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A possible ventilation mechanism of the aerobic zone in the Black Sea may exist,
caused by a descent of oxygen-containing water down the bottom slope in the Ekman
boundary layer. To study this theory three long-term (1.5–2 months) installations
of automatic bottom stations were carried out in 2018–2019 on the Black Sea
shelf/continental slope in the depth range from 80 to 243 m. The stations were placed
on a coastal cross section on the beam of the Tolstyi Cape (the Gelendzhik Bay).
They recorded the hydrophysical (temperature and salinity of water, pressure and flow
rate) and hydrochemical (dissolved oxygen concentration) parameters at 0.5–2.5 m
from the bottom. The acquired data were used to estimate the spatiotemporal scales
of water transfer in the bottom layer along the slope. Our analysis had confirmed the
existence of the bottom water transport normal to the shore. A downward flow was
observed in the case of an intensive north-western alongshore current. This type of
water movement corresponds to both the geostrophic adjustment and the dynamics of
the bottom Ekman boundary layer. However, changes in water density in the bottom
layer, which occur due to the water movement up and down the slope, were of the
same range as those observed in the water column at the same depth. This fact casts
doubt on the efficiency of the Ekman transport in the bottom layer as the ventilation
mechanism for water of the upper continental slope of the Black Sea. KEYWORDS:
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Introduction

Zatsepin et al. [2007] suggested that there is
a possible ventilation mechanism for water in the
Black Sea pycno-halocline: a descent of oxygen-
containing water in the bottom boundary layer
(BBL) down the continental slope and its convec-
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tive mixing with overlying stratified water layers.
The details of this process are as follows. When
an intense quasi-stationary alongshore current is
present and reaches the bottom, the BBL is formed,
where the integral Ekman water transport is per-
pendicular to the current and directed leftward in
the northern hemisphere. Influenced by a cyclonic
alongshore current, or around-island anticyclonic
circulation, water in the BBL is being transported
away from the shore and may descend down the
continental slope. Such currents are referred to as
“downwelling currents”, as opposed to upwelling
currents, which go in the opposite direction and
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cause an uprise of water in the bottom Ekman layer
[Zhurbas et al., 2006]. Steady density stratification
of the marine environment limits the depth of both
upwelling and downwelling in the BBL. In case of a
downwelling current, water in the BBL, once reach-
ing a certain depth and being lighter than overlying
layers, must become affected by convective insta-
bility and mix with them. Products of the mixing
can penetrate the surrounding stratified water en-
vironment in the form of quasi-isopycnic intrusions.
Since the coastal downwelling currents are com-

mon in seas and oceans, the described process
should be frequent and play a certain role in the
ventilation of stratified water columns. Ostrovsky
and Zatsepin [2016] suggested that it could be a
major factor of oxygen ventilation in the biologi-
cally productive layer of the Black Sea, contribut-
ing to confining the upper boundary of the anoxic
zone below the main pycnocline. There is some
evidence confirming that hypothesis. In particu-
lar, Figure 1 shows an example of the naturally
observed descent of water, rich with chlorophyll-a,
from the a depth of 50–60 m to the depth of 90–
100 m along the inclined bottom during an intense
northwestern current. However, how often this pro-
cess occurs and how effective it is in the Black Sea
and other seas is currently unknown.
There are a whole number of experimental and

theoretical studies, starting from the 1970s, that
are dedicated to the problems of the BBL exis-
tence in the ocean and normal to the shore water
transport in that layer [Dickey and Van Leer, 1984;
Garrett et al., 1993; MacCready and Rhines, 1993;
Perlin et al., 2005, 2007; Pollard et al., 1973; Scha-
effer et al., 2013; Weatherly, 1972; Weatherly and
Martin, 1978]. One of the conclusions from those
works is that there is no BBL model that would suf-
ficiently describe different observations carried out
in different areas of the World Ocean and in dif-
ferent hydrophysical conditions. In the Black Sea
the BBL was studied the most by V. M. Kushnir,
with co-authors (for example, [Kushnir, 2007]). His
works demonstrate that the BBL thickness above
the continental shelf varies in a wide range: from
5 to 40 m. At the same time a rather high cor-
relation is observed between the thickness of that
layer (estimated via changes in density gradient)
and current velocity at its upper boundary. The
structure of current velocity in the boundary layer
is defined by the logarithmic law (“the law of the
wall”). However, no reliable evidence was acquired

