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In this paper, the Black Sea upper mixed layer (UML) structures in mid-February by using
a 3-D numerical model of the Black Sea dynamics (BSM-IG, Tbilisi, Georgia) are investi-
gated. In order to present the turbulent mixing peculiarities more clearly, a new version of
the classical Pacanowski–Philander parameterization formulated by Bennis et al. (2010) for
vertical turbulent viscosity and diffusion coefficients is integrated in the BSM-IG. The Black
Sea UML homogeneity is estimated using criterion of temperature (△T = 0.2◦C) and salin-
ity (△S = 0.15 psu). Besides, mixed layer structures have been investigated according to
both values of the Richardson number: RiT and RiS , respectively. As result analysis shows:
in February UML structures in the temperature fields correspond to the Richardson num-
ber specificity, basically, but mixed layer homogeneity reduced in the salinity fields, when
Richardson number changed in the following range 0.07 < RiS ≤ 1, especially, in deep waters
of the sea basin.
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1. Introduction

It is well known, that the upper mixed layer (UML) in the sea and ocean plays a
very important roles on the regional weather and climate change. This is mainly
related to the turbulent sensible and latent heat fluxes, which are transferred from
the marine UML into the atmosphere and make a significant contribution to the
development of regional atmospheric processes. Besides, dynamical processes (cir-
culation, wind-driven turbulence) in the upper layer play a significant role on the
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nutrients spreading, which in turn is reflected on the living marine organisms. Ex-
cept that, the light level for the tiny plants (e.g. phytoplankton’s) metabolism is
related on the mixed layer configuration (Oguz et al., 1999a, 2001a). Understand-
ing of the nonlinear, non-stationary dynamical processes in the sea and ocean at
the last decades has been progressed on the basis of the elaboration of several
effective numerical models and rapid development of computer and observational
technologies.
In this paper, our attention is focused on the upper layer of the Black Sea,

many aspects of which in relation of dynamical processes (circulation, wind-driven
turbulence, mixed layer forming, heat exchange, wave energy propagation) have
been investigated by some authors on the basis of the various numerical models
and by processing of measured data’s (Friedrich and Stanev, 1988; Oguz et al.,
1999a; Korotaev et al., 2003; Kara et al., 2005a, 2005c; Stanev, 2005; Kordzadze et
al., 2008; Demetrashvili et al., 2008; Oguz, 2008; Helber et al., 2009; Korotaev et
al., 2011; E. Rusu, 2011; Kubryakov et al., 2012; Capet et al., 2014; Pogrebnoi et al.,
2014; Stanev et al., 2014; Mihailov et al., 2016; Ratner and Korotaev, 2017; Sukhik
and Dorofeyev, 2018; Korotaev et al., 2018, Kvaratskelia et al., 2018; E. Rusu,
2018; Kubryakov et al., 2019, L. Rusu, 2019(1), 2019(2) and others).
The used physical models in context of the mixed layer study differ from each

other by coordinate system, methods of solution, grid parameters, parametriza-
tion of turbulence and solar radiation penetration schemes (Friedrich and Stanev,
1988; Kara et al., 2005a, 2005c; Kordzadze et al., 2008; Korotaev et al., 2011,
Stanev et al., 2014; Sukhik and Dorofeyev, 2018). Among them, here, we are con-
centrated on the 3-D basin-scale model of the Black Sea dynamics of M. Nodia
Institute of Geophysics (BSM- IG, Tbilisi, Georgia), elaborated by Kordzadze et
al. (2008). The use of this model, made it possible to study the non-stationary
dynamical processes in the Black Sea basin (Kordzadze et al., 2008(1), 2008(2);
Demetrashvili et al., 2008; Demetrashvili and Kvaratskhelia, 2012; Kvaratskhelia
et al., 2018). Moreover, on the basis of BSM-IG at the Institute of Geophysics the
high-resolution regional version (RM-IG) is successfully functioning in operational
mode (Kordzadze and Demetrashvili, 2011; Demetrashvili et al., 2020), which was
developed within the framework of international scientific projects ARENA and
ECOOP (Korotaev et al., 2011; Kubryakov et al., 2012). The mentioned BSM-IG
and RM-IG were operated in accordance to the constant values of vertical turbulent
viscosity and diffusion coefficients and by modified Oboukhov formula (Marchuk
et al., 1980), whose numerical values in the case of unstable stratication increas-
ing 20 times, in the appropriate columns (Kordzadze et al., 2008; Kordzadze and
Demetrashvili, 2011).
In order to present the properties of the turbulent mixed layer more clearly, the

