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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.
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AHHOTALMSA

[To maHHBIM THAPOJIOTHYECKUX M OMOONTHYECKHUX W3MEPEHUI, BHINOJHEHHBIX Y Oeperos
Kprma B xome 127-to peiica HUC «IIpodeccop Bogsaumxkmit» nerom 2023 r., uccienoBana
CHHONTHYECKAasi M3MEHYMBOCTh MOKa3aTelsl OCJIa0JICHUs HAallPaBJICHHOTO CBETa U MHTECHCHUB-
HOCTH ()IIyOpeCUEHIMHU XJIOpOo(HILIa ¢ Ha TOBEPXHOCTU MOPS M €€ CBSI3b C PaCIpeAeIeHUIMH
TUIPOJIOTUYECKUX IapaMeTpoB. M3MepeHus NpoOBOAUIM IO YYAllEHHOM CETKE CTaHLUM
C MPOJIBIKEHNEM CYy/IHA C 3aajia Ha BOCTOK JABAKIBI ¢ HeNleIbHBIM HHTepBatoM (1420 urons
u 22-28 wurond). IlokazaHo, 4T0 nMpoHUKHOBEHHE NMOTOKa OCcHOBHOTO UepHOMOPCKOro Teye-
HUSI Ha TIOJIMTOH BO BpeMsl 2-TO dTala U3MEpeHHi NpuBeno K 0ojee HHTEHCUBHOMY TOCTYTI-
JIEHHIO Ha aKBaTOPHUIO IMOJIMTOHA a30BO-KEPUYEHCKHUX BOJ. DTO CONPOBOXKAANIOCH MOHMKE-
HHUEM IIPO3PavYHOCTH U COJEHOCTH BOJ M MOBBIIIEHHEM TEMIIEPATyphl, HA KOTOPYIO TaKXkKe
OKa3bIBaJI BIMSHHE MPOAOJDKAIOIINICS Ce30HHBIN nporpeB. Ha Gonbiei yacTu mojauroHa,
MO JaHHBIM OOOMX 3TaloB M3MEPEHWH, BBIABICHA 3HAaUMMas TEHICHIMS K YBEIHUCHHIO
MHTEHCUBHOCTHU (PIIyOpPECLUEHINH XJIOPOPHIIIa @ B 00JAaCTAX BOJ C MOBBIIICHHBIMH 3HaUe-
HUSIMH TTOKa3aTellsi ociabIeHus HalpaBiIeHHoTo cBeTa. [okazaHo, YTO M3MEHEHUs BEPTH-
KaJTbHOW TEPMOXAJIMHHON M OMOONTUYECKOW CTPYKTYPHI BOJ HAa MaciiTabe OKOJIO HeAeln
HaOJF01aJTMCh BO BCEM CIIO€ M3MEPEHMI U MPOSBISIINCH B M3MEHEHUH KOJIMYECTBA U 3HAYe-
HUH MakCHMyMOB MHTEHCHBHOCTH ()IyOpEeCUEHIIMH XJIopoduiuia ¢, oKasarelsi ociadiaeH s
HAIpaBJIEHHOTO CBETA, BEPTUKAJIBHBIX TI'PAJMCHTOB TEMIIEPATyphl M COJCHOCTH, a TaKXKe
riyOuH 3ajieranusi 9Tux napamerpoB. OCHOBHOW MaKCUMyM 3Hau€HHI ToKa3arels ociad-
JICHWs HAIIPaBJICHHOTO CBETA MPOCIIECKUBAIICSA WIHM B MOBEPXHOCTHOM CIIO€, UM B CJOE Ce-
30HHBIX TEPMOKJIMHA W TAJIOKIMHA, 3 MAKCUMYM MHTEHCHBHOCTH (DIyOpECHEHINH XJIOPO-
¢wmta a pacronarasucs 1MoJ| CJIOEM CE30HHBIX TEPMOKJIMHA U TaJIOKINHA. BhIsBIeHa 3HaUH-
Mast JINHEHHAs! KOPPEISIHs MEXIy pactpeeeHHIMH TITyOUHbI 3aJIeTaHus CE30HHOTO Tep-
MOKJIMHA M TIIyOWH 3aJieTaHns] MaKCUMYMOB TTOKa3aTellsi 0CJIabJIeHNs HalpaBJIeHHOTO CBETa
Y MHTEHCUBHOCTH (pryopecleHInn XiIopoduinia ¢, a Takke MexXIy NIyOHHAMU 3aJleraHus
CE30HHOTO TaJIOKJINHA ¥ MaKCHMyMa HHTEHCHUBHOCTH (hIIyOpeCIeHINH XJIopodhuia 4.