that would confirm a gradual leftward rotation of
the velocity vector in the BBL, which in theory
should be observed in the northern hemisphere as
one gets closer to the bottom. Also, while indepen-
dence of the BBL thickness from the stratification
parameter – the Brunt-Väisälä frequency – seems
quite plausible for the weakly stratified zones of
the Black Sea (deeper layers below 200 m and the
cold intermediate layer (CIL) on the shelf at 40–
80 m), it is hardly true for the highly stratified
layer of the pycno-halocline, which is the primary
study subject of this paper. Another factor, whose
influence should affect the BBL structure and dy-
namics, is bottom inclination. It is clear that all
these aspects require additional study.
Pollard et al. [1973] first proposed one of the

possible parameterizations of the BBL thickness𝐻𝑏

in the pycnocline on the horizontal bottom for the
Ekman surface layer:

𝐻𝑏 =
𝐾 𝑈*

(𝑁 𝑓)0.5
(1)

where 𝑈* – shear velocity in the BBL, 𝑁 – the
Brunt-Väisälä frequency in the surrounding water
environment, 𝑓 – the Coriolis parameter, 𝐾 = 1.4
– a coefficient.
A dependence, very close to (1) and describ-

ing the thickness of the Ekman bottom layer in a
stratified ocean, was proposed and experimentally
proven by Weatherly and Martin [1978]:

𝐻𝑏 =
1.3𝑈*

𝑓 (1 +𝑁2/𝑓2)0.25
(2)

It follows from (2) that without stratification 𝐻𝑏

is proportional to the ratio of dynamic shear ve-
locity to the Coriolis parameter, and with strong
enough stratification, when 𝑁2/𝑓2 ≫ 1, the equa-
tion (2) approaches the formula (1).
Elkin et al. [2017] used (1) to estimate the depth

of water descent in the Ekman layer on the up-
per part of the Black Sea continental shelf when
a strong northwestern current was present. The
result was quite significant: ∼ 20 m.
This work has the following goals: 1) the experi-

mental study of variability of current velocity, ther-
mohaline parameters and dissolved oxygen concen-
tration in the bottom layer of the Black Sea shelf
and upper part of the continental slope; 2) the de-
tection of water transport normal to the shore, and
estimation of its scale at different depths; 3) prov-
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Figure 1. An intense northwestern current, which resulted in a water descent down the
slope (right); its effect on a chlorophyll-a rich water, as observed during the ecological
monitoring on a 9-nmi cross-section (left).

ing the existence of the Ekman dynamics in the
BBL.

Methods and Equipment

Three long-term (1.5–2 months) installations of
autonomous measuring devices were conducted in
the shelf-slope area of the Black Sea on the “Ge-
lendzhik” study site of the IO RAS. The devices
were set up almost simultaneously in different spots
on the site, in the depth range from 80 to 243 m,
covering almost the entire area of the Black Sea
pycno-halocline (Figure 2 and Figure 3).
Judging by the position of the isopycnal of

16.2 kg/m3, which is considered to be the upper
boundary of the hydrogen sulphide contaminated
waters, such depth range assuredly covers the zone
with variable aerobic/anaerobic conditions. Ac-
cording to the data from multiple studies by the
Aqualog profiler, these variations are observed in
the water layer from 130 to 220 m (see Figure 4,
also [Stunzhas et al., 2018]). The initial conjec-
ture of this study is a possibility of expansion of

that zone due to the additional transfer of aerobic
water down the slope and anaerobic water up the
slope in the Ekman bottom boundary layer.
The following devices were included in the bot-

tom station installations:

1. SeaGuard RCM DW with a magnetic com-
pass and inclination sensors. Designed
for joint measurements of current velocity
(Doppler anemometer) and CTD parameters
(temperature, conductivity, pressure) – 2 pc.

2. Sea-Bird Electronics 19plus (SBE 19plus) with
an additional dissolved oxygen sensor. De-
signed for measurements of CTD parameters
(temperature, conductivity, pressure) – 1 pc.

3. Sea-Bird Electronics 43F. A high-speed dis-
solved oxygen sensor, designed for use in sea
water. Attached to the SBE 19plus CTD
probe – 1 pc.