new version of classical Pacanowski and Philander (PP) Parameterization (1981),
formulated by Bennis et al. (2010) for the vertical turbulent viscosity (VTV) and
vertical turbulent diffusion (VTD) coefficients is integrated in the BSM-IG. This
version excludes the numerical instability of the PP parametrization, which cor-
responds to physically unstable congurations (Bennis et al., 2008) taking place in
the process of formation of the mixed layer.
The main object of this study is to numerically investigate the Black Sea UML

physical structures homogeneity in the both temperature and salinity fields. In ad-
dition, the sensitivity of mixed-layer structures with regard to both values of the
Richardson number: RiT and RiS , respectively, are main elements of our inves-
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tigations. Here, the investigation of mixed layer features are presented for winter
season, on an example of February, when above the Black Sea basin the relatively
strong nonstationary atmospheric circulation and thermohaline actions are devel-
oped, basically.
Mixed layer depth (MLD) variability in the Black sea basin and its homogeneity

in the simulated fields of temperature and salinity are determined using criterion
of temperature (△T = 0.2◦C) and salinity (△S = 0.15 psu) (Thompson, 1976;
Monterey and Levitus, 1997; Oguz et al., 2009). It should be noted that mixed
layer using these criterion are defined as the depth, in which the variability of
temperature and salinity from the sea surface till base of the upper mixed layer does
not exceed 0.2◦C and 0.15 psu respectively. In more detail, here in this paper, mixed
layer homogeneity is defined by absolute values of the criterion of temperature and
salinity.

2. Model description

The numerical experiment carried out using the 3-D, z-level numerical BSM-IG is
based on a primitive system of ocean hydro and thermodynamics equations in the
hydrostatic approximation (Kordzadze et. al., 2008).
The model equations system is represented as follows:
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1
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η = 1− (ã+ b̃ · ñ)ñ,

Here, u, v and w are the components of the current velocity vector u⃗ in the
Cartesian coordinate system along axes x, y, z (the axis x is directed eastward, y
northward, z from a sea surface vertically downwards), T ′, S′, P ′, ρ′ are deviations
of temperature, salinity pressure and density from their standard vertical distribu-
tions . In this system the coefficients αT and αS are determined from the equation
of state ρ = f(T, S), specified by Mamaev formula (1964); I0 is the total solar radi-
ation flux at z = 0 determined by the Albrecht formula (Budyko, 1956). Values of
other parameters and coefficients are described by Kordzadze et al. (2008), but the
values of variable coefficients of VTV and VTD are given in the next subsection.
BSM-IG takes into account: quasi-realistic sea bottom relief, nonstationary at-

mospheric wind and thermohaline forcing, water exchange with the Mediterranean
Sea and inflow of the Danube River, the absorption of solar radiation by the sea
surface layer, space-temporal variability of horizontal and vertical turbulent viscos-
ity and diffusion. Atmospheric forcing is taken as Neumann boundary conditions
on the sea surface (considered as a rigid surface). On the sea bottom the velocity
components, heat and salt fluxes are equal to zero. On the lateral surfaces, two
kinds of boundary conditions are considered: a) on the rigid boundaries sharing
sea from land, components of current velocity, gradients of temperature and salin-
ity normal to the boundary surface are equal to zero; b) on the liquid boundaries
connecting the sea with the Bosphorus Strait and the Danube River, values of ve-
locity, temperature and salinity are given on the basis of experimental data. The
annual mean climatic fields of current, temperature, and salinity obtained by the
same BSM-IG are used as initial conditions. For this purpose, model equation sys-
tem was integrated by zero initial conditions prior to reaching a quasi-stationary
regime using mean annual climatic input data (Kordzadze et al., 2008).

