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Abstract: The paper analyzes quasiperiodic upwellings and downwellings on the shelf and upper part of
continental slope of the north-eastern Black Sea. It is shown that these processes are related to changes in
intensity and direction of alongshore current and the following geostrophic adjustment of density field. The
source of such changes is a meandering of the Black Sea Rim Current (RC). It leads to a quasi-periodic change of
direction of the alongshore current, from north-western (cyclonic RC meander) to south-eastern (anticyclonic
RC meander, or eddy). These cycles, or phases, have average duration about 10 days. During the north-western
phase, the permanent Black Sea pycno-halocline (hereafter pycnocline) and seasonal thermocline descend, their
thickness increases, and so does the thickness of the upper mixed layer (UML). During the south-eastern phase
both pycnocline and seasonal thermocline ascend and become thinner, along with the UML, which also becomes
thinner. In both phases, isopycnals in the pycnocline and isotherms in the thermocline demonstrate quasi-in-
phase vertical oscillations, which have a good correlation with speed and direction of the alongshore current.
These correlations allow estimation of the magnitude of upwellings and downwellings in the shelf-slope area of
the north-eastern Black Sea using data series of current velocity profiles.
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1. Introduction

Physical nature of upwellings in the World Ocean is usually attributed to wind impact, Ekman
transport of surface water away from the shore and compensating upward movement of deep water
[1-3]. In the coastal zone of the Black Sea, wind is also considered a major reason beyond the
upwelling events [4]. At the same time, direction and intensity of alongshore geostrophic currents in
the upper ocean layer play an important role in upwelling and downwelling formation, and such
currents often have no direct connection to the wind [5].

It is well known that most intense upwellings are observed in the Eastern Boundary Currents,
such as the Canary, Benguela, California, Peru, etc. [6]. Geostrophic dynamics of these currents push
isopycnal and isothermal surfaces upward, while wind force generates offshore Ekman transport that
amplifies the water rise. The combined effect of these two factors produces a permanent upwelling,
which significantly increases biological productivity of euphotic layer [7]. In turn, dynamics of the
Western Boundary Currents, such as the Gulf Stream, Kuroshio, Brazil, East Australian, etc. push
isopycnal and isothermal surfaces downwards and generate downwelling, which improve
oxygenation of deeper layers but hamper biological production in the surface layer.

The Black Sea is characterized with a cyclonic circulation, which affects the entire basin and
causes water to rise in the central part and descend at the periphery. The main structural element of
this circulation is the Rim Current [8, 9] — a downwelling and baroclinic current with maximum
velocity near the surface. The RC velocity rapidly decreases with depth, slowing almost to a halt at
250-300 m [10], due to a sharp pycnocline. The pycnocline is located at 50-200 m depth, and vertical
turbulent transfer is heavily suppressed in this layer. The RC core is generally situated near the base
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of the Black Sea continental slope, about 10-30 km from the shore in the north-eastern part (where
both shelf and continental slope are narrow) and 50 km and more from the shore in the north-western
part (where shelf and continental slope are wide) [11]. Velocity inside the RC core occasionally
reaches 1 m/s and even more, but the average speed of RC is 0.15-0.20 m/s [12].

RC and the central sea upwelling are mostly caused by a large-scale wind forcing, which has a
cyclonic vorticity in the Black Sea region [13-15]. This vorticity increases during late autumn and
winter and decreases in spring and summer. Correspondingly, both RC and the central sea upwelling
become stronger during the cold season and weaker in the warm season. RC dynamics, especially
during its weaker periods, include baroclinic instability, jet meandering and generation of mesoscale
eddies, mostly anticyclonic [15-18]. Due to the meandering, in the north-eastern part of the sea, where
the shelf-slope zone is narrow, the RC core sometimes gets close to the shore (cyclonic meander) and
sometimes moves away (anticyclonic meander, or eddy). As a result, the current in the coastal zone
exhibit mostly a bimodal behavior [16, 19]. A cyclonic meander causes intensification of the north-
western current. An anticyclonic meander produces an anticyclonic eddy, and the alongshore current
changes direction to south-east.

Recent studies based on modeling [20] showed that interaction of the RC with topographic
irregularities could also provide a certain input into formation of mesoscale eddies in the north-
eastern Black Sea. The shoal near Pitsunda may act as a trigger for formation of mesoscale eddies,
which travel slowly to the north-west, towards Gelendzhik and Novorossiysk.

Regular long-term studies on the upper part of continental slope, performed with the Aqualog
profiler [21, 22] at the moored station near Gelendzhik, have shown that the average duration of one
current oscillation cycle (when the alongshore current flows north-west and then south-east) is about
10 days (range 5-15 days). This variability has a synoptic time scale (i.e. from several days to two
weeks).

