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Abstract

Purpose. The purpose of the work is to detail the vertical structure of thermohaline characteristics
near the upper boundary of the bottom convective layer based on the CTD measurements, to estimate
the heat and salt fluxes, and to study variability of various layer characteristics depending on
the geographic location of the stations.

Methods and Results. The data of the SBE 911plus CTD probe obtained in the 87™ cruise of
the R/V Professor Vodyanitsky which took place in June 30 — July 18, 2016 in the central sector of
the northern Black Sea were used. The depth of the bottom convective layer upper boundary was
revealed to be variable (1713-1922 m), on the average 1800 + 60 m. Noted was a tendency for
the upper boundary to rise by 150-200 m during transition from the western gyre to the eastern one.
But at two stations, the layer was not observed up to the depths exceeding 1900 m. The variation
range of potential temperature in the layer was 1.6 - 1073°C, and that of salinity — 1.2-:107 psu.
Decrease hoth of the potential temperature and salinity in the bottom convective layer with increasing
longitude and of potential temperature with the layer thickness increase was revealed. The coefficient
of vertical turbulent diffusion at 150 m above the layer upper boundary was 1.1.107° m?fs.
The calculated values of the heat and salt vertical fluxes in 150 m above the bottom convective layer
upper boundary constituted 1.6 mW/m? and 2.9 - 1077 g/(m?s), respectively.

Conclusions. Having been analyzed, the data of contact deep-sea thermohaline measurements showed
that the Black Sea bottom convective layer was unstable and spatially inhomogeneous, and
the location of its upper boundary was variable. The data obtained permit to assume that the eddies
penetrate to the deep layers of the sea and manifest themselves in significant deepening of the bottom
convective layer upper boundary. In the western part of the sea, the bottom convective layer waters
are warmer and saltier than those in its eastern part. Almost the entire geothermal heat flux is
dissipated in the bottom layer. To maintain salt balance in the bottom convective layer, there should
be a mechanism for replenishing salt in the lower layers of the sea.
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Introduction
Vertical thermohaline structure of the Black Sea waters has a number of
features. One of them is the presence of a bottom homogeneous [1, 2] or
convective [3-5] layer characterized by almost constant values of potential
temperature and salinity throughout its entire thickness. Constancy in depth of
hydrochemical [6] and hydrooptical [7] characteristics is also established in it.
The layer is mainly formed due to convection supported by geothermal heat fluxes.
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The bottom homogeneous layer existence in the Black Sea was first
experimentally confirmed by the authors of [1] based on continuous CTD profiles
obtained during five expeditions in 1988, which took place in the southern part of
the sea. The upper boundary of the convective layer started from the horizon of
1700 m. The root-mean-square deviation from the mean value of potential
temperature from region to region in the bottom convective layer (BCL) was
1.2107°°C, salinity — 2107°%o. Later, focused deep-water measurements were
carried out in 1997-2002 [4]. They confirmed the position of the BCL upper
boundary and the variability ranges of its thermohaline characteristics in
the eastern part of the sea. The study notes increased temperature and salinity
gradients directly above the upper boundary of the layer. In recent works, based on
field measurements, it has been shown that the bottom convective layer is not
uniform and constant [5], and the deep-water Black Sea layers are more
dynamically active [8] than previously thought. Focused measurements in the BCL
in the northern Black Sea are not presented in the literature, which partly
determines the relevance of the present study.

In recent years, Marine Hydrophysical Institute has been carrying out regular
expeditions in the northern Black Sea, where hydrological measurements,
including deep-sea ones, are traditionally taken [9]. During the summer expedition
of 2016, 20 CTD profiles to depths exceeding 1900 m were obtained. The purpose
of the work is to detail the vertical structure of thermohaline characteristics near
the BCL upper boundary, to estimate the heat and salt fluxes, to study variability of
various layer characteristics depending on the geographic location of the stations.
The results of the work can be useful for clarifying the existing concepts of
formation and evolution of the Black Sea bottom convective layer.

Materials and methods

The expedition materials obtained in the 87" cruise of the R/V Professor
Vodyanitsky which took place in June 30 — July 18, 2016 in the central sector of
the northern Black Sea were used (31°-36.5°E, 43°-45°N) [10]. CTD
measurements were performed using the SBE 911plus CTD probe. The total
number of stations amounted to 106. At 20 stations, the measurements were carried
out to depths exceeding 1900 m; their location is schematically shown in Fig. 1.
The paper analyzes the profiles of potential temperature (0), salinity (S) and
potential density (ce) obtained with meter resolution at these stations. Firstly,
the initial profiles were subjected to low-frequency depth filtering to suppress
the high-frequency component of the measurement noise. For this purpose,
a triangular window-type filter with a base (L, ) of 17 m was used.

