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Abstract

Purpose. The work is aimed at investigating the influence of seasonal variability of tangential wind
stress vorticity on the features of formation and intensity of the large-scale circulation in the Black Sea
using the numerical simulation method.

Methods and Results. Numerical experiments within the framework of the two-layer eddy-resolving
model of the Black Sea were carried with the sea surface subjected to a periodical seasonally changing
field of tangential wind stress, the average annual intensity of which was constant during one individual
experiment, but was various in different experiments. Numerical integration over time was performed
for a long time period, which was sufficient for the model solution to be considered statistically
equilibrium. The large-scale circulation intensity was determined from the integral values of the model
energy characteristics, namely the kinetic and available potential energies. The calculations have
resulted in the long-term series of instantaneous current fields in the two-layer sea at different wind
forcing intensity, which were subjected to further analysis.

Conclusions. It has been established that in the Black Sea at certain parameters of wind forcing, the
fluctuations can be induced in the large-scale circulation intensity with a period 6-8 years; at that the
interannual variabil-ity of the average annual value of the tangential wind stress vorticity is not a reason
of this phenomena. Taking into account the fact that the exciting wind forcing in the performed
experiments was only of seasonal variability and repeated from year to year, the model-obtained long-
term fluctuations in the large-scale currents intensity could be classified as the self-oscillations.
The latter are the non-damped oscillations supported by an external energy source, the supply of which
is regulated by the oscillatory system itself. In the case under consideration, the feedback mechanism
required for the existence of self-oscillations, is provided by the dependence of the wind energy flow
entering the sea upon the spatial distribution of surface currents, which can change in consequence of
hydrodynamic instability of the currents and generation of the Rossby waves.
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Introduction

Based on the observations and reanalysis data [1-5], the large-scale circulation
intensity in the Black Sea undergoes significant seasonal and interannual changes.
The main reason given for this is the variability of external conditions that determine
the very existence of a large-scale cyclonic circulation in the Black Sea, namely, the
integral vorticity of the tangential wind stress, having a cyclonic character on average
over the entire sea area [6-8].
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The present paper is aimed at a simplified hydrodynamic model usage to test the
correctness of existing hypotheses about the causes of oscillations in the large-scale
circulation intensity in the Black Sea and at trying to understand the physical
mechanisms of this phenomenon. As a criterion for the large-scale circulation
intensity, the values of the Kinetic and available potential energies averaged over the
sea area, which are easily determined from the simulation results, are used.

The model parameters and description of the numerical experiments

A detailed description of the two-layer eddy-resolving model used for
calculations can be found in our previous works [9, 10].

Despite its apparent simplicity, the two-layer model makes it possible to
consider the main factors [9] affecting the formation of currents and describes quite
well the large-scale circulation features in the upper and lower layers of the Black
Sea. These layers are delimited from each other by a permanent pycnocline [11],
formed due to freshwater river runoff on the sea surface and penetration into its deep
layer of "heavy" salt water through the lower Bosphorus current.

The following parameters were used in the calculations in the model: the spatial
resolution (horizontal cell size) Ax = Ay = 3000 m; the time step At = 120 s; the
horizontal turbulent viscosity coefficient parameterized by the biharmonic operator,
Ag = 2-108 m%/s; the bottom friction coefficient proportional to the square of the
velocity, ry = 0.002; the coefficient of linear friction between layers r_ = 2-10° m/s;
the reduced free fall acceleration 0.032 m/s?; the Coriolis parameter f = f, + By,

where fo = 10 1/s, B = 2-:1071* 1/s/m; the upper layer thickness at rest ho = 100 m.

