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Abstract

This paper is devoted to the analysis of the vertical structure of circulation and thermohaline
fields in the Black Sea for January climatic conditions on the basis of a 3-D baroclinic model of the
Black Sea dynamics with 5 km resolution. The model makes it possible to take into account wind
driven forcing with alternation of different climatic wind fields and the atmospheric thermohaline
action by both the Dirichlet conditions through setting the temperature and salinity at the sea sur-
face and the Neumann conditions through setting the heat fluxes, evaporation, and atmospheric
precipitation. The analysis of the performed numerical experiment has shown that within the layer
with depth 0 - 300 m the sub-layers are forming with variable depth in time due to the simultane-
ously influence of the nonstationarity of atmospheric circulation and thermohaline processes.
Within each sub-layer circulation characteristics practically do not change on a vertical but they
undergoes some changes in time.

1. Introduction

The Black Sea because of its specific hydrological structure many decades is the focus of
oceanographic researches. It is one of the most well investigated water basin of the World Oean.
The theoretical study of many aspects of formation and evolution of 3-D hydrophysical fields in the
Black Sea depending on external and internal physical factors are based on different finite-
difference models which differ from each other by used coordinate system, methods of solution,
grid parameters, parameterisation of turbulence, etc [1-12]. Among these numerical models is a 3-D
basin-scale baroclinic z-level model of the Black Sea dynamics developed at M. Nodia Institute of
Geophysics [4], which was adapted and successfully tested for the Georgian coastal zone with 1
km resolution within the EU International projects ARENA and ECOOP [5]. This regional model
is a core of the regional forecasting system, which in turn is a part of the basin-scale Black Sea
Nowcastin/Forecasting System [8].

Despite of the rather high level of our knowledge in hydro and thermodynamic processes in
the Black Sea, we consider that some problems concerning hydrological structure of the sea, are
not solved completely. For example, among such problems investigation of a vertical structure of
the Black Sea hydrological mode is very importance. Such investigations were performed in [3] on
the base of the model [4] with 10 km spacing, where was shown that all depth of the sea basin may
be consider as consisting of some relatively homogeneous sub-layers. Within each of the sub-layers
general circulation processes practically do not change qualitatively by depth, but essentially
change from layer to layer.

The present paper may be considered as continuation of investigations performed in [3]. The
main goal of this paper is to investigate the temporal variability of the some relatively homogene-
ous sub-layer within the depth 0-300 m of the Black Sea for January climatic conditions in the
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inner-annual time scale as demonstration of the simultaneously role of atmospheric circulation
and termohaline impact.

2. The model description

To achieve the specified goal, we used a 3-D baroclinic prognostic z-level model of the
Black Sea dynamics which is developed at the institute of Geophysics [4]. The model equation sys-
tem is written for deviations of thermodynamic values from their standard vertical distributions.
This model takes into account quasi-realistic sea bottom relief, nonstationary atmospheric wind and
thermohaline forcing, water exchange with the Mediterranean Sea and inflow of the Danube River,
the absorption of short-wave radiation by the sea upper mixed layer, space-temporal variability of
horizontal and vertical turbulent exchange.

The model makes it possible to take into account wind driven forcing with alternation of dif-
ferent climatic wind fields and the atmospheric thermohaline action by both the Dirichlet conditions
through setting the temperature and salinity at the sea surface and the Neumann conditions through
setting the heat fluxes, evaporation, and atmospheric precipitation.

On the sea bottom the velocity components, heat and salt fluxes were equal to zero. On the
lateral surfaces, two kinds of boundary conditions are considered: on the rigid boundaries sharing
sea from land, components of current velocity, gradients of temperature and salinity normal to the
boundary surface are equal to zero; b) on the liquid boundaries connecting the sea with the Bospho-
rus Strait and the Danube River, values of velocity, temperature and salinity are given on the basis
of experimental data.

The coefficients of horizontal turbulent viscosity and diffusion are assumed as functions of
the horizontal grid step and horizontal gradients of velocity components consider in [11], vertical
turbulent viscosity and diffusion coefficients were chosen constant equal to 50 cm’s™ and 10 cm’s™
For a considered non-stationary, nonlinear problem existence [13] and uniqueness theorems of
solution are proved [14]. For solution of the problem a two-cycle splitting method was used de-
scribed in detail in [9, 10].