Fig. 2 shows the potential temperature and salinity profiles in the sea layer
deeper than 1500 m obtained at all stations (thin gray lines). The red (station 73)
and blue (station 88) lines indicate the profiles with the maximum deviation from
the average profile shown in the figure by the thick black line. The range of
potential temperature changes within the BCL for the entire ensemble of stations
was 1.6-107°°C, salinity — 1.2-10° psu, which is in good agreement with
the previously published data [1, 2, 4].
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Fig. 1. Location of the stations where sounding depth exceeded 1900 m on the map of bathymetry
(ETOPO1) and sea surface temperature (MetOp-2 from 04.07.2016). Blue circle marks
the anticyclonic eddy. Stations numbering is in a chronological order and corresponds to the records
in the ship's logbook
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F i g. 2. Potential temperature (left) and salinity (right) profiles for all the stations (red line denotes
the profile for station 73, blue line — for station 88 and black one — average profile)

Let us note that the variability ranges of hydrological parameters in the BCL
from station to station slightly exceed the accuracy of the sensors declared by
the CTD probe manufacturer. For example, the initial accuracy of a temperature
sensor is 1-107°C. It should also be noted that without additional metrological
certification of probe sensors, as was done in [1], the absolute values of
the measured parameters will have an uncertain component caused by the change
in calibration coefficients over time. This is well illustrated by the data presented in
[2]. In accordance with the technical documentation, the time drift of
the temperature sensor is 2-10*°C per month, which allows to hope that, over an
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observation interval of about two weeks, the temporal drift of the sensors will not
significantly affect the quality of the analysed data and the correctness of
the conclusions drawn.

Results and discussion
In the study, the BCL upper boundary was determined by the value of

__9 %o , where g = 9.81 m/s?
1000 + o, 0Oz
is the free fall acceleration; o, is the potential density), equal to 5-10°* (rad/s)?,

which was convenient for the set of stations under consideration (indicated by
the black arrow in Fig. 3).

the squared buoyancy frequency (N?(z)=
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F i g. 3. Dependence of the squared buoyancy frequency upon the distance to the BCL upper
boundary. Gray lines are the profiles based on the measurement data, red line is the average profile
and blue one is standard deviation from the average profile

Based on the average profiles in Fig. 3, the vertical turbulent diffusion
coefficient (Ky;) was estimated in the layer 80-150 m above the BCL upper

boundary (marked with dashed lines) to subsequently determine the heat and salt
fluxes from the deep sea layers. For this, parametrization [11] was used, which
relates the desired parameter with field data collected with a small-scale resolution
in regions remote from the places of internal wave generation. The parametrization
takes into account the geographic location of the measurement area and
the deviation of the internal wave spectrum from the canonical form GM76 [12].
The applied formula [13] was used for the calculation

(&) .
0T N ,(R,)I(F/N),
<&Z>GM

KGos =
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where K, =5-10° m?/s; &, is the strain; f is the local inertial frequency at 44°N
(Fig. 1); f,, is the inertial frequency at 30°N, N,=5.24-10" rad/s, ( ) is

operator of averaging values over the entire ensemble of stations. Supposing that
<N2> =1.5-10" (rad/s)?, we obtain j(f/N)=0.57. The Kkinetic and potential

energy (R, ) ratio in the internal wave for the Black Sea is about 12 [14, 15],
which implies that hz(Rm):5.56. The average measured value of the squared

deformation over the entire ensemble of stations was

(&2)={(N?~(N%))) /(N?)* = 28-102.

The average value of the squared deformation for the canonical spectrum of
internal waves GM76 [16, 17] was calculated from the following relation

1
<§12>GM76 - IFGM 76 (k) Heiie (k) H pi (k) dk=3.4-.102,
0

where F,,,(k)is the spectral deformation density as given in [18];
sin(x - Leigy -0 )

HF“tr(k):[%j is the transfer function of preliminary low frequency
- LFiltr -

L Sin(r-2-k)\? . . .
filtering, Hpjs (k):(ﬁ) is the transfer function of differentiation at

a depth increment of 2 m; Kk is the vertical wave number. As a result, we obtain
the value K, =1.1-10"° m?/s, close to the background value of the coefficient

(10™° m?s) in PP81 parametrization [19], applied in the numerical simulation. We
shall note that the obtained value of the coefficient of vertical turbulent diffusion
significantly exceeds the values of the coefficients of molecular heat
(k; =1.4-107"m%c) and salt (k, =1.1-10°° m%/c) diffusion.

