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Abstract

Purpose. The purpose of the study is to assess changes in the thermohaline structure and oxygen content
in the cold intermediate layer (CIL) of the coastal shelf waters along the Southern Coast of Crimea in
1986-2000 and 2007-2023.

Methods and Results. A dataset comprising 13,286 measurements of temperature, electrical
conductivity and hydrostatic pressure was analyzed. The measurements were conducted at two
polygons (Goluboy Bay, including the Katsiveli oceanographic platform, and Yalta Bay) using the Sea-
Bird 911plus CTD probe (Sea Bird Electronics, USA) in 1986-2000 and 2007-2023, and
the IDRONAUT OCEAN SEVEN 320Plus M hydro-chemical sounding CTD complex in 2022—-2023.
For the first time in the Crimean shelf waters, an increase in dissolved oxygen content within the CIL
has been identified, despite rising water temperature and density over the past 15 years, based on
the data averaged across two periods (spanning ~ 40 years). In 1986-2000, the average temperature in
the CIL core did not exceed 8 °C, whereas in 2022—-2023, values ranged from 8.1 to 8.9 °C. The average
density at 100 m depth increased from 14.57 to 15.25 kg/m?.

Conclusions. For the first time, the long-term dynamics of dissolved oxygen content in the CIL have
been characterized for the Crimea shelf water areas. The results indicate that the response of the shelf
ecosystem of the Southern Coast of Crimea to external impacts (climatic changes) is more pronounced
than in the deep sea. Even a minor absolute increase in water temperature and density has been
accompanied by substantial restructuring of the hydrological structure and anomalies in CIL formation.
The reasons for the anomalies in the Southern Coast of Crimea require further study.
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Introduction
The cold intermediate layer (CIL) is an important structural element of the Black
Sea hydrology: as a layer with minimum water temperature, it is located between
the seasonal and permanent pycnocline. The isotherm of 8°C is accepted as
a common criterion for the CIL boundaries !. In winter, this layer is renewed,

1 Blatov, A.S., Bulgakov, N.P., lvanov, V.A., Kosarev, A.N. and Tuzhilkin, V.S., 1984.
Variability of the Black Sea Hydrophysical Fields. Leningrad: Gidrometeoizdat, 240 p. (in Russian).
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saturated with oxygen and has a significant influence on the formation of the upper
active layer, the dynamics of hydrochemical parameters and components of
the marine ecosystem. In the deep-sea part, the CIL serves as akind of barrier
that limits the influx of anaerobic deep waters into the upper active layer of
the sea, ensuring oxygen transport to deeper water layers at the boundary with
the anaerobic zone.

In most publications devoted to CIL research, the role of various geographical
regions (centers of the main cyclonic gyres, the northwestern part of the sea) in its
formation is discussed. Many researchers believe that the CIL is formed in
the centers of cyclonic gyres and in the northwestern part of the sea (mainly
on the continental slope) [1-3] in a proportion that depends on meteorological
conditions and thermohaline characteristics of the surface layer in winter. Over
the last 15 years, in connection with global climate changes when warm winters have
become the climatic norm for the Black Sea, at a slight absolute increase in water
temperature and salinity, a significant restructuring of the hydrological structure of
waters and CIL formation anomalies have been observed [4, 5].

In study 2, it was shown for the first time that “under the observed warming of
the sea surface waters, the reduction in the physical oxygen flux into the CIL and
underlying water layers is determined by physical processes of CIL ventilation in
winter and the vertical oxygen flux from the CIL core layer”, which, in the author’s
opinion, determined a “systemic shift” in the biogeochemical structure of the Black
Sea waters.

The data on the interannual variability of the CIL renewal intensity in the deep-
sea part of the Black Sea in recent decades are also given in publications [1-5].
According to the existing viewpoint [6, 7], the CIL waters from the central part of
the sea penetrate limitedly into coastal areas, and the CIL is formed from cooled
waters advectively arriving from the zone of anticyclonic eddies at the continental
slope of the northwestern part of the sea. The mechanism of CIL formation here
involves winter cooling of waters at the northwestern shelf, their sinking and flowing
down the sloping bottom to the depth dump, where they are entrained by the Rim
Current (RC) and spread throughout the basin [8].