Since the Aqualog also collects salinity and temperature profiles (CTD data) along with current
velocity profiles, it was found that vertical position of isopycnals in the pycnocline and isotherms in
the thermocline depends on the alongshore current direction. The isolines ascend during south-
eastern current and descend when it turns north-west. The range of their vertical synoptic time scale
oscillations can reach 70-80 m [23], which is comparable with seasonal dynamics of their vertical
position.

Thus, while the coastal geostrophic current in the north-eastern Black Sea is mostly of
downwelling type, during some periods it changes direction, producing an upwelling. In most cases,
such an upwelling is incomplete, i.e. it does not bring thermocline water to the surface. Nevertheless,
the isotherms during this event rise upwards significantly, and if their rise is further amplified with
a north-western or northern wind, a complete upwelling may occur [24]. It was found that while
“non-wind” incomplete upwellings and downwellings occur quite often, they rarely coincide with
correspondingly upwelling or downwelling wind forcing [25].

The described upwelling and downwelling oscillations correspond closely to a mathematical
model of the geostrophic adjustment. For simplicity, let us take a two-layer stratified fluid, with a
thin upper layer (200 m), as compared to the lower layer (2000 m). We also assume that a cyclonic
basin-scale rim current is present in the upper layer and absent in the lower layer (a purely baroclinic
case). In this case, spatial variation of sea level, which is a driving force of the current in the upper
layer, is fully compensated in the lower level due to curvature of density boundary between the layers.
The current core, generally distanced from the shelf by the baroclinic deformation radius Rs,
approaches the shelf edge during a cyclonic meander and moves off the edge during an anticyclonic
meander (Figure 1). In the context of the two-layer model

Ra=(g’H)"/f (1)

Here g’ = gAp/p is a reduced acceleration of gravity, Ap/p —a relative difference of density
between the layers, H — an average height of the upper layer (including pycnocline), f — the Coriolis
parameter. Using typical values for the Black Sea, Ap/p = (1.5-2.0)-10-%; H = 150-200 m; f=104s", and
the resulting Ri= (15-25)-10°> m = 15-25 km. This estimation is almost identical to the value, acquired
in [12] with a more sophisticated method, and very close to the results of other approaches [8, 26].
Suppose that a meander radius is about the same as Ry, current velocity in the middle of the meander
is zero, while on its edge, in the current core, the velocity is maximal. Due to geostrophic adjustment,
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depth of the boundary between the two layers will be different on the edge of the meander and in the
middle of the meander. This depth difference will be denoted as AH. Then the current velocity on the
edge of the meander, AU, estimated with the geostrophic approximation, can be defined as:

AU = ¢’AH/(Rf) @)

Let us assume a cyclonic direction for AU (i.e. towards north-west in a cyclonic meander) as
positive. Then from (2) it follows that AH is also positive, and the boundary between the layers
deepens towards the shore. In the opposite case, we have a south-eastern coastal current in an
anticyclonic meander, AH is negative, and the boundary rises up towards the shore. From (2) follows
that:

AH = (RifAU)/g’, )

and for AU =0.30 m/s, g’ =2-102 m/s2and Ra=2-10* m, AH = 30 m. Since the velocity difference can be
even larger, the absolute value of AH can exceed the above estimation, and the peak-to-peak
amplitude S = 2AH between cyclonic and anticyclonic meanders can reach 70-80 m. Such values are
indeed observed in reality from time to time.

Let us assess the applicability of the geostrophic approximation to RC meanders and eddies with
the radius of Rs and maximal orbital velocity AU = 0.30 m/s by calculating the respective Rossby
number, Ro:

Ro = AU/(Réf) = 0.15 4)

This value is significantly lower than unity, therefore the dynamics of RC-generated meanders
and eddies, as a first approximation, can be assumed geostrophic.

On a base of satellite altimetry, it was shown [27] that a typical velocity of eddies and RC
meanders along the coast in the north-eastern Black Sea is about 0.05 m/s and directed towards north-
west. For simplicity, let us assume that RC meanders are “frozen” and retain their shape while
moving along the coast. Therefore, for a cyclonic meander to be replaced with an anticyclonic, their
alongshore drift should amount to 2R¢=4-10* m = 40 km, which would take the time ¢t = 4-104/ 0.05 =
8-10% s = 9.3 days (Figure 1).
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Figure 1. Meandering of the Rim Current and periodic change of direction of the alongshore current in the
studied area. On the left —a cyclonic meander, the RC jet gets close to the coast. On the right — an anticyclonic
meander, the RC jet moves off the coast, a reverse flow (shown as wide arrows) forms near the shore. The
red dots indicate positions of measuring stations (Aqualog, thermochains and ADCPs).
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Although the above description of the RC dynamics, its meanders and eddies, is very simplified,
occasionally it gets confirmed by satellite data. Figure 2 shows a satellite image of the north-eastern
Black Sea, with a chain of cyclonic and anticyclonic eddies that generate oppositely directed
alongshore currents.

