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Abstract

Purpose. The study is aimed at identifying possible physical mechanisms for the variability of available
potential energy density and buoyancy fluxes in the upper active layer of the Black Sea.

Methods and Results. Spatial distribution of the available potential energy density and buoyancy fluxes
was studied based on analyzing the thermohaline characteristics of the Black Sea circulation in 2011
and 2016 resulted from the numerical experiments performed using the Black Sea dynamics model
developed in the Marine Hydrophysical Institute. The model included the EMODNet bathymetry and
the SKIRON system data on wind velocity, heat fluxes, precipitation, evaporation, and sea surface
temperature. The numerical experiments provided the daily fields of current velocities, temperature and
salinity based on which the density of available potential energy and the buoyancy work were
calculated. It is shown that the spatial-temporal variability of the available potential energy density in
the Black Sea was formed by the mechanisms different for the upper 30-m layer and for the main
halocline layer. The buoyancy work was revealed to be of seasonal variability.

Conclusions. In the upper layer, the variability of the available potential energy density is related primarily
to the propagation of freshened river waters, whereas in the main halocline layer (75-150 m), the field
structure is conditioned by mesoscale dynamics. In the first case, the increased values of the available
potential energy density are observed during ayear on the northwestern shelf and on the basin
periphery; in the central part of the sea, the distribution of available potential energy density is
determined by the atmospheric conditions. In the layer below 75 m, the maximum values of
the available potential energy density correspond to the anticyclonic eddies. In consequence of
the intensive water mixing in the upper active layer during the cold period of a year, the buoyancy work
is conditioned by vertical velocity. In a spring-summer period, a two-layer structure of the field is
observed which governed by the sign of density anomalies. The upper layer thickness constitutes 20—
30 m and corresponds to the depth of seasonal thermocline. In the main halocline, the highest absolute
values of the buoyancy work are observed in the zones of intense mesoscale anticyclones.
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Introduction
Available potential energy (APE) is one of the key concepts in the analysis of
mechanical energy transformation in the atmosphere and ocean. By definition, APE
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is a part of the total potential energy that can be converted into kinetic energy (KE).
The main physical processes that form the APE budget are energy dissipation and
buoyancy work when moving water masses in the vertical direction. Buoyancy
fluxes at the region boundaries (free surface, river mouths and straits) can both be
sources and sinks of APE. According to classical concepts [1-3], the APE release in
the ocean and its transformation into KE is associated with eddy variability. Modern
researchers confirm this concept based on theresults of realistic numerical
experiments and observational data [4-6]. In addition to the APE estimates as
the main source of energy for mesoscale eddies in the ocean, the APE dissipation
plays an important role in turbulent mixing [7, 8]. The contribution of the ocean APE
to the global ocean — atmosphere interaction is discussed in [9]. It follows from
the foregoing that the analysis of the mechanisms of APE variability is an urgent
problem in oceanology.

For the Black Sea, the APE reserve estimates based on observational data are
presented, for example, in the monograph * and in the works [10, 11]. According to
the authors, the average APE density in the upper active layer is about 20-30 J/m?;
it was also indicated in [10, 11] that the highest APE density is observed in
the permanent halocline layer (75-150 m). There are few works on the numerical
analysis of the APE budget in the Black Sea. The first quantitative estimates of
the buoyancy work contribution can be found in [12]. In [13], for the first time for
the Black Sea, a method for numerical analysis of all components of the energy
budget was proposed and the results for climate circulation were presented. Energy
transitions between the APE and KE in an idealized (circulation is driven by
a stationary wind) two-layer model were studied in [14].

According to the results of numerical experiments with realistic atmospheric
conditions [15-17], it was demonstrated that the average annual integral energy flux
formed by the buoyancy work is directed from the average APE to the mean current
KE. Consequently, the mean circulation in the Black Sea is supported by both wind
pumping and baroclinic instability of the mean current. In the case of a weakened
wind action, the energy contributions of the buoyancy fluxes can be commensurate
with the contribution of the wind work (see Fig. 6, in [17, p. 268]).

An analysis of seasonal variability of energy characteristics [18] revealed that
the value of the APE density significantly depends on the season of the year: its
highest values are observed in summer and are located in the layer from the surface
to the upper boundary of the seasonal thermocline (upper 20 m layer). The vertical
distribution of the buoyancy work is more complex and irregular. In the upper 20 m
layer, the buoyancy work is positive, which indicates the transformation of energy
from the APE to the KE; in the 20-40 m layer, it is negative, i.e. the APE increases
due to the KE. Positive values predominate below.