A number of publications provide a quantitative assessment of the contributions
of various sources to the CIL formation in the western and eastern cyclonic gyres
and the northwestern part of the sea, which amounted to 60, 15 and 25% of the CIL
waters, respectively *[9]. Thus, monograph [10] reveals that from 16 to 26% of
the entire Black Sea CIL volume is formed at the shelf. In the shelf-slope zone of
the northeastern part of the sea (depths 0-100 m), a trend of increasing temperature
and salinity has been identified [11, 12]. Study [13] examined the features of CIL
formation during 2019-2022 and showed that in this area the minimum temperature
layer did not correspond to the classical CIL criterion (8°C), as its minimum
temperature exceeded this value. However, the CIL as a structural element with
a temperature minimum in the water column still formed but in a different core

2 Masevich, A\V., 2022. [Oxygen Dynamics in the Main Pycnocline of the Black Sea: Abstract of
Thesis Cand. Geogr. Sci.]. Sevastopol, 23 p. (in Russian).

3 Belokopytov, V.N., 2004. [Thermohaline and Hydroacoustic Structure of the Black Sea Waters:
Abstract of Thesis Cand. Geogr. Sci.]. Sevastopol, 24 p. (in Russian).
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temperature range (8.6-8.7 °C). According to the authors of [12], the temperature of
the upper CIL layer has been increasing progressively since 2009, with two
interruptions caused by cold winters in 2011/12 and 2016/17.

The relevance of assessing changes in the temperature regime of the Southern
Coast of Crimea (SCC) shelf zone in the spring-summer period is due to the high
recreational significance of these waters. At the same time, literature analysis
demonstrates that in recent years this issue for the region has been studied
fragmentarily without comparison with data from previous studies.

Significantly fewer publications are devoted to the study of the CIL structure
and formation conditions in the SCC shelf zone compared to the open sea and its
eastern coast. It is worth noting the works of Marine Hydrophysical Institute (MHI)
RAS [14, 15], which analyze the results of specific expeditions in 2016-2021
performed in the SCC region waters with depths over 120 m. According to
the obtained results, the main CIL mass is located in the RC core and its right part
on the shore side, and the classical boundary of this layer (8 °C isotherm) was
recorded only in the 2017 expeditions, when after a cold winter CIL waters were
renewed. The maximum CIL thickness was ~ 60 m, and the vertical position of its
core corresponded to the depth range of 40-100 m.

We should note some features of the hydrodynamic regime of the SCC shelf
zone studied in this work, which may to some extent affect the CIL structure. Thus,
in the autumn 2021 expedition [16], in the coastal-shelf zone near the SCC
a powerful alongshore current directed opposite to the RC with velocities up to
40 cm/s was recorded against the background of an intense RC flow (30-40 cm/s).
Moreover, the current direction opposite to the RC persisted throughout the entire
water column. Study [17] examines the existence duration of a bimodal structure of
coastal current directions near the SCC.

Another characteristic feature of the SCC shelf zone hydrodynamic regime is
coastal upwelling [18], which contributes to the rise of CIL water masses closer to
the surface. During intense upwelling, even the CIL core reaching the surface was
noted; in these cases, surface water temperature dropped to 8 °C.

This study aims to assess changes in the thermohaline structure and oxygen
regime of the CIL in the coastal shelf waters of the SCC based on the data from
the MHI Oceanographic Data Bank (ODB) for two research periods (1986-2000
and 2007-2023).

Materials and methods

This study utilized the MHI ODB [19] for two periods: 1986-2001 and 2007-
2023. From these data, a dataset was compiled for two polygons: Goluboy (including
the oceanographic platform (OP) in Katsiveli) and Yalta bays. According to
morphostructural characteristics, the coastal zone of Crimea is divided into:
the western region (from Cape Tarkhankut to Laspi Bay and Cape Sarych),
the southern coast region (from Cape Sarych to Cape Meganom) and the eastern
region, including the Feodosia Bay area and the Kerch-Taman shelf [20].

The SCC shelf zone as the research object of this study includes the coastal strip
and the five-mile coastal waters from Cape Kikineiz in the west to Cape Ayu-Dag in
the east. The zone width varies from 6-10 km in the west to 20-30 km in the east.
The 100 m isobath is located 2-10 km from the shore, the 50 m isobath — 400-500 m
from the shore [18].
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In 1986-2000 and 2007-2021, measurements of temperature, electrical
conductivity and hydrostatic pressure were carried out with a Sea-Bird 911plus
CTD probe (Sea Bird Electronics, USA). In 2022-2023, the IDRONAUT OCEAN
SEVEN 320Plus M hydrochemical CTD complex was additionally applied to
analyze the thermohaline structure of waters off the coast of Crimea. According to
the instrument descriptions, temperature measurements have an initial accuracy of
1073°C, and salinity — 10 PSU. Oxygen concentration was determined by a sensor
within these complexes calibrated by the Winkler method in the Carpenter
modification [21]

