in tons of fuel equivalent, in compliance with en-
vironmental standards.

To calculate the economic potential of solar energy for water heating, the fol-
lowing parameters were used: hot water temperature 7 = 60 °C and cold water
temperature Tc= 15 °C; technical characteristics of solar collectors: F(ta) = 0.9;
F-Up=0.005 kW/(m?-°C); water consumption rate m = 100 kg/(person-day); col-
lector cost C=400 $/m?* Ts. = 15 years; water heat capacity ¢, =4.17 kJ/(kg-°C)
[3-5, 18-20].

The economic potential of solar thermal collectors installed at an optimal angle
to the horizon is calculated using the formula:

Woti = Vi Sos

where Wor; is the monthly economic potential (i = 1, 2, ..., 12) (summed over all
months of the year); Sor is the economically viable area of installed thermal collec-
tors.

The thermal energy generated from solar radiation, Vi, is calculated as:

Vi = By FI(w0) - U (T— T, gLH] =Y. ¥, = 8.5 kW-h/(m>-month),

where £, is the monthly solar radiation, kW-h/(m?year).

The specific volume of solar energy generated determines the economic viabil-
ity and payback period of solar installations.

The calculated volumetric heat output of a solar water heater, heating water to
a temperature of up to 44 °C (m*/month), is presented in Fig. 5.

The economic potential of solar radiation in the region increases with the amount
of energy generated per unit of surface area of the solar collector, considering three
key factors: the critical value of specific heat energy output, the economic parame-
ters of energy consumption, and the cost parameters of industrial energy produc-
tion, accounting for fuel costs and regional environmental factors.
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Fig. 5. Volumetric heating output of a solar water
heater when heating 1 m® water to a temperature of
44°C by months
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The calculation of the economic resource potential for obtaining electricity
from the conversion of solar radiation is similarly determined by the expression:

Waai = Vi Sros
V=Eym, [l -x(Ti-T1)] = Z:V = 3.6 kW-h/(m* month),

where Vg is the amount of energy generated per unit area of the solar battery
in the i-th month, kW-h/(m?-month); S»¢ is the economically viable area of installed
solar photovoltaic modules, m?; Ei is the average annual solar energy yield per
unit area of the solar battery in the i-th month of the year, kW-h/(m?-month) > ¥ [3,
13-15].

Expected economic indicators of the solar power plant (SPP): the expected elec-
tricity output of a single SPP, comprising a single photovoltaic module with an area
of 5.2 m? and a capacity of 100 W, oriented south at an optimal tilt angle of 39°, is
5.01 kW-h/day or 60.4 kW-h/year. The total electricity generation for the SPP is
1829.17 kW-h/year. The estimated cost of the SPP is $6,336.96, with a profitability
of 6.76%. At an electricity cost of $0.055 per kW-h, the payback period for the pho-
tovoltaic SPP is 2.8 years.

The ecological potential of solar radiation on the island contributes to the tech-
nical resource potential, which is converted into thermal, electrical, and other energy
forms using technological equipment to reduce anthropogenic environmental im-
pacts from fossil fuel use [3-5, 17].

The energy, economic, and environmental potential of a single photovoltaic mod-
ule on the island yields 42.77 kW h/year, equivalent to an average of 3.6 kW-h/month
of electricity, resulting in a reduction of 17.1 kg of equivalent standard fuel consump-
tion annually. The environmental benefits include reductions in harmful emissions
as follows: SO, — 0.3555 kg/year; NOx — 0.1915 kg/year; CO — 0.0248 kg/year;
CH4 - 0.0522 kg/year; CO, — 27.35 kg/year; and solid particles — 0.0373 kg/year.

Solar radiation is used to convert energy to heat water to 44 °C. The energy,
economic, and environmental potential of this process yields 102.65 kW-h/year,
equivalent to an average electricity saving of 8.5 kW-h/month, with a corresponding
reduction in fuel consumption of 41.1 kg of fuel oil annually. The environmental
benefits include reductions in harmful emissions as follows: SO, — 0.853427 kg/year,
NOy — 0.459538 kg/year, CO — 0.05968 kg/year, CHs — 0.125328 kg/year; CO; —
65.64826 kg/year, and solid particles — 0.08952 kg/year.

Wind energy potential

The HY-400L low-power wind turbine is designed for power generation.
Its technical specifications are as follows: rated power of 400 W; maximum power
of 500 W; rated voltage of 24 V; start-up wind speed of 2 m/s; cut-in wind speed of
2.5 m/s; rated wind speed of 12 m/s; operating temperature range of —40 to 60 °C;
maximum wind speed of 50 m/s; number of blades — 5; rotor diameter — 1.55 m;
swept area — 1.89 m; overall dimensions — 118 x 47 x 27 cm.

A single 5 m high wind turbine on the island can generate 19.45 kW h/m?/year
of electricity, equivalent to an average of 1.62 kW-h/m?/month, with a corresponding
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reduction in fuel consumption of 7.78 kg. The environmental benefits include
reductions in harmful emissions as follows: SO, — 0.161706 kg/year; NOy —
0.087073 kg/year; CO — 0.011308 kg/year; CH4 — 0.023747 kg/year; CO, —
12.43895 kg/year; and solid particles — 0.016962 kg/year? [3, 14-16].

According to the results of the calculations, the use of solar radiation to con-
serve fuel can reduce the costs of various products and their energy-intensive
production processes, enhance the ecological conditions, and improve social and
living standards in the Caspian region of Turkmenistan.

Statistical analysis of conditions

Regression equations can be applied when developing a FS and calculating
the power requirements of heating devices, as well as determining heat losses un-
der various climatic conditions for the construction of power stations or structures
[3-5, 10-12].

When preparing design and cost estimation documentation, including FS,
for the construction of solar and wind energy facilities, hydrometeorological data
from the Khazar Nature Reserve, along with quantitative estimates of their distribu-
tion, are essential to support the work of engineers, cost estimators, and designers.

Hydrometeorological data were processed using mathematical statistics meth-
ods. The resulting data were approximated as a simplified scatter plot, represented
by a linear regression equation in the form of a correlation ellipse. In a rectangular
coordinate system, the linear regression equation is expressed as y = a + bx, where
a represents the intercept and b denotes the regression coefficient. To analyze
the impact of incident solar radiation on the energy output of a photovoltaic mod-
ule, aregression equation was developed, incorporating the angle of inclination:
0° (horizontal position); 24° (summer period); 54° (winter period); 39° (optimal
for the region). Additional factors considered include average, maximum, and min-
imum temperature regimes, sunshine duration, wind speed, cloudy day duration,
precipitation, and soil temperature to forecast energy potential and calculate the coef-
ficient of determination, which quantifies the strength and closeness of the relation-
ship between variables. The resulting equations are presented below.

An important stage in regression analysis is establishing the mathematical
relationship between the dependent variable y and the independent variable X.
Consequently, the dependent variable y — representing the angle of inclination of
the photovoltaic module — was determined on a horizontal surface as follows: 24°
for the summer period, 54° for the winter period, and an optimal annual angle of
39°. The independent variable X corresponds to the intensity of solar radiation inci-
dent on the surface.

The following regression equations for the tilt angles of photovoltaic modules
were obtained:

for 24°: y=0.0004x +0.1489; R=0.0012; (D
39°: y=0.0008x + 0.1445; R=0.0079; 2)
54°: y=0.0005x + 0.1385; R=0.0054; 3)

0°: in a horizontal position
y=-0.0007x + 0.1435; R=0.0017. 4)
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Electricity generation by a solar installation with one photovoltaic module:
y =-0.0098x + 3.628; R=10.0018. 5)

Regression equation for heat energy production by a single solar collector
when heating water:

y =—0.0239 + 8.7094; R =0.0018. (6)
Hot water output, m>:
y =—0.1885x + 77.435; R=0.0015. %

Electricity generation by a solar power plant with 10 photovoltaic modules with a
capacity of 10 kW:

y =0.0164x +4.9286; R =0.0026. (8)
Regression equation and average wind speed dispersion coefficient:
y=-0.0038x + 3.4333; R=0.0004. )
Electricity generation by a single wind turbine:
y =0.0034x + 1.5988; R=0.0074. (10)

Using data from scientific climate reference materials and observations from
the State Meteorological Service, regression equations were derived as follows:
sunshine hours:

y =0.0573x + 7.46, (11)
duration of sunshine:
y =3.3776x + 200.88, (12)
average wind speed:
y =-0.007x + 5.7788, (13)
number of cloudy days:
y =-0.1262x + 3.4621, (14)
precipitation amount:
y =-0.4336x + 11.485, (15)
monthly soil temperature:
y =0.6538x + 12.0. (16)

To assess the relationship between two variables, X and Y, for the island over
the course of a year, the following correlation coefficients R were calculated for
the conversion of solar energy into electrical energy: 0.0018 for a single photovol-
taic module, 0.0018 for a thermal collector, and 0.0015 for hot water production
volume. These values indicate a very weak correlation [3-5, 17, 20].

Using the regression equations (1)—(16), it is possible to forecast the range of
annual variations for the following parameters: electricity generation by solar and
wind power plants, average wind speed, number of cloudy days, precipitation
amount, average air temperature, sunshine duration, and monthly soil temperature.
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Discussion of results

Based on research utilizing
reference data and systematic
theoretical and practical calcula-
tions, estimates were derived for
the solar energy resource poten-
tial per square meter on Ogur-
chinsky Island over the course
of a year, encompassing gross,
technical, and economic poten-
tial converted into thermal and
electrical energy. The average
monthly direct solar radiation at
an optimal inclination angle of
39° is 1900.5 kW-h/(m? -month),
while the average annual amount
of solar radiation incident on a ho-
rizontal surface over a 10-hour
daily interval is 1685.4 kW-h/m>

The energy efficiency, eco-
nomic, and environmental po-
tential of a Sila solar power plant
(SPP) with a capacity of 30 W
and an area of 0.24 m?, a SCH-
12 water heater (WH) with a heat
output reaching 44 °C and an area
of 1.58 m?, and a 400 W wind
power plant (WPP) are present-
ed in the table. The table indi-
cates that the technical potential
of ten photovoltaic modules,
each with an area of 0.24 m’
and a capacity of 60 W, totals
42.77 kW-h/year. The ecological
resource potential of solar ener-
gy for conversion into electrici-
ty corresponds to a fuel con-
sumption reduction of 17.1 kg
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of fuel equivalent per year. Additionally, the technical potential of a single SCH-12
water heater with an absorption area of 1.58 m?, capable of heating water to 44 °C,
is 102.65 kW-h/year.

The calculated expected values for the total energy productivity of WPP
and SPP, when converting solar energy into heat and electricity, amount to
164.87 kW-h/(m?-year), with associated reductions in harmful environmental emis-
sions per year as follows: fuel savings — 65.948 L/year, emission reductions of SO, —
1.3707 kg/year, NOx — 0.7381 kg/year, CO — 0.09585 kg/year, CH4 — 0.20129 kg/year,
CO, — 105.4401 kg/year, and solid particles — 0.14378 kg/year? [9, 15, 16].

Fig. 6 illustrates the overall dynamics of the average daily energy productivity
of WPP and SPP for electricity generation and thermal energy production, present-
ed by month of the year.

The installation of 10 photovoltaic modules, each with an area of 5.2 m?,
on the island for laboratory research would yield the following results: an annual
electricity generation of 1,829.2 kW-h, an average monthly generation of 60.4 kW-h,
and an average daily generation of 5.0 kW-h/day. Monthly fuel savings would
amount to 24.16 kg, with corresponding reductions in harmful emissions as follows:
SO, — 0.502163 kg/month, NOx — 0.270395 kg/month, CO — 0.035116 kg/month,
CH4 — 0.073744 kg/month, CO, — 38.62791 kg/month, and solid particles —
0.052674 kg/month.

The energy efficiency of the VSF-1 water heating system, when heating water
to 44 °C, yields an annual output of 914.52 m®/year, with an average monthly out-
put of 76.21 m?.
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Fig. 6. Dynamics of average daily energy produc-
tivity of renewable energy sources, solar power plants,
electricity and warm water production on Ogurchinsky
Island by months: orange line — wind energy produc-
tion, blue line — solar energy production, green line —
conversion of solar energy to heat. The numerals stand
for months
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To optimize the use of solar energy stations and installations throughout the year,
it is essential to determine the optimal inclination angle of the solar converter based
on the geographical location of the site. The calculated optimal inclination angles
for a solar receiver with an east-west orientation on Ogurchinsky Island, by month,
are as follows: 54° (—0.82930 rad) for winter; 24° (0.42418 rad) for summer, and
an annual optimal angle of 39° (0.26664 rad).