3. Key model parameters

At implementation of the Black Sea dynamics model [ 4] we used improved resolution
equal to 5 km in both directions, the quantity of points along axes x and y was 225 and 111, respec-
tively. 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 . . . 2306 m were considered.

The types of atmospheric circulation for January were taken from [15,16] in which on the
basis of processing of observed data for 1946-1962 41 types of atmospheric circulation are estab-
lished above territory of the Black Sea within one year.

The multiyear monthly means of temperature and salinity at the sea surface for each moth,
which were used in the calculation as the Dirichlet conditions, and the depth profiles of the tem-
perature and salinity averaged over the water area were kindly placed at our disposal by A.N. Ko-
sarev and V.S. Tuzhilkin (Department of Oceanology, Geophysical Faculty, and Moscow State
University). The main bulk of data were obtained during the period 1955-1994. The data on evapo-
ration and the field of precipitation borrowed from [12] were conveyed from the Marine Hydro-
physical Institute (Sevastopol) within the framework of the ARENA international project.

To determine values of parameters connected with absorption of short-wave radiation some
articles have been used [17, 18, 19, and 20]. The other parameters had the following values: the

gravitational acceleration g = 980 cm?/s, the average marine water density p, =1lg/cm’, the Corio-

lis parameterl =1, + By, wherel, =0.95-10*s™ ,=10""cm™'s™', the time step At =1h.

4. Results of numerical experiment
In numerical experiment on simulation of January hydrological mode of the Black Sea the in-
tegration started on the 1st of January. As initial conditions annual mean climatic fields of current,
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temperature, and salinity obtained by the same model were used [4]. Wind forcing variability was
expressed as the alternation of different types of wind characterized for January conditions [16].
Duration of action of each atmospheric wind type was10 — 60 h, they differed from each other by
direction, module, and repeatibility. When one wind type changed to another, a state to close to
calm, with a wind speed of 1 m/s and wind direction corresponding to the arithmetic mean between
the two consecutive wind direction, took place between these wind types.

The researches presented in this paragraph are continuation of the previous work [3] in case
of space resolution 5 km. Thus, researches are performed in case of January atmospheric clima-
tological forcing. Increase of model resolution allows us to determine vertical hydrological structure
more precisely and to specify depth and location of the homogenous sub-layers and explore it’s
strongly variability in cold season.

4.1. The case of January hydrological mode

In order to illustrate the vertical changeability and transformation of the Black Sea circulation
during the winter period, we chose the time interval 129-256 h (January), when the circulation was
reorganized as shown in Table 1. Fig. 1 shows the fields of wind tangential friction stress at the sea
surface corresponding to northeasterly-western (15-20 m/s), eastern wind (10-15 m/s), and north -
eastern wind (> 20m/s) indicated in Table 1.

Figs 2, 4-5. Illustrate the evolution of the Black Sea vertical circulation system within the
depth 2-306 m during above mentioned time interval.
Table 1. Alternation of wind types during time interval 129-381 hours, (January) and sub-layers’
location

Wind direction Wind Time Sub-layers:

speed, m/s | interval, h

North-western 1 129-142 2-136; 136-306
wind
Northeasterly- 15-20 142-163 2-12; 16-36;56-136; 136-306

western wind

Northeasterly- 1 163-176 2-36; 56-136; 136-306
North wind

Eastern wind 10-15 176-194 2-12; 12-26; 36-136; 136-306
Northeasterly -Earth | 1 194-207 2-86-136; 136-306.
North-eastern wind | >20 207-243 2-8; 12-26; 36-136, 136-306.
North wind 1 243-256 2-16; 16-86-136; 136-306
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Fig. 1. Vector ﬁelds of the wind stress types Northeasterly- western (15-20m/s), Eastern wind (10-

15m/s), North-eastern wind (>20m/s) corresponding (January) to the following time intervals: t=
142-163 h,t=176-194 h, t = 207-243 h.
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Fig.2. Calculated current field (cm/s) at time t = 142 h (January), according to the North-western
wind (1m/s)
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Fig. 3. The Schematic diagram for the main features of the upper layer circulation
derived from synthesis of past hydrographic studies prior to 1990.
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that moment maximal velocity of the current on depth of 2 m (it is first calculated level) is < 20
cm/s. This result is in good argument with results known from experimental and theoretical investi-
gations about Black Sea circulation structure [4]. It is interested to note that calculated circulation
pattern at moment t = 142 h in the first sub-layer is very similar to the upper layer circulation of the
Black Sea obtained from observations (Fig.3) [7].
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Fig. 6. Calculated salinity
Dirichlet condition.