The purpose of this work is to study in detail the spatial distribution of the APE
density and buoyancy fluxes based on the analysis of the thermohaline circulation
characteristics and to identify possible physical mechanisms for the variability of
the APE and buoyancy fluxes in the upper active layer of the Black Sea.

! Blatov, A.S., Bulgakov, N.P., lvanov, V.A., Kosarev, A.N. and Tuljulkin, V.S., 1984. Variability
of the Black Sea Hydrophysical Fields. Leningrad: Gidrometeoizdat, 240 p. (in Russian).
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Materials and methods

This work is a continuation of the study begun in [17, 18], therefore, to achieve
the set goal, the results of two numerical experiments on modeling the Black
Sea circulation in 2011 and 2016 were used. These years were chosen based on
the considerations that the water dynamics reflected the “basin” (2011) and *“eddy”
(2016) circulation regimes [19]. In the first case, the structure of the current field
was dominated by the Rim Current, in the second case, mesoscale eddies dominated
in the central part.

The calculations were performed using the model of the Marine Hydrophysical
Institute (MHI) [20]. The model is based on the complete system of ocean
thermohydrodynamic equations in the Boussinesq approximation, hydrostatics, and
seawater incompressibility. The density nonlinearly depends on temperature and
salinity. Level height is calculated using a linearized free surface kinematic
condition. Heat fluxes, precipitation, evaporation, and tangential wind stress are set
as boundary fields on the sea surface. At the bottom, no-slip conditions and absence
of heat and salt fluxes are set, bottom friction is not taken into account. On the solid
side sections of the boundary, the free-slip conditions are satisfied, and the normal
derivatives are set equal to zero for temperature and salinity. On the liquid sections
of the boundary, the river inflow and water exchange through the straits are taken
into account. Vertical turbulent mixing is parameterized using the Mellor —
Yamada turbulent closure model. Horizontal turbulent viscosity and diffusion are
represented by biharmonic operators with a coefficient of 10 cm*.s™".

The MHI model is implemented on the C grid with a uniform step along
the horizontal coordinates of 1.6 km, 27 uneven z-horizons are specified vertically
with a concentration in the upper active layer. The bathymetry of the basin was built
according to EMODnet data (available at: http://portal.emodnet-bathymetry.eu) with
(1/8)" resolution. As an atmospheric forcing, 6-hour data on wind velocity at 10 m
height, evaporation, sea surface temperature, heat and precipitation fluxes provided
by the SKIRON system with a spatial resolution of 0.1° [21] were used. The
mathematical formulation of the MHI model, the parameters of numerical
experiments, and the validation of the calculation results are presented in detail in
[17]. In general, the structure of the model circulation corresponds to the generally
accepted concepts for the Black Sea [22]: in the autumn-winter season, there is an
increase in the current velocity and intense vertical mixing; in the warm season —
weakening of the basin dynamics, development of mesoscale eddies of various signs,
heating and freshening of the upper layers of the sea, formation of acold
intermediate layer.

As aresult of numerical experiments, we obtained daily fields of current
velocity, temperature, and salinity, from which the APE and the buoyancy work
were calculated. The main hydrophysical fields for evaluating the studied energy
characteristics are the density of seawater and the vertical component of the current
velocity. In the MHI model, the local density p is calculated using the Mamaev
formula [23] as a nonlinear dependence on temperature and salinity:

p=po(1+aT+aiS+alT? +a’5TS),

where po is a fresh water density; 7'is temperature; S is salinity; o are coefficients of
thermal expansion and salinity contraction [23].
PHYSIACAL OCEANOGRAPHY VOL.30 ISS.3 (2023) 357



Vertical velocity is calculated from the continuity equation

Z/0u Jdv p
W= Jo (6x+ay> Z

where u, v are horizontal components of velocity vectors; w is vertical velocity. The
MHI model is built in the right Cartesian coordinate system: the x-axis is directed to
the east, the y-axis — to the north, and the z-axis — down from the surface to
the bottom. A positive or negative vertical velocity value determines
the downwelling or upwelling, respectively. The accuracy of the continuity equation
is 1072 cm/s.