KaoueBble cioBa: UepHoe Mope, THAPOJIOTHYECKHE CTaHIMHM, IOKa3aTeNb OCJIA0JICHHS
HAIPaBJIEHHOTO CBETa, (DIyOpEeCUeHIHs XI0podmilIa a, TEMIepaTypa, COJICHOCTb, ITHUPKY-
JISIUST BOJT, CHHOTITUYECKAs! H3MEHYUBOCTh

BaarogapHocTu: pabota BBINOJHEHA B paMKax TEM TOCYAapCTBEHHOTO 3aJaHUs
OI'BYH OUI] MI'M FNNN-2024-0014 «B3aumojeiicTBUe OKeaHa M aTMOC(HEphI» |
FNNN-2024-0012 «OmneparuBHasi okeaHoyorus». JlanHsle momydens! B LleHTpe Kosex-
tuHOTrO moip3oBanus «HUC IIpodeccop Bomsaunukuity ®I'BYH OULL «UucTutyT 610-
norud 10xHbIX Mopei umenn A.O. Kosanesckoro PAH».
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Jast uurupoBanusi: CHHONTHYECKAs! M3MEHYMBOCTh OMOONTHYECKUX M THIPOJIOTHIECKUX
napameTpoB y 6eperoB KpbiMa 1o gaHHBIM SKCIEIUIIMOHHBIX U3MepeHuii getom 2023 roxa
/ 1O. B. ApramoHnoB [u ap.] // Dxonornueckast 6€30MacHOCTb MPUOPEKHOMN U 1ENBPOBOM
30H Mopst. 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 Kgq
(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 K4 (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.1., 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, Rys (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 quasi-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-
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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" (22—28 June 2023) (b) crui-
ses of R/V Professor Vodyanitsky

2 URL.: http://www.technopolecom.ru/dounloads/doc_212.pdf
3) URL: https://iwww.bodc.ac.uk/data/documents/nodb/pdf/workhorse_monitor.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 (gss0, 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 gquantitative 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 gss0 > 0.77 m™) were observed in the coastal part of
Feodosia Gulf, southeast of Ayu-Dag and at the western boundary of the polygon.
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Fig. 2. Distributions of ges0 Values on the surface (a, b) and wind speed W (c, d)
at stations according to data from the 1%t (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
Petersburg, 1zd-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 ges0 < 0.67 m'*) 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 egs0 Values for most of
the polygon’s water area ranged from 0.65 to 1.15 m* (Fig. 2, b). The highest €g60
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 e 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, €es0 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 (gee0 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).
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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 ggs0 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 &gs0 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
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Fig. 5. Distributions of vectors of instrumentally measured currents (cm/s) in the sur-
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
shown in blue

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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according to data from the 1% (a, ¢) 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 sc0, 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 &geo0,
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, gee0, 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 ges0 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 €sso (0.78 m™) were detected
at depths of 18 m and 23 m. One week later (station 100), gss0 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 &eeo
(0.77 m™) were observed at a depth of 30 m. One week later (station 138), the €ss0
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 s 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 ege0 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 eso values, particularly
in the eastern part of the polygon (Fig. 8, c), 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), €60 (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, &s0 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 g0 Values during both stages showed
that the maximum esg0 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, €). 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, e). 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, sse0, 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 o = 0.01 (99% confidence level),
was found between the depth of the seasonal thermocline and the depths of
the maximum gg60 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 ges0, @S Well as be-
tween the maxima of gs60 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 o = 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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