3. Parameterization of the VTV and VTD processes

As mentioned, the variable coefficients of the VTV and VTD are included in the
BSM-IG as a new version of classical PP parameterization, developed by Bennis et
al. (2010). This version, in contrast to the original PP version and the later Ghent
model (Bennis et al., 2008), in terms of the gradient Richardson number is stable
in the computational process, when the ratio between stabilizing buoyancy forces
and de-stabilizing shear forces is characterized by Ri < 0 (Bennis et al., 2010).
During the investigation, the total vertical eddy viscosity coefficient-ν is in-

tegrated in this model as function of the gradient Richardson number ν =
f(Ri) = a1 + b1

(1+αRi)2 (Bennis et al., 2010). Richardson number Ri, defined as

Ri = g
ρ0

∂zρ
(∂zu)2+(∂zν)2

. The vertical turbulent diffusion coefficients for the temper-

ature and salinity-νT and νS are calculated on the basis of the same formulas

Bennis et al. (2010), which are presented as following: νT = a2 +
f(RiT )

(1+αRiT )2
and

νS = a2 +
f(RiS)

(1+αRiS)2
, respectively. Here, Richardson numbers RiT , RiS simulated

through sea water temperature and salinity profiles: RiT = g
T

∂zT
(∂zu)2+(∂zv)2

and

RiS = g
S

∂zS
(∂zu)2+(∂zv)2

, respectively.

The mentioned model of Bennis et al.(2010) has been used successfully in the
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algebraic oceanic turbulent mixing-layer model by Chacón–Rebollo et al. (2013,
2014). In our experiment, we used the same constants of PP parametrization:
a1 = 1, a2 = 0.1, (units: cm2s−1), b1 = 50 cm2s−1. The α parameter is selected
according to the Richardson number changes during model integration as following:

α =



0.001, 100 ≤ R < 1000

0.01, 10 ≤ R < 100

0.1, 1 ≤ R < 10

1, 0.1 ≤ R < 1

5, 0.01 ≤ R < 0.1

10, 0 < R < 0.01.

Such a selection of the values of the α adjustable parameter for various ranges of
Richardson number, regulates the coefficients of viscosity and diffusion and ensures
their values close to the experimental data in UML.

4. The solution method of the model equations system and integration of
Bennis et al.(2010) formulation in BSM-IG

To solve the model equations system (2.1)–(2.6) a two-cycle method of splitting
with respect to both physical processes and coordinate planes and lines is used
(Marchuk, 1974). The main numerical techniques to solving the model equations
system are basic methods of numerical analysis, such as: finite-difference approxi-
mation, absolutely stable scheme of Kranck-Nicholson, as well as factorization and
upper relaxation methods (Marchuk, 1974, 1980). Here, three stages are presented
after splitting of the model equations system on physical processes, which are solved
on each double time step tj−1 ≤ t ≤ tj+1.
1. In the first stage, on the time interval tj−1 ≤ t ≤ tj the transfer of physical

fields is allocated taking into account eddy viscosity and diffusion:
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2. The second stage is the adaptation stage of the physical fields on the time
interval tj−1 ≤ t ≤ tj+1, where the following equations system is solved:
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− lv2 +
1

ρ
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= 0, (4.5)
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+ lu2 +
1

ρ
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∂p2
∂t

= g(αTT2 + αSS2), (4.7)
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3. Finally, on the third stage within time interval tj ≤ t ≤ tj+1 the same transfer-
diffusion equations are solved for functions u3, v3, w3, p3, T3 and S3.
On the basis of the numerical algorithm presented by Marchuk (1974), the equa-

tion systems in the first and third stages, in turn, are splitting with respect to
spatial coordinates. The solution of nonstationary 3D problems are reduced to the
solution of a set of simple second-order one-dimensional finite-difference equations.
These equations, in finally are solved using the factorization method. In the second
stage, adaptation phase of physical processes also uses splitting of equations with
respect to spatial coordinates according which barotropic and baroclinic compo-
nents of the adaptation are allocated. After using finite-difference approximation,
the same Baroclinic problem splits on the zx and zy planes and set of 2-D problems
for Baroclinic components, as in the Barothropic part, are reduced to the equa-
tions for analogs of the stream functions. The one-dimensional tasks obtained at
the adaptation stage are solved using the upper relaxation method. As mentioned,
for approximation on time of all split problems the Krank-Nickolson scheme is used
(Marchuk, 1974, 1980).
It should be noted that the initial values of both VTV and VTD coefficients are

constant: the VTV coefficient equal to 50 cm2s−1 in the upper layer of the Black
Sea (z ≤ 56m), but in the lower layer (z > 56m) it is equal to 10 cm2s−1. In
same times, VTD coefficient equal to 10 cm2s−1 from sea surface to a bottom. The
model Bennis et al., (2010) is integrated 2 hours late, in the first and third stages
of the model equations system and the values of the VTV and VTD coefficients
are changed on each double time step (tj−1 ≤ t ≤ tj+1) during integration. The
software of the problem is developed on the basis of the algorithmic language
Compaq Visual Fortran 6.1. It should be noted, that the formulation developed by
Bennis group is successfully integrated in the BSM-IG.