To excite the movement of water masses on the sea surface, a model field of
tangential wind stress was set T (X, y, t), calculated according to the following
formulas:

T,(X, Yy, 1) =—15 cos(n—LXJr n(% —vS DCOS(%’(l— s)j,

2 (D)
e[ ™, (1 (x/Ax)” + 20000
ki Tosm( L +n(2 YSD(l_S)[(L/AX)Z +20000],

where t,,t; are values constant for each experiment, specifying the maximum value

of the tangential wind stress; y € [0; 1] is the adjusting coefficient that determines
the spread of the anticyclonic vorticity zone to the east in summer; L, B are the
integration area dimensions along the X and Y axes, respectively;

320.5-Sin2(7tt/8640) is the seasonal course determining parameter; t is the

calculation time in hours; A X is the grid step along the X axis.

Thus, the field T (x, y, t) obtained imitates the main features of the real wind
effect, namely: the cyclonic nature of the integral vorticity of the tangential wind
stress, the seasonal variability of the vorticity T and the shift of the cyclonic vorticity
maximum to the eastern half of the basin [6, 12, 13]. It should be noted that the
aforementioned features have an important effect on the large-scale circulation

observed in the Black Sea [10].
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For a better presentation Fig. 1, a, b show the tangential wind stress field used
in one of the experiments, obtained by averaging the fields over one year calculated
by formula (1), and the vorticity of this average annual field. Fig. 1, ¢ — e show the
seasonal variability of the wind stress vorticity. It can be seen that in winter, the rot,
T sign over the entire sea corresponds to cyclonic vorticity. Its maximum is in the
eastern half of the sea, and in summer, an area of anticyclonic vorticity 7 is located
over the western part of the sea.
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Fig. 1. Annual average fields of the tangential wind stress (a) and the tangential wind stress vorticity
(b); annual variation of the tangential wind stress vorticity average over the water area (c) (dashed line
corresponds to the annual average value); instantaneous fields of the tangential wind stress vorticity at
early January (d) and early July (e)

In the model version used in this paper, in contrast to previous ones [9, 10],
when determining the force of the mechanical effect of the wind on the sea surface,
a correction that takes into account the effect of the velocity of surface currents on
the tangential wind stress is introduced. The aerodynamic formula for calculating the
tangential wind stress [8] in this case takes the following form:

T* = paCd |Ua _u1|(Ua _ul)' (2)

where 1" is the tangential wind stress, taking into account the surface current (N/m?);
pa is the air density (kg/m?®); Cq = 1.3-107 is the empirical dimensionless sea surface
drag coefficient; U. = (Ua, Va) is the wind speed at a height of 10 m above the sea
(m/s); uy = (us, v1) is the surface current velocity (m/s).

This correction permits to describe the process of momentum exchange between
the atmosphere and the sea surface more physically. The papers [14, 15] note the
importance of correctly calculating the tangential wind stress acting on the sea
surface, since this is the main driving force that forms the currents. The empirical
formula for calculating T does not consider the sea surface movement, the difference
in water and air temperatures, which affects the drive stratification of the atmosphere
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and the sea surface roughness. These factors can play a big role in the exchange of
momentum between the atmosphere and the ocean and influence the simulation
results. In this paper, except the other examples, the one is given, when the
consideration of surface currents in the calculation of the tangential wind stress
affects the final result.

The algorithm for calculating the tangential wind stress at each time integration
step is as follows:

— first, using formulas (1), the horizontal components of the tangential wind

stress (rx,ry) at the grid nodes over a still sea are calculated,;

— then, using the aerodynamic formula for a fixed surface T =p,C, |Ua|Ua , the
horizontal components of the wind speed at a height of 10 m (U, Va), corresponding
to the shear wind stress calculated above, are determined: from t=p,C, |Ua|Uait
follows that t, =p,Cy|U,|U,, 1, =p,Cy|U,|V,, |e|=p,C,|U.|", as a result we
obtain

T T |T| 2 2
U=—2— V,=—2— U= , where |¢|=/t; +1 ;
0,Cy|U,| p.C|U,| i \p.C, g ’

— after calculating U,, Va the horizontal components of the tangential wind stress
are recalculated according to formula (2), which takes into account the velocities of
surface currents:

Ti zpaCd |Ua _u1|(Ua _ul)’
T; :paCd |Ua _u1|(va _Vl)’

U, —uy = (U, —u )+ (v, v )

The values r“;,r’; are the components of 1", obtained after correction, are used

in the model equations. As a result of the correction, the values of " are smaller than
7, and the vorticity " is correspondingly smaller.