4. Aanderaa Oxygen Optode 4330F. An optical
sensor of dissolved oxygen, connected to Sea-
Guard RCM DW – 1 pc.
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Figure 2. Locations of the bottom stations for all three periods of study. Red sym-
bols – first installation, black – second, purple – third. The sidebar shows the study
site on a larger scale. Installation periods: 1) 14/02/2018–16/04/2018; 2) 31/10/2018–
15/12/2018; 3) 10/02/2019–11/04/2019.

5. Acoustic Doppler Current Profiler Workhorse
Sentinel (ADCP WHS) 600 and 1200 kHz.
Equipped with a magnetic compass and sen-
sors of pressure, temperature and inclina-
tion. Designed to measure vertical profiles of
current velocity using the Doppler method.
Characterized with a relatively small operat-
ing range (maximum distance from the sound
emitters is 40 and 20 m correspondingly),
such devices are usually installed close to the

surface or used to study bottom layers – 2 pc.

6. The Aqualog profiler, installed at an anchored
buoy-based station with a subsurface float.
Designed to measure profiles of current veloc-
ity (with the acoustic Doppler current meter
Nortek Aquadopp), CTD parameters (with
the SBE 52 MP CTD probe) and dissolved
oxygen concentration (with the SBE 43F sen-
sor). It has a vast operating range – from 5 m
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Figure 3. The average density profile, according to the Aqualog data collected during
the cold season of 2015–2016, and installation depths of the bottom stations in 2018–2019.
Blue color – first installation (14/02/2018–16/04/2018), green – second (31/10/2018–
15/12/2018), brown – third (10/02/2019–11/04/2019).

above bottom to 20–30 m below sea surface –
and a vertical resolution of 1–2 m – 1 pc.

During the first installation (15 February–16
April 2018) the measuring stations were situated
at the following depths: 80 m – SBE 19 plus;
99 m – SeaGuard RCM DW; 130 m – SeaGuard
RCM DW with the optode dissolved oxygen sensor
ANDERAA 4330F, also ADCP WHS 1200; 192 m
– SeaGuard RCM DW.
For the second installation (31 October–15 De-

cember 2018), the station depths were as follows:
135 m – ADCP WHS 1200; 230 m – the Aqua-
log profiler at the anchored buoy-based station,
with the dissolved oxygen sensor SBE 43F con-
nected to the CTD probe; 243 m – SeaGuard
RCM DW with the optode dissolved oxygen sen-
sor ANDERAA 4330F.
In the third installation (10 February – 12 April

2019), the stations were at the following depths:
82 m – SBE 19 plus, ADCPWHS 600; 152 m – Sea-
Guard RCM DW with the optode dissolved oxygen
sensor ANDERAA 4330F, also ADCP WHS 600;
212 m – SeaGuard RCM DW; 220 m – the Aqualog
profiler at the anchored buoy-based station, with
the dissolved oxygen sensor SBE 43F connected to
a CTD probe.
Measurement frequency was 10 minutes for all

stations except the Aqualog profiler, which con-
ducted vertical profiling once per 1 hour.
Station locations for all three installations are

shown in Figure 2. Detailed topographical surveys
were performed beforehand for each study period
on the shelf and continental slope with the multi-
beam sonar WASSP WMB-3250. The vertical data
resolution of bottom topography was 7.5 cm, hor-
izontal (for a depth of 200 m) – about 1 m. The
cross section, normal to the shore, on which the sta-
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Figure 4. Depth of occurrence of isopycnal of 16.2 kg/m3 (the upper boundary of
hydrogen sulphide appearance in the northeastern Black Sea), on the base of the Aqualog
profiler data collected in 2013–2016.

tions were installed, had a relatively smooth topog-
raphy. There was, however, a canyon north-west of
the cross section, whose influence could affect the
water dynamics in the studied area.

Results

The purpose of all installations was the
long-term measurements of current velocity,
CTD-parameters and dissolved oxygen in the BBL.
Also, the study took place in the area where con-
ditions changed from aerobic to anaerobic. As
mentioned before, the following problems were set:
data collection to analyze the possible water trans-
port normal to the shore; estimation of scales of
vertical mixing in the BBL and the water column at
the same depths; determination of degree of corre-
spondence between water dynamics in the bottom
layer and the Ekman boundary layer. To answer
the last question, we planned to analyze the con-
nection between the bottom current and the cur-
rent in the upper layers and to see if there is a
presence of a “left turn” in the water flow as it
nears the bottom [Taylor and Sarkar, 2008].