When designing a SPP with automated solar radiation tracking based
on the inclination angle for Ogurchinsky Island, the graphs in Fig. 5 [2—4, 7] can
be used.

The expected environmental reduction potential for harmful emissions when
using solar and wind energy technologies throughout the year on Ogurchinsky
Island has been calculated as follows:

— SPP: with an annual electricity generation of 164.87 kW-h/(m?-year), fuel
savings amount to 65.948 kg of fuel equivalent/year, with emission reductions of
SO: — 1.3707 kg/year, NOx — 0.7381 kg/year, CO — 0.09585 kg/year, CHs —
0.20129 kg/year, CO, — 105.4401 kg/year, and solid particles — 0.14378 kg/year
[3,4,9,16].

— WH: with an annual output of 102.65 kW-h/(m?-year), fuel savings amount to
41.06 kg of fuel equivalent per year, with emission reductions of SO, — 0.8534 kg/year,
NOx — 0.45953 kg/year, CO — 0.0596 kg/year, CHs — 0.1253 kg/year, CO, —
65.64826 kg/year, and solid particles — 0.08952 kg/year.

— WPP: with an annual electricity generation of 19.45 kW-h/(m?-year), fuel
savings amount to 7.78 kg of fuel equivalent per year, with emission reductions of
SO, — 0.161706 kg/year, NOx — 0.087073 kg/year, CO — 0.011308 kg/year, CHs —
0.023747 kg/year, CO, — 12.43895 kg/year, and solid particles — 0.016962 kg/year.

The results, obtained using mathematical statistics methods for regression
equations (1)—(16), are essential for implementing solar-wind energy complexes
and power plants in the southern sector of the Caspian Sea.

Conclusion

The energy resources of solar radiation, along with their technical, economic,
and environmental potential, have been evaluated based on the hydrometeorological
and natural climatic conditions of the Khazar Nature Reserve in the Caspian Sea.
These conditions include sunshine duration, the inclination angle of the optimally
oriented receiver surface, the hour angle of solar declination, direct and diffuse radia-
tion, albedo, and average monthly and annual outdoor air temperatures. The energy
parameters and operating time of a SPP with an area of 10.4 m?, oriented at an av-
erage annual optimal inclination angle of 39°, were analyzed. Calculations indicate
an average annual electricity generation of 10.03 kW-h/day, a total annual electricity
generation of 3658.34 kW-h, organic fuel savings of 1463.336 kg per year, and re-
ductions in harmful emissions as follows: SO, — 30.41 kg/year; NOx — 16.38 kg/year;
CO — 2.13 kg/year; CH4 — 4.47 kg/year; CO, — 2339.64 kg/year; solid substances —
3.19 kg/year.
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The cost of an SPP with an energy output of 10 kW-h/day is $12,673.9.
The average daily energy consumption of the laboratory premises, when operating
essential electrical appliances, is 10.03 kW-h/day, with a cost of $0.055 per kW-h,
excluding transportation costs via the Caspian Sea. Preliminary calculations indi-
cate that the payback period for the photovoltaic SPP is 5 years and 6 months, with
a profitability of 6.76% and a net profit of $2,234.01 over 10 years.

The findings confirm that utilizing solar and wind energy resources is a priori-
tized, promising, environmentally sustainable, and economically viable solution
for electricity supply, energy security, and other applications along the Caspian Sea.

The results obtained from regression equations (1)—(16) will be valuable
for preparing design and cost estimation documentation, as well as FS, to support
the implementation of solar and wind energy technologies in the region.

The implementation of these technologies will address various energy supply
challenges at the Khazar Nature Reserve on Ogurchinsky Island. The adoption of
modern electronic technologies will enhance the reliability of data obtained from
flora and fauna observations, support the conservation of biological resources and
biodiversity, improve social and living conditions for workers and residents, and
reduce the anthropogenic impact on the ecosystem. These efforts will contribute
to Turkmenistan’s National and State Energy, Socio-Economic and Environmental
Sustainable Development Programs, as well as the Paris Agreement on Climate
Change, the outcomes of the 28" session of the Conference of the Parties to the UN
Framework Convention on Climate Change (COP28), and other national and inter-
national initiatives.
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Abstract

The paper presents prototype wave buoy loggers designed to collect raw data from a built-in
inertial motion unit without transmitting the data to the user. These buoys require mainte-
nance but have a significantly simpler design and much lower cost compared to unattended
analogs, making them particularly useful for various coastal studies. The study aims to
demonstrate that measuring wave parameters in field conditions with acceptable accuracy is
achievable without loss of data quality. The buoys were tested in a field experiment at the
Black Sea Hydrophysical Sub-Satellite Polygon of Marine Hydrophysical Institute, Russian
Academy of Sciences. Reference measurements were obtained using wire wave gauges
installed on the Stationary Oceanographic Platform (44.393047°N, 33.984596°E). Three
identical buoys were deployed near the platform using different mooring configurations: a
heavy anchor with an elastic insert (rubber cord), a heavy anchor without an elastic insert,
and a buoy suspended directly from the platform without an anchor. Continuous
measurements were conducted over seven days, during which significant wave height
varied from 0.2 to 1 m, and wind speeds ranged from 0 to 15 m/s, coming from east-erly,
westerly, and northerly directions. Under these conditions, the root-mean-square error in
estimating significant wave height was no more than 5-6 c¢cm (both with and without
the rubber cord), with the linear regression coefficient deviating from 1 by less than 5%.
The root-mean-square errors for the spectral peak wave period and direction were 0.37-0.62
s and 50-65°, respectively. These errors are comparable to the resolution of the applied
methods and the natural statistical variability of wave parameter estimates.

Keywords: buoy, wave gauge, inertial measurements, wind waves, wave parameters,
oceanographic platform, field experiment
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BosiHoOM3MepuTeIbHbIN Oyi-J10rTEp
JJISI MPUOPEKHBIX UCCIIe0BAHUM
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Mopckotui eudpoghuzuueckuii uncmumym PAH, Cesacmonons, Poccus
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AHHOTaNMSA

[IpencraBieHBl TPOTOTHITHI BOJITHOU3MEPHUTEIBHBIX OyEB-JIOTTEPOB, MPEIHA3HAYCHHBIX
JIIA c6opa HNCXOJIHBIX HJAHHBIX CO BCTPOCHHBIX B HUX MHEPILUAIBHBIX JATYHUKOB, oe3 nepe-
Ja4yu UX Ha 6eper. ByI/I TaKOT'0 THUIIa HYXXJIAIOTCA B O6CJ'Iy)KI/IBaHI/II/I, HO UMCIOT CYHIECCTBECHHO
0oJiee IPOCTYHO KOHCTPYKIIHIO U HU3KYE) CTOMMOCTB IO CPABHEHHIO ¢ HEOOCITY)KUBACMBIMH
aHaJIoraMH, 4TO MOXKCT OBITH BOCTpe6OBaHO B PasjIMYHBIX HpI/I6pe)KHBIX HUCCIICAO0OBAHUAX.
Henb paboThI — MPOJEMOHCTPUPOBATH B HATYPHBIX YCIOBHAX, YTO IpEIaracMblil TUII OyeB
MOKeT 3((HEeKTUBHO MCIIOJIB30BATHCS IS H3MEPCHHS XapaKTEPUCTUK BOJIHEHHS 0€3 ITOTepH
KayecTBa JaHHBIX. McnbiTaHus OyeB MPOBEICHBI B HATYPHOM JKCIiepuMeHTe Ha UepHOMOp-
CKOM FI/I}IpO(bI/I?:I/IquKOM MOJACITYTHUKOBOM IIOJIMTOHE MOpCKOFO FI/II[pO(i)I/IBI/I‘-IeCKOFO UHCTHU-
tyra PAH. B kauectBe pedhepeHTHON HHGOpMAIK 0 BOJHAX UCIOIh30BaHbI JaHHBIC U3Me-
peHHi CTPYHHBIMH BOJHOTpadaMH, yCTaHOBJICHHBIMU Ha CTallMOHAPHOM OkeaHorpadmde-
ckoit mmatdopme (44.393047° c. mr., 33.984596° B. n1.). Tpu onuHaKOBBIX Oyst ObUIM ycTa-
HOBJICHBI BOJIN3H HIIaT(bOpMBI C HUCIIOJB30BaHHUEM PA3HBIX BAPUAHTOB YJACPKHUBAIOMICTO
YCTPOMCTBA: HA MAacCHBHOM SIKOpPE C 3JaCTUYHOW BCTaBKOW (amopTu3aTtopoM) U Oe3 Hee,
a Taroke 0e3 sikopst Ha mojBece ¢ miatdopmel. HenpepbiBHbIE H3MEPEHHS BEJIUCh B TCYCHUE
7 cyT, B TEYCHUE KOTOPHIX BBICOTA 3HAYUTEIBHBIX BOJIH MeHsIack oT 0.2 go 1 M, cKopocTh
Betpa ot 0 10 15 M/c ipu ero BOCTOYHOM, 3aIaJJHOM, CEBEpHOM HampaBleHUIX. B aTuX ycimo-
BHSX CPEIHCKBAAPATUYHAS OMIMOKA OLICHKU BHICOTHI 3HAYUTEIBHBIX BOJH COCTaBHIIA HE 00-
nee 5—6 cM (¢ aMOopTU3aTOPOM | 0€3 HEeTo) MpH OTKIOHEHWH KO3 dHIIMEHTa JIHHEHHON
perpeccuu OT enuHUIBI He Oosiee yeM Ha 5 %. CpeqHekBaapaTHUHble OIIMOKU Mepuoaa 1
HaIpaBJICHUS BOJH cTeKTpajgbHOro muka coctaBmin 0.37—0.62 ¢ u 50—-65° cooTBeTCTBEHHO
IIpY M3MepeHnu OyeM ¢ amopTu3aTopoM u Oe3 Hero. Takue ommOKM n3MepeHuii comnocTa-
BHMBI C pa3petIaonei CHocOOHOCTHIO HCIOIB3YyEMBIX METOIOB M €CTECTBEHHBIM CTaTHCTHU-
YEeCKUM pa30pocoM CpeIHUX OLIEHOK IapaMeTpOB BOJIH.

Karouessle cinoBa: Oyii, BomHOTpad, HHEPIMAIBHBIE U3MEPEHNUS, BETPOBBIE BOJIHBI, Mapa-
METpBI BOJIH, OKeaHorpaduueckast mardopma, HaTypHBIH SKCIIEPUMEHT

BaarogapHocTu: paboTa BBINMONHEHA MPU (PUHAHCOBOM Moanepkke TpaHTa Poccuiickoro
Hay4Horo ¢onna Ne 24-27-00153 «BoxHorpaduyeckrne U3MEpPEHUs ¢ TOMOLIBI0 Maoraba-
PUTHBIX OyeB: METOJOJIOTHS, BT ALV, IEPCIICKTUBB MUHUATIOPU3ALIIN.

Jost murupoBanusi: FOposckuil FO. 10., Kyounoe O. b. BonnonsmepurensHblil Oyii-norrep
ULl IPUOPEKHBIX UCCIeOBaHNH // DKoIormdeckast 6e30IIacHOCTh MPUOPEIKHOH U MIeTh(POBOH
30H Mopst. 2025. Ne 3. C. 115-127. EDN UVGARW.

Introduction

In marine research, episodic short-term observations of surface waves are often
required for targeted experiments. This is particularly true in coastal research, such as
when studying wave nonlinearity in the coastal zone [1, 2], wave interaction with
currents [3], the formation of bottom sediments [4—6], beach and coastline dynamics
[7, 8], and other phenomena [9-12]. In such conditions, traditional wave buoys,
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designed for continuous monitoring of waves at any point in the ocean, are not
always feasible due to their relatively high cost. For short-term coastal studies, many
of their features are redundant, including autonomous power supplies, large memory
capacity, multi-channel communication systems, and massive high-strength hulls.
Additionally, specialized experiments often require up to several dozen such buoys
to enable simultaneous measurements across a section or grid.

