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Abstract

Regional forecasting system to predict currents, temperature and salinity 3-D fields for the
easternmost part of the Black Sea have been developed within the context of the international scien-
tific-technical EU projects ARENA and ECOOP. The regional area is bounded with the Caucasus
and Turkish shorelines and the western liquid boundary coinciding with 39.36°E. A core of the
forecasting system is the highly resolving 3-D regional prognostic model of the Black Sea dynamics
developed at M. Nodia Institute of Geophysics. The regional model with 1 km spacing is nested in
the basin-scale model of the Black Sea dynamics (with the grid step 5 km) of Marine Hydrophysical
Institute (MHI, Sevastopol/Ukraine). All input data required for 4-days forecasts are regularly ob-
tained from MHI via Internet. At present the system is ready for operational functioning.

1. Introduction

For the last decades researches on dynamics of the Black Sea have received wide development.
Attraction of new technologies of observations including satellite methods of measurement [1-3],
creation of highly resolving mathematical models allowing to reproduce dynamic processes by suf-
ficiently high adequacy [4-11] have lifted on higher level oceanography of the Black Sea. Our
knowledge and understanding of hydrodynamic processes of the Black Sea, became more perfect
and traditional opinion about character of averaged surface circulation of the Black Sea [12,13] has
considerably changed. Nowadays, it is possible to present character of the general circulation of the
Black Sea as follows: as a whole, circulation of the upper layer has cyclonic character and main
component of this circulation is the meandering Rim Current, which amplifies and stabilized during
the autumn-winter period. The Rim Current represents a jet stream with width 40-80 km and aver-
age speed of 20-25 cm/s on its axis passing on peripheries of the basin counterclockwise. Charac-
teristic features of the general circulation are also existence of two or more cyclonic gyres in the
open part of the sea and the coastal anticyclonic eddies connected with meandering of the Rim Cur-
rent. Among anticyclonic eddies formed in the east part of the basin, the Batumi eddy located in the
southeast part is rather steady formation during warm season [11, 14]. Weakening of atmospheric
circulation and prevalence of windless weather promote vortex formations in the surface layer,
whereas strong winds have smoothing action and promote the breakup of vortical formations
[14,15]. At strong wind speeds sea current can reach or surpass 100 cm/s [16, 17].

Thus, as a result of improvement of our knowledge on physical processes in the Black Sea, im-
provement and working out new observation systems and highly adequate models of dynamic proc-
esses of the Black Sea, on a threshold of current century has ripened necessity to create a Nowcast-
ing/Forecasting Operative System of the Black Sea state, which allows to observe current distribu-
tion of the physical parameters characterizing a condition of the sea basin and to predict their evolu-

37



tion to some days forward, i.e. to carry out the continuous control over the state of the Black Sea
[3]. Functioning of such system especially important for coastal and shelf areas which undergoes to
the greatest anthropogenous loadings.

The important stage for solution of this main problem of modern operative oceanography was
the work carrying out by the leading oceanographic Centers of Black Sea riparian countries: Bul-
garia, Georgia, Russia, Romania, Turkey and Ukraine within the frame of EU international scien-
tific-technical project ARENA [18, 19]. Coordination of this work was carried out by Marine Hy-
drophysical Institute (MHI, Sevastopol) of National Academy of Science of Ukraine. For the first
time in practice of the Black Sea oceanography a pilot experiment on functioning of Nowecast-
ing/Forecasting System of the Black Sea state in the near-real time mode has been carry out during
22-26 July 2005. In this experiment the regional model of dynamics of the Black Sea developed at
M. Nodia Institute of Geophysics has been used for 2 days forecasts of currents, temperature, and
salinity in the narrow part of the Georgian sector of the Black Sea including Batumi, Poti and Sok-
humi ports [20, 21].

