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Evaluation of Seismic Hazard for Georgia and Seismic Risk for City
Mtskheta with Modern Aproaches

Nino S. Tsereteli, Otar Sh . Varazanashvili, Zurab R. Gogoladze, Vakhtang G.
Arabidze, Davit T. Svanadze, Manana P. Kupradze, Irine B. Khvedelidze

M. Nodia Institute of Geophysics of Iv. Javakhishvili Thilisi State University

ABSTRACT

In this paper we are presented brief overview of the project "Evaluation of seismic hazard for
Georgia and seismic risk for city Mtskheta with modern aproaches”. Seismic hazard and risk
assessment is very importance in Southern Caucasus (SC) and particularly in Georgia. The goal of
society is to create urban environment that is protected from destructive earthquakes and minimize
the expected losses. However, complete elimination of expected losses is unreal. One of the reasons
for it is deficiency of knowledge about real seismic hazard and vulnerability of urban areas and
infrastructure. In this regard, the general purpose of this project was to provide a reliable seismic
hazard assessment at the national level and risk assessment for strategically important objects
(cities, critical facility, lifelines, cultural heritage and others) of Georgia. In our case Historic city
Mtskheta was chosen as strategic objects. Historic city Mtskheta is located in eastern Georgia, and
is the administrative centre of the region of Mtskheta-Tianeti and Mtskheta Municipality. Mtskheta
IS a city museum and in 1994 was listed as a UNESCO World Heritage Site. Mtskheta is
characterized by increasing urbanization, population density and infrastructure. Also taking into
account the current reality of high vulnerability, the results of this project allowed us to evaluate
recommendations for a new strategy of urban planning of the city, by proposing specific mitigation
actions in district with high seismic risk, as well as adequate protection of infrastructures in case of
earthquake.

Key words: seismic hazard, seismic risk, earthquake
Research goals

The one of main goal of the project includes a new assessment of the seismic hazard at the national
level; evaluation of local seismic hazard for the city of Mtskheta; assessment of its seismic risk and
analysis of mitigation action of the risk.

Seismic hazard analysis involves the quantitative estimation of ground shaking hazards at a
particular area that are expressed in term of peak ground acceleration (PGA), spectral acceleration
(SA) and macroseismic Intensity I. Seismic hazard analysis consists of four main steps: |i.
Definition of a reliable seismic earthquake catalogue extended back in time as much as possible; ii.
development seismic sources model at national level; iii. selection of ground motion prediction
attenuation models for the relevant ground shacking parameters; iv. Integrate (1)-(3) into
probabilistic calculation of seismic hazard curves with uncertainties.

Seismic sources (SS) and methodology of probabilistic seismic hazard assessment of the
region were developed in EMME project [1,2]. Catalogue were developed up to 2006 year for the
region of Middle East [3]. Unification of catalogues towards of Mw and Ms were done according
correlation equations proposed by Zare el al [3]. Following these work Catalogue of earthquakes
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were updated up to 2017 for Georgia and surrounding regions. In modern methods of seismic
hazard assessment the use of active faoults as one of SS is recomended, which in turn requires
accurate knowledge of the 3-dimensional geometry of the active faults and slip rates along them.
Another type of SS is area seismic sources (ASS). In this work we have taken active foults sources
from work [1] and developed new areas sources.

Each zone was defined with the parameters: the geometry, the magnitude-frequency relation
parameters as slop of curve bgr and seismic activity - agr, maximum magnitude Mmax, depth
distribution and tectonic characteristics.

Due to the lack of records for strong earthquakes at short epicentral distances, four (global
and regional) models of prediction equation were used [4,5,6,7]. On the basis of obtained seismic
sources probabilistic seismic hazard maps were calculated in terms of peak ground acceleration
(PGA) and spectral accelerations (SA) at 0.2, 1, 2, 4 sec for 10% probability and 2% probability in
50 years using attenuation relationships [4,5,6,7] correspondingly for Rock Vs30=801m/sc using
EZ-FRISK. Results are presented in Fig. 1,2.
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Fig. 1. Probabilistic seismic hazard maps for 10% probability in 50 years.
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Fig. 2. Probabilistic seismic hazard maps for 2 % probability in 50 years
Estimated seismic hazard were used as input motion for local seismic
hazard assessment for Mtskheta region.



Local seismic hazard assessment

In Mtskheta areas, for the local seismic hazard assessment first all information of previously
available geological, geotechnical, geophysical data were collected. These information were
provided by City Hall of Mtskheta.