In this context, it is practical to develop a simple wave measuring device that
records only the measurements from a sensor sensitive to wave motion, such as a buoy
logger. The increasing use of small, low-cost microelectromechanical inertial motion
units (IMUs) in wave-measuring devices also supports this solution [11, 13-16].

The paper presents the results of field trials of a prototype device developed
at Marine Hydrophysical Institute (MHI). The experiment involved three identical
buoy samples configured differently. It is known that the retaining device can influ-
ence wave measurements by buoy sensors 2 [2]. Thus, to extend the service life of
the system and mitigate jolts when the hull interacts with steep waves, an elastic
element, typically a section of rubber cord several meters long with maximum
elasticity, is included in the anchoring device [17]. To demonstrate the effect of
the retaining line clearly, three mooring options were tested: a standard anchor cable
without an elastic insert, a cable with a highly elastic insert (within limits ensuring
retention during the experiment), and a methodological option — a bifilar suspension
without an anchor from the oceanographic platform.

The aim of this study is to demonstrate in real-life conditions that buoy loggers
built using readily available components can perform short-term measurements of
wave characteristics with acceptable quality.

Materials and methods

Equipment

The buoy is based on the MPU9250 inertial motion unit (IMU), which integrates
a microelectromechanical accelerometer, gyroscope, and magnetometer. As previ-
ously demonstrated [14, 18], such IMUs, despite their relatively low cost, are suita-
ble for measuring sea wave characteristics. The buoy records initial measurements
of three-axis acceleration, angular velocities, magnetic field, and IMU temperature
at a sampling frequency of 25 Hz. These data are stored on a memory card with
a capacity of up to 32 GB using an Atmega328p microcontroller synchronized with
universal time via a DS3231-based real-time clock.

D Earle, M.D., 1996. Nondirectional and Directional Wave Data Analysis Procedures. NDBC
technical document 96-01. Stennis Space Center, 43 p.

2 Gryazin, D.G., 2000. [Calculation and Design of Buoys for Measuring Sea Waves]. Saint Petersburg:
SpbGITMO (TU), 134 p. (in Russian).
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The circuit is housed in a sealed plastic cylindrical hull, mounted on a printed
circuit board rigidly fixed in the hull’s axial plane. The IMU is positioned within
1.5 mm of the hull’s axis (the board’s thickness) and is vertically offset to align
its center as closely as possible with the point of the hull’s resonant oscillations.
The hull is equipped with a lenticular float, a 40 cm diameter disc with chamfers,
made of 100 mm thick expanded polystyrene. A stainless-steel eyelet is attached
to the hull’s base, connecting to a ballast (for adjusting the hull’s draft) and a retain-
ing cable via a swivel.

Power is supplied by six 18650 lithium-ion batteries with a total capacity of
approximately 48 W-h, positioned at the base of the hull on both sides of the board.

For additional verification of measurement quality, a second IMU (a BNOO055)
was mounted on the back of the board. The axes of both motion units were aligned
as closely as possible (within 180° rotation accuracy), and the distance between their
centers was no more than 4 mm.

Experiment

The experiment was conducted in October 2024 at the Black Sea Hydrophysical
Sub-Satellite Polygon near the Stationary Oceanographic Platform (Fig. 1). Bathy-
metry data were sourced from https://www.ncei.noaa.gov/products/etopo-global-
relief-model.

Buoy 1 was deployed approximately 200 m from the platform at a location with
a sea depth of about 27 m. A massive stone weight with a dry mass of approximately
70 kg served as an anchor. The buoy was connected to the weight using an eight-
strand nylon cord with a core diameter of 8 mm.

Buoy 2 was deployed at the same depth, but approximately 50 m closer to
the platform. Unlike the first buoy, it was connected to the anchor cable viaa 7 m
long, 6 mm diameter nylon-braided rubber cord (hereinafter referred to as the rubber
cord). The parameters of this rubber cord were chosen to prevent breakage during
the experiment while ensuring maximum elasticity of the connection.

Buoy 3 was positioned between two platform supports on a bifilar suspension
made of nylon cord, approximately 8 m from the pile foundation. This setup was
designed to evaluate the feasibility of conducting methodological work from the plat-
form without the need for more costly anchor-based deployments.

Buoys 1 and 2 were deployed for approximately 7 days, while Buoy 3 was
deployed only on the final day of measurements.

Parallel measurements of wave parameters were conducted from the platform
using wire-resistive wave gauges, which recorded sea surface levels with an accu-
racy of +1 cm at frequencies up to 5 Hz [19, 20]. These measurement data serve
as reference data in this study. Additionally, auxiliary meteorological observations
were conducted using standard hydrometeorological instruments. Specifically, wind
speed and direction at a height of 21 m were measured using a cup anemometer and
wind vane.
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Fig. 1. Field experiment setup: a, b — buoy exterior design; ¢ — deployment of
Buoy 3 from the platform; d — deployment of Buoy 1 with anchor; e — satellite
image of the study site with bathymetry overlay (URL: https://www.arcgis.com/
apps/View/index.html?appid=504e3ff67457481e839bh941a709350f); f — schematic

depth profile illustrating buoy deployment configurations

Data processing methodology

In this study, the raw data from the buoys consist of time series of three-axis
acceleration, angular velocity, and magnetic field, while wire-resistive wave gauges
provide synchronous measurements of sea surface elevations at six points (the center
and vertices of a pentagon with a 25 cm radius). To estimate wave characteristics,
we applied a well-established method described in [21], which derives the frequency-
angle spectrum as a truncated Fourier series based on measurements of vertical dis-

placements and inclinations in two orthogonal planes:
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S(f. 0) = ay + 2 a, cos(n0) + b,, sin(nh), 1)

where f is the frequency and 6 is the wave direction (defined as the direction from
which the waves propagate relative to the north).

For measurements with wire-resistive wave gauges, instantaneous slopes
and elevations z were estimated by fitting a plane (using the least squares method)
based on six elevation measurements at points with known horizontal coordinates.
The coefficients for formula (1) in this case are as follows:

a=Cy/n, a1=0,/kn, b=0/km,
ay=(Cy —Cp) /o m, by=2Cp3/Km, 2

where Cmn and Qmn are the real and imaginary parts of the spectrum estimate
Smn = Cmn + 1Qmn. The subscripts denote the parameters for which the spectrum is
calculated: 1 for elevations; 2 for slopes C x in the east-west direction; 3 for slopes
Cy in the north-south direction. The wave number is calculated using the dispersion
relation & =(2nf)2/g, where g is the acceleration due to gravity.

For buoy measurements, vertical accelerations were used in place of elevations,
assuming the buoy closely follows the wave slopes. In this case, equations (2) take
the form:

ay=Cyi/m (275f)4, aj =Q12/kn (27Tf)2, b :Q13/k7t (27Tf)2,
a =(Cyy — C33)/k2 m, by=2 C23/k2 ,
where subscript 1 denotes vertical acceleration. The slopes were calculated similarly

to [14] from the measured angular velocities n taking into account the current orien-
tation of the buoy relative to true north:

n,=- (noxsin(¢) + noycos(d))) .M, == (n()xcos(cb) - noysin(qy)) ,

wheren,, M, are the angular velocities measured by the gyroscope, and the azimuth
angle ¢, corrected for the local magnetic declination (7.3°) at the experiment site,
was determined from the horizontal components of the measured magnetic field:
(|)=Arg(mx + imy). Unknown offsets in the magnetic field measurements, arising
from the magnetization of buoy components, were determined using the condition

that the absolute value of the geomagnetic field intensity vector A is constant:
2
(mix - mOx)2 + (miy - mOy) + (miz - mOz)2 = le

where m;, m;,, m;. are the magnetometer measurements at time i.

Based on the calculated one-dimensional elevation spectrum S (f) = may,
the significant wave height was estimated as:

H,=4/[S(df,

where the lower integration limit f; was determined by the first local minimum
in the elevation spectrum to avoid low-frequency noise inherent in measurements
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with buoy IMUs [22] (this issue does not apply to measurements with wire-resistive
wave gauges).

The spectral peak frequency f, and its corresponding period T, were determined
based on the maximum of the elevation spectrum, provided that f > f;.

The mean wave direction 6, at the spectral peak, according to [21], is given by:
0, = Arg(a; +ib)).

The recordings were divided into one-minute sequential fragments, from which
the squared Fourier transforms were calculated and then averaged over 30-minute
intervals to obtain the spectrum estimate (equation (1)).

Results

The frequency spectra of elevations, derived from wave gauge and Buoy 1 and
Buoy 2 measurements, are shown in Fig. 2 as a function of time for the entire meas-
urement period (results for Buoy 3, deployed for a significantly shorter period,
are omitted for brevity). Wind speed during this period (Fig. 2, a) varied from 0
to 15 m/s, with directions from the east, west, and north. Thus, during the week-long
experiment, measurements were conducted under the most typical conditions for this
water area.

As shown in Fig. 2, b, which presents the reference spectra, various conditions
were observed: fading waves and swells (October 3), developing wind waves
(October 7 and 9), and several spectral peaks (October 4, 8, and 9). These features
are also evident in the spectra derived from Buoy 1 and Buoy 2 measurements.
However, these spectra differ from the reference spectra, with an underestimated
high-frequency component f > 1.5 Hz and an overestimated low-frequency compo-
nent f <f,. The first effect arises due to the weak response of the hull to waves shorter
than its characteristic size [23]. This effect has minimal impact on significant wave
height estimates because the elevation spectrum decays rapidly with frequency f .
The second effect can introduce significant errors in wave height estimates,
as demonstrated in [22]. To address this, the estimate H, in this study is calculated
starting from the frequency fi, defined as the first local minimum in the elevation
spectrum. This approach is equivalent to high-frequency filtering, commonly applied
to raw measurement data from buoys ». However, for measurements with wire-
resistive wave gauges, such filtering is unnecessary, as the spectral density at low
frequencies (below the peak) is several orders of magnitude lower than in the spectral
maximum region.

The time series of significant wave heights calculated using this method are
shown in Fig. 3, b. Notably, despite the absence of additional calibration, the results
demonstrate strong agreement between the wave gauge measurements and all three
buoy configurations across all setup types.

The differences between the measurement data from the BNOO055 motion unit
and MPU9250 in this figure are within the thickness of the graph line and are there-
fore not shown. Thus, the consistency of results across six samples of two different
motion unit models indicates that the factory calibration of these IMUs provides
the specified accuracy (typically within a few percent).
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Fig. 2. Wind speed and direction (a) during the experiment, frequency spec-
trum evolution from measurements of (b) wave gauge, (c) Buoy 1 without rub-
ber cord, (d) Buoy 2 with rubber cord

Notably, more significant differences arise from the presence of an elastic rub-
ber cord in the retaining device, as evident for October 6 and 7. The differences
between the measured and reference wave heights in these two cases have opposite
signs. This is likely due to the complex current patterns observed during the experi-
ment, with strong currents often opposing the wind and waves. However, the influ-
ence of currents requires separate study and is beyond the scope of this work.

Analysis of the calculated spectral peak wave periods (Fig. 3, c¢) shows strong
agreement between observations and reference values. However, in cases of young
waves superimposed on swell (October 4 and 9), discrepancies were observed when
spectral peaks of similar amplitude at different frequencies produced an effect re-
sembling chattering. Notably, when a rubber cord was used (Buoy 2, orange line),
this effect was significantly reduced.
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Fig. 3. Wind speed and direction (a) during the experiment, time series of wave
parameters estimated from measurements of wave gauge (black) and Buoys 1
(blue), 2 (orange), 3 (green): b — significant wave height; ¢ — spectral peak wave
period; d — spectral peak wave direction

The greatest discrepancies with reference measurements are observed in the es-
timates of spectral peak wave directions (Fig. 3, d). Although mean values are deter-
mined with high accuracy, short-term spikes occur, primarily during weak winds
(between October 3 and 4, and after October 8). Notably, similar features, though
less pronounced, are also present in reference measurements from wire wave gauges,
due to the specifics of the directional spectrum calculation algorithm, which is re-
stricted to the first five terms of the Fourier series (equation (1)). The use of a rubber
cord improves the accuracy of direction estimates (e.g., see Fig. 3, d, blue curve after
October 8). The non-standard bifilar suspension from the platform exhibited unex-
pectedly small deviations from the reference values.