In Figs. 4-5 are illustrated formation of vertical structure of sea circulation and its evolution
at moments from 163 h to 256 h according to wind driven forcing (Table 1). In case of strong winds
at time moments t = 163, 194 and 243 hours in the Black Sea there are formed several sub-layers
within layer 0-100 m. It should be noted that despite of calm conditions at time moments t = 176,
256 hours there are observed also several homogenous sub-layers in difference of the first case
(Fig.2) and the case at t= 207 (Fig.5). The detail analysis of the results of the numerical experiment
has shown that the reason of this fact is the effect of influence of a previous wind. In such cases sea
surface current speed > 20 cm/s is observed. The structure of the sub-layers at different wined types
is shown also in Table 1.

Fig. 6 shows the salinity fields calculated with using both the Neumann and Dirichlet condi-
tions. Generally, it is well visible that salinity fields are in a good correlation with circulation fea-
tures. Despite of that the salinity fields in the layer 1-26 m obtained with use of Neumann and
Dirichlet conditions differ from each other, sea circulation is the same at any case of boundary con-
ditions. This specifies that in the upper layer of 0-36 m the primary factor of formation of sea circu-
lation vertical structure is wind driven impact in the cold season.

5. Conclusion

Original barolinic 3-D numerical model of the Black Sea dynamics with fine resolution (grid
step 5 km) is used to specify homogenous sub-layers structure on a vertical in the upper 0-330 m
layer for January climatic conditions.
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Analysis of the results of the numerical experiment has shown that, due to the nonstationary
atmospheric processes in the Black Sea are forming several homogenous sub-layers with especially
features of the circulation. The depth and location of the sub-layers are substantially transforming
according to alternation of wind types developed over the Black Sea.
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HucnieHHOE U3yYEHNE BEPTUKAIBHOU THAPOIIOTHYECKON CTPYKTYPBI
YEpHOTO MOpPS B YCJIOBUSAX aTMOC(HEPHOTO STHBAPCKOTO
KJIMMAaTUYECKOTO BO3JICUCTBUSA

Hemypu U. JemerpamBunm, Juana Y. KBapauxenua, Benxus ['. Kyxanamsunu

Pesome

PaboTta mocpslieHa aHalINW3y BEPTUKAIBHOW CTPYKTYpbl LMPKYJISALUM U TEPMOXAIMHHBIX
nonei B UYEpHOM MOpe I SHBAPCKUX KIMMAaTHYECKUX YCIOBUM Ha OCHOBE TPEXMEPHOMU
OapOKJIMHHOW MOojienH TUHAMHUKHA YEpHOTO MOps ¢ 5 KM pazpenienreM. Mojenb 1aéT BO3MOXHOCTD
YUUTBHIBaTh BETPOBOE BO3CHCTBHE C YEPENOBAHUEM Pa3HBIX KIMMAaTHUYECKMX BETPOBBIX IOJEH U
TEPMOXAJIMHHOE BO3JIEHCTBUE C IIOMOILBIO YCI0BUN [IupHxiie 3a1aHueM TeMIIEpaTyphl U COIEHOCTH
Ha TIOBEPXHOCTH MOps M ycioBusMu HeiimaHa 3ajaHueM IIOTOKOB TeIUla, WCIApEHUs H
aTMOC(EPHBIX 0CaJIKOB. AHAJIN3 NPOBEAEHHOTO YUCIEHHOIO SKCIIEPUMEHTA 10Ka3aj, 4To B UEpHOM
Mope BHYTpH ciosi ¢ TtommuHoi 0-300 M ¢opMHpYIOTCS TMOACIOW TMEPEMEHHON TOJIIIMHBL,
00yCJIOBIICHHbIE OJHOBPEMEHHBIM BIIMSHUEM HECTAllMOHAPHOW aTMOC(HEpHOM LUPKYJISALIUH U
TEPMOXAJIMHHBIX MPOLECCOB. BHYTpM KaXI0ro MOACIOS LHUPKYJALHUOHHBIE XapaKTEPUCTUKU
IIPAKTUYECKHU HE U3MEHAIOTCA 110 BEPTUKAIIN, HO OHU IIOJIBEPTAIOTCA U3MEHEHHUAM BO BPEMCHH.
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