Fig. 4 shows the average profiles of potential temperature, salinity and their
vertical derivatives (6z and Sz, respectively) depending on the distance to the BCL
upper boundary. In [4], an increase in the values of vertical gradients of
hydrological parameters directly above the BCL in a transition layer 25-50 m thick
is observed. In our case, an increase in the vertical gradients of temperature and
salinity begins to be traced at a distance of 150 m above the BCL upper boundary.
At this depth, there is no influence of dynamic processes on stable density
stratification and no internal waves are generated. The maximum vertical gradients
of temperature and salinity are observed 25 m above the BCL upper boundary.
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The temperature derivative value at the maximum is three times greater than its
value, which was established at 150 m above the upper boundary of the BCL, while
for salinity, similar parameters differ only by a factor of two.
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Fig. 4. Average vertical distribution of potential temperature (left) and salinity (right) in the vicinity
of the BCL upper boundary. Red lines are the mean values and blue lines are the vertical derivatives

Vertical heat flux (F,,) at 150 m over the BCL upper boundary was

calculated according to the following relation
Fieat = PuiC 'w Kooz 07 1.6 mW/m?,

where Py is the water density (1017 kg/m®); C, is the heat capacity of

water (4.2-10°J/(°C-kg)); 0 is the vertical derivative of potential temperature
(3.5:107° °C/m). The obtained value is less than 1/20 of the mean value of
the geothermal heat flux, which is usually assumed to be 40 mW/m? [5, 20]. This
means that almost entire geothermal heat flux is dissipated in the BCL, providing
slow convective mixing that maintains a uniform vertical distribution of
hydrological, hydrochemical and hydrooptical parameters.

The vertical salt flux on the same horizon was determined by the following
relation

Foue =Pw Koo S, =2.9-107 g/(m?s),

where S, is the vertical derivative of salinity (2.6-10 psu/m). In accordance with

this fact, the salinity decrease in the homogeneous bottom 300 m layer will occur at
a rate of about 3-10~ psu/year and will reach a value of 10~ psu within 33 years.
The upward salt flux existence implies the presence of a mechanism for its
replenishment in the lower sea layers to maintain the salt balance [21]. There are
no field data in the literature that indicate a constant supply of salt to the bottom
layer. However, there is an assumption that salt intrusions into the lower sea layers
PHYSICAL OCEANOGRAPHY VOL.29 ISS.5 (2022) 529



occur episodically [22]. It is confirmed by the “salinity wave” discovery in 2005—
2009 [5], showing a time-limited anomalous increase in salinity at depths over
1400 m.

The BCL upper boundary depth (Fig. 5) varies from station to station in
the range from 1713 to 1922 m. The results obtained confirm the conclusions of [5]
that the boundary of the bottom convective layer is not horizontal.

The average depth of the BCL upper boundary was 1800 + 60 m, which is in
good agreement with the data of [1]. A tendency for the BCL upper boundary to
rise by 150-200 m during the transition from the western gyre (stations 28, 31) to
the eastern one (stations 74-106) can be observed. The rise of isotherms to the east
(35°-39°E) at the BCL upper boundary was also noted in the data obtained in June
2002 [4]. It is possible that such a change in the BCL upper boundary depth with
increasing longitude is seasonal. In the central part of the polygon (stations 50-55),
there is a significant variability in the layer boundary depth with a span over
130 m. Unfortunately, the available data do not allow to determine
the characteristic spatiotemporal scales of the observed variability.
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Fig. 5. Position of the BCL upper boundary for all the stations depending on a longitude

Two stations (62 and 73) are of particular interest in the northeastern part of
the polygon, where the BCL upper boundary is found at depths over 1900 m. Such
BCL boundary position can be explained by the influence of an anticyclonic eddy.
Remote sensing data on the sea surface temperature for July 4, 2016 show
the existence of an anticyclonic eddy with a characteristic diameter of ~ 60 km (see
Fig. 1). Measurements at stations 62 and 73 were carried out on July 11 and 12,
2016, respectively. According to remote sensing data, as of July 12, 2016, there
were no signs of eddy structures on the sea surface temperature maps. Presumably,
from July 4 to July 12, the eddy shifted to the west and dissipated, but its residual
effect is still traced in the deep sea layers and is expressed in the relative depth of
isotherms and isohalines (Fig. 2).