Scatterplots for the three wave parameters discussed, H,, T, and 6,, are shown
in Fig. 4, along with statistical metrics. For Buoys 1 and 2, which provide the most
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data, high correlation coefficients for significant wave heights are observed, exceed-
ing 0.93, with a linear regression coefficient deviation from unity of no more than 5%.
The root-mean-square error of measurements was ~ 6 cm for setups with a rubber
cord and 5 cm for those without. Notably, measurements were taken at spatially sep-
arated points, so a significant portion of this error is attributed to the statistical vari-
ability of H,, which is typically 10-15% Y.
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Fig. 4. Wave parameters: significant wave height (a, b, ¢), spectral peak wave
period (d, e, f) , spectral peak wave direction (g, 4, i) obtained by Buoy I (without
rubber cord) (a, d, g), Buoy 2 (with rubber cord) (b, e, &), Buoy 3 (platform
deployment) (c, f, i) compared with reference wave gauge measurements
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The consistency between the estimated and reference values of the spectral
peak wave period T, is lower, as discussed previously, due to the chattering effect
described above. Meanwhile, when obvious outliers are excluded, the correlation
coefficient reaches values comparable to those for significant wave height esti-
mates.

The largest discrepancies with reference measurements are observed for wave
directions of 50-65° (Fig. 4, g, h, i), consistent with the analysis of the time series
(Fig. 3, d). However, this deviation is comparable to the resolution of the method
used (approximately 90°) ¥ [21].

The use of an elastic rubber cord improves the accuracy of estimates in all cases
compared to reference values, though the improvement is modest, despite deliber-
ately selecting the most elastic (but least reliable) rubber cord.

Conclusion

This study presents the results of field tests of wave-measuring buoy loggers
developed at Marine Hydrophysical Institute, designed with maximal simplicity to
record initial measurement data on a memory card.

The experiment was conducted near the MHI Stationary Oceanographic Plat-
form. Three buoys with identical IMUs were tested in three different configurations:
without an elastic rubber cord, with an elastic rubber cord, and with a bifilar suspen-
sion from the platform. Comparison with reference measurements from wire-resis-
tive wave gauges showed strong agreement across all estimates for the three setups.
For example, in the observed range of significant wave heights (0.2—1 m), the root-
mean-square error of height measurements was no more than 5 cm for the setup with
an elastic rubber cord and no more than 6 cm without it. Corresponding values for
spectral peak wave periods were 0.37 s and 0.62 s, and for spectral peak wave direc-
tions were 50° and 65°. Therefore, when there is a high risk of buoy loss, the elastic
rubber cord can be omitted from the retaining device at the cost of a slight reduction
in data accuracy.

A key limitation of the measuring devices presented in this study is the need
for maintenance, including data retrieval and battery replacement. However, this
measurement approach may be suitable for various coastal tasks or specialized
experiments that do not require long-term deployments.

The advantages of this approach include its extremely low cost, which is 2 to
3 orders of magnitude lower than that of traditional unattended models. This ena-
bles extensive field studies of waves across sections or grids, where multiple iden-
tical devices are needed. Additionally, a significant advantage, in our view, is that
researchers have access to raw data directly from the IMU without preprocessing.
This enhances the transparency and flexibility of further analysis and allows the pro-
cessing algorithm to be adapted based on specific research objectives.
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Abstract

The paper analyses spectral and time-frequency characteristics of hydroacoustic signals of
animal and anthropogenic origin, as well as background signals. The study aims to classify
and identify these signals to address ecological monitoring tasks in the marine environment
and to develop effective criteria for signal differentiation for automated assessment of
the acoustic situation in coastal and shelf zones. We used methods of spectral and time-
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sources were identified. Signals were classified according to their acoustic origin, and key
parameters for signal identification under high noise conditions were determined, including
spectral shapes, presence of harmonics, pulse durations, and specific temporal patterns.
A feature set in the form of numerical vectors was created for subsequent application in ma-
chine learning algorithms and automatic recognition systems. The developed approach can
be integrated into ecological monitoring systems for coastal waters and advanced navigation
solutions.
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AHHOTANHSA

AHanM3UPYIOTCS CIIEKTPAIBHBIE U BPEMEHHO-YaCTOTHBIE XapaKTEPUCTHKN THAPOAKyCTHYe-
CKUX CHT'HAJIOB KHUBOTHOT'O M aHTPOIIOI'€HHOTO MPOUCXOKICHUS, TakKe (DOHOBBIC CUTHAIIBI,
C LENTBI0 UX KITACCU(HUKAINY M UICHTUPHUKAINH JUTS PEIICHNS 33129 SKOJIOTHYECKOr0 MOHH-
TOpPHHTa MOPCKOH Cpefibl, a Taroke popmMupoBaHus 3()h(HEKTUBHBIX KpUTEpHEB AU hepeHITn-
aIy CUTHAJIOB ISl aBTOMAaTH3MPOBAHHOW OIIEHKH aKyCTHYECKOH 0OCTaHOBKU B IPHOPEK-
HBIX ¥ IENB(OBBIX 30HaX. VICIOIB30BaHBI METO/IBI CIIEKTPAILHOTO ¥ BPEMEHHO-9aCTOTHOT'O
aHaJIN3a, a TAK)KEe CPABHUTEIFHOTO aHAI3a Ha OCHOBE 0030pa COBPEMEHHOM HayqIHOH JIUTe-
patypsl. BeineneHsl xapakTepHble 0COOCHHOCTH CIIEKTPOB M CHEKTPOTPaMM JUIS Pa3InIHBIX
TPYII UCTOYHUKOB cUTHANOB. [IpoBeseHa KiaccupuKalys CUTHAJIOB 10 TUITY aKyCTHYe-
CKOT'O TIPOWCXOKIICHHSI, OTpEJIeNIeHbl KIIIOUEBhIE MapaMeTpbl WACHTH(QHUKAINU CUTHAJA
B YCJIOBHSIX BBICOKOW IITYMOBOM Harpy3ku — popMa CHEKTpOB, HAJIMYHE TapMOHHMK, JUTHTEb-
HOCTb UMITYJILCOB U criennduyeckue BpeMeHHrle natrepusl. ChopMupoBan HabOp mpu3Ha-
KOB B BHJI€ YMCJIOBBIX BEKTOPOB JUISl TIOCIIEAYIOIEr0 MPUMEHEHNS B aJlITOPUTMaxX MAallWH-
HOTo 00y4eHHs ¥ CHCTEMaxX aBTOMAaTHUECKOr0 pacrio3HaBaHusl. Pa3paboTaHHBIN MOIX01 MO-
KET OBbITh MHTEIPUPOBAH B CHCTEMBI SKOJIOTMYECKOr0 MOHHUTOPHHTA MPUOPEKHBIX aKBaTO-
PHI ¥ IIEpCTIEKTHBHBIE HABUTAIIIOHHBIE PEIICHUSL.
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Introduction

Hydroacoustic underwater monitoring systems play a key role in modern marine
science and technology, enabling effective research and monitoring of the ocean
environment. The development of these systems is driven by the need to obtain
accurate and timely information about the underwater environment, which is crucial
for both scientific research and ensuring the safety of maritime operations . Modern
hydroacoustic technologies, based on digital signal processing and spectral analysis
methods, allow various underwater sound sources to be identified and classified with
high accuracy, which is critical for underwater navigation, communication, and
environmental monitoring tasks [1, 2].

1 Zakharov, 1.S., 2004. [Development of National Hydroacoustic Means: The Early 1920s-The
Late 1950s. Doctoral Thesis]. Saint Petersburg, 390 p. (in Russian).
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The development of domestic hydroacoustic equipment began in the mid-
20" century, when the fundamental principles of acoustic signal research in aquatic
environments were established. The subsequent decades, particularly the late 20™
and early 21% centuries, saw significant progress in spectral and time-frequency anal-
ysis of hydroacoustic data, greatly improving the efficiency of signal processing and
interpretation [3]. Modern research focuses on optimizing processing algorithms,
including the use of discrete and fast Fourier transforms, vector-phase methods and
trajectory-space filtering, aimed at enhancing the extraction of informative features
from noise sources and improving the accuracy of determining their coordinates and
directionality [4, 5].

Despite the availability of a wide range of specialized methods for analyzing
hydroacoustic signals, many are tailored to highly specific tasks and limited in their
application to particular classes of sound sources. Existing methods often fail to
adequately provide a unified description of the spectral characteristics of signals
varying in nature and origin, including both anthropogenic and bioacoustic sources.
This creates a gap in digital processing technologies, hindering the broader applica-
tion of hydroacoustic systems in areas such as automated eco-monitoring of marine
ecosystems and comprehensive classification of underwater objects [2, 4-6].

The increasing anthropogenic impact on the underwater environment and
the growing volume of information from underwater sources necessitate the devel-
opment of precise methods for analyzing and identifying acoustic signals to enhance
the reliability of underwater navigation and communication systems [1, 3, 7].
Environmental monitoring tasks are becoming increasingly critical, as they require
simultaneous recording and analysis of both bioacoustic signals and anthropogenic
noise, complicating the interpretation of the acoustic environment.

Although effective algorithms for processing hydroacoustic signals have been
developed in recent years, including optimized Fourier analysis methods [4] and
vector-phase approaches [8, 9], they typically focus on highly specialized tasks and
do not provide a comprehensive description of both spectral and time-frequency
characteristics of heterogeneous signals. Specifically, there are no universal methods
that enable a uniform description of both bioacoustic and anthropogenic signals,
limiting data integration in environmental monitoring and navigation systems
[9-12].

The study aims to systematically analyze the spectral and time-frequency char-
acteristics of various hydroacoustic signals, focusing on identifying unique features
that enable reliable source identification and classification. The proposed approach
facilitates a unified description of the spectral properties of both anthropogenic and
bioacoustic signals, expanding the applicability of standard digital processing me-
thods and enhancing the accuracy and versatility of hydroacoustic monitoring
systems.
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Materials and methods

The first stage of the study involved data collection and filtering. The analyzed
signals were sourced from the AXDS Portals open database of hydroacoustic record-
ings, containing data from bottom stations, hydrophones, and other sensors deployed
in coastal and oceanic areas ?. The recordings were in WAV format with sampling
rates ranging from 4 to 64 kHz, depending on the source type and equipment.
For analysis, sound fragments of 5 to 60 s were selected, representing typical sam-
ples of each signal class — biological, anthropogenic, and natural background noise.
The total number of independent recordings for each signal type was 20—-30, enabling
the derivation of averaged spectra with acceptable statistical stability.

The recorded signals underwent preliminary processing to remove external
interference and artifacts caused by equipment limitations. Digital filtering methods
were applied to isolate significant frequency ranges and reduce the impact of back-
ground noise [3].

The fast Fourier transform was used to identify the primary frequency compo-
nents of each signal. This method enabled the derivation of power spectra, charac-
terizing the distribution of signal energy across frequencies. The signal spectrum is
defined as the set of amplitudes and initial phases of harmonic oscillations at various
frequencies, which collectively reconstruct the original signal. The spectra were
analyzed to identify dominant frequencies, harmonics, and patterns characteristic of
specific signal groups. The basis of spectral analysis was the discrete Fourier trans-
form, defined for a discrete signal x[n] with N samples by the formula:

—j 2nkn

X[k =YN-bx[n]e Vv 1
where k =0, 1, ..., N-1 is the frequency index.

To investigate changes in the spectral structure over time, time-frequency ana-
lysis methods, including spectrogram construction, were employed. This enabled
the identification of unique temporal structures, such as burst periodicity, pulse
duration, and signal attenuation dynamics.

A comparative analysis of different signal types was conducted to identify
unique features distinguishing animal, anthropogenic, and natural background noise
signals. Key parameters included spectral shape, presence of harmonics, pulse dura-
tion, and specific temporal patterns. The spectra presented reflect typical character-
istics of each signal class but do not account for variability due to species differences,
seasonal and hydrometeorological conditions, or technical device characteristics.

2 Axiom Data Science. Data Portal Documentation. 2025. Available at: https://help.axds.co/portals/
overview.html#data-views-overview [Accessed: 22 August 2025].
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The algorithm for analyzing spectra and spectrograms involved performing
a Fourier transform, constructing spectrograms, analyzing peak frequencies, estimat-
ing signal bandwidth, calculating the spectral centroid to detect periodicities, and
evaluating the signal autocorrelation function [4].