% . Novorossiysk
-

Figure 2. Satellite image of the north-eastern Black Sea (Landsat 8, OLI, bands 3-5), 28 April 2015. AC -
anticyclonic mesoscale eddies, C — cyclonic mesoscale eddies. Red arrows show alongshore current direction.
Size of the eddies can be roughly estimated based on the distance between Novorossiysk and Gelendzhik
(about 30 km in a straight line).

Therefore, the observed rise and descend of isopycnals and isotherms inside the Black Sea
pycnocline, with a typical period of 10 days, can be considered geostrophic, caused by cyclonic and
anticyclonic RC meanders that follow each other and move towards north-west along the coast. Based
on the long-term (5.5 years) near-continuous measurements at moored buoy stations [10], it was
found that the average number of direction-changing cycles for the alongshore current is 32 per year
(range 19-46), corresponding to the average period of 11 days, which is very close to our estimation.

So far, however, there were no quantitative studies of connection between vertical position of
isopycnals and current velocity dynamics on a synoptic time scale in the Black Sea. It is unknown
whether these changes are in-phase, or if there is a time lag. It is unclear, how oscillations of the
alongshore current velocity are reflected in the thermocline, both on the continental slope and shelf,
and how large is a difference between the thermocline and pycnocline oscillations, their periods and
amplitudes.

This paper tries to answer these questions using the long-term measurements by moored
Aqualog profilers, bottom acoustic Doppler current profilers (ADCP) and thermistor chains, installed
near the ADCPs. These high-frequency detailed data provide the means to study the dynamics of
current velocity and isopycnals inside the pycnocline, as well as variations of current velocity and
isotherms inside the seasonal thermocline.

The description of data and methods is provided in the next section. The results are given after
that, followed by the discussion, and the summary of main results concludes the paper.

2. Materials and Methods
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The analyzed data were acquired in the north-eastern part of the Black Sea, near Gelendzhik.
The autonomous moored profiler Aqualog (Figure 3) was set up on the continental slope, at about
250 m depth, 5 nautical miles from the shore. The profiler operated continuously from January 2016
to February 2017, with a few necessary maintenance breaks, collecting more than 1100 CTD and
current velocity profiles during 286 days. The Aqualog is capable of moving up and down along a
mooring line stretched between a bottom anchor and a subsurface floatation. The latter was
positioned about 30 m below the sea surface — deep enough to avoid any significant effect on it from
surface waves.

Subsurface

| Sensors ;T

Carrier
PVC-coated
stainless
steel wire

5 meters)

Acoustic
release ™\

/Anchor

Figure 3. The layout of the Aqualog profiler mooring station.

Because of a stable propulsive force and a streamline body of the device, its speed along the
mooring cable was stable (about 20 cm/s in average, varying within a few cm/s). The Aqualog was
equipped with the CTD probe Idronaut Ocean Seven 316 to measure temperature and salinity with a
vertical resolution of 8-10 cm and the Doppler acoustic current meter Nortek Aquadopp 3D to
measure current velocity with a vertical resolution of about one meter.

Bottom ADCP and a moored thermistor chain were installed in the same time and in the same
area of continental slope as the Aqualog, only 2 km closer to the shore, at the depth of 86 m. This pair
of devices will be further referred to as “deep ADCP and thermochain”, to differ them from another
pair of ADCP and thermochain, installed on the inner shelf (see below). Temperature was measured
in a layer of 10-70 m, with an accuracy of + 0.01 °C. More detailed description of this particulate
thermochain, its design and installation nuances, is provided in [28]. The ADCP (Teledyne RDI WHN
Workhorse Sentinel, 300kHz) was mounted inside a protective pyramid and set on the sea floor, at a
distance of 100-150 m from the thermochain. Deep ADCP and thermochain were functioning from
the end of March to November 2016, with a 19 days maintenance break (214 working days in total).

Third source of data was another pair of ADCP and thermochain, working together at 26 m
depth, 1.3 km from the shore. This pair of devices, further called “nearshore ADCP and thermochain”,
was connected online to a computer in a coastal laboratory via an armored underwater fiber-optic
cable. These measurements were performed from the beginning of April to mid-July 2017, with a 7
days maintenance break (98 working days in total).