5. Key model parameters

BSM-IG is operated with 5 km spacing on horizons having 225× 111 points along
axes x and y respectively. On a vertical the non-uniform grid with 34 calculated
levels on different depths: 0, 2, 4, 6, 8, 12, 16, 26, 36, 56, 86, 136, 206, 306, . . . , 2306m
were considered. The time step is equal to 1h. This numerical investigation carried
out on the basis of several climatic data. The types of non-stationary atmospheric
circulation is taken from (Atlas of excitement and wind of the Black Sea, 1969;
Kordzadze et al., 2000). The multiyear monthly means profiles of the temperature
and salinity (correspond to the period 1955-1994) were obtained from Department
of Oceanology of M. Lomonosov Moscow State University. The climatic data of the
heat fluxes, evaporation and atmospheric precipitation (Staneva et al., 1998), were
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conveyed from the Marine Hydrophysical Institute (MHI, Sevastopol).

6. Results and discussion

The model integration started on the 1st of January at 12:00h and proceeded for
one modelling year. Here, mixed layer main element for winter season is presented
in mid-February, corresponding to the time interval: 14st of February, 24:00 h–17st

of February, 10:00h. This time period in the model is characterized by action of the
relatively strong south-east (10–15 m/s) and south-west (10–15 m/s) winds corre-
sponding to the following time intervals: 14st of February, 24:00 h–15st of February,
22:00h and 16st of February, 6:00 h–17st of February, 10:00h. Unlike they within
the time period: 15st of February, 22:00 h–16st of February, 6:00h the calm-south
wind (0–1 m/s) is functioned in the model. Besides, in February, according to base
of climatic data, the heat flux is directed from the sea to the atmosphere, especially
in the open part of the sea, above of 43◦N more intensity, than in the other areas
of sea basin. In the same active areas, evaporation is more than precipitation also.
Before considering the results of numerical experiment, it should be noted, that in
February, mixed layer in the Black sea basin is characterized by maximal depth
using the sigma-t(density) criterion, 0.07 kg/m3 (Kubryakov et al., 2019). Here
in this study, same tendency, MLD increases especially in the temperature fields
compared to January, is observed (Kvaratskhelia et.al., 2018).
The simulated fields of the sea current, temperature and salinity, in the different

horizons within the depth of 0–60m, are presented on Figures 1, 2, at the time
interval: 14st of February, 24:00 h–17st of February, 10:00h, characterize main hy-
drological peculiarities, which are developed in the upper layer of the sea basin
in mid-February. As numerical experiment show, at the time moment: 22:00h, 15
February and 10:00h, 17 February, when above the Black Sea the strong south east
and south-west winds are operated, sea circulation in the upper layer 0–8 meter
significantly differ from each other (see Fig. 1). They in both cases are in the pro-
cess to forming as the cyclonic current system. Below 16 meter, the Rim current
with the internal cyclonic vortices are observed mainly. It should be noted that sea
current has almost same structure within the depth 2–56m on 6:00h, 16 February,
when calm south wind (0–1 m/s) operated in the model (Fig. 1). The transforma-
tion of sea circulation connected with the nonstationary atmospheric action is the
most important factor providing variety of hydro physical fields (Kordzadze et al.,
2008; Demetrashvili et al., 2008, Demetrashvili and Kvaratskhelia, 2012), which,
in turn is reflected on the mixed layer structures.

