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Purpose. The aim of the paper is to study spatial characteristics of the cold intermediate layer (CIL)
after its waters were renewed due to the cold winter, using analysis of the data obtained during
the Black Sea expedition in June 14 — July 3, 2017 (the 95™" cruise of R/V Professor Vodyanitsky).
Methods and Results. The data both from the CTD-measurements by the SBE911+ probe and
the current velocity profile measurements by the Lowered Acoustic Doppler Current Profiler (LADCP)
were used. Isopycnic averaging of the profile ensembles was applied to obtain the averaged
characteristics of the water vertical thermohaline structure. During the measurement period,
the minimum average temperature of the CIL core was 7.2 °C at the density value 14.5 kg/m?. The layer
upper boundary (according to the 8 °C criterion) corresponded to the density value ~ 14.3 kg/md, its
lower one — to ~ 15.0 kg/m3. CIL water formation was most pronounced in the vicinity of the Rim
Current, which was clearly seen on the isopycnic surfaces 14.6, and 15.0 kg/m3. According to
the measurements, the main mass of CIL waters was identified in the Rim Current and in its right part
(on the coast side). The CIL maximum thickness was ~ 60 m and the vertical position of its core
corresponded to the 40-100 m depth.

Conclusions. The synchronous profiles of current velocity, temperature, salinity, and density obtained
in the Black Sea expedition in summer, 2017 made it possible to analyze the waters thermohaline
structure with the regard for real dynamic situation. As a result, the CIL parameters, its spatial scales
and position relative to the Rim Current were determined with due regard for the features of
the density field structure in summer, 2017. This information can be useful for model verification and
numerical experiments aimed at studying the mechanisms and the areas of CIL formation in
the Black Sea.
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Introduction

In the vertical thermohaline structure of the Black Sea, a subsurface water
mass called a cold intermediate layer (CIL) is distinguished. It is the layer with
the minimum water temperature, located between the seasonal and permanent
pycnocline. The generally accepted criterion for determining the CIL boundaries is
the 8°C isotherm [1]. However, since 1992, there has been a significant warming of
the CIL core [2-6]. In [7], based on the data from profiling Argo buoys, it was
shown that the content of cold water in the CIL decreased, its lower boundary
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shifted upward, and the layer itself tends to disappear. One of the reasons of this
process is climatic changes in air temperature (its increase) in the cold season,
which is directly related to winter convective-turbulent mixing and renewal of CIL
waters.

Many scientific works about to CIL in the Black Sea are devoted to
the mechanisms and peculiarities of its formation and evolution [8-13], as well as
to the assessment of the contributions of various sea regions to this layer formation
[14-17]. Field data collected during the Marine Hydrophysical Institute (MHI) of
RAS expeditions in the Black Sea in recent years represent a large set of
hydrophysical parameters required for such studies, including for numerical
modeling and reanalysis.

In our previous work [18], we considered the averaged CIL characteristics
obtained as a result of the analysis of materials from 12 MHI expeditions carried
out in the northern and northeastern Black Sea regions in 2016-2019. It is
shown that the classical CIL boundary (8 °C isotherm) is observed only in
expeditions in 2017. According to the weather station in Kerch
(http://www.pogodaiklimat.ru), the winter of 2016-2017 was the coldest and
the average monthly air temperature dropped by 3-4 °C lower than in the other
years under consideration. As a result of the cold winter, the CIL waters were
renewed, which caused a decrease in the temperature in its core by ~ 1 °C (up to
7.2 °C). After 2017, moderate winters are observed and the temperature rise in
the CIL core occurs almost exponentially. The lower boundary of the layer rises by
~10 m annually if the 8.6 °C isotherm is considered as the CIL boundary.

The present paper is aimed to study the spatial characteristics of the CIL after
its waters renewal due to a cold winter based on the field LADCP/CTD data
analysis obtained during an expedition across the Black Sea in the summer of 2017.

Materials and Methods

During the research period, the grid of stations covered the northern part of
the Black Sea in the region of 43.5-45°N, 32-36.5°E quite uniformly.
An SBE911+ probe was used to carry out CTD measurements, and the current
velocity profiles were measured with a Lowered Acoustic Doppler Current Profiler
(LADCP) WHM300 based. The oxygen sensor of the SBE911+ probe was not
calibrated, therefore the data provided is qualitative. Location of the expedition's
hydrological stations and the current velocity vectors obtained from
the measurement data at the isopycnic depth with a density of 14.5 kg/m? is shown
in Fig. 1.