Unfortunately, long-term simultaneous measure-
ment of temperature, salinity, density and current
velocity profiles in the water column failed. Dur-
ing the first winter-spring installation the Aqualog
profiler was not available – it was lost in December
2017, and the reserve unit became available only at
the time of the second, autumn installation. Dur-
ing the second study period the pyramid with the
bottom ADCP fell on its side, and the current pro-
files from the 190 m station also became unavail-
able. The Aqualog profiler, installed at a depth of
230 m, operated irregularly (it appears that there
was some mechanical hindrance at the line). Never-
theless, according to its measurements, the current
velocity below 190 m was rather small (no more
than 12 cm/s; less than 5 cm/s on average), and
the Ekman bottom layer most likely would fail to
develop in such conditions. Therefore, there was
no data that would provide a reliable connection
between bottom water transport and currents in
the upper layer. During the third installation, the
Aqualog profiler, set at a 220 m depth, operated
for about two weeks and then stopped because of a
failed battery. Still, the collected data were usable
to analyze the situation and are presented in this
paper.
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Figure 5. Changes in the BBL according to the measurements of SeaGuard RCM DW
and ANDERAA 4330F optode (130 m installation depth) in the period of 2–12 March
2019: a) potential density (black curve), dissolved oxygen concentration (red curve);
b) 𝑈𝑥/𝑈𝑦 ratio; c) current velocity vectors in the BBL; the black oval with an arrow
designates a cyclonic eddy; d) vertical profiles of vertical, alongshore and normal to the
shore components of current velocity (top-down).
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A preliminary analysis of the data from the first
installation confirmed the presence of bottom water
transport down the slope, and normal to the shore.
An intense alongshore northwestern current causes
a descent of water in the bottom layer, and the
opposite direction of the alongshore current causes
an uprise. As mentioned above, such water trans-
port in the bottom layer and above it quite con-
forms to the dynamics of a geostrophic flow in the
coastal zone of the northeastern part of the Black
Sea [Zatsepin et al., 2013]. When an alongshore
current penetrates to the bottom, the same man-
ner of water transport should appear in the BBL as
well. The Ekman transport, caused by friction on
the bottom, should increase normal to shore water
movement, induced by the geostrophic adjustment
of the density field to the current field. In such a
situation the amplitude of the vertical shift of wa-
ter (and isopycnal surfaces) should be greater in the
bottom layer than in the water column, where wa-
ter moves in a quasi-geostrophic regime. Another
symptom of a functioning Ekman bottom layer is
the “left turn” of an alongshore current velocity
near the bottom. In our case it means that for
the coordinate system, which we use for the north-
eastern part of the Black Sea, when the 𝑥-axis is
directed to the shore and 𝑦-axis – along the shore
and to the left of the 𝑥-axis, the ratio of the nor-
mal to shore velocity component to the alongshore
component should be negative and definite (non-
degenerate, i.e. above a certain nonzero value)
in the BBL. At the same time it should be noted
that during weak alongshore currents, according to
our data, the water transport in the bottom layer
had various directions, lacking any clear correla-
tion with the direction of the alongshore current.
It means that the Ekman dynamics is far from be-
ing an inherent characteristic of the bottom layer
(see “Discussion and Summary” section below).
As an example of the integral Ekman transport

down the inclined slope, let us examine a certain
event, when the presence of a quasi-homogeneous
BBL was registered with a sufficient reliability at
the depth about 130 m. This event occurred in the
period from 6 to 7 March 2018. Its major proper-
ties regarding current velocity in the bottom layer
are shown in Figure 5c, Figure 6a, Figure 6b and
Figure 7. As seen in the figures, a strong north-
western current existed during the indicated days;
its velocity reached 60 cm/s! Such rapid bottom
current was never observed during the first instal-

lation (Figure 6a). Besides, the 20-m bottom layer
was, apparently, well mixed. This follows from Fig-
ure 6c, which shows the profiles of velocity magni-
tude and direction, and Figure 7, where records of
current velocity at the bottom (2.5 m) and overly-
ing (15 m) levels are given. As one can clearly see,
up until the indicated days, the current velocity on
both levels was subject to significant fluctuations
in both magnitude and direction. However, dur-
ing the strong current event the fluctuations were
gone. This is an indication that there was no ver-
tical density stratification in the BBL, and a fully
developed turbulence existed in this layer. Besides
that, there was a significant (up to 10 cm/s) ver-
tical velocity (Figure 5d, upper panel) during an
intensified alongshore current velocity (Figure 5d,
middle panel). It means that density stratification
in the BBL was absent, and water in the bottom
layer flowed in accordance with topography, which
had a significant inclination, and local relief, the
impact of which cannot be accounted for.
A fully developed turbulence in the BBL should

result in a profile of vertical velocity following the
logarithmic law:

𝑈 =
𝑈*

𝑘
ln

𝑧

𝑧0
+ 𝐶

Here 𝑈* = (𝐶𝑏)
0.5 𝑈0, where 𝐶𝑏 – bottom

friction coefficient, which optimal value for the
Black Sea shelf/continental slope is 0.04 [Kushnir,
2007], 𝑈0 – current velocity at the upper bound-
ary of the BBL, 𝑘 – the Karman constant (0.4 for
smooth pipes), 𝑧 – vertical distance from the bot-
tom, 𝑧0 – roughness parameter, 𝐶 – current veloc-
ity at 𝑧 = 𝑧0.
Parameterizations of current velocity profiles in

the BBL, on a basis of the logarithmic law, was
one of the initially set tasks. However, it was found
that during the event of 6–7 March, when there was
a certainty of a fully developed turbulence in the
BBL, the current velocity in the layer of 2.5–20 m
from the bottom was generally the same (Figure 5d,
Figure 6 and Figure 7). There was also no domi-
nating “left turn” of velocity vectors closer to the
bottom. As seen from Figure 6b and Figure 6c,
only a small “right turn” was observed during the
period of maximal velocity magnitude as the cur-
rent got closer to the bottom. The “left turn” was
registered only at the end of each period of cur-
rent increase. Generally, this observation confirms
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Figure 6. Measurements from ADCP WHS 1200, installed at a 130 m depth: a) mag-
nitude of current velocity for the entire study period from 15 February to 16 April 2018;
b) the period of the most intense current in the BBL from 6–9 March 2018; c) magnitude
(red) and direction (blue) of current velocity in the BBL at the moments marked in the
panel “b” with a dash. Arrows in the panel “a” designate the boundaries of the time
interval shown in the panel “b”.

the fact that the Ekman circulation should not be
formed at once. After the current intensification
has begun, it would take a time of 𝑡 ≈ 1/𝑓 , amount-
ing to several hours, for the Ekman circulation to
appear.
The only solid evidence of the integral Ekman

transfer in the BBL, directed down the slope, can
be seen in Figure 5b, the plot that shows 𝑈𝑥/𝑈𝑦 –
the ratio of shoreward current velocity (𝑈𝑥) to the
alongshore current velocity (𝑈𝑦), which was mea-
sured with the SeaGuard probe in the bottom layer.

See also Figure 5d, where three velocity compo-
nents are plotted, measured by the bottom ADCP
1200 kHz at the same station. It can be seen that
during the increase of the northwestern current in
6–7 March, the ratio 𝑈𝑥/𝑈𝑦 was invariably nega-
tive: 𝑈𝑥/𝑈𝑦 ≈ −0.2. Since the typical value of 𝑈𝑦

was about 50 cm/c, it means that 𝑈𝑥 ≈ −10 cm/s.
About the same negative velocity perpendicular
to the shore was registered by the ADCP in the
20-m bottom layer (Figure 5d, lower panel). Fig-
ure 5d shows clear a negative correlation between
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Figure 7. A fragment of the ADCP WHS 1200 record at a 130 m depth in 7 March
from 5 a.m. to 10 p.m. Top panel: vertical profiles of current velocity magnitude during
that period. A strong, about 2-hours long, increase in the velocity magnitude in the
BBL can be seen. Its cause is unclear. Bottom panel: direction of current velocity and
its magnitude. The red curve – 15 m depth, the green curve – 2.5 m depth. Black
“whiskered boxes” show the corresponding standard deviations for the indicated time
period.

the alongshore (Figure 5d, middle panel) and nor-
mal to the shore velocity components, with the lat-
ter reaching about −10 cm/s during the event. So,
how deep down the slope can the BBL water de-
scend, if it moves away from the shore with that
velocity?
Let us assume that the descent of the less dense

water in the BBL down the inclined slope goes on
until it matches the velocity that causes the uprise
of fluid and its separation from the bottom due
to buoyancy. Taking the velocity of a convective
uprise as 𝑈𝑐 = 𝐶(𝐵𝐻𝑏)