For the ocean, there is no exact formula for the APE calculation, so we used
the formula proposed in [24]:

N _dp) f o
Pm——anO(z)p av, mny(2)= . P=e (p), €]

where P, is a mean APE; V is a layer volume; g is a gravitational acceleration; p is
local density; p* is a local density anomaly. The bar above the symbol denotes time
averaging; < > is averaging over the layer area, taking into account the “land — sea”
mask. The parameter (p) is calculated as the local density averaged over
the corresponding model horizon and is a constant for each layer. In formula (1), in
contrast to the formula applied in [24], there is no minus sign before the integral.
This is due to the choice of z axis direction (down in the MHI model), which leads
to positive values of the vertical density gradient, which coincides with the direction
of gravity. The buoyancy work BW is calculated by the formula

BW = j gp*wadv. (2)
v

Formula (2) is strictly derived from the equations of the KE and APE variation
rate. As demonstrated in [3, 12, 13, 16], the buoyancy work enters both equations as
a separate term, only its sign in the corresponding equation differs. Consequently,
the magnitude and sign of the buoyancy work indicate the intensity and direction of
energy conversion between the KE and APE. In the MHI model, a positive value of
BW corresponds to the transformation from APE to KE. The time averaging interval
in formulas (1) and (2) is chosen to be one month, which makes it possible to take
into account seasonal variations in energy fluxes.

Results
For the analysis, the average monthly values of the APE density and
the buoyancy work density for each model horizon were calculated and the fields T,
S, w, p*, Pm and BW were compared at 5, 30, 50, and 100 m horizons, as well as
vertical sections of all indicated characteristics on the zonal section along 43°N.
Further in the text, for brevity, we omit the term “density” to denote the APE and
the buoyancy work per unit volume.
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Fig. 1. Monthly average APE density (a, ¢) and salinity (b, d) at the 5 m horizon in July 2011 (a, b)
and July 2016 (c, d)

For both considered periods, the spatial structures of the APE fields, salinity,
and density anomaly at all horizons are qualitatively similar. The zones of
the maximum APE values coincide with the localization of low salinity values. In
the upper 20-meter layer, the APE spatiotemporal variability reflects the influence
of river runoff and atmospheric conditions. Throughout the year, the highest APE
values are observed in the area of the mouths of the Dnieper and Danube rivers; in
the central part of the sea, APE changes insignificantly. In Fig. 1, the average fields
of APE and salinity for July at 5 m horizon in 2011 and 2016 are demonstrated. It
can be seen that the highest APE values in the northwestern part of the sea are related
to the zones of coastal water freshening (Fig. 1, b, d), which are formed due to river
runoff.

As the depth increases, the APE decreases by 1-2 orders of magnitude.
At the horizons below 50 m, the APE spatial structure is determined by eddy
activity. In Fig. 2 the distributions of APE and salinity at 100 m horizon in 2011 and
2016 are given. The areas of increased APE values (Fig. 2, a, c) coincide with
the zones of large density anomalies in absolute value, which are formed as a result
of salinity variations (Fig. 2, b, d) during the upwelling and downwelling in cyclonic
and anticyclonic eddies, respectively. Let us note that the APE store in anticyclones
(areas of low salinity in Fig. 2, b, c) is higher than in cyclones, approximately 2-3
times.

The seasonal variability of atmospheric fluxes has little effect on the APE in
the main halocline layer. For the periods under study, the maximum APE at
a horizon of 100 m was found in July 2011 in the Batumi anticyclone zone, and in
March and October 2016 in the Sevastopol anticyclone zone.
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Fig. 2. Monthly average APE density (a, c) and salinity (b, d) at the 200 m horizon in June 2011 (a, b)
and June 2016 (c, d)
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Fig. 3. Vertical velocity averaged over the upper 30 m layer in February 2011 (a), February 2016 (b),
August 2011 (c), and August 2016 (d)

According to theresults of the analysis, the spatiotemporal variability of
the buoyancy work can be conventionally divided into two types: in the upper 30-m
layer and in the layer of the main halocline (50-150 m according to [22]). We are to
consider in more detail the causes for such a distribution in depth. In the upper layer
for both periods, the density anomalies are positive in the cold season and negative
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in the warm season. Therefore, the spatial distribution of the BW value positive and
negative areas is determined only by the change in the vertical velocity sign. As can
be seen from Fig. 3, a, b, in autumn and winter, the vertical velocity (and,
consequently, the buoyancy work field) is characterized by a strong alternation of
zones of positive and negative values with maximum absolute values at the basin
periphery. In June — September (Fig. 3, ¢, d) in the eastern part of the sea, the areas
of upwelling (w < 0) prevail, in the western part — the areas of downwelling (w > 0).
Thus, in summer, in the upper layer of the western part of the sea, energy is
converted from KE to APE (BW < 0), and vice versa in the eastern part, from APE
to KE (BW > 0), regardless of the circulation regime.