The conditional density scale used in this study allows to mitigate the effects of
spatiotemporal inhomogeneity of the expeditionary datasets; its advantages are
described in detail in [22]. Analysis of data from the MHI ODB for the two
periods revealed an uneven distribution of measurements. During May — October of
1986-2000, 7,282 measurements were conducted, compared to 6,004 measurements
in May — October of 2007-2023. Anomalous oxygen concentration values that did
not correspond to the distributions of other hydrological and hydrochemical
parameters were excluded from the dataset. Analysis of such an extensive set of
expeditionary data for the SCC shelf zone has been performed for the first time.

The scheme of sampling station locations for the indicated periods is given
in Fig. 1.
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F i g. 1. Map of sampling station locations at two polygons (black circles indicate the stations
completed in 1986-2001, blue circles — in 2007-2021, and red ones — in 2022-2023)

For the period 2022-2023, vertical profiles of temperature, salinity and oxygen
concentration relative to the conditional density scale in the SCC shelf zone (waters of
Yalta and Goluboy bays) were constructed.

Results and discussion
Based on the established changes over the past 15 years in such CIL parameters
as water temperature and conditional density, in [12] for the shelf-slope zone of
the eastern Black Sea and in the present work for the SCC coastal zone, long-term
changes in conditional water density were studied for two periods: 1986-2000
(Fig. 2, a) and 2007-2023 (Fig. 2, b).
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Fig. 2. Long-term changes in the isopycn (kg/m3) positions in the coastal water areas of Southern
Coast of Crimea depending on the CIL depth in 1986-2000 (a) and 2007-2023 (b)

Depth, m

Analyzing data on the density change of the SCC shelf marine waters at the CIL
occurrence depths over the study periods (1986-2000, 2007-2023), the following
conclusion can be drawn. In 2007-2021 and 2022-2023, a clear increase in water
density is observed at the depths of CIL registration (Fig. 2, b), which manifested
itself in the appearance of the 15.8 kg/m? isopycnal at 100 m depth and isopycnals
15 and 15.4 kg/m® at 90 m depth. In 1986-2000, according to data presented in
Fig. 2, a, such isopycnals were not detected at all, and the maximum values at
the same depths were 14.8 and 14.7 kg/m?, respectively. An increase in water salinity
was discovered in the shelf-slope zone of the eastern Black Sea [12]. According to
the authors of [12], this increase may be associated with an increased influx of Lower
Bosphorus Current waters into the water layer with conditional density 14.6—
16.2 kg/m® and possibly into deeper lying layers. However, this hypothesis is
probably not applicable to the shelf waters of Crimea. For an accurate explanation
of the causes for the increase in temperature and density, additional data will
obviously be required.

Comparative estimates of CIL water parameters (depth, temperature, oxygen
content and density) based on the entire data array for the study periods for the SCC
shelf waters (Goluboy and Yalta bays) are given in the Table.

Changes in the CIL water parameters during the study periods in shelf water
areas of the Southern Coast of Crimea (Goluboy and Yalta Bays)

Temperature, °C Oxygen content, mL/L Density, kg/m®
Depth, m Va_rla_tlon Mean Variation limits Mean Va_rla_tlon Mean
limits limits
1986-2000
50 6.06-7.80 7.13 4.19-7.67 5.97 13.80-14.70 14.17
75 5.82-7.63 7.30 3.07-6.86 5.16 14.19-15.07 14.52
80 6.20-7.95 7.23 2.28-5.21 4.16 13.96-14.99 14.44
100 6.12-7.48 6.94 2.12-4.91 351 14.17-14.99 14.57
2007-2021
50 7.12-9.06 8.39 5.43-6.62 6.12 13.97-14.61 14.34
75 7.63-8.90 8.38 4.51-6.29 5.85 14.30-14.92 14.50
80 7.72-8.79 8.34 1.11-6.07 4.53 14.31-15.27 14.73
100 7.68-8.79 8.28 0.11-5.32 1.54 14.53-15.76 15.21
2022-2023
50 8.29-9.32 8.75 6.58-7.68 7.31 14.23-14.63 14.44
75 8.10-8.89 8.45 4.22-7.45 6.66 14.34-15.05 14.65
80 8.04-8.92 8.44 3.10-7.02 6.41 14.38-15.28 14.74
100 8.15-8.84 8.46 1.35-6.65 5.15 14.86-15.82 15.25
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According to the data presented in the Table, in 1986-2000 the CIL
characteristics corresponded to classical ideas: average annual temperatures in
the CIL core did not exceed 8 °C (the maximum value was 7.95°C). With a CIL
thickness of 50 m, its core, according to mean values, was located at depths from 50
to 100 m in the conditional density range from 14.17 to 14.5 kg/m?®.