For use in machine learning algorithms, formalized spectral and temporal fea-
tures (dominant frequency, bandwidth, harmonic amplitude parameters) were
extracted and represented as numerical vectors, serving as input features for machine
learning models [5]. These features are designed for classifying hydroacoustic
signals by source type, including bioacoustic and anthropogenic noise. Such signals
exhibit consistent structure and reproducibility in their spectral patterns, enabling
their use in training datasets for developing recognition models without requiring
manual labeling of the original signals.

To implement all stages of the analysis, general-purpose software tools were
used, including digital signal processing libraries in MATLAB and Python, as well
as data visualization tools. The reliability of the results was evaluated using cross-
validation techniques, which involve repeatedly partitioning the dataset into training
and test subsets to minimize the impact of random factors in the analysis.

The effectiveness of the developed methods was evaluated using independent
datasets from the publicly available AXDS Portals database, which contains verified
examples of the investigated noise types, confirming their applicability to a wide
range of hydroacoustic signal identification tasks 2.

Results and discussion

The signals sea lion barking and killer whale singing are examples of animal
sounds with relatively complex frequency structures [6, 7]. The spectrum of the sea
lion barking signal (Fig. 1, a) exhibits a prominent peak at approximately 400 Hz,
reaching a spectral power density value of 1.93. Attenuated bursts at frequencies of
60 and 330 Hz indicate the presence of harmonics, contributing to the characteristic
low timbre, resembling a hoarse bark.

The signal spectrogram (Fig. 1, b) clearly illustrates the concentration of
primary sound energy in the low-frequency range.

The spectrum of the killer whale singing signal (Fig. 2, a) exhibits the clearest
signal structure among the signals analyzed in the study. It spans a broad frequency
range, reflecting a complex harmonic structure and diverse acoustic elements
in killer whale vocalizations. Multiple peaks occur between 0 and 11 kHz, with
the most prominent at frequencies of 1.3, 2, and 2.1 kHz. These frequency compo-
nents of the signal are associated with communication and environmental orientation
[6].

The signal spectrogram (Fig. 2, b) is characterized by a number of bright bands
located within the 0 to 11 kHz range. High-frequency components manifest as addi-
tional vertical bands, highlighting the broadband nature of the signal.
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The explosion and sonar signals are characterized by distinct narrowband peak
frequencies. The explosion signal exhibits a different frequency power distribution
compared to the sonar signal, as evidenced in both the obtained spectrum (Fig. 3, a)
and the spectrogram (Fig. 3, b). The maximum spectral power density (0.88) was
observed in the 140-180 Hz range [8, 9].

The spectrum of the sonar signal (Fig. 4, a) exhibits a series of narrowband
peaks within the 2.3 to 3.3 kHz range. In the spectrogram (Fig. 4, b), these appear as
recurring bright horizontal bands. Their periodicity, consistent width, and intensity
highlight the stability and predictability of the signal. This frequency composition is
characteristic of signals employed by sonar devices [9].
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The described structure enables identification of this signal type. Specifically,
stable frequency peaks facilitate accurate determination of the signal source.
For instance, the power peak at a frequency of 3 kHz serves as a key indicator of
sonar activity, as this frequency range is not typical of natural sound sources. Unlike
the short-term explosion signal, sonar produces consistent radiation, allowing for
reliable identification and precise measurement in noisy conditions [10].

The signals scuba diver’s breathing and cruise ship noise exhibit a significant
constant component. The scuba diver’s breathing signal is characterized by a domi-

nant peak at near-zero frequency with a spectral power density of 18 (Fig. 5, a),
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appearing as a bright vertical band with an irregular right edge in the spectrogram
(Fig. 5, b). This indicates a zero-frequency component, likely due to the continuous
exhalation of air bubbles. A minor peak at a frequency of about 100 Hz may reflect
the periodicity of breathing cycles or turbulence from exhaled air flow. The constant
component results from the continuous breathing process, ensuring spectral stability.

The spectrum of the cruise ship noise signal (Fig. 6, a) exhibits a prominent
peak at a frequency of about 40 Hz with a spectral power density of 29.3, indicating
a significant constant component, likely due to the operation of the ship’s engines.
A peak at a frequency of 37 Hz results from low-frequency hull vibrations, while
a peak at a frequency of 80 Hz may correspond to auxiliary mechanisms or cavitation
processes. The spectrogram (Fig. 6, b) displays a persistent bright band at near-zero
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frequency throughout the recording. Analysis of phase shifts between signal compo-
nents enables identification of time delays and relationships, facilitating determina-
tion of the location and nature of noise sources [11].

The water noise and bottlenose dolphin’s whistle signals exhibit characteristic
stability and harmonic components. The spectrum of the water noise signal
(Fig. 7, @) and its spectrogram (Fig. 7, b) reveal a broad frequency range, with do-
minant power concentrated in the low-frequency band (up to 8 kHz), beyond which
intensity rapidly decreases with increasing frequency. The signal’s homogeneous
nature is evidenced by its spectral power density.

The bottlenose dolphin’s whistle shows two distinct peaks in its spectrum
(Fig. 8, a), appearing as two well-defined structures in the spectrogram (Fig. 8, b).
The first peak (1.26 kHz) corresponds to the fundamental frequency of background
noise. The second peak (7.5 kHz) represents the average frequency of the “whistle”
band (6-10 kHz), with variations in intonation depending on the message transmitted
by the bottlenose dolphin through the hydroacoustic channel [6]. This peak also
reflects the fundamental tone of the whistle and its first harmonic. The first har-
monic, visible in the spectrogram (Fig. 8, b), displays uniform intensity and clear
boundaries. These acoustic features serve as identifiers that can be classified
as anomalies in the signal [12].

The spectral analysis demonstrates that each studied signal possesses a distinct
spectral profile. Biological signals exhibit complex frequency structures with prom-
inent harmonics, anthropogenic signals display distinct peaks at specific frequencies,
and natural noise shows a uniform energy distribution in the low-frequency range
[10, 12].

Signals of animal origin demonstrate significant variability in their spectral
characteristics. The sea lion barking signal is characterized by energy concentration
in the low-frequency range with prominent, stable harmonics. The killer whale sing-
ing signal displays a complex structure, reflecting a broad frequency range of vocal-
izations and diverse echolocation clicks. These features facilitate the study of marine
mammal communicative behavior. The bottlenose dolphin’s whistle signal, distin-
guished by two pronounced peaks, possesses a unique temporal structure that is read-
ily distinguishable in the aquatic environment [6, 9].

Anthropogenic signals exhibit more predictable spectral characteristics. The ex-
plosion signal manifests as a short-term pulse with a sharp peak at near-zero
frequency and rapid attenuation, enabling precise event timing. The cruise ship noise
signal features a zero-frequency component at near-zero frequency and periodic
peaks at higher frequencies. This structure helps to identify such signals when as-
sessing the environmental impact of anthropogenic noise and developing methods
to enhance signal clarity. The sonar signal exhibits a series of narrowband peaks,
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ensuring high accuracy in sounding and resistance against external interference,
which is critical for underwater navigation and communication systems [9, 10].

Natural background noises exhibit distinct characteristics. The water noise
signal displays a uniform spectrum in the low-frequency range and remains
stationary over time, making it a reference signal for calibrating hydroacoustic
devices and systems. The spectrum of the scuba diver’s breathing signal is con-
centrated in the lowest frequency range, reflecting the slow variation of breathing
sounds synchronized with inhalation and exhalation. Frequencies associated with
turbulence and the consistency of breathing, influenced by immersion depth, are val-
uable for analyzing human physiological processes in underwater environments and
designing diver life support systems.
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The distinct spectral-temporal profiles of animal-derived signals enable
the study of marine mammal behavior and communication. The characteristics of
anthropogenic signals are used to evaluate their impact on marine fauna and develop
measures to reduce it. The stability and predictability of natural background noise
spectral characteristics provide a foundation for calibrating hydroacoustic instru-
ments and systems, ensuring measurement accuracy [12, 13].

The analysis of spectrograms enables the development of algorithms for auto-
matic recognition of sound sources, which is essential for the operation of passive
acoustic surveillance and ecological monitoring systems. These data play a critical
role in studying the acoustic ecology of marine ecosystems, developing underwater
navigation and communication systems, and monitoring anthropogenic impacts
on the marine environment and its inhabitants [14, 15].

Conclusion

Analysis of hydroacoustic signals revealed distinct spectral and time-frequency
characteristics, enabling accurate identification of animal, anthropogenic, and natu-
ral background noise sources. A comparative evaluation of the signals highlighted
their unique features, which can enhance the effectiveness of ecological monitoring
and navigation systems.

Formalized features are represented as numerical vectors, suitable for machine
learning tasks, particularly for classifying signals by source type. This approach
enhances the detection of acoustic sources and broadens the application of hydroa-
coustic technologies in underwater environmental monitoring and anthropogenic im-
pact assessment.

The research findings are highly relevant, providing a foundation for advancing
underwater navigation technologies and developing new approaches to acoustic data
analysis.
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Abstract

The paper presents the results of a comprehensive analysis of atmospheric aerosol based on
in situ photometer SPM measurements data, MODIS (Aqua/Terra) and VIIRS satellite data,
and HYSPLIT air flow modeling data. The study was conducted by comparing the optical
characteristics obtained during the same periods over the Black Sea region and tracking
the movement of aerosol towards reservoirs located in different parts of the Volga River:
the Middle Volga (Gorky and Cheboksary Reservoirs) and the Lower Volga (Kuybyshev
and Volgograd Reservoirs). The analysis revealed the days of dust aerosol presence in the
atmosphere. We compared the periods when high values of the aerosol optical depth (AOD)
and low values of the Angstrom exponent were obtained for the Black Sea and for the Vol-
ga River. The periods when high values of AOD and low values of the Angstrom exponent
were obtained simultaneously for the Black Sea and for the VVolga River region were identi-
fied. A key finding of this study is the stability of the aerosol optical characteristics over the
Black Sea and the Kuybyshev Reservoir, which persisted even during intensive dust
transport from the Sahara Desert. This proves that regional algorithms for the Black Sea can
be used to restore the brightness coefficients from satellite data when there is dust aerosol
in the atmosphere over the Volga River reservoirs. The presented results provide a prelimi-
nary description of the atmosphere optical characteristics in the study regions and may be
useful for testing the accuracy of standard atmospheric correction algorithms for satellite data.

Keywords: SPM, MODIS, VIIRS, SILAM, backward trajectories of HYSPLIT, Angstrom
exponent, dust aerosol, smoke aerosol, aerosol optical depth, AOD, Volga, Black Sea, at-
mospheric aerosol
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AHHOTAUUA

IIpencraBneHsl pe3ynbTaThl KOMIUIEKCHOTO aHAIN3a aTMOC(HEPHOTO a3po30Jisl ¢ HCHONb30-
BaHMEM HaTypHBIX (oToMerpudecknx m3MepeHuid SPM, cmyrtHukoBeix maHHbix MODIS
(Aqua/Terra), VIIRS, a Tarxke MOACTHPOBAHUS TPACKTOPHH MEPEMEIICHHUS BO3AYLIHBIX
motokoB HYSPLIT, npoBeneHHOTO B paMKax COITOCTABJICHHUS ONTHYCCKUX XapaKTEPUCTHK
aTMoc(epHOro a’po30is HaJx PEernoHoM YepHOro Mopsi M BOAOXpaHWIMIIAMH OacceifHa
p- Bonrn (T'opekoBcknm, Yebokcapckum, KyiiOpimeBckuM u Bosrorpanckum). Ananus
OCHOBAH Ha JIaHHBIX, MOJyYEHHBIX B OJHH U T€ XK€ IIEPUOJBI, C MOCIEAYIOIINM OTCIIC)KUBA-
HHUEM TNIEPEMENLICHUS a3p030JIs B HANIPABIEHHH BOJDKCKHX BOJOXpaHWIUIL. B xoze paboter
BBISBJICHBI THH C IIPUCYTCTBUEM B aTMOcC(epe MbLIEBOT0 a3po3odisl. [IpoBeneHo cpaBHEeHME
NIEPHOJIOB, B KOTOPBIC OBUIM MOJy4EHbI BBHICOKHME 3HAYEHHS a3PO30JIbHOM ONTHYECKON TOJI-
IIMHBI U HU3KKE — mapameTpa AHrctpema Hajl YepHbiM MopeM u Bouroii. BeisiBrieHsl nepuo-
b, KOTJla JJaHHbIe aHOMAaJIMK HaOJI0JaINCh CHHXPOHHO B 0Oonx permonax. KiroueBoii pe-
3yIbTaT JAHHOTO HMCCIIEOBAHHS COCTOMT B TOM, YTO ONTHYECKHE XapaKTEPUCTHKU a3p030JIs
HaJ YepHbIM MopeM 1 KyHOBIIIIEBCKIM BOAOXPAHUIIHIIIEM B IEPHO HHTCHCUBHOTO MBUICBO-
TO IEpeHoca co CTOPOHBI IMycThIHM Caxapbl He IPETepIIesId 3HAYNMbIX H3MEHEHHH. JTO CBHU-
JIETETIbCTBYET O BO3MOXKHOCTH INPUMEHEHHsS PETHOHAIBHBIX aJTOPUTMOB, pa3pabdOTaHHBIX
11t YepHOro Mopsi, IpH BOCCTAHOBIEHHN KO3()(UIMEHTOB APKOCTH O CIIyTHHKOBBIM JaH-
HBIM Haj BojoeMaMH p. Boiru B yciioBusIX NpUCyTCTBUSI B aTMOC(EpE IBUIEBOTO adpo30JIsl.
[pencraBneHHbIe pe3ynbTaThl GOPMHUPYIOT NPEIBAPUTEILHOE OMMCAHUE ONTHYECKUX Xapak-
TEPUCTHUK aTMOC(ephl B HCCIEAYEMBIX PETHOHAX M MOTYT OBITh MCIIOJIB30BAHBI JUIST OLIEHKH
TOYHOCTH CTaHIAPTHBIX aJITOPUTMOB aTMOC(HEPHOI KOPPEKIINH CITyTHUKOBBIX TaHHBIX.