Synchronous measurements of the horizontal component profiles of the current
velocity vector and hydrological parameters give possibility to study the characteristic
features of the thermohaline structure in relation to water dynamics.

To obtain the averaged characteristics of the vertical thermohaline structure of
waters during data processing, isopycnic averaging over the ensembles of profiles
was used. It is more informative than averaging over horizons, due to the domed
shape of isopycnic surfaces in the Black Sea, caused by large-scale cyclonic
circulation [19].
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F i g. 1. Current velocity vectors at the density depth o = 14.5 kg/m® (the 95" cruise of
R/V Professor Vodyanitsky, June 14 — July 3, 2017). The arrow origin corresponds to the station
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Results of the measurements and their discussion

An example of measured parameters profiles is shown in Fig. 2. It reflects
the main features of the vertical thermohaline structure during the study period.
The dashed vertical line marks the 8 °C isotherm. According to the measurement
data, the seasonal pycno/thermocline is observed at a depth of 10 m, the main
pycno/halocline — at a depth of ~ 80 m. The current in the upper 100 m layer (up to
the main pycnocline) has a pronounced western direction and its velocity decreases
with depth.
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F i g. 2. Profiles of water temperature, salinity, density, dissolved oxygen concentration and current
velocity vector (arrows) measured at st. 37 (marked by St 037)
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Analysis of the averaged vertical dependences of temperature and buoyancy
frequency on density (Fig. 3) shows that the temperature minimum (CIL core) is
observed at ¢ = 14.5 kg/m? and is in the vicinity of the local buoyancy frequency
minimum (6 cycles/h) between seasonal and main pycnocline. The maximum
buoyancy frequency in the main pycnocline is observed at ¢ = 15.1 kg/m? and is
~ 11 cycles/h. The upper CIL boundary (according to the criterion of 8 °C)
corresponds to a density of ~14.3 kg/m? the lower one — to a density of
~15.0 kg/md,

Buoyancy frequency, h™'

Density, kg/m?

7 8 9 10
Temperature, °C

Fig. 3. Dependences of water temperature and buoyancy frequency (isopicnically averaged over all
the stations) upon density

Fig. 4 shows the spatial distribution of the isopycne depth o = 15.0 kg/md.
It gradually decreases from ~ 100 m in the continental slope area to 40 m in the central
part of the sea. In the depth range of 60-90 m, a noticeable thickening of isolines is
noted. It indicates the presence of a geostrophic flow of the Black Sea Rim Current.

To study the spatial CIL characteristics, the dependences of temperature,
salinity, oxygen concentration and kinetic energy on the depth of the isopycnic
surfaces were plotted for two density values: 15.0 kg/m? (the lower boundary of
the CIL) and 14.6 kg/m® (the CIL core) (Fig. 5 and 6, respectively). These figures
show the initial data and data smoothed by a low-pass window-type filter (~ 7 m).

Analysis of Fig. 5 shows that in the depth range of 60—-90 m on the isopycnic
surface, the areas of low temperatures (less than 8 °C) and salinity (less than
19.33 psu) and increased values of oxygen concentration (more than 3.15 c.u.) are
well pronounced. An increase of kinetic energy values in the same depth range
corresponds to the Rim Current region (average velocity ~ 20 cm/s). A significant
deviation of the initial data of kinetic energy from the average values (lilac line) is
explained by ageostrophic processes (particularly, inertial oscillations). The results
on Fig. 5 show that on the isopycnic surface o = 15.0 kg/m?, the winter renewal of

CIL waters is most pronounced near the Rim Current jet.
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F ig. 5. Variability of the parameters depending on the density depth ¢ = 15.0 kg/m? (horizontal
scale). Points are the initial data, lines are the data smoothed by a low-pass filter
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Pronounced extrema of the same values are observed at a 60 m depth of
the isopycnic surface ¢ = 14.6 kg/m® (Fig. 6). Here there is a minimum of the CIL
water temperature (7.2°C), a minimum of salinity (~ 18.72 psu), and a maximum of
oxygen concentration (6.05 c.u.). The maximum kinetic energy (velocity 27 cm/s) is
observed at a depth of 64 m. The results show that on the isopycnic surface
o =14.6 kg/m?, the CIL waters renewal is also most clearly traced near the Rim
Current jet.
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Fig. 6. The same as in Fig. 5, for density ¢ = 14.6 kg/m?