Similar CIL parameters are presented in [14], based on data from an expedition
in the SCC shelf zone after the cold winter of 2017, when the CIL was renewed.
According to these data, the minimum average temperature of the CIL core was
7.2°C at adensity of 14.5 kg/m®. The upper boundary of the layer (defined by
the 8 °C isotherm) corresponded to a density of ~14.3 kg/m®, the lower one — to
a density of ~ 15.0 kg/m®. The maximum CIL thickness reached ~ 60 m, with its
core located in the depth range of 40-100 m.

In the next observation period (2007-2023), averaged data indicate an increase
in the CIL layer temperature, expressed in the growth of both extreme and mean
values. This trend was manifested most clearly in 2022—-2023; an array of 2340
determinations was processed for these years. As follows from the Table, during this
period water temperatures in the CIL core no longer fell below 8 °C, varying within
the range from 8.1 to 8.9 °C, while the conditional density increased from 14.5 to
15.25 kg/m®.

Information on temperature changes in the CIL core over the two periods under
study from 1986 to 2023 is given in Fig. 3.
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Fig. 3. Temporal variation of temperature in the CIL core based on average expeditionary data (May —
September, 1986-2023). Vertical segments show standard deviation. The line corresponds to
a polynomial approximation

Comparison of the water temperature temporal variation in the CIL core [2] in
the deep-sea part of the Black Sea over a longer time interval (about 100 years) with
our own data (Fig. 3) revealed that the identified trend of increasing temperature in

748 PHYSICAL OCEANOGRAPHY VOL.32 1SS.6 (2025)



the CIL core is also observed in the SCC coastal waters. The observed warming in
the coastal zone in some periods was even more pronounced: temperature reached
~ 9°C, while in the deep-sea part of the sea its values did not exceed 8.5 °C.

Analysis of the data presented in the Table did not reveal a clear dependence
of oxygen content on either temperature change in the CIL layer or the observation
period. At the same time, the amplitude of oxygen content values from minimum
to maximum varied from one period to another. If in 1986—2000 this spread was 3.0—
3.8 mL/L O, then in 2007-2023 the range widened to 2.0-5.0 mL/L O,. Moreover,
despite the warming of CIL waters, the average oxygen content in the layer
increased. The causes for this anomaly specifically in the SCC shelf zone require
separate study. Comparing the obtained results with data from other authors is not
possible, since key works devoted to CIL research in the SCC shelf zone [14, 16]
and the shelf-slope zone of the eastern Black Sea [11, 13] did not assess oxygen
content.

The interannual dynamics of oxygen content in the CIL in years with minimum
temperature values for the two considered periods is presented in Fig. 4.

Oxygen content, mL/L
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Fig. 4. Oxygen content in CIL during the years of minimum temperature in its core. Averaging is done
over the summer seasons in 1986-2023. Vertical segments show standard deviation. The line
corresponds to a polynomial approximation

Analysis of the data presented in Figs. 3 and 4 reveals a steady increase in
temperature within the CIL core (Fig. 3). In contrast, dissolved oxygen content in
the CIL shows no clear long-term trend (Fig. 4), with periods of both decrease and
increase observed. Moreover, in 2022-2023 some increase in oxygen content was
noted (see Table) even with temperature growth, the causes for which are unclear.
In the SCC coastal shelf zone, the processes of various natures can significantly
affect oxygen content, primarily biological processes contributing to oxygen
increase (photosynthesis) and its decrease (organic matter oxidation and respiration
PHYSICAL OCEANOGRAPHY VOL.32 ISS.6 (2025) 749



of aquatic organisms), as well as features of the unstable hydrodynamic regime
associated with coastal upwellings, manifesting especially in the spring-summer
period. As noted in [18, 23], the duration and intensity of coastal upwellings in
the SCC waters contribute not only to the rise of the upper CIL boundary but also
to a significant increase in oxygen content in surface waters.
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Fig. 5. Vertical profiles of the temperature, oxygen and conditional density distributions in the shelf
water areas of the Southern Coast of Crimea (depths up to 120 m) for Yalta Bay on June 9, 2022 (a)
and June 15, 2023 (b), as well as for Goluboy Bay on June 17, 2022 (c) and June 14, 2023 (d)

In order to form an idea of the characteristic features of the vertical CIL
structure in the SCC shelf zone in 2022-2023, vertical profiles of temperature,
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oxygen content and conditional density distribution were constructed for 26 stations
with depths of 100 m and more in May, June, August and September 2022 and 9
stations in June and July 2023. Part of the profiles for June 2022-2023 is presented
in Fig. 5.