KuroueBnie cioBa: SPM, MODIS, VIIRS, SILAM, o6patubie TpackTopun HYSPLIT, mapa-
MeTp AHrcTpema, MblIEBO a3p030Jib, ABIMOBOW a3p030Jib, a3p0O30JIbHAsI ONTHYECKAs TOJ-
mmHA, AOT, Bonra, YUeproe Mope, aTMoc(hepHBIi a3p030IIb
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BaarogapHocTu: padorta BeimoimHeHa 3a cueT rpanta PH® Ne 23-17-00071 («Bomkckue
OuoonTuueckue anropuTMb»), https://rscf.ru/project/23-17-00071. ABTOpbI BBIpaxaroT
npusHatenbHocTh C. M. Cakepuny u JI. M. KabaHoBy 3a npenocrasienue poromerpa SPM
U IPOTpaMMHOE O0ecleyeHne K HEMY M 3a BO3MOXKHOCTh HCIIOJIb30BAHUS KaueCTBEHHBIX
JaHHBIX (oTOMeTpUUecKux u3Mepenuid. Tarke aBTopsl Omaromapsit Air Resources
Laboratory’s (ARL) u paszpaborunkoB HYSPLIT 3a cBoeBpeMeHHOE Mpea0CTaBIeHHE Kade-
CTBEHHBIX JAHHBIX MOJICIUPOBaHMA. ABTOPHI BeIpaxatoT OiarogapHocth 1. A. Kanyctuny
ul'. B. JlemeBy 3a yuacTue B BBIIOJIHEHUU HAaTYpHbIX u3Mepenuil. Mccnenoanus Hag Yep-
HBIM MOPEM BBINIOJIHEHBI B PAMKaX TEMbI TOCYIapCTBEHHOr0 3aaanHus Mopckoro ruipodu-
smyeckoro nHcTUTyTa PAH FNNN-2024-0012 «AHaNN3, AMarHO3 U OTIEPATUBHBIN MPOTHO3
COCTOSIHUS THAPO(U3NYECKUX U THAPOXUMUYECKUX M0JIe MOPCKUX aKBAaTOPUIl Ha OCHOBE
MaTEeMaTHYeCKOr0 MOJEIUPOBAHUS C HCIIOJIB30BAHHEM AaHHBIX AMCTAHLUOHHBIX M KOH-
TaKTHBIX METOJI0B U3MepeHui («OnepaTHBHasI OKCaHOJIOTHSI»)».

Jas wurupoBanus: Kanunckaa []. B., Monvkoe A. A. Onrudeckue XapakTepUCTUKU
atMocdepHoro a’pososis Hax YepHbiM MopeM u Bomoxpanmwiuinamu Cpennedd m HwkHei
Bonrn 3a 2022-2024 roxms! // Dxomoruueckasi 0€30mMacHOCTh MPUOPEKHON M MIenh(POBO
30H Mopst. 2025. Ne 3. C. 141-162. EDN AIMHIF.

Introduction

The primary objective of satellite oceanography is to obtain reliable information
about the state of various water bodies and to study trends in changes in their water
quality as well as to assess the impact of anthropogenic and biogenic factors on water
areas. A variety of natural phenomena, including forest fires, dust storms and vol-
canic eruptions, as well as a range of technological processes, result in an increase
in the amount of harmful substances entering the atmosphere and hydrosphere
[1-3]. When solid fuels are burned, toxic chemicals are released into the environ-
ment as part of the exhaust gases. The most prevalent of these are carbon mon-
oxide, sulfur dioxide, nitrogen oxides, hydrocarbons and dust [4-6].

The growing pollution of air basins in several cities demonstrates the substan-
tial impact of modern industrial production on the natural environment, disrupting
the existing balance and cycle of substances and energy. Therefore, long-term pro-
grams to maintain the normal functioning of natural ecological systems are becom-
ing increasingly important [2—6].

The objects of study are the Black Sea (western and Crimean coasts, where
the AERONET (AErosol RObotic NETwork) Galata Platform (43.0° N, 28.2° E)
and Sevastopol (44.58° N, 33.43° E)) and the Volga River reservoirs. The first
measurements of atmospheric characteristics over the Black Sea were made as
early as 1910, and systematic photometric observations within the framework of
the international AERONET program have been conducted since 2006. In 2015,
the second stage of photometric measurements was initiated using the domestic SPM
(Sun Photometer Mobile) photometer analogous to the AERONET instruments.

Unlike the Black Sea, comprehensive studies of the Volga as a single ecological
system have not yet been conducted. Effective river monitoring requires analysis of
the entire water system, including three interrelated components: the atmosphere,
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the aquatic environment and the aquatic organisms. The water body ecological and
toxicological state is determined by interdependent processes such as water ex-
change with the atmosphere, transport of toxic substances through the air and entry
of pollutants into the water [7]. Therefore, a comparison of data from these two
regions enables the identification of both general patterns of aerosol transport and
transformation, and processes that are specific to each region.

In 1995-2003, a large amount of data on gas emissions into the atmosphere
was obtained in the Volga River basin. Analysis of this data revealed a trend to-
ward improvement in atmospheric conditions: total gas emissions into the atmos-
phere over the Volga basin decreased by 2.0 million tons, from 9.1 million tons
in 1995 to 7.1 million tons in 2003. In 2017-2019, as part of the federal project
“Revitalization of the Volga,” a concept was developed to reduce diffuse pollution
of the Volga [8], based on an analysis of hydrological data on pollutants and
atmospheric parameters.

Nevertheless, the current data are insufficient to solve a significant applied
problem, namely the use of optical satellite information to assess the quality of
the Volga River waters. Furthermore, the role of long-range intensive aerosol
transport, particularly the influence of intensive air flow from the Black Sea region
on atmospheric characteristics over the Volga basin, remains under-researched.
In order to resolve these issues, a thorough investigation is necessary that incorpo-
rates data regarding the state of the atmosphere and the aquatic environment.

In this regard, the present study focuses on comparing the optical character-
istics of atmospheric aerosols over the Black Sea and the Volga reservoirs, which
allows for the identification of general patterns of aerosol particle transport and
transformation in both regions.

The analysis employed in situ data, MODIS (Aqua/Terra) satellite data, Visible
Infrared Imaging Radiometer Suite (VIIRS) data and the results of air flow model-
ing using the HYSPLIT model for four reservoirs located in different parts of
the Volga River: the Middle Volga (Gorky and Cheboksary Reservoirs) and the Lower
Volga (Kuybyshev and Volgograd Reservoirs) (Fig. 1), in comparison with similar
data obtained over the Black Sea.

For each of the regions studied, background characteristics of atmospheric
aerosols were determined, serving as a reference point for assessing the conse-
guences of aerosol impact. Background characteristics in this work refer to the av-
erage values of optical parameters calculated with the exclusion of emissions.
The background aerosol in the regions under study consists primarily of submicron
fractions of mineral dust and other aerosols (predominantly sulphate) of continental
origin. These particles have penetrated through the cloud filter into the upper tropo-
sphere at an altitude of 2-3 km over the oceans and 5 km over the continents and
have been distributed there relatively evenly, with a particle number concentration
of ~ 300 cm™ at standard temperature and pressure [9].
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To compare, Table 1 demonstrates such background characteristics of atmo-
spheric aerosol as aerosol optical depth (AOD) at a wavelength of 500 nm
(AOD(500)) and Angstrom exponent (o) in different regions. For instance, in the Nor-
thern Tian Shan region, which is affected by dust aerosols, the AOD(500) value
during the period of aerosol transport to the region was found to be 0.74 + 0.14,
which exceeds the background values (Table 1) by more than three times [10].
In the Baikal region, which is mainly affected by seasonal fires, the AOD values
exceed background levels by six to eight times across most of the spectrum when
smoke is present in the atmosphere [11]. The background values for the region of
Middle Urals, which is subject to dust emissions and smoke transport from fires,
are presented based on the results of optical characteristic measurements conducted
at the Kourovka Astronomical Observatory (Sverdlovsk Oblast) and in Ekaterin-
burg [12]. The estimation of background values of atmospheric aerosol for central
Russia can be made based on the variability of optical characteristics obtained
in Moscow and the Moscow region. Thus, background values for this region,
according to data from the Zvenigorod Scientific Station of A. M. Obukhov Insti-
tute of Atmospheric Physics RAS, are given in [13]. For the Siberian region, back-
ground values for atmospheric aerosols were obtained from photometric measure-
ments at the Fonovaya station, Tomsk Oblast. During periods of intense fire in this
region, the AOD(500) index has been recorded at 0.95 + 0.86, which is approxi-
mately six times higher than background values and 2.5 times higher than the typi-
cal values for smoke aerosols [14]. The establishment of background levels is
a prerequisite for the subsequent identification of anomalies caused by long-range
transport of aerosols.

Table 1. Background optical characteristics of atmospheric aerosol obtained over
various regions

Region/city Background Angstrom
AOD(500) exponent o
Northern Tian Shan 0.24 £0.09 -
Baikal region <01 -
Sverdlovsk Oblast 0.135+0.128 -
Ekaterinburg 0.168 +0.126 1.239+0.3
Zvenigorod 0.17 + 0.06 1.46+0.4
Tomsk Oblast 0.16 £ 0.08 14+04
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In particular, periods were selected for analysis when the values of AOD and
the Angstrom exponent deviated significantly from background levels. This facili-
tated the identification of episodes of intensive air flow from the Black Sea region
towards the Volga basin, and the subsequent guantitative assessment of their im-
pact on the optical properties of the atmosphere over reservoirs.

Ground-based photometric measurements were used to verify satellite data and
modeling results. Ground-based solar photometry is one of the main remote sens-
ing methods for determining the composition of atmospheric gases and aerosols,
along with satellite remote sensing. The primary benefit of satellite systems is their
extensive coverage capacity, which facilitates the description of the spatial distri-
bution of the optical characteristics of the atmosphere (e.g., MODIS radiometers
on the Terra and Aqua satellites). However, the underlying surface reflectivity is
unpredictable enough, which significantly limits the AOD determination accuracy,
allowing reliable data to be obtained only in a narrow spectral range. This creates
serious difficulties in determining the composition of aerosol particles. The advent
of remote sensing methods has contributed to the emergence of innovative ship-
and satellite-based technologies and systems, facilitating the operational monitor-
ing of water quality in such eutrophic water bodies as the Gorky, Kuybyshev and
Volgograd Reservoirs. In light of the constraints imposed by remote methods,
in situ studies of aerosols employing photometers continue to be a pertinent under-
taking. The factors influencing the composition of aerosols, including meteorologi-
cal conditions, are not yet fully elucidated.