All input data required for calculation of regional forecasts with high resolution (1 km spac-
ing) were operatively transferred via the Internet from MHI. Using a method of nesting modeling,
on the liquid boundary passing along 41°E and limiting the part of Georgian coastal zone from other
part of the sea basin, values of hydrophysical parameters predicted by basin-scale model (BSM) of
the Black Sea dynamics of MHI were applied. The analysis and comparison of results of the fore-
casts to the observational data have shown ability of our regional model to reproduce really hydro-
physical fields in the Georgian coastal zone [19]. In further, within the framework of other EU in-
ternational project ECOOP (2007-2010), for the purpose of reception more perfect regional circula-
tion patterns, the forecasting area has been considerably expanded to the western direction that has
allowed to receive more perfect patterns of regional circulation in the most east part of the Black
Sea.

At present, calculations of 4-days forecasts of main hydrophysical fields in the expanded
area, which is limited by Caucasus and Turkish coastal lines and the liquid boundary coinciding
with 39.36"E, are regularly carry out. All necessary input data we receive regularly from MHI via
ftp site.

The purpose of this study is to demonstrate calculation of marine forecasts by regional mod-
eling system for the easternmost Black Sea and to analyze some results of the forecast correspond-
ing to July, 2010.

2. Regional Modeling System for Marine Forecast

A core of a regional modeling system is the nested regional hydrostatic numerical model of
the Black Sea dynamics. The model is based on a primitive equation system of ocean hydro-
thermodynamics, which is written in z coordinates for deviations of thermodynamic values from
their standard vertical distributions [20, 21]. This regional model (RM-IG) is received by adaptation
of the basin-scale model (BSM) of the Black Sea dynamics developed at M. Nodia Institute of Geo-
physics [14, 15] to the easternmost part of the basin and is nested in the BSM of MHI. It is neces-
sary to notice that in turn the BSM of M. Nodia Institute of Geophysics is an improved version of
the prognostic model of the Black Sea dynamics [22-26] originally developed in the early 1970s at
the Computing Center of Siberian Branch of the Academy of Sciences USSR (Novosibirsk,
Akademgorodok).

The regional nested model takes into account absorption of solar radiation by the sea upper
layer and spatial-temporal variability of turbulent viscosity and diffusion. Atmospheric forcing is
taken into account by boundary conditions on the sea surface z = 0 considered as a rigid surface,
where the wind stress components are given as known functions, for temperature and salinity the
Neumann conditions are used by given of heat fluxes, evaporation and atmospheric precipitations.
On the sea bottom the velocity components, heat and salt fluxes are equal to zero. On the rigid lat-
eral boundaries, shearing the sea basin from land, horizontal components of current velocity, gradi-
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ents of temperature and salinity normal to boundary surface are equal to zero. On the liquid bound-
ary, horizontal components of velocity, temperature and salinity predicted by BSM of MHI are
used.

The existence and uniqueness theorems of 3D nonstationary problem of sea dynamics are
established in [27- 31]. For solving this problem, we used the two-cycle method of splitting the
model equation system with respect to both physical processes and coordinate planes and lines,
which was proposed by G. I. Marchuk for solution of problems of ocean and atmosphere dynamics
[32-35]. This method substantially simplifies the implementation of complex physical model and
enables us solution of 3D nonstationary problems to reduce to solution of more simple 2D and 1D
problems.

The regional domain was covered with grid 193x347 having horizontal resolution 1 km.
On a vertical the non-uniform grid with 30 calculated levels on depths: 1, 3, 5, 7, 11, 15, 25, 35, 55,
85, 135, 205, 305, ..., 2005 m were considered. The time step was equal to 0.5 h.

The methodology of nested modeling and forecast is described in [20]. Input data with one
hour step corresponding to 4 - days forecasting time period received from MHI are following:

- 3-D fields of temperature, salinity and sea current velocity components including initial

fields at moment t = 0;

- Wind stress components, heat fluxes, evaporation and precipitation on the sea surface.

Data received from MHI correspond to our regional area and are given on a coarse grid of BSM
of MHI (with grid step 5 km). Data on the sea surface are prognostic fields calculated from the At-
mosphere dynamics model ALADIN; 3D fields of temperature, salinity and velocity components
are prognostic fields calculated with use of BSM of MHI.

3. Forecast of Regional Processes, July 2010

Here are presented some results of 4-days forecast of sea processes in the regional area includ-
ing Georgian sector of the Black Sea (the liquid boundary coincides with 39.36"E) for the following
forecasting time period: 18 July 2010, 00:00 h — 22 July 2010, 00:00 h.