0.5, where 𝐵 = 𝑔Δ𝜌/𝜌 =
𝑁2Δ𝐻 – water buoyancy in the BBL, Δ𝐻 – depth
of the water descent in the BBL due to the Ekman
transport relative to the unperturbed state of water
in the pycnocline, 𝐶 – scalar constant, and using
the condition 𝑈𝑥 cos(𝛼) = 𝑈𝑐, where 𝛼 – angle of
the bottom slope, we can obtain the scale of the
descent depth:

Δ𝐻 ≈ 𝑈2
𝑥 cos2(𝛼)

𝐶2𝑁2𝐻𝑏
(3)

For 𝑈𝑥 = 0.1 m/s, 𝐻𝑏 = 20 m, 𝑁 = 2×10−2 s−1,
𝐶 = 1 and 𝛼 ≈ 15∘(Figure 1) we get Δ𝐻 ≈
2.3 m. This is a very small value compared with the
amplitude of isopycnal fluctuations in the pycno-
halocline, which are caused by water column dy-
namics [Zatsepin et al., 2013]. However, if we take
𝐶 = 0.5, then Δ𝐻 = 9.2 m. At the same time, for
𝐻𝑏 = 10 m, Δ𝐻 = 18.4 m. Of course, the equation
(3) is a rough estimation that requires verification
and elaboration by experimental means including
laboratory simulation.
The weak impact of the Ekman transport on den-

sity fluctuations and dissolved oxygen concentra-
tion in the bottom layer is also confirmed by Fig-
ure 5a, which shows that only a little decrease of
density and a small amount in the increase of oxy-
gen had occurred after the strong alongshore cur-
rent event that took place during 6–7 March. At
the same time a significant change of those param-
eters was observed in the period from the second
half of 7 March to the second half of 8 March. Wa-
ter density considerably decreased while dissolved
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Table 1. Variability of Potential Density at Different Depths According to the Aqualog Data for the
Cold Season of 2015–2016

Depth, m Mean Standard Minimal Maximal Delta
potential deviation potential potential
density density density

80 14.19 0.32 13.13 14.94 1.81
85 14.28 0.34 13.17 15.05 1.89
90 14.36 0.38 13.23 15.18 1.95
95 14.46 0.41 13.34 15.29 1.94
100 14.57 0.43 13.66 15.40 1.73
105 14.69 0.45 13.71 15.55 1.83
110 14.82 0.46 13.78 15.73 1.95
115 14.96 0.45 13.78 15.85 2.06
120 15.11 0.44 13.89 15.96 2.06
125 15.25 0.43 13.94 16.02 2.08
130 15.39 0.40 13.98 16.09 2.10
135 15.51 0.38 14.04 16.16 2.12
140 15.62 0.35 14.19 16.20 2.01
145 15.73 0.32 14.44 16.28 1.84
150 15.83 0.29 14.47 16.30 1.83
155 15.91 0.27 14.52 16.34 1.82
160 15.99 0.24 14.87 16.38 1.51
165 16.06 0.22 15.19 16.42 1.23
170 16.12 0.19 15.28 16.44 1.16
175 16.18 0.17 15.48 16.46 0.98
180 16.23 0.15 15.49 16.51 1.02
185 16.28 0.14 15.50 16.54 1.04
190 16.32 0.12 15.85 16.57 0.71
195 16.36 0.11 15.98 16.58 0.60
200 16.39 0.10 16.01 16.60 0.59
205 16.42 0.09 16.03 16.63 0.59
210 16.45 0.09 16.05 16.65 0.59
215 16.48 0.08 16.05 16.67 0.62
219 16.50 0.08 16.11 16.68 0.57

oxygen concentration greatly increased. It appears
that an intense cyclonic eddy, passing through the
installation point of the SeaGuard and ADCP, was
the reason. It created a strong downwelling cur-
rent, directed south, i.e. practically down the con-
tinental slope (Figure 5c). From the second half
of 8 March to the second half of 9 March the rear
part of the cyclone passed through the bottom sta-
tion location. The current was directed northwest.
A quasi-homogenous BBL was forming, where the
current velocity reached 60 cm/s (Figure 7). This
event should be followed by the Ekman transport
down the slope, however water density continued to