Location of all three sets of the devices are shown in Figure 1. Frequency and resolution of the
profilers were as follows. The Aqualog measured detailed vertical profile from bottom to the
subsurface floatation 4 times a day. Deep ADCP and thermochain measured profiles of temperature
and current velocity every 4 minutes. Nearshore ADCP and thermochain measured profiles of
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temperature and current velocity every 30 seconds. The Aqualog data were binned into 1 m vertical
cells. Distance between thermistors on the deep thermochain was 2 m, on the nearshore thermochain
— 1 m. Vertical resolutions of the ADCPs were set to match the nearby thermochain.

As a preliminary processing, the thermochain and ADCP data were smoothed with a moving
average in 1-hour window. After that, to remove short-period near-inertial oscillations (16-18 hours),
all data, including the Aqualog, were smoothed in a 2-days window. In case of the Aqualog, temporal
smoothing was performed along isopycnals, rather than depth coordinates, since distribution of main
hydrophysical parameters (temperature, flow velocity, etc.) in the Black Sea depends on density, and
gradient of these parameters along density surfaces is very small. Because of that, temporal averaging
for the Black Sea pycnocline comes out more accurate (with a far less amount of fluctuations), when
performed in density coordinates. For that purpose, the primary data, initially binned into 1 m
vertical cells, were re-binned into isopycnal layers with a uniform vertical step of 0.01 kg/m3. An
Akima spline [29] was used to interpolate the data over the thicker density grid. After this
transformation, a 2-day moving average was applied to each individual isopycnal within the
potential density range from 14.1 to 16.3 kg/m?. The density limits were chosen to ensure that the
selected density range was almost always within the depth limits of the studied layer. While the top
and bottom depths of the Aqualog profiles remained mostly the same, water density varied
significantly, and a wider density interval would result in more data gaps near the endpoints of the
profiles.

Neither the ADCPs nor the thermochains measured density, thus temporal smoothing in their
case was performed in depth coordinates. However, since the water layer, measured by these devices,
was situated above the pycnocline and mostly included the seasonal thermocline and UML, where
salinity input into density is minor, lack of density connection in this case does not appear to be of
large significance.

The studied area is dominated by alongshore currents, and the alongshore velocity component
is usually 5-10 times higher than the cross-current [30]. To separate the alongshore component from
the rest of the data, the original velocity data were transformed with a rotation matrix in such a
manner that north component became directed along the shore, while east component became
perpendicular to the shore. As was shown by our previous estimates [30], the optimal rotation angle
to transform the coordinate system from north-east coordinates to alongshore-cross-shore
coordinates is 50° counterclockwise (43° counterclockwise, if the data were already adjusted for the
local magnetic declination).

Since the main goal of this work was to compare the dynamics of synoptic vertical oscillations
of isopycnals and isotherms with the dynamics of the alongshore current, we decided to find a
relative conformity between the local extreme values of these parameters. The measurements took
place at the same point, therefore it seems logical to assume that extreme depth positions of
particulate isopycnals should correlate with extreme values of the current velocity, measured at the
same station in about the same time. There was a problem, however, how to reduce an entire velocity
profile to a single value — something to compare the isopycnal depth with. After a couple of
experiments, we decided to average current velocity in a +15 m layer around the point, where an
absolute maximum of horizontal velocity was found. This value was denoted as AU in the formulas
(2)—(4). Such a procedure was performed for every profile of current velocity, measured by the
Aqualog and ADCPs. For a relatively thin layer of 26 m at the nearshore station, the averaging radius
around the absolute maximum was reduced to 3 m.

Isotherms and isopycnals tend to ascend in spring and early summer and descend deeper in late
summer, autumn and winter. To remove that seasonal signal from the synoptic dynamics, depth of
isolines was smoothed with a temporal step of 20 days. After that, the acquired values were
subtracted from the original depth. The resulted “high-pass” values were considered as synoptic
anomalies of isolines position and used to find correlation between the oscillations of isolines and
alongshore current velocity, where the latter was averaged according to the above-described
procedure.

3. Results

3.1. Oscillations of Isopycnals in the Permanent Pycnocline and Their Correlation with the Alongshore
Current Dynamics, Based on the Aqualog Data
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A general picture of isopycnal oscillations in the pycnocline (depth range from 60 to 200 m) for
the period from January 2016 to February 2017 is shown in Figure 4. We chose three isopycnals,
smoothed with a 2 days moving average: co = 14.6 kg/m? (blue), 15.4 kg/m?3 (olive) and 16.0 kg/m?
(red). First of them represents the top of the pycnocline, second — the nitrate maximum, usually found
in the pycnocline at this density level, third — the redox zone (a thin anoxic layer between oxygenated
water and deep water with hydrogen sulfide). The isopycnals demonstrated strong variability on a
synoptic scale, with a typical period of 5-15 days, and some peak-to-peak values reached 50-60 m.