Time integration in all presented experiments was carried out from a state of rest
for a long period, sufficient to consider the obtained solution as statistically
equilibrium. This means that when averaging over a certain (large enough) time
period, all the average model characteristics should remain constant with a given
accuracy. Let us agree to call such a time period statistically equilibrium, or a period
of statistical equilibrium.

A series of experiments was carried out, which differed from each other in
the intensity of the given field of tangential wind stress t (x, y, t). At the same time,
the field T (x, y, t) variability nature remained unchanged. In each individual
experiment, the tangential wind stress had only periodic seasonal variability, and
there was no interannual variability. Technically, this consisted in increasing, with a
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certain step, of the constant values t;,t) used in formulas (1) when passing from
the previous experiment to the next. As a wind effect characteristic, the annual and

sea area average wind stress vorticity T = <rotzr(x, Y, t)> was used, which for each

individual experiment was a constant value (angle brackets mean spatial averaging,
the overline means averaging over time).

As already mentioned, the Kinetic energy values in two layers Ki, K; and
the available potential energy P were chosen as the circulation intensity criterion.
The following formulas were used to calculate them:

K, :p1<hlu—212>’ K, :pz<h2u—2§>, P szg'<(hl2 _h02)>'

2

where p,, p, is the water density in the upper and lower layer; hy, h, are the upper-
and lower-layer thickness values; u,, u, are the current velocities in the layers; hy is
the upper layer thickness at rest.

In addition to the K1, K, P values, when analyzing the results of experiments,
the energy balance components averaged over the sea area were also calculated and
analyzed. They are the energy flows, or work per unit time (power) of forces acting
on water masses and leading to a change in Ky, Kz, P [16]. The most important flow
for the present study is the energy flow from the wind entering the sea (wind

pumping) WT:p1<r*-u1>=p1<‘r*‘-|ul|-cos((x)>, where o is the angle between

the vectors t° and u;. Since ‘r*‘-cos(oc)£|r|-cos(oc), it can be stated that

the correction introduced in the model leads to a decrease in the energy flow directed
from the wind into the sea.

Analysis of the results of numerical experiments

It is convenient to start the analysis with an experiment in which the tangential
wind stress field was used with the lowest intensity of all the experiments: the
average wind stress vorticity T for the year and for the sea area was 1.5-10~7 N/md,
For this experiment Fig. 2 shows the time course graphs of the available potential
and kinetic energies averaged over the sea area, as well as the energy flow transferred
from the wind to the sea.

When comparing the energy graphs, it is seen that the kinetic energy of
the currents in the upper layer K; and the available potential energy P correlate well
with each other (Fig. 2, a, b). The correlation coefficient calculated for these
characteristics over a time period of 0-50 years is 0.92, which indicates a strong
linear relationship between them. This is a consequence of the quasi-geostrophic
nature of large-scale motions and the hydrostatic nature of the model.

The kinetic energy of the currents in the lower layer K; takes on values smaller
than those of Ki; and P and has a very weak linear correlation with them

PHYSICAL OCEANOGRAPHY VOL.29 1SS.6 (2022) 591



(the corresponding correlation coefficients are 0.27 and 0.01). This implies that
either Ky or P can be used to estimate the circulation intensity in the upper layer,
while K is better used only to estimate the circulation intensity in the lower layer.