In Fig.1 are presented prognostic wind stress fields on the sea surface for the regional area at
some time moments within forecasting time interval. These fields were used for the upper boundary
condition to describe wind driven forcing and enable us to discuss about changeability of wind over
the allocated area during the forecasting period. It is clear from the Figure that atmospheric circula-
tion during 18 — 22 July 2010 was characterized by significant variability above the easternmost
part of the Black Sea. At the initial time of forecast, 1. e., on 18 July 2010, 00:00 h the dominated
wind direction was absent and atmospheric circulation had complex character (Fig.1a), after 24
hours circulation was sharply transformed to the eastern wind which gradually deviated in a north-
west direction over the most part of the sea surface (Fig.1b). Further, the wind continued to change
permanently and was gradually transformed to the western wind (Figs.1e and 1f).

Figs.2-4 illustrate the Black Sea circulation, temperature, and salinity fields at initial time of
forecast on different horizons. From Fig.2 it is clear that the main element of regional circulation is
Batumi anticyclonic eddy, which covers the area with diameter about of 100-120 km. This vortex
practically does not change in the upper 200 m layer, only current speed decreases from maximal
value equal to 34 cm/s till 12 cm/s. Below 200 m the vortex gradually decreases in sizes (see, Fig.
2e) and on the depth of 1000 m it is not observed any more (see, Fig. 2f).

The analysis of circulation patterns on horizons shows that all depth of the sea may be con-
sider as consisting of some homogeneous sub-layers; in each of them the circulation pattern practi-
cally does not change by depth. It should be noted that such steepness vertical structure of circula-
tion was also observed in numerical experiments on simulation of basin-scale circulation of the
Black Sea in case of some wind types [36].

Temperature field at the initial time moment is characterized by significant qualitative and
quantity changes with depth (Fig. 3). A cold intermediate layer (CIL) occurs on horizons of 50 and
100 m (CIL is bounded with isotherm of 8°C), but it does not cover all the area (Figs.3¢ and 3d).
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General feature of salinity field is that the area of relatively low salinity coincides with alloca-
tion of Batumi anticyclonic eddy (compare, Figs.2 and 4). It is easy to explain this fact to that de-
scending streams which develop in the anticyclonic vortex, transfer less salty waters from the upper
layer downwards. In deep layers the temperature and salinity are highly homogeneous in horizontal
direction (see, Figs. 3f and 4f), this property is well known for the Black Sea [26, 37].
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Fig.1. Vector fields of the wind stress on the sea surface within forecasting period:
18.07.2010, 00:00 u —22.07.2010, 00:00 u. (a) — t=0h, (b) - t=24h, (c)- t=36h,

(d) - t=48h, (e) - t=72h,(f) - t=96h. (Here and in following Figures time is counted from
the initial moment of the forecast ).
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Fig.2 . The current field at the initial time of forecast on depths of (a) 0 m,
(d) 200m, (¢) 500 m, (f) 1000 m.
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Fig.5. The surface current fields predicted by RM-IG at (a) 24 h, (b) 48 h, (¢) 72 h, (d) 96 h.

Figs. 5-7 illustrate prognostic fields of current, temperature and salinity received by the RM-IG
at the time moments 24, 48, 72 and 96 h after beginning of integration (18.07.2010, 00:00 h). Circu-
lation patterns are shown on z = 0, but temperature and salinity fields — on z =20 m.

From Fig.5 is obvious that Batumi anticyclonic eddy insignificantly depends on changeability of
atmospheric wind forcing (see, Fig.1) and is rather stable formation; it is observed during all fore-
casting period without strong changes. The Batumy eddy most of all is exposed to some changes
for the both third and fourth days of the forecast and its centre is displaced a little on the West side
(Fig.5d). Here the narrow zone with width about 20-25 km along seashore is obviously allocated,
where movement of waters sharply differs from other part of the regional area and currents have
tendency to vortex formation of very small sizes.
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Fig.6. The temperature fields on depth of 20 m predicted by RM-IG at (a) 24 h, (b) 48 h,
()72 h, (d)96 h.