50

60

6,=14.6
6,=15.4
5,=16.0

4 20 36 52 68 84 100 116 132 148 164 180 196 212 228 244 260 276 344 360 376 392
Days from January 1, 2016.

Figure 4. Vertical dynamics of isopycnals (sigma-theta) from January 2016 to February 2017 on the
continental slope, north-eastern Black Sea, smoothed with 2 days moving average: 14.6 kg/m? (blue), 15.4
kg/m3 (olive) and 16.0 kg/m? (red).

Animportant point is that the oscillations of all three isopycnals were in-phase, with very similar
amplitudes. Because of that, we used the “middle” isopycnal of 15.4 kg/m? to demonstrate the
correlation of density level oscillations inside the pycnocline with the dynamics of current velocity

(Figure 5).

0.6

J[: Mean alongshore current in the +/- 15 m layer around the absolute maximum

© o © o o
O I
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4 12 20 28 36 44 52 60 68 76 84 92 100 108 116 124 132 140 148 156 164 172 180 188 196 204 212 220 228 236 244 252 260 268 276 336 344 352 360 368 376 384 392 400
Days from January 1, 2016.

Figure 5. Temporal variability of the alongshore current velocity parameter (A) and vertical dynamics of the
isopycnal 15.4 kg/m? (B), from January 2016 to February 2017 on the continental slope, north-eastern Black
Sea, smoothed with 2 days moving average. Red dots mark local extreme values. Vertical dashed lines
connect local minimal values of the velocity parameter with the closest (in terms of time) minimal values of
the isopycnal depth. Dotted splines mark full cycles of descend and ascend for the isopycnal and the
corresponding oscillation cycles of the current velocity parameter.
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Figure 5 demonstrates high correlation of the isopycnal vertical position with the alongshore
current velocity parameter. An increase of north-western current (positive values) deepens the
isopycnals, while south-eastern current (negative values) brings the isopycnals closer to the surface.
However, it cannot be said that the velocity changes are ahead of the isopycnals: in about half the
cases, the opposite is true.

An analysis of the full cycles of descend and ascend for the isopycnal 15.4 kg/m3 in Figure 5
provides the following statistics. An average period of the full cycles of descend and ascend was 8.9
days (range 3.5-16 days), with an average amplitude of 21.9 m (range 7.9-45.9 m). The amplitude was
calculated as a difference between a point of maximal descend (maximal increase in case of velocity)
and an average between starting and ending values.

Corresponding statistics of the current velocity parameter were as follows. An average period of
the full cycles “from a minimum to a minimum” was 9.3 days (range 3.7-16 days), with an average
amplitude of 0.40 m/s (range 0.19-0.61 m/s). Apparently, average periods of the synoptic oscillations
for the isopycnals and velocity parameter match each other fairly well.

The seasonal signal was subtracted from the isopycnal position data (as described in the Materials
and Methods), and the respective local extreme values (red dots in Figure 5) of the isopycnal vertical
oscillation and the alongshore current velocity parameter were plotted against each other (Figure 6)
to determine a correlation between them. Our calculations show that there is a relatively high linear
correlation between the synoptic anomalies of the isopycnal position (AH) and the alongshore current
velocity parameter (AU).
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o .
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Mean alongshore current in the +/- 15 m layer around the maximum velocity, m/s

Figure 6. Linear correlation between local extreme values of the current velocity parameter and the
respective extreme values of the isopycnal 15.4 kg/m? vertical position anomaly.

The equation of linear dependence of AH from AU, with a Pearson correlation coefficient R = 0.81,
is as follows:

AH = 43.9AU - 3.51 )

For the isopycnals of 14.6 and 16.0 kg/m?, the correlation dependence is almost the same, with
the equations (6) and (7) correspondingly:

AH = 44.0AU - 347, ©)
AH =42.6AU -3.71, @)

R =0.70 for (6) and R = 0.81 for (7).
A generalized formula for all three isopycnals, with R=0.77, is as follows:
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AH = 43.5AU - 3.57 ®)

To what extent these dependencies reflect geostrophic balance will be analyzed later, in the
Discussion section.