Analysis of vertical profiles revealed interannual differences in CIL parameters
between the summer seasons of 2022 and 2023. In 2023, an increase in temperature
in the CIL layer compared to 2022, most significant at 50 m depth, was recorded: in
Yalta Bay temperature increased from 8.3 to 8.8 °C (Fig. 5, a, b), while in Goluboy
Bay the increase was less pronounced — from 8.3 to 8.5 °C (Fig. 5, ¢, d). According
to Fig. 5, in 2023 the temperature rise was accompanied by oxygen concentration
increase in the CIL. At the same time, oxygen content drops almost to zero only at
120 m depths, predominantly in the waters of Goluboy Bay (Fig. 5, c, d).

Comparison of vertical CIL profiles between bays in June 2022 and 2023 also
revealed significant differences. In Goluboy Bay, the CIL is clearly expressed by
temperature with a minimum of 8.0 °C at 75 m depth (2022) and 8.4 °C at 60 m depth
(2023) at conditional density 15.2—15.4 kg/m?. In Yalta Bay, the dynamics are more
noticeable: in 2022 the CIL core with minimum temperature 7.8 °C was observed at
90 m depth at conditional density 14.5-14.6 kg/m®; in June 2023 the CIL structurally
manifested itself in different temperature boundaries and the depth of its core
changed: temperature minimum is observed at 95 m depth (8.5°C) and 120 m
(8.6°C) at conditional density 14.8-15.2 kg/m*. Oxygen content within the CIL
boundaries remained stable (6.41-7.12 mL/L), despite temperature increase, and
gradually decreased with depth in the density interval 15.0-5.2 kg/m?.

Comparison of the obtained data with the results of [13], devoted to the study of
CIL formation conditions in the shelf-slope zone of the eastern part of the sea in
2019-2022, allows us to draw the following conclusions. In the SCC shelf zone,
despite the 15-year trend of increasing CIL temperature and density, conditions for
the formation of a layer with classical values of its temperature limits were preserved
in rare cases, for example in June 2022 in Yalta Bay. However, in the next year in
the same waters the CIL formed at higher temperature boundaries. At the same time,
data from [13] indicate the complete absence of the layer in its classical
understanding in the shelf-slope zone of the sea eastern part. The process of CIL
formation was still observed, only with higher temperature boundaries. In 2022
the CIL continued to exist, but as an inversion layer bounded by 8.8 °C isotherms.
The causes for such significant differences in the CIL parameters of the two shelf
zones of the Black Sea in 2022 are still unclear and are probably due to differences
in the sources and mechanisms of its formation. For an accurate explanation of
the identified heterogeneity we require additional data, which are expected to be
obtained in the further research.

Conclusion
Based on the analysis of the MHI ODB multi-year database for periods 1986—
2000 and 2007-2023 (13,286 CIL measurements over ~ 40 years), the changes in
CIL parameters (density, temperature, oxygen content) in the SCC shelf waters were
assessed. It was found that in 2007-2023, an increase in water density took place
at the CIL occurrence depths in the study area. This was manifested in the shift
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of isopycnals: at 100 m depth, the 15.8 kg/m® isopycnal appeared, and at 90 m
depth — isopycnals 15 and 15.4 kg/m®. For comparison: in 1986—2000 the maximum
density values at the corresponding depths did not exceed 14.8 and 14.7 kg/m®.

Using the example of Goluboy and Yalta Bays for periods 1986-2000 and
2007-2023, changes in temperature, conditional density and dissolved oxygen
content for the SCC shelf waters were established. At the same time, gquantitative
characteristics of dissolved oxygen dynamics within the CIL boundaries for
the Crimea shelf waters were obtained for the first time.

The increase in dissolved oxygen content in the CIL against the background of
simultaneous temperature increase, revealed for the first time for the SCC shelf
waters, has not yet been explained. Testing of hypotheses about the causes of this
phenomenon requires additional research.

The obtained data confirm that the shelf ecosystem responds to external
influences more strongly than the deep-sea one: even with a slight absolute increase in
water temperature, a significant restructuring of the hydrological structure of waters
and anomalies in CIL formation are observed.
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