Fig. 1. Location of the study geographical objects on the Volga River.
The numbers denote reservoirs: 1 — Gorky Reservoir; 2 — Cheboksary
Reservoir; 3 — Kuybyshev Reservoir; 4 — VVolgograd Reservoir (Satellite
VIIRS)
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This study aims at a comprehensive analysis of the optical characteristics of
atmospheric aerosols over the Black Sea and four reservoirs in the Volga River
basin (Gorky and Cheboksary in the Middle Volga, Kuybyshev and Volgograd
in the Lower Volga) in 2022—2024 based on in situ measurements, satellite obser-
vations (MODIS/Aqua-Terra, VIIRS) and HYSPLIT air flow trajectory modeling
data. The research objectives include comparing the spatio-temporal variability of
aerosol parameters over the specified regions, tracking the transport of aerosol
masses from the Black Sea towards the VVolga reservoirs, and analyzing the charac-
teristics of their distribution over these water areas.

Instruments and materials

The AOD was determined using in situ measurements obtained from two types
of solar photometer: the AERONET reference instrument Cimel [15] and its do-
mestic counterpart SPM (Sun Photometer Mobile) [16]. Both instruments operate
in the wavelength range of 340-2134 nm. When operating and calibration condi-
tions are met, the error in determining AOD is 0.01-0.02 and in determining
the atmosphere moisture content is approximately 0.1 g/cm?2. A detailed description
of the calibration and calculation methods for the desired characteristics is provid-
ed in [16-18].

Satellite data on AOD and Angstrom exponent were obtained using the MAIAC
(Multi-Angle Implementation of Atmospheric Correction) algorithm based on MODIS/
Terra and MODIS/Aqua data [19, 20]. The spatial resolution of the algorithm is
1 km, which facilitates the tracking of small-scale urban pollution, smoke from
fires (including small local outbreaks), and dust storms. The selection of this prod-
uct was determined by its accessibility, high resolution, and capacity to monitor
aerosol dynamics in near real time.

In order to analyze the sources of aerosol transport in the Black Sea region as
well as the Gorky, Kuybyshev and VVolgograd Reservoirs, the results of modeling
the backward trajectories of air flow movements were used. This modeling was
carried out using the HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Tra-
jectory model developed by Air Resources Laboratory (ARL)) software package ».
The simulation results demonstrate the predominance of western air mass transport
in the region under study Y. This study presents the first analysis of not only back-
ward but also forward trajectories of air currents over the Black Sea. This made it
possible to compare optical characteristics with the time shift of aerosol movement
over the Black Sea and, several days later, over the reservoirs.

The VIIRS radiometer set provides users with Deep Blue NASA Standard
Level-2 (L2) aerosol products from the Joint Polar Satellite System (JPSS). Since
17 February 2018, the VIIRS Deep Blue Aerosol (DBA) algorithm has been used

D Available at: http://ready.arl.noaa.gov/HYSPLIT.php [Accessed: 25.08.2025].
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to obtain AOD values [21, 22]. The Deep Blue algorithm is used to analyze data
obtained over land, while the Satellite Ocean Aerosol Retrieval (SOAR) algorithm
is used over water areas. Data obtained in certain VIIRS operating ranges and pro-
cessed using two algorithms described above provide ultimately reference AOD L2
Deep Blue values at a wavelength of 550 nm for the region under study [22, 23].

The Dark Target/Bright Target Algorithm (DBA) was applied to VIIRS data
to create a long-term climate data series on atmospheric aerosols. The DBA algo-
rithm was originally developed to detect aerosols over bright surfaces. To achieve
this objective, a global database of surface reflectivity coefficients with a resolution
of 0.1° in the visible spectrum was created using the method described in [24].
The aerosol type and AOD are determined simultaneously using look-up tables
based on satellite observations. The MODIS Collection 6 (C6) data are reprocessed
using an algorithm that employs three different approaches to determine surface
reflectivity coefficients in different terrain types (arid/semi-arid regions, vegetated,
urban/built-up and transitional areas). To identify smoke aerosols, the spectral
curvature method is used, based on the ratio of surface reflectivity coefficients
at wavelengths of 412/488 and 488/670 nm. In addition to VIIRS data, new models
of non-spherical dust particles are also used to improve the accuracy of AOD de-
termination. In 2020, the latest V011 DB L2 aerosol products were integrated into
the data processing system. The methodology permits the extension of the range of
detectable surfaces from the brightest to the very darkest [24, 25], improving aero-
sol monitoring capabilities significantly.

One of the tasks of the DBA and SOAR algorithms is to determine the types
of atmospheric aerosols during the daytime in the absence of clouds and snow.
Over land, the aerosol type is classified based on the AOD values, Angstrom exponent
(o), Lambert-equivalent reflectivity (LER) and brightness temperature. The combined
aerosol type over land and ocean is determined based on pixels that have passed
quality control [21, 22, 24].

CALIPSO satellite data were analyzed to determine the predominant aerosol
type. The main objective of CALIPSO is to measure the characteristics of aerosols
and clouds on a global scale. The CALIPSO algorithm classifies aerosols by type
based on the measured depolarization coefficient (6v): pure marine aerosol
(6v € [0.025-0.05]), particles of polluted dust or smog (év € [0.05-0.15]), most
likely dust aerosol (6v € [0.15-0.5]). The spatial resolution for most types of aero-
sols is 80 km, with the exception of clean marine and polluted continental aerosols.
About 80% of smog and 60% of polluted dust aerosols are found over the water
surface. Clean dust is distributed approximately evenly over both land and water
surfaces [25, 26].

Measurements of the optical characteristics of the atmosphere over the Black
Sea and the Volga River were carried out from small vessels or from the shore.
The periods of atmospheric aerosol measurements over the reservoirs of the Volga
River are shown in Table 2. Measurements over the Black Sea were carried out
simultaneously.
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Table 2. Qualitative and quantitative data on measurements of main atmosphere optical
characteristics over reservoirs of the Volga River

Reservoir Period Number
of measurements
. Spring—summer

Gorky Reservoir 2009-2004 292

. 09.09.2023-10.09.2023;
Cheboksary Reservoir 16.09.2023—17.09 2023 18

. 17.07.2023—28.07.2023;
Kuybyshev Reservoir 09.09.2023—16.09.2023 58
Volgograd Reservoir 28.05.2024—07.06.2024 13

As Table 2 shows, in the case of the Gorky Reservoir, the focus is on seasonal
trends rather than specific periods. This discrepancy can be attributed to the fact
that while expeditions in the region of the reservoir were ongoing, the measure-
ments were taken over the course of a single day, a week or more.

During expeditions to study the optical properties of the atmosphere over
the Middle and Lower Volga region, data were obtained on the AOD variability
across the entire operating range of the SPM photometer, namely at 11 wave-
lengths: 340, 379, 441, 501, 548, 675, 872, 940, 1244, 1020 and 1556 nm.
The most interesting channels for research are those close to satellite channels:
comparative analysis of remote and in situ data makes it possible to solve many
problems in both optics and hydrophysics in general. For central Russia, the AOD
values above 0.3 at a wavelength of 500 nm are considered to be high. The present
study determines the type of aerosol and the region that was the source of aerosol
activity for dates with such values.

Results

As previously mentioned, 2015 marked the start of a period in which the opti-
cal properties of atmospheric aerosols over the Black Sea were monitored using
an SPM photometer. This enabled a new stage of comparative studies of different
regions equipped with similar instruments to begin. The nearest water body where
photometric measurements are carried out is the VVolga River basin. This paper pre-
sents a comparative analysis of the optical characteristics of atmospheric aerosols
obtained over the Black Sea (in the western and Crimean coastal zones), alongside
data from regular measurements taken over the Gorky, Cheboksary, Kuybyshev
and Volgograd Reservoirs, as well as in the Nizhny Novgorod Oblast, between
April 2022 and July 2024. The activity of dust and smoke aerosol transport from
forest fires was also studied during this period.

Analysis of seasonal AOD trends in many regions of central and southern Rus-
sia revealed a primary maximum in spring and a secondary maximum in summer,
the latter of which is more pronounced during intense forest fires. As is well known,
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a large number of forest fires are recorded in both the Black Sea region and
the Nizhny Novgorod Oblast during the summer period. These fires can cause
cloudiness in the atmosphere and, accordingly, lead to an increase in the values
of the main optical characteristics of atmospheric aerosols during this period [25].
It is known that dust and smoke aerosols are characterised by AOD values that are
more than twice the monthly average [1-3]. Fig. 2 shows average daily values
of AOD(500) for the period of synchronous atmospheric studies over the Black Sea
(Crimean coast (Fig. 2, a) and western coast of the Black Sea (Fig. 2, b)) and
the Volga River basin (Fig. 2, ¢). As can be seen, high AOD(500) values were rec-
orded over the Volga River in April, July and August 2022 as well as in April
2023. To determine the main source of aerosol input that has the greatest impact
on the properties of the underlying surface as determined by remote sensing me-
thods, it is necessary to analyze the seasonal and daily variability of aerosol optical
characteristics.

Fig. 2, b shows that the maximum AOD values were observed on 13 April,
6, 7, 24-27 July, 5-8, 24-27 August in 2022; on 12, 24-28 April, 25-27 May,
18, 26-28 July in 2023; and on 4 June 2024. In general, increases in AOD values
are not short-term events occurring over the course of a single day, but rather peri-
odic in nature. This can be the result of intense dust transport and large-scale forest
fires, the latter of which are a source of burning biomass aerosols (smoke aerosols).
The only exception is a slight increase in AOD in the summer of 2024. However,
it should be noted that measurements only began at the end of May in 2024.

Gorky Reservoir

Since 2022, the SPM photometer has been continuously monitoring optical
characteristics in the study area, providing background characteristics of atmos-
pheric aerosols over the Gorky Reservoir and Nizhny Novgorod. In the 2016-2017
studies, the background values were considered to be AOD(500) = 0.18 and a ~ 1.45,
but later regular measurements covering not only the summer period showed
that the background values in the study region were lower: AOD(500) = 0.12 and
a=1.22 [26]. Analysis of particle size distribution revealed no predominance of
particles of a certain size, whether large or small, for background aerosols.

To identify sources of aerosol activity, satellite data were analyzed for all days
on which elevated values of atmospheric aerosol optical properties were recorded
during in situ measurements.

As Fig. 2 shows, the average daily AOD(500) value of 0.28 recorded on 13 April
2022 is the highest one for the entire spring period of 2022. The results of model-
ing the backward trajectories of air flows for that day using the HYSPLIT model
showed the movement of dust aerosol at an altitude of 3 km from the Karakum side.
This means that the increase in AOD on 13.04.2022 is due to the presence of dust
aerosol in the atmosphere over the region under study.

During the summer of 2022, a significant number of days were observed to
have elevated AOD values, with levels exceeding more than twice the annual average
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(568 days) (b); over the Volga River, from stations
data (224 days) (c)
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across the entire spectral range. A thorough analysis of satellite data, comple-
mented by the findings from backward trajectory modeling, revealed that the ob-
served increase in AOD values was predominantly attributable to the presence of
smoke aerosols from forest fires, which were localized east of the Gorky Reservoir.
The average daily AOD(500) value of 0.39 on 12 April 2023 represents the maxi-
mum for the entire measurement period under study. The maximum AOD value
(AOD(500) = 0.45) on that day was recorded at 14:00. Satellite data indicates that
MAIAC AOD values over the Gorky Reservoir were within the range of (0.4 = 0.01).
The backward trajectories of air flows were simulated using the HYSPLIT soft-
ware package, with the start time of the simulation set at 14:00 UTC, the time
when the maximum AOD values were recorded. The transport area coincided with
the area in which the AIRS MODIS/Aqua algorithms determined an increased con-
centration of dust aerosols. A thorough examination of the contribution of coarse
and fine aerosol particles to the total AOD(500) revealed that elevated AOD values
were predominantly attributable to the presence of fine particles, which constituted
up to 80% of the total. MAIAC satellite data confirm that AOD values exceed
background levels, which is consistent with the results of in situ measurements.
The VIIRS Deep Blue algorithm for 24 April 2023 identified the presence of
dust particles, as well as mixed and background aerosols (Fig. 3). High Angstrom
exponent values for 24-28 April 2023 (o > 2) confirm that the elevated AOD val-
ues are attributable to the presence of finely dispersed absorbing aerosols in high
concentrations.
High AOD values were also

—

‘ _ recorded at the end of April and the

R end of July 2023. Analysis of mo-

Ivanovo _ Rgsg']vg%ir del and satellite data to determine

-- - " the source of aerosol activity that
Nizhn : -

Kovrov - - Novgor}(])a influenced the variability of AOD

— values at the end of April 2023 re-

® Dust Background " o Mixed vealed no signs of dust transport or

Primarily finely dispersed @ Smoke intense fires, when the smoke could

have moved into the atmosphere of
the region under study.