3.2. Oscillations of Isotherms in the Seasonal Thermocline and Their Correlation with the Alongshore
Current Dynamics, Based on the Deep ADCP and Thermochain Data

In Figure 7, the isotherm dynamics, based on the deep thermochain data, is compared with the
isopycnal dynamics, based on the Aqualog data. As it is seen in the figure, the synoptic oscillations
of isotherms in a developed seasonal thermocline (late summer — autumn) are quasi-in-phase with
the isopycnal oscillations in the pycnocline. Since the Aqualog and the deep thermochain were placed
2 km apart, it would be hard to expect a full synchronism between their measurements. Nevertheless,
temporal inconsistencies between major oscillation peaks of the isotherms and isopycnals are
generally less than one day.
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Figure 7. Comparative dynamics of the isotherms in the upper layer, measured by the deep thermochain,
and the isopycnals in the pycnocline, measured by the Aqualog. The data shown represents the periods
when both devices were working simultaneously and the seasonal thermocline was sufficiently developed.

Unlike the isopycnals in the pycnocline that exist permanently, the isotherms in the seasonal
thermocline only appear after initial spring warming, in April-May, and vanish in November—
December, after autumn cooling. Because of that, the isotherms of 10-11 °C in the lower part of the
thermocline have the longest continuous existence, never vanishing during summer heating and the
following autumn cooling. The synoptic oscillations of isotherms generally follow each other (Figure
7), so the isotherm 11 °C was chosen to study the correlations between the alongshore current velocity
and isopycnal dynamics.

The results are shown in Figure 8. Nearest local extreme values of the alongshore current velocity
parameter and the vertical position of the isotherm 11 °C are connected with dashed lines. The tilting
of these lines varies, in a same way as it was for the isopycnals (Figure 5). It would explain why a
general correlation between the current velocity and isoline depth, which uses all the data and not
just the connected extreme values, is rather poor.
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Figure 8. Temporal variability of the alongshore current velocity parameter (A) and vertical dynamics of the
isotherm 11 °C (B) in 2016, on the continental slope, north-eastern Black Sea, smoothed with 2 days moving
average. Red dots mark local extreme values. Vertical dashed lines connect local minimal values of the
velocity parameter with the closest (in terms of time) minimal values of the isotherm depth. Dotted splines
mark full cycles of descend and ascend for the isotherm and the corresponding oscillation cycles of current
velocity.

As seen in Figure 8, there is a good correlation between the current velocity oscillations,
measured by the deep ADCP, and the dynamics of the isotherm 11 °C, measured by the deep
thermochain. A linear correlation between the nearest extreme values of these parameters is shown
in Figure 9. Apparently, their dynamics are closely interrelated.
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Figure 9. Linear correlation between local extreme values of the current velocity parameter and the
respective extreme values of the isotherm 11 °C position anomaly.
The equation of linear dependence of AH from AU, with a Pearson correlation coefficient R = 0.81,

for the isotherm 11 °C is as follows:

AH =21.0AU - 1.29 )
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Comparing the coefficients in (8) and (9), we can see that the isopycnal dynamics twice as much
depends on the velocity oscillations, than the isotherm dynamics. This difference will be discussed in
the next section.

The statistics for the full cycles of descend and ascend for the isotherm 11 °C were as follows. An
average period of the full cycles of descend and ascend was 9 days (range 3.3-17 days), with an
average amplitude of 11.1 m (range 5.2-21.9 m). The corresponding statistics of the current velocity
parameter showed an average period of 9.1 days (range 3.3-17 days) for the full cycles, with an
average amplitude of 0.40 m/s (range 0.13-0.75 m/s).

3.3. Oscillations of Isotherms in the Seasonal Thermocline and Their Correlation with the Alongshore
Current Dynamics, Based on the Data of Nearshore ADCP and Thermochain

Unlike the data from the Aqualog (the continental slope) or deep ADCP and thermochain (shelf
edge), the data from the nearshore ADCP and thermochain station on the inner shelf (26 m depth)
have shown a significant variability (Figure 10). Thin surface layer was affected by wind and coastal
inflow in a stronger way, than deep water of the outer shelf and continental slope. As seen from
Figure 10, isotherms were constantly replacing each other, appearing and disappearing, and picking
a temperature value that would exist in this layer for a long period was rather difficult. The most
relevant option was the isotherm 14 °C, which continually existed in the measured data for 62 days.
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Figure 10. General dynamics of temperature at the 26 m depth nearshore station during spring and summer
of 2017 based on the thermochain data.