Temperature and salinity fields are characterized by insignificant variability dur-
ing mentioned time. They are presented at the time moment: 22:00h, 15st of Febru-
ary and 10:00h, 17st of February (see Fig. 2). It is clearly observed, sea water tem-
perature at any horizons of 2–26 m is less, than at the depths 36–56m, especially,
in the open part of sea basin (Fig. 2a). Unlike them, in east part of the Black sea,
especially Georgian waters sea temperature decreases on the depth. It should be
noted that the warm current within upper layer of the sea and heat flux directed
from the sea to the atmosphere, near the Caucasian coast(in Sochi), in winter sea-
son are identified with high accuracy by Ratner and Korotaev (2017). The salinity
fields in any cases are characterized by relatively high salinity waters in the cyclone
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Figure 1. Simulated fields of Black Sea current(sm/s) on depth h = 2, 8, 16, 36, 56m, at the time
moments: 15st of February, 22:00 h; 16st of February, 6:00h and 17st of February, 10:00h.

centers, than at the periphery (see Fig. 2b), which in turn are related to the sea
circulation structures on the vertical.
These simulated fields of the temperature and salinity in turn allow us to specify

MLD using criterion of temperature (0.2◦C) and salinity (0.15 psu). MLD vari-
ability accordance to the both criterions is illustrated on the Figures 3a and 3b
respectively. As Figure 3a displays the strong mixing is progressed in the temper-
ature fields from sea surface till 36–56m, in the open water part below of 44◦N till
the south coastal line, especially in the east part of the sea basin.
It is noticeable that the water area, in which MLD is 56m becomes wider in

the east areas of sea for 10:00h, 17 February (see Fig. 3a). It coincides with the
southeastern branch of Rim current (Fig. 1). This branch is distinguished by inten-
sive flow near 40◦E, right of which the anticyclonic vortex is observed in the same
depth. Unlike it, MLD does not exceed 16 meter, above of 44◦N. As mentioned,
this numerical study is based on several climatic data corresponding to differ-
ent time periods, which in turn reduce the ability to calibrate the model result
by satellite images. Despite this, MLD in the temperature fields with coordinates:
30◦8′−31◦9′E, 42◦27′−43◦03′N is close to the results of the winter season obtained
on the basis of experimental and model studies by Korotaev et al., (2011).
On the same Figure 3, MLD changeability is illustrated in the salinity fields,

whose homogeneity is specified in the frame of 0.0–0.15 psu. Mixed layer maximal
depth in mid-February using this criterion is approximately 30m (see Fig. 3b).
Here, a relatively strong mixing is developed mainly in the north areas of the
Black Sea basin above of 44◦N, at the time moments: 22:00h, 15st February and
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(a) Temperature fields (deg.C) (b) Salinity fields (psu)

15 February, 22:00h 17 February, 10:00h 15 February, 22:00h 17 February, 10:00h

Figure 2. Simulated fields of temperature ◦C-(a) and salinity (psu)-(b) on depth h = 2, 8, 16, 36, 56m,
at the time moments: 15st of February, 22:00h and 17st of February, 10:00h.

6:00h, 16st February. This area on the basis our study, dos not stand out by intense
anticyclones, but it is characterized with the buoyancy flux positive role in the
mixed layer forming (evaporation exceeds precipitation). It should be noted that
the active mixing areas of North-western and Crimean sea waters (see Fig. 3b) are
identified as the best result of strong mixing in February using density criterion
(0.07 kg/m3) (Kubryakov et al., 2019). Besides, a relatively strong mixing from
Sevastopol water area spreads till the western central part within the depth of
0–26m on 10.00h, 17st of February (Fig. 3b). In the same vertical column, the
cyclonic circulation is in process forming (Fig. 1) and the strong vertical gradient
of the sea velocity caused by the intense wind-driven turbulence, in turn, intensifies
mixed layer forming. Unlike it, in the areas of east central gyre, at the moment
10.00h, 17st of February, mixed layer depth is relatively small. In our opinion,
reduction mixed layer is caused by upraise of the pycnocline in relation to the sea
circulation (Fig. 1). Besides, in the central part of the sea basin with coordinates:
34◦5′ − 36◦5′E; 43◦ − 44◦N, during the calm condition, at the time moment 6:00h,
16st of February, mixed layer depth is a relatively small, than in the other open
part of sea basin (see Fig. 3b). The same central part is characterized by minimal
depth of the mixed layer using criteria sigma-t(density) (Kubryakov et al., 2018). In
addition, this numerical result in the interior basin is a relatively good approaches
to experimental date (Oguz, 2009), in which, the upper 50–60m homogeneity is
estimated by 0.3 psu.
Here, on the Figures 4 and 5, the differences in the temperature and salinity