From Figs. 6 and 7 are shown that prognostic temperature and salinity fields are changing a
little during the forecasting period, but main features of distribution of these fields remain same.

Figs. 8-10 illustrate prognostic fields of current, temperature and salinity computed by BSM
of MHI. The patterns are on the same horizons and at the same time moments as in Figs. 5-7.

Comparison of Fig. 8 with Fig. 5 shows that results of forecast of Batumi eddy from both
RM-IG and BSM are closed (configuration, sizes, intensification). The most considerable distinc-
tions are observed in the narrow zone along the coastal line. The basic distinctions between tem-
perature fields predicted by the RM-ig and the BSM is reduced to that in a zone of development Ba-
tumi eddy values of temperature predicted by the RM-ig are higher than values of temperature pre-
dicted by the BSM (see, Figs 6 and 9).
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Concerning salinity fields, there are more similarity between fields predicted from both RM-
IG and BSM. Particularly, in both cases the zones of lower salinity are in the central area of Batumi

anticyclonic eddy.
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4. Summary

A regional forecasting system allowed to predict flow, temperature and salinity fields with 1 km
spacing in the easternmost part of the Black Sea is developed. A core of the forecasting system is
the hydrostatic baroclinic regional model of the Black Sea dynamics, which is nested in the BSM of
MHI. Main features of regional circulation for July 18.07 — 22.07, 2010 predicted both by the BM-
IG and BSM of MHI are practically the same, but more differences are observed in the narrow
zone along shoreline. In this near-shore zone the flow predicted by RM is characterized by more
tendency to form eddies of small sizes. Some differences are also observed in temperature and sa-
linity fields predicted by both model.
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Finally, it should be noted that at present to verify results of the forecast by comparison with
the real data is not possible because of the absence of the observational data. However, such com-
parisons have been done during pilot experiment within the project ARENA in 2005, which
showed an ability of the regional model to predict hydrophysical fields with sufficient accuracy
[19].
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Hexoropsbie pe3ybTaThl HIPOrH03a THAPOIUHAMUYECKUX
MPOLECCOB B BOCTOYHOM yacTu UépHoro mops

AsTanaui A. Kopazaase, lemypu U. lemeTpamBuiu
Pesrome

B paMkax MeXIyHapOoJHBIX Hay4YHO-TEXHUUYECKUX MPpoeKToB EBpocoro3a ARENA u ECOOP
pa3paboTaHa pernoHajbHas IMPOrHOCTHYECKAs CUCTEMa [yl IpelCcKa3aHUs TPEXMEPHBIX MOJeH
TEYCHUHN, TeMIepaTypbl M COJEHOCTH B CaMOW BOCTOYHOM 4actu UYEpHoOro Mops.
[Ipornoctuyeckass obGnacTh orpannueHa KaBkasckoil um Typerkoit OeperoBbIMH JHUHUAMH H
3anaJHOM KUAKOW T'PAaHULEH, COBIIAJAOLIEH C 39.36° B. 1. OCHOBHBIM SIAPOM MPOTHOCTHYECKOU
CUCTEMBI SIBIIICTCS TPEXMEPHAsA PETHOHAJIBHAS TPOTHOCTUYECKAs: MOJEIb JMHAMUKH UEpHOTO MOps
C BBICOKHM paszpelieHueM, padpadorannas B Uncturyre reopusuxu um. M. Hoaua. Pernonanbhas
MOJZEIb C INPOCTPAaHCTBCHHBIM INAroM, pPaBHBIM |1 KM, BCTaBJI€HAa B MOJEIU IJUHAMHMKH BCETO
Uépuoro mopsi Mopckoro ruapodusuueckoro HMucruryra (MIU, CeBactomonbs/YkpanHa) c
IIPOCTPAHCTBEHHBIM IIaroM, paBHbIM 5 KM. Bce BXxoiHble naHHbIE, HEOOXOOUMBIE A7 pacuéra 4
JHEBHBIX IIPOTHO30B, INOIy4arrcs peryiisipHo u3 MI'U uepe3 MHrepHer. B Hacrosiiee Bpems
cucTeMa rotoBa Jyis OepaTuBHOrO (PyHKIIMOHUPOBAHHUS.
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