According to Fig. 2, the temporal variability of the energy characteristics of the
upper layer in the first experiment includes seasonal variability and significant
interannual oscillations with a period of 6-8 years, which are clearly manifested in
the frequency spectra of P and K; (Fig. 3).
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Fig. 2. Temporal variability of the sea area averaged energies P (a), K1, Kz (b), and the wind-induced
energy flow W: (c)

The seasonal variability of the intensity of the Black Sea currents depending on
the tangential stress wind vorticity over the sea is well studied, understandable and
does not raise serious issues. In the annual course, the large-scale circulation
intensity changes following the energy flow entering the sea from the wind (Fig. 2,
c), with a phase lag of about 3 months. This delay is due to the fact that to form
gradient currents, the cyclonic wind needs to move large masses of water in the upper
layer of the sea towards the coast, and this takes some time. In the experiment under
consideration, this time shift was ~ 3 months, or a quarter of the annual period, but
it can probably be slightly less or more depending on the external influence
characteristics (this issue requires further study).
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Fig. 3. Frequency spectra of the water area average energies P (a) and Kz (b)

As for the previously mentioned energy oscillations with a period of several
years, their manifestation turned out to be unexpected, given the interannual
variability absence of the external wind factor in the model. The latter circumstance
gives grounds to classify the interannual variability of circulation intensity obtained
in experiments as a self-oscillating process. Self-oscillations are undamped
oscillations supported by an external source of energy. Its supply is regulated by the
oscillatory system itself 1 . When comparing energy oscillations with a change in its
inflow from the wind into the sea (Fig. 2), it can be noted that a decrease in the
general circulation intensity occurs in years when the wind pumping is reduced. No
other reasons for the decrease in energy, such as, for example, an increase in energy
dissipation due to bottom friction and/or horizontal turbulent viscosity, have been
identified.

Next, we will try to understand the reasons for the wind pumping weakening.
The wind energy flow entering the sea is the work per unit time (power) of the wind
friction force to move the water mass. As noted above, it is equal to the scalar product
of the tangential wind stress and current velocity vectors on the sea surface, and

! Kharkevich, A.A., 2009. [Self-Oscillations]. Moscow: Librokom, 176 p. (in Russian).
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therefore depends on the o angle between these vectors. Since in the experiments
under consideration the wind stress fields are set strictly according to formula (1)
and do not have interannual variability, only the velocity vectors of surface currents
can change from year to year.

30.03.0035 30.06.0035 30.09.0035 o 30.12.0035

[ ENEEE | CEEEEEE

-20 -15-10 -5 0 5 10 15 20cm

F i g. 4. Successive instantaneous sea level fields { (cm) at T = 1.5-108 N/mq (time format —
day/month/year)
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To understand the circulation variability specifics in the upper layer, let us
consider successive sea level maps ¢ (x, y) constructed according to the present
experiment data for 9 model years (35-43 years) with a frequency of 3 months
(Fig. 4). The selected period corresponds to one complete cycle of the considered
fluctuations in energy characteristics (Fig. 2). The spatial distribution of ¢, due to the
quasi-geostrophicity of the movements of the considered scales [17], gives a good
idea of the upper sea layer currents: the isolines of { coincide with current lines, and
their thickening corresponds to the position of the Black Sea Rim Current jet.

As a result of a visual analysis of the sea level instantaneous fields, it was found
that in the years with maximum energy flow from the wind into the sea, the large-
scale circulation was one large Rim Current cyclonic gyre, which was most
widespread over the sea area (Fig. 4, year 35). A similar circulation in the experiment
under consideration was formed in the years 4, 11, 22, 35 and 42. A large energy
inflow leads to an even greater intensification of currents (Fig. 4, 30.03.0036);
therefore, in the years at the beginning of which W; was maximum, the largest P, Ky
values were noted. Thus, there is a positive feedback between the intensity of
circulation and the energy inflow from the wind. In the version of the model used,
this feedback has a limitation due to the tangential wind stress correction, as a result
of which the velocity of the surface current cannot exceed the wind speed that this
current causes.

In the years with the maximum energy inflow (in the cycle under consideration,
this is year 35), in the summer period, the Rim Current jet, located above the
continental slope in the eastern part of the sea, moved away from the coast and began
to move westward at a speed of ~ 0.5-0.8 cm/s, which led to compression of the Rim
Current large-scale circulation from the eastern side and its displacement to the
western part of the basin. This process continued in the autumn-winter period of the
year 35 and further — throughout year 36. The movement of the Rim Current jet in
the eastern part of the sea led to a mismatch between the fields T and u; and, as a
result, to a decrease in the wind energy inflow into the sea, which in turn contributed
to a circulation intensity decrease.