fields (△T and △S), between depths z = 2, 8, 12, 16, 26, 36, 56m and the sea surface
(z=0 m), more clearly reflect the physical processes, which are developed in the
mixed layer. It is obvious that at the time moment: 22:00h, 15 February and 6:00h,
16 February, in the case of relatively strong and calm winds respectively, the mixed
layer is characterized by cooling process using the criterion of temperature (0.2◦C),
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Figure 3. Simulated depth of mixed layer using criteria Temperature (0.2◦C)-(a) and 0.15 psu for
Salinity-(b) at the time moments: 15st of February, 22:00h; 16st of February, 6:00h and 17st

of February, 10:00h

which covers 0–2 meter and it spreads till 16m, in the north, north-western and
its surrounding open water part of the sea (see Fig. 4). Moreover, within depth
16–56m, the cooling process is spreading till the south coastal line, especially in
the central segments of the Turkish sea waters. It should be noted that in the
north, north-western and the surrounding waters in the western central part, below
of 16m, the differences of temperature on vertical exceeds 0.2◦C. These areas are
distinguished by strong cooling 0.2◦C < △T < 0.5◦C, which not fixed on the
Figure 3a. In the same period of time between Bulgarian and Georgian coastal sea
waters, sea temperature decreases on depth 2–56m. This process is more clearly
observed within a depth 8–36m, but at same time, below of 16m, in sea waters
near the Istanbul strait and in south-east coastal line as well as in the Georgian
segment, the differences of temperature with relation to the sea surface exceeds
0.2◦C. It should be noted in Figure 3a, in the same areas MLD does not exceed
16m using the criterion of the temperature 0.2◦C. The areas of the warm pool, in
which sea temperature decreases on the vertical are simulated with minimal heat
fluxes and a lower speed of wind’s in the Black Sea basin.
As it is observed, mixing process features are not changed in the case of the

calm conditions at 6:00h, 16st of February (see Fig. 4). In our opinion, it is related
to the morning hours (6:00h), when sea water has almost the same temperature,
which was accumulated in previous day evening hours (22:00h). Besides, this result
demonstrates that: after strong wind, when weak wind is operated, sea circulation
near the sea surface is transformed as cyclonic current system, which in short time
has not ability to changes mixed layer features (Kvaratskhelia et al., 2018). In
contrast, at 10:00h on 17 February in the morning hours, the solar radiation flux is
reflected on the mixed-layered structures and the temperature on the sea surface
is higher than at a depth of 2–8m (Fig. 4). Here, below 8 meters, the mixed layer
at first glance has practically the same structure as in the previous time moments,
but the areas in which the sea temperature is higher than at the sea surface within
the framework of the criterion used (0.2◦C) becomes relatively large below of 16
meters, especially in the eastern part of the sea, corresponding to the southeastern
branch of Rim current, in which the maximum depth of the mixed layer is about
56m (see Fig. 3a).
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Figure 4. Differences in the temperature fields (◦C), between depths z = 2, 4, 6, 8, 16, 36, 56m
and the sea surface (z=0 m), at the time moments: 15st of February, 22:00h; 16st of February,
6:00h and 17st of February, 10:00h.

At the same time, mixed layer in the salinity fields, within 0–2 meter, in which
non-stratified structures are dominated basically (see Fig. 5), in turn, is agreed with
the atmospheric and sea circulation processes (Fig. 1). Below 2 meters, sea salinity
grows on the depth. Mixed layer was transformed as slightly stratified structures
(0.001 psu ≤ △S ≤ 0.15 psu) and its area decreased also, especially, from the depth
12m (see Fig. 5). Here, in the same Figure 5, mixed layer with the slightly stratified
structures is observed in the north-wester and Crimea waters approximately till
30m, in the time interval: 15st of February, 22:00 h–16st of February, 6:00h. Besides,
mixing process spreads in the open western part of sea for time moment 10:00h,
17st of February (see Fig. 5). It is a good result of united action of both the strong
wind and buoyancy flux.
As mentioned, mixed layer flexibility with regard to both values of Richardson

Numbers: Rit and RiS are at the center of our attention. It is well known, these
values in turn reflect the ratio between the stabilizing buoyancy forces (the Brunt-
Vaisala frequency squares) and de-stabilizing shear forces. Here, in Figures 6 and
7, both values of Richardson Numbers: Rit and RiS are presented on the same
above mentioned depths: 2, 8, 12, 16, 26, 36, 56m. They are simulated in relation to
the sea surface.
It is clear, near the sea surface, within 0–2 meters, the Richardson Number values