40+
60
g |
= 80+
[=1
a
1004
120
I4u 1 T T T T 1 ]4“ I T T I T 1
40 2200 0 20 40 60 80 40 220 0 20 40 60 8O
Distance Ry, km Distance Ry, km

F i g. 7. Two-dimensional distribution of density (on the left, black lines) and current velocity
modulus (on the right, black lines) against the background of water temperature distribution (color
scale)
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To obtain the averaged spatial characteristics of the CIL, a rectangular
coordinate system with the origin at 44°N, 34°E rotated relative to the geographic
by 7° counterclockwise was introduced. The Ry value was taken as the horizontal
distance (see explanation in Fig. 4, bottom left). The rotation angle was determined
as the average deviation of the line from 44°N at the 60 m isopycnic depth (Fig. 4)
o = 15.0 kg/m®. To construct a spatial section, low-frequency filtering (similar to
Fig. 5, 6) with subsequent interpolation (linear triangulation) on a regular grid was
carried out. The results are shown in Fig. 7.

Fig. 7 also shows the CIL water distribution in depth and in space in June —
July 2017, i.e., in about 4 months after their renewal as a result of atmospheric
impact and winter cooling of the sea surface temperature. Under the influence of
the general cyclonic nature of the Black Sea water circulation, the CIL is
redistributed between the center and the coastal zone. As a result, the minimum
CIL temperature is observed at the sea periphery [2], and approaching the coast,
the layer thickness increases as compared the deep-water area [3].

Velocity isolines (black lines in Fig. 7, on the right) and their spatial
distribution reflect the Rim Current position. According to the measurement data,
the CIL bulk is identified in the Rim Current core and in its right part from
the coast. Density contours of 15.0 and 14.3 kg/m? limit the cold water layer along
the 8 °C isotherm (Fig. 7, left). The maximum CIL thickness is about 60 m,
the vertical position of the CIL corresponds to a depth range of 40-100 m.

In [15], in 2017 the CIL formation according to measurements by the Aqualog
profiler probe in the shelf-slope area of the northeastern part of the Black Sea (area
of Gelendzhik) is considered. The CIL formation process took place in early
March, the minimum temperature in the layer, equal to 6.9 °C, was observed at
the end of March, the average layer thickness remained practically unchanged until
mid-July and amounted to 70 m. The CIL characteristics from Aqualog data are in
good agreement with the averaged layer characteristics obtained by us based the
materials of the 2017 summer expedition.

According to Fig. 7, the CIL core is observed on the isopycnic surface
~ 14.6 kg/m?. Fig. 8 shows the horizontal distribution of water temperature in the CIL
core at the depth of this isopycna occurrence. The redistribution of CIL waters between
the center and the coastal zone is well expressed, as well as the presence of a frontal
zone (thickening of isolines) between isotherms 7.4 and 8.0 °C.
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Fig. 8. Distribution of water temperature at the density depth ¢ = 14.6 kg/m?
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Conclusion

Field data obtained during the June 14 — July 03, 2017 expedition across
the Black Sea, made it possible to estimate the CIL parameters and its spatial
position after the layer water renewal due to the relatively cold winter of 2017.
Simultaneous measurement of the current velocity profiles and hydrological
parameters permitted to analyze the thermohaline structure waters considering
the real dynamic situation.

During the measurement period, the minimum average temperature of the CIL
core was 7.2 °C with a density value of 14.5 kg/m®. The upper boundary of the
layer (according to the criterion of 8 °C) corresponded to a density of ~ 14.3 kg/m?,
the lower one — to a density of ~ 15.0 kg/m®. Renewal of the CIL waters is well
expressed near the Rim Current jet, which is clearly seen on the isopycnic surfaces
of 14.6 and 15.0 kg/m3. The CIL bulk is located, according to the measurements, in
the Rim Current streamline and in its right part from the coast. The maximum
thickness of the CIL is ~ 60 m, its vertical core is located at a depth of 40-100 m.

The averaged characteristics of the CIL, obtained based on the materials of
the summer expedition in 2017, are in good agreement with the parameters of this
layer obtained in the same year in the area of Gelendzhik according to the data of
the Aqualog profiler probe.

The spatial characteristics of the CIL, presented in the present paper, can be
useful for model wverification and numerical modeling in order to study
the mechanisms and regions of the cold layer formation in the Black Sea.
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