Below 30 m horizon, there is no horizontal uniformity of density anomalies in
space. This is primarily due to the basin cyclonic circulation pattern of the Black
Sea waters (Fig. 4, a), which causes the lowering of isopycnals at the basin periphery
and rise in the central part, thus forming a positive density anomaly in the center
(Fig. 4, c). At a weak cyclonic circulation (Fig. 4, b), the lowering of the isopycnals
near the continental slope is weakly expressed.

p"., kg/m?

w1073, m/s

F i g. 4. Monthly average horizontal (a, b) and vertical (e, f) velocities, and density anomaly (c, d)
at the 100 m horizon in June 2011 (a, c, €) and June 2016 (b, d, f)

However, in both experiments, intense mesoscale anticyclones developing near
the slope (Fig. 4, a, b) contribute to the additional inflow of desalinated water from
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overlying horizons, which clearly manifests itself in the form of areas with minimum
values of density anomalies (Fig. 4, ¢, d) and maximum values of vertical velocity
(Fig. 4, e, ).

At the same time, upwelling at the periphery of anticyclones, which can be
demonstrated by the example of the Sevastopol anticyclone. In Fig. 5,
the distribution of horizontal (Fig. 5, a) and vertical (Fig. 5, b) velocities in
the Sevastopol anticyclone in mid-June 2011 is given. It can be seen that in the core
of the eddy (approximately the area with coordinates 44.23°N, 31.5°E), the waters
fall (w > 0) and isohalines are deflected. At the eddy periphery, the waters rise
(gradation of blue in Fig. 5, b), and the rise rate is higher at the right boundary, where
increased values of the orbital velocity are observed. In cyclonic eddies the situation
is reversed: in the center the water rises, at the periphery it falls. As can be seen from
Fig. 5, c, the core of the cyclonic eddy in the southeastern part of the sea in June
2016 corresponds to the rise of isohalines (Fig. 5, d).
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F ig. 5. Horizontal velocity at the 100 m horizon (a, c), vertical velocity on the zonal sections along
44.23°N (b) and 42°N (d) on June 15, 2011 (a, b) and June 18, 2016 (c, d). Black lines denote isohalines
(shading is 0.5%o)

Positive and negative density anomalies and alternation of the zones of
upwelling and downwelling lead to a complex structure of the buoyancy work field
below the 30 m horizon. In Fig. 6, the average BW maps for June for two calculations
are demonstrated. By virtue of the form of formula (2), the zero isolines of BW, p*,
and w coincide. Along the isoline separating positive and negative density anomalies
(Fig. 4, c, d), achange in the sign of the buoyancy work (Fig. 6, a, b) for both
experiments is observed. This boundary spatially corresponds to the Rim Current
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core in 2011 (Fig. 4, a) and the areas of mesoscale eddy formations in 2016 (Fig. 4,
b). The minimum BW values are observed in the cores of anticyclonic eddies with
maximum orbital and vertical velocities, the BW maximaare observed at
the periphery of intense anticyclones. In the central deep part of the sea, the range of
BW variability is several times smaller than in eddies, and the change in the vertical
velocity sign may be due to fast dynamic and thermohaline processes, which are
difficult to identify on the average monthly maps of the studied parameters. Thus,
the most energy-active zones in terms of energy conversion between kinetic and
available potential energy are mesoscale anticyclones.

BW-10-5 W/m?

Fig. 6. Monthly average buoyancy work per unit volume at the 100 m horizon in June 2011 (a) and
June 2016 (b)

The analysis of vertical sections of energy and hydrophysical fields in 2011 and
2016 revealed that the maximum APE values are localized in the coastal
northwestern part of the sea, where river waters are distributed (Fig. 1, a, c).
Vertically, the river runoff effect can be traced down to 25-30 m depths. The APE
density decreases with depth, and areas of increased values are observed in
the spatial distribution (compared to the surrounding waters), which can be
identified as a manifestation of eddy activity in the halocline layer. In Fig. 7,
the zonal sections of the APE and salinity fields are demonstrated. It can be seen that
in the 75-125 m layer in the central part of the sea the increased APE values
correspond to the zones of change in the isohaline slopes. As shown in Fig. 5,
the isohaline deflection corresponds to the downwelling in the anticyclone core,
the rise corresponds to the upwelling in the cyclone core. Thus, by analogy, we can
conclude that the largest APE values in the area of isohaline descent (indicated by
the red arrow in Fig. 7, b) are in the anticyclone, and the largest APE values in
the area of isohaline rise (blue arrows in Fig. 7, a) are in the cyclone. The obtained
result is confirmed by the fact that anticyclones in the Black Sea are more intense
[25]. This conclusion is consistent with Fig. 2, ¢, where the increased APE values on
the 100 m horizon spatially correspond to the zones with the maximum and
minimum density anomalies (Fig. 4, d) in the cyclones and anticyclones (Fig. 4, b),
respectively. It should be noted that the temporal variability of the APE in the upper
layer of the coastal zone is determined by the seasonal increase in river runoff, while
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no relationship with the change of seasons was found in the halocline layer. The APE
maxima below the 30 m horizon were detected in April 2011 (Fig. 7, @) and in
November 2016 (Fig. 7, b).
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Fig. 7. Monthly average APE density (color) and salinity (black lines) on the zonal section along
43° N in April 2011 (a) and November 2016 (b)
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Fig. 8. Monthly average buoyancy work per unit volume (a, d), density anomaly (b, €) and vertical
velocity (c, f) on the zonal section along 43° N in March (a — ¢) and August (d - f), 2011