Rit and the differences in the temperature fields (△T ) are well coordinated with
each other (see Figures 6 and 4, respectively). Below 2 meters till 16 meters, in the
same north, north-wester and they surrounding open central part, in which cooling
processes are observed in frame of 0.2◦C (see Fig. 4), the gradient of Richardson
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Figure 5. Differences in the salinity fields (psu), between depths z = 2, 4, 6, 8, 12, 26m
and the sea surface (z=0 m), at the time moments: 15st of February, 22:00 h; 16st

of February, 6:00h, and 17st of February, 10:00h.

number basically is variable in range of 0.00002 ≤ Rit ≤ 1 at the time moment
22:00h, 15st of February (see Fig. 6).
It is easy to note that, within depth of 16–56 meters, in the same areas, in which

as mentioned, the differences of temperature changed in range of 0.2◦C < △T ≤
0.5◦C (see Fig. 4), Richardson number values is variable in frame of 1 < Rit ≤ 10
(see Fig. 6). Besides, within depth 8–36m, between Bulgarian and Georgian coastal
sea waters and its surrounding open water part, in which sea temperature decreased
in frame of −0.01◦C < △T ≤ −0.2◦C, when the depth increased, Rit is variable
in frame of −0.0001◦ < Rit ≤ −1. At the same time, at depths 36 and 56 meter,
Rit values are changed in frame of −10 ≤ Rit < −100, especially in the south-west
(near of Istanbul strait) and in south-east coastal line, as well as in the Georgian sea
waters, in which the differences of temperature changed in diapason −0.2◦ < △T <
−0.5◦C. It should be noted, in the same context, that a better coherence between
mixed layer structures and Richardson number values is observed at 10:00h, 17
February (see Fig. 4 and Fig. 6). Unlike them, in case of the weak wind action,
on 6:00h, 16 February, below of 2m, in the same-North, North-western and they
surrounding open central part, in which differences of temperature did not exceed
0.2◦C, the gradient of Richardson number’s is variable in in the following diapason
1 < Rit ≤ 10.
It is well known that the Richardson Number varying within −1 < Riρ < 0,

corresponds to the statistically unstable configuration (Bennis et al., 2008, 2010;
Rubino, 2014). In our cases, non-stratified structures, in which △S varied in the
range −0.001 psu ≤ △S ≤ −0.014 psu near the sea surface, within 0–2m (see
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Figure 6. The Richardson number vertical distribution accordance to temperature fields-Rit,
on the depth 2, 8, 16, 36, 56 meter in relation to sea surface, at 15st of February, 22:00h;
16st of February, 6:00h and 17st of February, 10:00h.

Fig. 5), are in good correlation with the Richardson number, which changed in the
range of−0.00002 < Ris ≤ −1, during the above mentioned time period (22:00h, 15
February –10:00h, 17 February). In the same depth, the areas in which △S varied
in range of 0.001 psu ≤ △S ≤ 0.004 psu is an excellent result a slightly stable
configuration’s 0.000002 < RiS ≤ 0.00007. Below 2m till 26m, mixed layer with
slightly stratified structures (0.001 psu ≤ △S ≤ 0.15 psu) is in good agreement with
the Richardson number, which changes in the diapason 0.000002 < RiS ≤ 0, 8, on
22:00h, 15 February and at 10:00h, 17 February (see Fig. 5 and Fig. 7, respectively).
As mentioned, within depth 12-26 m mixed layer area reduced, despite this, it is
spreading from the north (Sevastopol and Crimean waters) till the western central
part for the time moment 10:00h, 17 February (see Fig. 5). It is noticeably, here
in the same depth, in the eastern open central part, in which the differences in
the salinity exceed 0.15 psu, sea water is close to slightly stable configuration
(0.07 < RiS ≤ 1) (see Fig. 7). This result allows us to note: in case of the relatively
strong wind action, mixed layer in the salinity fields, its homogeneity, especially
in deep waters of the sea basin is more even sensitive to the Richardson numbers,
than in the temperature fields.
Besides, as it is seen, in the case of the weak wind action, for the time moment:

6:00h, 16 February, mixed layer has almost same structures, which is fixed at
22:00h, 15 February. It is easy to notice that, at the same time, in the upper layer
of the sea within depth 2–12m, in the south-western as well as in the south-east
segments of the sea basin, in which differences in the salinity fields do not exceed
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Figure 7. The Richardson Number vertical distribution accordance to the salinity fields-RiS ,
on the depth 2, 8, 12, 16, 26m in relation to sea surface, at the time moments: 15st of February, 22:00h;
16st of February, 6:00h and 17st of February, 10:00h.