Oscillation diagrams of the alongshore current velocity parameter and the isotherm 14 °C are
shown in Figure 11. As before, nearest local extreme values of both parameters are connected with
dashed lines. As seen from Figure 11, there is still some correlation between the isotherm dynamics
and the alongshore current velocity, although to a lesser extent than in the case of the deep stations.
Unlike the deep stations, some local extreme values of current velocity have no obvious match in the
isotherm vertical position.
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Figure 11. Temporal variability of the alongshore current velocity parameter (A) and vertical dynamics of
the isotherm 14 °C (B) in spring—summer 2017, at the 26 m depth nearshore station, smoothed with 2 days
moving average. Red dots mark local extreme values. Vertical dashed lines connect local minimal values of
the velocity parameter with the closest (in terms of time) minimal values of the isotherm depth.

While the number of the connected local extreme values of isotherm depth anomaly and the
velocity parameter in this case is lacking, it is still possible to derive a certain linear correlation
between them (Figure 12).
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Figure 12. Linear correlation between local extreme values of the current velocity parameter and the
respective extreme values of the isopycnal 14 °C position anomaly.

Table 0. for the isotherm 14 °C is as follows:.

AH=10.1AU-0.44 (10)

Comparing the coefficients in (10) and (9), between the nearshore station and the one on the
outer shelf, we can see that the nearshore isotherm dynamics depends half as much on the velocity
oscillations, than the isotherms measured at the deep station. This difference will also be discussed
in the next section.

Despite the rather low correlation, a certain connection still exists between the alongshore
current velocity dynamics and the isotherms vertical position, even in a shallow water layer, heavily
affected by perturbations of ageostrophic nature.

Some statistical estimations can still be produced. An average period of the full cycles of the
isotherm descend and ascend was 6.9 days (range 3.4-11.3 days), with an average amplitude of 6 m
(range 2.7-10.3 m). The corresponding current velocity parameter had an average period of 6.6 days
(range 3.4-10.3 days) for the full cycles, with an average amplitude of 0.38 m/s (range 0.11-0.69 m/s).
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There is, therefore, a significant decrease of the average period and oscillation amplitude of the
isotherm position at the nearshore station in comparison with the continental slope, while the average
amplitude of the alongshore current velocity and its range remained almost the same.

4. Discussion

As was mentioned in the Introduction, the Black Sea shelf and continental slope have an overall
downwelling circulation, caused by the cyclonic Rim Current. The RC, however, is baroclinically
unstable, its meandering produces mesoscale eddies, which slowly move along the coast following
the RC direction. This leads to significant variations of magnitude and direction of the alongshore
current on a synoptic time scale [23], often resulting in local quasi-periodic upwellings and
downwellings. Temporal variability of vertical position of isopycnals in the pycnocline on the upper
part of continental slope (250 m depth), as well as isotherms in the seasonal thermocline on the outer
(86 m) and inner shelf (26 m), has a pronounced oscillation mode with an average period of 9.1 days
(range 3.3-17 days) for the outer shelf and continental slope, and 6.9 days (range 3.4-11.3 days) for
the inner shelf. This mode has a distinct correlation with magnitude and direction of the alongshore
current velocity, confirming a concept of quasi-geostrophic adjustment.

To evaluate how far the registered oscillations of the isopycnals and isotherms comply with the
conception of their geostrophic nature, let us substitute (1) into (3):

|AH | = (H/g')"2AU (11)

First, we will apply (11) to the pycnocline. Here |AH| is an absolute value of isopycnal vertical
shift, caused by a geostrophic current with a velocity difference AU in the pycnocline; g’ = gAp/p is a
reduced acceleration of gravity, where Ap/p is a density difference in the pycnocline; H is an average
height of the upper layer, including the pycnocline. Substituting typical values, described in the
Introduction, we get |AH!| = 100AU. The linear correlation coefficient for the isopycnal 15.4 kg/m?,
however, presented in (5), is about 44. It is 2.3 times less than the number that follows from the pure
geostrophic balance. Such a significant divergence could be, on one hand, a result of rather
provisional parameters chosen to describe the problem. On the other hand, it could be caused by
some ageostrophic factors (nonlinearity and friction), which can noticeably reduce a real vertical shift
of the isopycnals in comparison with the pure geostrophic estimation. This issue requires a further
study.

A synoptic period of isotherm oscillations in the seasonal thermocline (based on the deep
thermochain data) is roughly the same as a period of isopycnal oscillations in the pycnocline, and
both of these oscillations are quasi-in-phase (Figure 7). This means that they are generated by the
same mechanism. However, the average amplitude of the isotherm oscillations is 11.1 m, which is
about 2 times less than the average amplitude of the isopycnal oscillations (21.9 m). According to (11),
this difference is caused by the H/g’ ratio, which is 4 times less for the seasonal thermocline than for
the pycnocline (assuming the thickness of the upper layer, i.e. the UML plus thermocline, H = 50 m
and the reduced acceleration of gravity ¢’=2:102 m/s?, due to temperature drop in the thermocline).
At the same time, there was no difference between average amplitudes of the alongshore current
velocity oscillations measured by the Aqualog and deep ADCP. In both cases, they had nearly the
same value of about 0.4 m/s.