increase, and dissolved oxygen concentration kept
decreasing (Figure 5a): quasi-geostrophic dynam-
ics caused an upwelling. The sole indication of the
existing Ekman transport in the BBL during the
described event of the strong alongshore current,
just as it was during the previous event of that
kind, was the ratio 𝑈𝑥/𝑈𝑦 < 0 (Figure 5b).
As mentioned above, one of the criteria of effec-

tiveness of water transport, normal to the shore
and caused by the Ekman dynamics, is when the
amplitude of vertical water oscillations is greater in
the BBL than in the water column. Since density is
a tracer for the pycnocline water, it is possible to
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Figure 8. 𝑇 − 𝑆 diagram for the BBL according to the following data: a) SeaBird
19plus at 80 m (green dots), SeaGuard at 130 m (yellow dots) and 192 m (red dots);
b) SeaBird 19plus at 82 m (green dots), SeaGuard at 152 m (blue dots) and 212 m (red
dots), Aqualog at 152 m (the installation depth is 220 m, only the data from 152 m are
used; yellow dots).
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Table 2. Variability of Potential Density in the BBL According to the SeaGuard RCM Data (From
February to April, 2018) and in the Water Column According to the Aqualog Data (From November,
2015 to February, 2016)

Depth, m Period Min. Min. value, Max. Max. value, Delta, Delta,
value, water value, water BBL water
BBL column BBL column column

100 Entire period 13.97 13.66 15.88 15.40 1.81 1.74
100 6–10 March 13.97 15.57 1.70 1.74
130 Entire period 14.42 13.98 16.21 16.09 1.79 2.11
130 6–10 March 14.42 16.14 1.72 2.11
190 Entire period 15.97 15.85 16.60 16.57 1.63 1.72
190 6–10 March 15.97 16.49 1.52 1.72

estimate the amplitude of oscillations in different
locations in the BBL and water column at corre-
sponding depths. Unfortunately, we were unable
to acquire the synchronous data of that kind be-
cause of the above described problems with the
Aqualog profiler. To compare the amplitude of
density oscillations in the BBL and water column
at different depths (Table 1) we used the Aqualog
data acquired during the cold season of 2015–2016,
from 1 November to 1 March (the BBL data used
for comparison was from 2018–2019, as described
above).
The results of comparison are given in Table 2.

As can be seen from the table, the isopycnal oscil-
lations in the water column and the bottom layer
had very similar amplitude at the same depths.
Variability of density values at two levels (130 and
190 m) was higher in the water column, than in
the BBL, and only in the case of the top measured
level (100 m) was the situation reversed; although
all these differences at every depth are lower than
the standard deviation.
Comparing the data of dissolved oxygen concen-

tration in the bottom layer at depths of 130 and
150 m yields the following results. Maximal oxygen
concentration at 130 m are about 20 times higher
than oxygen concentrations at 150 m (228.9 and
12.0 𝜇M, correspondingly), where the latter, con-
sidering average oxygen concentration during the
study period, was situated practically at the lower
boundary of the oxygen containing layer. During
the downwelling period, which was discussed above
and caused the descent of oxygen-containing water,
the maximal concentration of dissolved oxygen was
more that two times higher than during the rest of

the entire observation period (228.9 and 102.7 𝜇M
correspondingly); the average concentration of dis-
solved oxygen increased fourfold (62.2 and 13.8 𝜇M
correspondingly). These 5 days of downwelling in-
creased the average oxygen concentration for the
entire observation period by more than 20% (from
13.8 to 16.8 𝜇M). Therefore even a short-period
event of strong downwelling can significantly affect
the oxygen regime of the bottom layer.
To provide a descriptive representation of tem-

perature, salinity and density at the three above-
mentioned depths in the BBL, all measured values
were plotted on the 𝑇 − 𝑆 diagram for the first
(Figure 8a) and the third (Figure 8b) installations.
Different depths are shown as dots of different col-
ors. Figure 8 shows that maximal variability of
salinity and density is observed in the area of main
pycnocline at a depth of 130 m. Using the mean
density profile, averaged for the cold season (Ta-
ble 1), it is possible to estimate the scale of verti-
cal isopycnal oscillations in the water column. At
the depth range of 120–190 m the oscillation am-
plitude reached 80–90 m and decreased little with
depth. These oscillations are caused for the main
part by water dynamics, connected with the CIL
meandering and mesoscale eddies passing through
the bottom stations location [Zatsepin et al., 2013].
A certain intriguing aspect can be seen in the

𝑇 −𝑆 diagram of the third installation (Figure 8b).
The diagram shows a clear mismatch of data from
the SeaGuard bottom station at 151 m (blue dots)
and the Aqualog profiler at the same depth (yel-
low dots). For the same values of potential den-
sity, the Aqualog data are characterized with a wa-
ter temperature of about 0.1∘C less than the Sea-
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Figure 9. A thermohaline front, separating the warmer and more saline shelf water
from the colder and less saline water above the continental slope.