The described mechanism provides the negative feedback necessary for the
existence of self-oscillations. The moving Rim Current jet velocity from east to west
corresponds to the phase velocity of the first mode of the baroclinic Rossby wave
[18], which, for a two-layer fluid, can be calculated by the formula

CRZ—BRfZ—B( /grho/fo)z, where R, is the baroclinic radius of Rosshy

deformation. Taking into account the parameter values specified in the model,
C, =-0.64 cm/s, which is quite consistent with the results obtained.

During year 37, the cyclonic circulation was further compressed into the western
part of the basin and the large-scale circulation intensity decreased. But already in
the winter of years 37-38 and in the spring of year 38, signs of a new (still weak)
cyclonic circulation formation appeared in the eastern part of the basin, which broke
up into several separate cyclonic eddies in the summer and autumn of year 38. In the
next 39-41 years, new large-scale currents formed in the basin against the
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background of a weakened cyclonic circulation in the western part of the sea that
remained from the previous circulation. A characteristic feature of the circulation in
these years was its division in the summer period into separate large-scale cyclones
- "Knipovich spectacles".

In March of year 42, the Rim Current cyclonic circulation reached its maximum
distribution, as in year 35, and then the current transformation cycle was repeated.

S T=15108N/m? -

o -+~r—Tr—r—rrrTTTT T T T T T T T T T T T T T T T T T T T T T T e T T

12 T= 1.85~10'8N/m3}

P. klI/m?

T=19108N/m* | BERES

P, kJ/m?

P, kJ/m?

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
1, years

Fig. 5. Change in the sea area averaged available potential energy in the experiments at different
values T

In the work of G. F. Safronov 2 devoted to the study of the influence of wind
action on a two-layer fluid, it was shown that the seasonal variability of the external
wind action in a two-layer sea should lead to hydrodynamic instability of a large-
scale current and the formation of baroclinic Rossby waves near the eastern coast of
the sea. It can be assumed that the Rim Current jet separation from the eastern coast
in years with maximum circulation intensity is the result of such a process. It should
be noted that Rossby waves were also formed in the basin in other years, but in the
absence of a strong Rim Current branch near the eastern coast, the velocity field

2 safronov, G.F., 1985. [Excitation of Long Waves in the Ocean by Large-Scale Changes in the
Tangential Stress Field of the Wind]. Moscow: Gidrometeoizdat, 108 p. (in Russian).
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change in the upper layer of the sea during the passage of these waves did not lead
to a sharp decrease in Wr.

In the following experiments, with a successive increase in the tangential wind
stress intensity and an increase in its average vorticity to a value of T = 1.85-10% N/m?,
there were no significant changes of the large-scale circulation inherent for the first
experiment (Fig. 4). Only a proportional to T increase in the values of the energy
characteristics was observed (Fig. 5, a, b). But at T equal to 1.90-108 N/m? and
more, the previously obtained oscillations in the large-scale circulation intensity
ceased to manifest, only its seasonal changes remained, at which the circulation
intensified in the winter and spring seasons, and in summer due to the aggravation
of hydrodynamic instability of currents as the wind pumping weakened, the Rim
Current meandering became more active (Fig. 5, c, d).

The absence of generation of long-term oscillations in the energy of currents at
large values of T can be explained by the termination of the Rim Current jet
separation and movement in the east of the basin during summer periods (Fig. 6),
which disabled the feedback mechanism described above, leading to a decrease in
the W. flow.