0.15 psu (see Fig. 5), Richardson number is changed in the following diapason 1 <
RiS ≤ 10 (see Fig. 7). As above mentioned, in calm condition, in North, North-west
and western central part of sea basin the same tendency is observed: Richardson
number changes within 1 < Rit ≤ 10, when differences of the temperature do
not exceed 0.2◦C (see Fig. 4 and Fig. 6, respectively). This is a clear example of
Richardson number sensitivities to both strong and weak winds actions, which,
in turn demonstrates that, in the case of strong winds, mixed layer structures (in
winter season) are in good coherence with the values of the Richardson number.

7. Conclusion

Mixed layer investigation in the Black Sea basin were carried out on the basis
BSM-IG, improved using new model of the PP parameterization formulated by
Bennis et al.(2010) for VTV and VTD coefficients.
Here, mixed layer main elements are presented on the example of mid-February

(winter season). As the analysis of numerical experiments show: MLD in the tem-
perature fields, according to the temperature criterion (0.2◦C), from sea surface
reaches 36–56m, in the open waters below of 44◦N till the south coastal line. Its
maximal depth 56m coincides with the south-eastern branch of Rim current’s for
10:00h, 17 February (Fig. 3a). This branch close to 40◦E distinguished with the in-
tensive flow, right of which in the same depth the anti-cyclonic vortex is observed
(Fig. 1). Mixed layer homogeneity in the salinity fields is specified in frame of
0.0–0.15 psu. MLD in the mid-February using this criterion does not exceed 30m
(Fig. 3b). Here, a relatively strong mixing develops in north area of the Black Sea
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basin, which is spreading from the Sevastopol water areas till the central part of
the west, in a mentioned time: 22:00h, 15st of February –10:00h, 17st of February.
It should be noted, that this area is characterized by the buoyancy flux positive
role (evaporation exceeds precipitation) and winds intensity.
In additionally, the differences in the temperature and salinity fields on the sev-

eral depth in relation to the sea surface more clearly illustrate some aspect of the
mixed layer. Among them, the strong mixing-cooling process covers all the most
north, north-western and its surrounding western central areas in frame of 0.2–
0.5◦C, within range of the depth 16–56m (Fig. 4). The mentioned areas of the sea
basin are characterized by both maximal heat flux and winds intensity. Besides, at
morning 10:00h, 17st of February, solar radiation flux is reflected on the mixed layer
structures and sea temperature decreases in frame of 0–0.2◦C on the depth 0–8m.
At the same times of February, non-stratified structures mainly dominate within 0–
2 meters in salinity fields. Below 2 meters, mixed layer is transformed as a slightly
stratified structures, which is identified in the frame of 0.01 psu ≤ △S ≤ 0.15 psu
(Fig. 5).
This study is a clear example of Richardson number’s sensitivity to both strong

and weak wind actions, which, in turn, demonstrates that, in the case of strong
winds, mixed layer structures in good coherences with the specificity of Richardson
number are generated (see Fig. 4, 5 and Fig. 6, 7, respectively).
Besides, this numerical experiment allow us to note, that, in the case of the

relatively strong wind action, mixed layer in the salinity fields, its homogeneity is
even more sensitive to the Richardson number’s, than in the temperature fields. As
far as, below 12m, mixed layer area in the salinity fields is reduced in the Black Sea
basin, when Richardson number is changed in the following range 0.07 < RiS ≤ 1.
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[4] A.C. Bennis, T. Chacón-Rebollo, M. Gómez-Mármol and R. Lewandowski, Numerical modelling of
algebraic closure models of oceanic turbulent mixing layers, ESAIM-Math. Model., 44 (2010), 1255-
1277. https://doi.org/10.1051/m2an/2010025

[5] A. Capet, C. Troupin, J. Carstensen, M. Grégoire & J-M. Beckers, Untangling spatial and
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