The values of AOD(500) were
determined to be 0.29 on 25 May
2023, at o = 0.7. When determining

Fig. 3. Satellite images obtained using
the VIIRS spectroradiometer (flight time
10:33 UTC) using the VIIRS Deep Blue
algorithm for 24 April 2023 (Archive
AERDB_L2 VIIRS_NOAA20_NRT doi:10.506

7IVIIRS/AERDB_L2_VIIRS_NOAA20_NRT.0
02; AERDB_L2_VIIRS_NOAA20 doi:10.5067/
VIIRS/AERDB_L2_VIIRS_NOAAZ20.002 (date
of access: 20 January 2024)
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the predominant aerosol type using
the VIIRS Deep Blue algorithm,
the presence of mixed and fine
aerosols was detected on that day.
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Statistical analysis revealed that AOD values exceeding the monthly average were
observed on 26 of the 226 days of observation. Elevated AOD values were mainly
observed on days when smoke and dust aerosols were present in the atmosphere
over the study region, but they were also recorded on days when anthropogenic
aerosols were detected. In some cases, the origin of aerosol activity could not be
ascertained.

Given the absence of documented transport from Africa via the Black Sea
during the study period, a direct comparison between the optical characteristics
obtained for this reservoir and those of the Black Sea stations was not feasible.

Cheboksary Reservoir

The expedition to the Cheboksary Reservoir was the shortest, with a duration
of four days. During this period, AOD(500) values approximating the background
values for the Nizhny Novgorod region were obtained (average AOD(500) = 0.11).

Average Angstrom exponent o = 1.7 demonstrates the predominance of fine
particles during the study period. This is confirmed by data on particle size distri-
bution: the contribution of the coarse mode is only 21% of the total AOD(500) value.

Analysis of optical characteristic data for the periods 9-10 and 16-17 Septem-
ber 2023 for the Black Sea stations confirmed the presence of fine and background
aerosols over the entire Black Sea water area (average AOD(500) values for both
stations did not exceed 0.12).

Kuybyshev Reservoir

In this area, high AOD(500) values (twice as high as background levels) were
recorded on 26-28 July 2023. During the entire expedition period, the maximum
AOD values over the Kuybyshev Reservoir were recorded on 28 July 2023 (aver-
age daily AOD(500) value = 0.38, with AOD(500) = 0.43 at 10:00, which is twice
the background values for central Russia). On the same day, the Angstrom expo-
nent values were below 1.0 (Fig. 4). An analysis of the particle size distribution
revealed that large particles constituted 45% of the total. Such a set of optical charac-
teristics is typically obtained when recording arid aerosol over the region under study.

A comparative analysis of optical characteristics over the same period
at the Kuybyshev Reservoir and the Black Sea revealed that two days before
the maximum values were recorded over the Volga, high AOD values and low Ang-
strom exponent values were obtained at the Black Sea AERONET Galata_Platform
(AOD(510) = 0.4 and a = 0.7) and Sevastopol (AOD(510) = 0.39 and o = 0.8)
stations. The transport of dust aerosols from Africa towards Crimea and central
Russia can last from one day to more than a week. This means that the aerosol rec-
orded on 28 July 2023 over the Kuybyshev Reservoir could have been present
in the atmosphere of the Black Sea on 26 July. This assumption can be confirmed
by the results of HYSPLIT modeling of backward and forward air flow trajectories.
Over the Black Sea, the maximum daily values of the AOD and the minimum val-
ues of the Angstrom exponent were recorded at 14:00 UTC at the Galata_Platform
station (AOD(510) = 0.48; a = 0.48) and at 16:00 at the Sevastopol station
(AOD(500) = 0.4; o = 0.66). Over the Black Sea, the maximum daily values of
the AOD and the minimum values of the Angstrom exponent were recorded
at 14:00 UTC at the Galata_Platform station (AOD(510) = 0.48; a = 0.48) and
at 16:00 at the Sevastopol station ((AOD(500) = 0.4; a = 0.66). A thorough analysis
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Fig. 4. Variability of the AOD and the Angstrom exponent during the expedi-
tions over the Kuybyshev Reservoir (a) and over the Black Sea (b). The red ellip-
ses denote cases of high AOD values and low Angstrom exponent values

of the variability of optical characteristics during the movement of dust aerosol
over the Black Sea stations and over the Kuybyshev Reservoir indicates that
the aerosol has not undergone any changes in composition or properties. The opti-
cal characteristics obtained on 26 July 2023 over Sevastopol and on 28 July over
the Kuybyshev Reservoir differ minimally. Taking into account the distance from
the Black Sea Galata_Platform and Sevastopol stations to the Kuybyshev Reservoir
(~ 2000 km), the speed of dust aerosol movement was determined (~ 50 km/h).
Given the highest AOD(500) values over the Kuybyshev Reservoir were
obtained on 28 July 2023 in the morning hours, the backward trajectories of air
flows were calculated using the HYSPLIT model for 10:00 UTC. Analysis of
modeling data revealed that at an altitude of 3 km, air mass transfer from the Sa-
hara Desert is recorded (Fig. 5, b). As can be seen, based on the backward trajec-
tories of air masses, the transfer from Africa was recorded both over the Black
Sea AERONET stations (Fig. 5, a, ¢) and over the Kuybyshev Reservoir (Fig. 5, €).
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The results of forward transport modeling confirm the presence of an air mass that
was located over the Black Sea at an altitude of 3 km on 26 July 2023 and appeared
over the VVolga region on 28 July (Fig. 5, b, d).

NOAA HYSPLIT MODEL
Backward trajectories ending at 1400 UTC 26 Jul 23
GDAS Meteorological Data

NOAA HYSPLIT MODEL
Forward trajectories starting at 1400 UTC 26 Jul 23
GDAS Meteorological Data.
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Fig. 5. HYSPLIT air flow simulation data: backward (a) and forward (b) trajectories
for Galata_Platform station; backward (c) and forward (d) trajectories for Sevastopol sta-
tion for 26 July 2023; backward trajectories for Kuybyshev Reservoir for 28 July 2023 (e)
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Continued Fig. 5

A satellite image of the Black Sea central part also shows a trail of haze, which
can be dust aerosol transported from Africa. Satellite AOD measurements are not
available for the Volga River. However, AOD values in the coastal region exceed
background levels and exhibit minimal variation from the in situ SPM data for that
particular day (according to MODIS data, AOD(500) values range from 0.35 to 0.36).
To confirm the presence of a dust aerosol source, the CALIPSO satellite data were
analyzed (Fig. 6).

1A thorough analysis of aerosol type data employing the CALIPSO satel-
lite algorithm over the specified water body revealed the presence of substantial
amounts of both polluted and clean dust aerosol. In conclusion, the results of both
modeling and remote sensing confirm that the elevated AOD values, low Angstrom
exponent values and high concentration of large aerosol particles are due to the pre-
sence of arid-origin particles in the atmosphere. A comprehensive analysis of

the spatio-temporal variability of the optical

20— 2807400 - properties of aerosols over the Kuybyshev
] ! Reservoir and the Black Sea it indicated that
E 153 g during intense dust transport from the Sa-
=, 0; . hara Desert, the characteristics of aerosols
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PP Fig. 6. CALIPSO satellite data for 28 July
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Consequently, upon detection of dust aerosols over the Volga River reservoirs,
regional algorithms can be implemented to restore water brightness coefficients
for the Black Sea.

Expedition data on this reservoir were obtained during the period from 31 May
2024 to 5 June 2024. The average values of the main optical characteristics for
the study period were: AOD(500) = 0.16; a = 1. On 31 May 2024, a. = 0.4, and
the AOD values across the entire spectral range were at an average level.

Satellite (MODIS and VIIRS) measurements of the AOD for 31 May 2023
confirmed the presence of an area with elevated values southwest of the VVolgograd
Reservoir (Republic of Kalmykia) (Fig. 7). Analysis of backward trajectories based
on HYSPLIT modeling results showed the transport of dust aerosols from
the Karakum Desert on 30-31 May 2024.

Analysis of VIIRS and Aqua/MODIS satellite images (True Color channel)
for 31 May 2024 over the Volgograd Reservoir revealed variable cloud cover dur-
ing the flyovers of satellites at 10:02 and 10:28 UTC, respectively. The clearest
image with minimal cloud cover was obtained using Terra/MODIS (True Color)
at 7:24 UTC. It is well established that dust particles facilitate the process of mois-
ture coagulation, leading to the formation of clouds comprising both fine and
coarse dust aerosol fractions subsequent to the dust aerosol passage [27, 28].
The results of wind speed modeling using the ICON software package [29]
at all altitudes up to 1500 m demonstrated transport from the Karakum Desert.
The maximum wind transport intensity was documented at an altitude of 500 m
(Fig. 8), which corresponded to the results of the HYSPLIT backward trajectory
modeling.

The expedition measurements for the study period from 31 May 2024 to
7 June 2024, obtained over the Volgograd Reservoir, were compared with data
from simultaneous observations over the Black Sea. Since the elevated AOD values
over the VVolgograd Reservoir recorded on 31 May 2024 were caused by the advec-
tion of dust aerosols from the Karakum Desert, air currents over the Black Sea pri-
or to this event were not considered. However, it is noteworthy that on 4 and 5 July
2024, abnormally high AOD values were recorded over the Black Sea, with maxi-
mum values of AOD(500) = 0.3 and AOD(500) = 0.29, respectively. These values
are more than one and a half times higher than the standard background levels.
On these dates, measurements were obtained using an SPM photometer aboard
R/V Professor Vodyanitsky (during its 131 voyage). A comprehensive analysis of
in situ photometric measurements, VIIRS satellite data and HYSPLIT air flow
modeling results confirmed the transport of dust aerosols to the study region
(Fig. 9). Despite the fact that dust aerosol transport from Africa is frequently ob-
served over the Black Sea during the spring and summer months, it is challenging
to make an unequivocal guantitative evaluation of their contribution to the sea sur-
face brightness coefficient in May and June for this region due to the coinciding
intense phytoplankton bloom, which also results in a substantial increase in this
parameter [30].
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Fig. 7. Satellite data of MODIS (flight time 10:28 UTC)
and VIIRS (flight time 10:02 UTC) for 30 May 2024: AOD
distribution from the MAIAC algorithm (a), aerosol type de-
termination from the VIIRS Deep Blue algorithm (b)

158 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2025



NOAA HYSPLIT MODEL
Backward trajectory ending at 1000 UTC 31 May 24
GDAS Meteorological Data

Source » at 50.29N 4574 E

Meters AGL

Fig. 8. The results of modeling wind speeds according to the ICON model (a); back-
ward trajectories of air flow movement according to the HYSPLIT model (b) at an altitude
of 500 m
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Fig. 9. The results of backward trajectories of air flow movement modeling according
to the HYSPLIT model for 4 June 2024 (a) and 5 June 2024 (b)
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Conclusion

A comparative analysis of the primary optical characteristics of the atmo-
sphere above the Black Sea and four reservoirs on the Volga River was conducted,
resulting in the identification of periods with background values and episodes with
abnormally high AOD values. For these periods, a detailed analysis of satellite data
and the results of air flow modeling was performed. In the majority of cases,
the increase in AOD values in the studied regions was explained by dust aerosol
advection. A comprehensive study of the transport of dust from the African conti-
nent has led to the identification of the temporal patterns of dust aerosol movement
across the Black Sea towards the Kuybyshev Reservoir. Taking into account
the distance between the Black Sea Galata_Platform and Sevastopol stations, and
the Kuybyshev Reservoir, the average speed of dust aerosol movement was calcu-
lated (~ 50 km/h). The spring and summer periods have been identified as those of
high AOD values and low Angstrom exponent over the Black Sea and the Volga
River region. An important result of this study is the invariability of the optical
characteristics of aerosols over the Black Sea and the Kuybyshev Reservoir during
episodes of intense dust transport from the Sahara Desert. This indicates the possi-
bility of using regional algorithms developed for the Black Sea to restore bright-
ness coefficients based on satellite data over the Volga River reservoirs, consider-
ing the presence of dust aerosol.
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