30.03.0036 ’ - 30.09.0036

30.06.0040 . 30.12.0040

I T [ [ T 1]
20-15-10 -5 0 5 10 15 20 cm

F i g. 6. Successive instantaneous sea level fields ¢ (cm) at T = 1.90-10% N/m® (time format —
day/month/year)
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The simplest explanation of the reason for the Rim Current stabilization with an
increase in wind action is that there is simply not enough time for the Rossby wave
formation in the form of current separation from the eastern slope of the basin with
arot,t decrease in summer. Fig. 6 shows that in the summer months, the Rim Current
jet in the east of the sea begins to move westward, but the strengthening of the wind
stress vorticity in autumn and winter returns the Rim Current to its original place.

Another possible reason of why the Rossby wave does not appear and the Rim
Current eastern jet position is preserved can be more powerful currents that form in
the lower sea layer due to a stronger wind stress vorticity. During the summer
weakening of wind pumping, these currents are able to maintain P and K;. According
to the potential eddy conservation law, the currents in the lower layer are forced to
follow along the isobaths and the baroclinic Rossby wave is not powerful enough to
tear them away from the continental slope.

The presented features of the formation of currents under the action of a periodic
wind are in some sense consistent with the laboratory modeling results [6] on
studying the response of the steady motion of a two-layer fluid in a rotating basin to
the external wind action variability. In laboratory experiments, when the wind action
ceased for a short period of time, followed by its resumption, the general circular
circulation in the basin was restored. If the time interval with the “turned off” wind
increased, then after its resumption, the previous circulation was not restored, but
broke up into separate eddies moving to the basin center. At the same time, a new
large-scale circulation was forming along the coast. In the numerical experiments
considered in this paper, it was not the duration of the wind effect that changed, but
its average intensity. However, the results obtained are similar: two flow regimes
were also obtained with the restoration of the old circulation and the formation of a
new one.

Conclusion

The carried-out numerical experiments have shown that when the sea surface is
exposed to a periodic seasonally changing wind in the Black Sea, depending on the
value of the average annual wind stress vorticity, two modes of large-scale
circulation are possible.

The first one can exist at small values of the average annual tangential wind
stress vorticity. This regime is characterized by the presence of significant
interannual variability of the circulation intensity in the form of oscillations with
a period of 6-8 years. In essence, such oscillations are self-oscillations, in which the
key that provides feedback is the dependence of the wind energy flow entering the
sea on the change in the Rim Current jet position, caused by the baroclinic Rosshy
wave formation near the eastern boundary and further movement to the west.
Seasonal variability of external wind conditions contributes to the annual formation
of such waves. However, the Rossby waves have a significant impact on the energy
flow coming from the wind into the sea only if a powerful Rim Current flow in the
eastern part of the sea falls under their influence.

In the present paper, it is established that for the existence of circulation intensity
self-oscillations, it is necessary that the average value of the tangential wind stress
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curl T for the year and for the sea area does not exceed a certain threshold value,
which in the presented calculations was 1.85-10% N/m?.

At T equal to 1.90-10"8 N/m® and more, another circulation regime was formed,
in which the above self-oscillations did not form, and the large-scale circulation
intensity was determined by the magnitude of the tangential wind stress vorticity.
Energy oscillations in this case had only a seasonal course, and the limitation of the
energy flow into the sea was due to the Rim Current meandering, which intensified
in summer.

The observed value of the average annual wind stress vorticity over the Black
Sea is 1.67-10% N/m3, which is less than the above threshold value. Consequently,
long-term oscillations in the circulation intensity due to the internal dynamics of the
sea can be present in the observational data with a high probability. Let us note that
the use of a correction in the wind stress calculation led to a significant increase in
the threshold value for the wind stress vorticity, below which self-oscillations of the
circulation intensity occurred in the model. Without correction, the threshold value
T would be equal to ~ 1.20-10-8 N/m? and the above self-oscillations existence in the
Black Sea would be considered unlikely.

The principal conclusion of this paper is that, in addition to changes in
the tangential wind stress and its average vorticity over the water area, the intensity
of large-scale circulation in the Black Sea can be significantly affected by
hydrodynamic processes in the upper sea layer caused by seasonal variability of wind
conditions over the sea surface.
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