According to formula (2), the sign of the buoyancy work depends on the product
of vertical velocity and density anomaly. In Fig. 8, the vertical sections of BW, p*
and w at the end of the winter and summer hydrological seasons are given. In the
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cold season, when the density anomaly is sufficiently uniform along the vertical (Fig.
8, b), the direction of energy conversion between the APE and the KE is determined
by the zones of upwelling and downwelling. Where the water rises (w < 0, blue color
gradation in Fig. 8, c), the buoyancy work is negative, therefore, the APE increases
due to the KE. In the warm season, when the density anomaly changes sign with
depth (Fig. 8, e), the buoyancy work (Fig. 8, d) also changes sign depending on the
ones of p* and w. In Fig. 8, d, a certain nominal boundary approximately at 30 m
depth, crossing which the buoyancy work changes sign, is observed. The 20-30 m
layer for these experiments corresponds to the depth of the seasonal thermocline
(Fig. 10 in [18, p. 15]). Thus, in the warm period, when the structure of the density
anomaly field changes due to the formation of a seasonal thermocline, the buoyancy
work can change sign with depth. At the same time, in the vertical velocity
distribution, no relationship with the depth of the seasonal thermocline or the depth
of the permanent halocline was found. Qualitatively, this situation was repeated in
2016 with the difference that there were more BW and w regions of different signs
due to the intense eddy circulation variability in 2016 compared to 2011.

Conclusion

According to the results of the experiments, the spatial and temporal variability
of the APE density in the Black Sea is formed by various mechanisms for the upper
30-meter layer and the layer of the main halocline. In the upper layer, the APE
variability is associated primarily with the distribution of freshened river waters.
Thus, during the year, the maximum values of the APE density are observed in
the area of the northwestern shelf, and increased values are observed at the basin
periphery. The upper layer in the central part of the sea is subject to weak spatial and
temporal variability, and the APE density here is determined by atmospheric
conditions.

In the 75-150 m layer of the main halocline, the structure of the APE density
field is determined by the mesoscale dynamics. The APE density maximum values
correspond to the zones of negative density anomalies that are formed in anticyclonic
eddies. An analysis of the APE density horizontal spatial distribution revealed that
the most energy-active zones of the Black Sea are the areas of the Sevastopol and
Batumi anticyclones, and when the orbital velocity of the eddy is bigger, then
the APE is higher. It is noted that the APE density in cyclones is 2—3 times less than
in anticyclones. Such a structure corresponds to the fact that the anticyclones in
the Black Sea are more intense and, therefore, the isopycnal slopes in them are
steeper, which leads to an increase in density anomalies.

The buoyancy work variability, which determines the rate and direction of
energy transformation between the APE and KE, manifests a seasonal character. In
the cold period, due to intense mixing, positive density anomaly is formed in
the entire upper active layer of the Black Sea. Therefore, the buoyancy work is
largely determined by the vertical velocity sign. In the central part, where the water
rises, the energy flux is directed from the KE to the APE, and vice versaat
the periphery of the basin. In spring and summer, in the buoyancy work field, a two-
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layer structure determined by zones of positive and negative density anomalies is
observed. The thickness of the upper layer is 20-30 m and, according to our work
published in Water journal in 2022, corresponds to the seasonal thermocline depth.

An analysis of the structure of buoyancy work field in the main halocline
showed that the most intense energy conversion between the APE and KE occurs in
the zones of mesoscale anticyclonic eddies with maximum orbital velocities.
Moreover, the buoyancy work sign is determined mainly by the vertical velocity
sign, which is multidirectional in the core and at the periphery of the eddy.
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