Although this estimation is quite crude, since the parameters of the thermocline vary
significantly from month to month, the H/g" ratio generally remains the same for the thermocline, at
least during its formation period, when the heat flux is directed downwards. This may be an
indication that thermocline formation is a self-similar process, but its patterns require an additional
study.

The above-mentioned amplitude values of isotherm oscillation are based on the deep
thermochain data. When it comes to the nearshore station, the average oscillation amplitude for the
isotherms was only half as large (6 m against 11.1 m), most likely due to a bottom constraint that
limits their vertical movement, and the average period of isotherm oscillations has decreased as well
(6.9 days against 9.1 days). In addition, the linear correlation between the isotherm vertical position
and the alongshore current velocity parameter was significantly lower on the inner shelf (R = 0.46),
as compared to the continental slope (R = 0.81). Aside from the bottom constraint, wind impact and
coastal inflow might also be the reasons behind the declined correlation, since their effect increases
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towards the shore. Studies of wind impact and coastal inflow were put outside the scope of this paper,
since they are too complex and demand a separate investigation.

As was mentioned above, nearshore upwellings, caused by the alongshore current reversal
(geostrophic upwellings), usually do not bring thermocline water on the surface [25]. However, if
they are further amplified with an appropriate wind stress, a full upwelling is a very likely event. It
is quite possible that most of full nearshore upwellings in the north-eastern Black Sea are caused by
a joined effects of geostrophic and wind driven upwellings.

Even if an upwelling is incomplete, it still brings the thermocline close to the surface. Followed
by an intense wind force, the thermocline water is mixed into the UML, producing cooling effect and
enriching the upper layer with nutrients [31]. Additional nutrients will also get into the photic layer
from the pycnocline, where the nitrate maximum is located at the isopycnal level of 15.4 kg/m?. As
was mentioned in the Results, the average amplitude of vertical oscillations of this isopycnal exceeds
20 m. It is a significant value, comprising about 15-20% of total average depth of this isopycnal in the
slope area of the Black Sea. Combined with a large vertical turbulent exchange coefficient in the layers
with a high vertical velocity shear (such as the pycnocline) [32-34], a total inflow of nitrates into the
photic layer can increase significantly. This aspect still needs further research, though.

High-frequency oscillations of the lower boundary of the oxygenated zone (c0=15.85 kg/m?) can
cause a serious impact on benthos communities [35, 36], leading to ecosystem instability and
degradation. However, no clear evidence of such an effect on benthos was found on the continental
slope of the north-eastern Black Sea. According to the present data [37], based on continuous 2-month
long observations, a boundary between different biological communities at the depth of 80-150 m is
determined only by a total duration of hypoxia. A complete transfer from a depleted ecosystem to an
ephemeral one only occurs if, during the mentioned 2-month observation period, the total hypoxia
duration exceeds 1.5 months.

5. Conclusions

e Based on the long-term measurements of current velocity and CTD data by bottom anchored
stations on the shelf and upper part of continental slope of the north-eastern Black Sea, it was
found that vertical oscillations of isopycnals in the permanent pycnocline and isotherms in the
seasonal thermocline (upwellings and downwellings) on a synoptic time scale (5-15 days) are
caused primarily by geostrophic adjustment of density and velocity fields. At the same time,
quasi-geostrophic oscillations of the alongshore current velocity in the shelf-slope area are
caused by the baroclinic instability of the Rim Current, its meandering and formation of
mesoscale eddies.

e  Statistically significant linear correlations of vertical oscillations of isotherms and isopycnals
from the alongshore current velocity were discovered, which make possible to estimate a
magnitude of upwellings and downwellings in the shelf-slope area of the north-eastern Black
Sea using long-term measurements of current velocity profiles.

e  Typical periods of synoptic oscillations of isopycnals in the pycnocline on the upper part of
continental slope (250 m depth) are about 9 days, their typical amplitudes — 22 m. Oscillations of
isotherms in the seasonal thermocline on the outer shelf (86 m depth) have almost the same
period, but the average amplitude is half as large. On the inner shelf (26 m depth) the average
isotherm oscillation amplitude and period are even smaller: about 6 m and 7 days
correspondingly, due to ageostrophic effects.
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