Guard data. Assuming there were no artifacts in
the measurements, such difference can be explained
by the presence of a thermohaline front between the
depths of 151 m and 220 m (where the Aqualog pro-
filer was installed), which separates warmer coastal
water from the colder water of the open sea. Such
fronts are often found during the ecological moni-
toring, regularly carried out in the same study site,
on 9-miles cross sections, by the RV Ashamba (Fig-
ure 9). Our future plans include a study of ther-
mohaline fronts in the Black Sea and the determi-
nation of their nature and quantitative properties.

Conclusion

An experimental study of current velocity, ther-
mohaline parameters and dissolved oxygen concen-
tration in the bottom layer of the shelf and con-
tinental slope of the Black Sea had shown that all
these parameters are subject to strong short-period
(from several hours to several days) variability. It
seems that the main reason for this is the mean-
dering CIL and mesoscale eddies that it caused,
which are passing through the measuring stations.
Strong changes in the thermohaline parameters and
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dissolved oxygen concentration in the BBL on the
inclined slope in the pycnocline zone (130 m depth)
indicate that there is water transport perpendicu-
lar to the shore. It was assumed that such move-
ment is partially caused by the Ekman transport
[Elkin et al., 2017; Ostrovskii and Zatsepin, 2016;
Zatsepin et al., 2007]. However, the data analysis
did not support that hypothesis. It seems that the
observed transport is almost entirely specified by a
geostrophic adjustment of the density field to the
current field, and the role of the Ekman transport
in the BBL is rather insignificant. This point is
also supported by the improved (as compared to
[Elkin et al., 2017]) theoretical estimation of water
movement in the BBL caused by the integral Ek-
man transport. Nevertheless, the existence of the
integral Ekman transport in the BBL is confirmed
by the fact that the ratio of normal to the shore
current velocity to alongshore current velocity is
mostly negative when intensive currents penetrate
down to the bottom. However, a regular “left turn”
of current velocity, as the water flow nears the bot-
tom [Taylor and Sarkar, 2008], was not detected in
our studies.
This paper mostly ignores the data of the sec-

ond installation, when the SeaGuard probe was
placed at the 243 m depth, and the Aqualog pro-
filer worked (albeit with some interruptions) close
to it. Preliminary analysis of the collected data had
shown that average current velocity at this depth
was very low (about 5 cm/s) and peak values did
not exceed 12 cm/s. There were no signs of oxy-
gen intrusions at this level from above. It means
that the oxygen inflow mechanism, specified by wa-
ter dynamics in the bottom boundary layer, can
hardly support meiobenthos life at depths of 220–
250 m [Stunzhas et al., 2018, 2019].
A thoroughly mixed BBL that was observed only

in the periods of most intense bottom current is
probably specified by the fact that bottom incli-
nation prevents the formation of the BBL for a
highly stratified fluid. Indeed, if isopycnals come
up against the inclined bottom, the bottom mix-
ing is followed by isopycnal intrusions penetrating
the stratified water, while the stratified water per-
meates into the BBL [Plaksina et al., 2015]. Be-
cause of these exchange processes, the bottom layer
constantly restratifies and, in contrast to a non-
inclined bottom, there is no sharp density bound-
ary separating it from the overlying water layer.
Therefore a development of a well-mixed bottom

layer is severely hindered when the inclination an-
gle and density stratification are high enough. It
seems that really high values of shear velocity are
required, along with a rather prolonged impact, to
form the mixed bottom layer in that case. Once it
happens, the normal to the shore water transport
can be expected to follow the principles of Ekman
dynamics. In the case of low shear velocity, how-
ever, the Ekman transport in the bottom layer of
the stratified fluid on an inclined plane may fail to
develop. This problem requires additional experi-
mental and theoretical studies.
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