The BCL upper boundary position at a depth over 1900 m is extremely rare in
observations, for example, such situations were documented in [5] on January 28,
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2014 and on March 19, 2014. The sea surface temperature map dated March 22,
2014, according to remote sensing data, shows the presence of a cascade of
anticyclonic eddies in the central sector of the southern Black Sea (Fig. 6). This
confirms the assumption that anticyclonic eddies can cause anomalous deepening
of the BCL upper boundary. Additionally, in favor of the penetration possibility of
eddies into the deep layers of the Black Sea, modern data on currents presented
in [8] testify that the level of spectral energy of current velocity pulsations near
107% Hz frequency varies insignificantly between 100 and 1700 m horizons. This
may serve as evidence of the presence of mesoscale barotropic dynamic formations
passing over the station setting point for 10-11 days [8]. In [23], based on satellite
altimetry data, it was shown that the station location area is characterized by
the passage of anticyclonic eddies with a radius of 25 km and a movement speed of
~5 cm/s to the southwest along the continental slope, which corresponds to
a current velocity variability frequency of 107 Hz.

-+ 28.01.2014
’ METOP-2 06:57 GMT 22.03.2014 ¥ 19.03.2014
4[ T T T 1 o
31 32 33 34 35 36 E

F i g. 6. Sea surface temperature (MetOp-2 from 22.03.2014) and position of the stations where
an anomalous deepening of the BCL upper boundary was detected

When considering the variability of the BCL thermohaline characteristics
depending on the geographic location of the stations, the following data was
obtained. Potential temperature and salinity, on average, show a decrease with
increasing longitude (Fig. 7). The temperature and salinity in the BCL are defined
as their mean values in the layer from its upper boundary to the sounding depth.
For temperature, the value of the squared coefficient of linear correlation (R?) was
0.25, which does not allow to speak about the significance of its linear relationship
with longitude. At the same time, a closer dependence of salinity on longitude is
observed (R? = 0.75). It was found in [1] that the distribution of hydrological
parameters in BCL does not have horizontal gradients. Later, in [24], it was
suggested that the BCL waters in the western sea part are warmer and more saline
than in the eastern part. The data discussed in this paper support this assumption,
especially with regard to salinity. A less close relationship between temperature
and longitude can be explained by the spatial heterogeneity of the power of
geothermal heat fluxes [20].
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For the potential temperature, a dependence with a high value of the squared
linear correlation coefficient (R*> = 0.74) on the BCL thickness was established
(Fig. 8). Higher temperatures are noted in the western gyre (stations 28, 31), in
the anticyclonic eddy (stations 62, 73) and near the continental slope (station 55),
where the layer thickness is less than 200 m. A possible reason for the BCL
temperature decrease with the layer thickness increase may be the faster heating of
thinner layers. The paucity of data does not allow the unambiguous determination
whether the observed dependence is a regularity or whether it is typical only for
the data obtained at specific stations.
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Fig. 7. Dependence of potential temperature and salinity in BCL upon longitude
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Conclusion
According to measurements carried out in the summer of 2016 in the northern
Black Sea, it is shown that the BCL upper boundary depth varies from station to
station in the range of 1713-1922 m. The average depth of the upper boundary of
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the layer was 1800 + 60 m, which is in good agreement with previously published
data. A tendency for the upper boundary to rise by 150-200 m during the transition
from the western to the eastern gyre was noted.

At two stations, the bottom convective layer is not detected down to depths
exceeding 1900 m. This situation is presumably due to the influence of
the anticyclonic eddy identified in the measurement area on the sea surface
temperature map. The data obtained indicate that eddy movements penetrate into
the deep layers of the sea and manifest in a significant deepening of the BCL upper
boundary.

The range of variations in potential BCL temperature from station to station
was 1.6-107 °C, salinity — 1.2-10° psu. The variability of BCL thermohaline
characteristics depending on the geographic location of the stations shows
a decrease in temperature and salinity with increasing longitude. This confirms
the assumption made in the works of other authors that the bottom convective layer
waters in the western Black Sea are warmer and more saline than in its eastern part.

The BCL potential temperature shows a linear decrease with increasing layer
thickness (linear correlation coefficient is 0.74). The highest temperatures are
observed in the western gyre, in the anticyclonic eddy and near the continental
slope, where the layer thickness is less than 200 m.

Based on the obtained data, estimates of heat and salt fluxes from the deep
layers of the sea were carried out. The coefficient of vertical turbulent diffusion at
150 m above the BCL upper boundary was calculated using the GO03

parameterization and amounted to K, =1.1-10" m?/s. The corresponding

estimated value of the vertical heat flux at 150 m above the BCL upper boundary is
F.. =1.6 mW/m? which is less than 1/20 of the mean geothermal heat flux.

Heat

The calculated value of the vertical salt flux at 150 m above the BCL upper
boundary was F,, =2.9-10" g/(m*s). This means that the decrease in salinity in

the homogeneous bottom 300-m layer will occur at a rate of about 3 - 107> psu/year
and will reach its spatial variability level in 40 years.

The presented results may be of interest from the viewpoint their reproduction
in numerical simulation experiments and further study of the characteristics and
dynamics of the Black Sea deep layers.

Salt
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