New on-sight fieldworks investigations were done to define the subsoil model, based on local
lithological-geotechnical units, their stratigraphic and geometric relationships, and their typical
physical-mechanical parameters. The site investigation of Mtskheta was carried by geophysical
measurements that performed MASW and noise measurements processed with HVSR technique.
HVSR method is widely used for the site investigation studies in the last two decades [8,9].
However the horizontal and vertical (H/V) spectral ratio of natural seismic noise first proposed by
Nogoshi and Igarashi [10,11]) and this technique revised by Nakamura [12]. The analysis of H/V
allows us to estimate S-wave resonance frequency f o (Hz) of the sedimentary cover and it’s
thickness of overlying bedrock. As a relation between the thickness h and average S-wave velocity
(Vs) of the sedimentary layer [13,14] by the equation :

== @
4h
In order to evaluate S-wave velocity profile with depth we use Joint inversion of Raylegh
wave dispersion curve and H/V curve. The inversion procedure was carried out by Montecarlo
algorithm (MC), a multimodal Monte Carlo inversion based on a modified misfit function [15] that
was proposed by Maraschini and Foti [16].
Figure 3 is presented investigating area. Red dots are were single station investigations were

done and blue lines indicated place were MASW measurement were done.

Fig. 3. Investigated areas of city Mtskheta for seisic microzonation

Finally investigated area were characterised by dominant frequency and Vszo.
Seismic Risk Assessment
For seismic risk assessment first inventory of residential building were created for city Mtskheta.

The inventories of the built environment (building and lifeline system) was studied and
converted into a GIS system with the following categories:



e Base map: Buildings, streets (street name and building number), parks, green areas, rivers,
lakes, sports stadia etc (Fig. 1);

e Buildings: Building material, number of storeys, number of entrances, condition of
building, building period of Thilisi buildings, photos of old Thilisi buildings, populatin
numbe;

e Initial cost of bulding;

e Electricity system: Electric power transmission lines, operating stations and centrals;

e Water aqueducts and supply system: water transmission system, sanitary sewer system,
pumping stations, and reservoirs;

e Relief of Mtskheta: Digital Elevation Model (DEM);

e Aerial photos of Mtskheta.

Based on inventory map, vulnaranilty of building were estimated according to [17].

Finally seismic risk in terms of damage, economic losses in GEL were estimated for scenario

earthquakes with intensity 1=7,8,9 at MSK 64 scale.

Fig. 4. Economic losses in GEL for Intensity | = 9 at MSK 64 scale

On bases of obtained investigation Map of the emergency limit condition was produced for
the study area, underlining critical elements and priority order of intervention.
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OueHka ceiicMU4eCKOM ONMACHOCTH JJisA I'py3un U cecMHUYeCcKoro
pucKa A4 ropoga Mixera ¢ COBpeMEeHHbIMH MOAX0AAMHU

H.C. Uepetean, O.111. Bapazanamsuiu, 3.P. I'oroaanse, B.I'. Apadtua3e,
J.T. Cananze, ML.II. Kynpanse, U.b. XBeneanaze

Pe3rome

B cratbe KkpaTko mpeacTaBieHBI pabOTHI, MPOBEACHHBIE B pamKkax mpoekra - «OreHka
CEMCMMYECKOM OMacHOCTH i ['py3unm u ceilicMuyeckoro pucka s ropoaa Mixera c
COBPEMEHHBIMHM MOJXxoaaMu». OIEHKH CEUMCMHYECKOM OMAacCHOCTHM M PHUCKA OYEHb BAXKHBI JUIS
HOxnoro KaBkaza u ocobenno st I'py3uun. Llenb obmiectBa - co3aarh Takylo FOpPOJICKYIO Cpeny,
KOoTopasi OyJIeT 3alUIIeHa OT Pa3pyIIUTEIbHbBIX 3eMIICTPICCHUI U OYIyT YMEHBIIATCS OXKHIaeMbIe
notepu. OIHAKO MOJHOE YCTpaHEHUE MOTEPb - HepeanbHO. OgHAa U3 MPUYUH FTOrO SIBISAETCA
NeUIUT 3HAHUH O pealbHOW CEHCMUYECKOM ONAacHOCTH, YSI3BUMOCTH 3aCTPOUMKH U
uHQpacTpykTypel. B cBsI3U ¢ 3THUM OCHOBHOM IIEJIbI0 3TOTO IMpOeKTa Obula 00ecHeuuTh
JIOCTOBEPHYIO OILIEHKY CEHCMHUYECKON OMAacHOCTH Ha HAIMOHAJIHLHOM YPOBHE M OIICHKY pHCKa JIs
CTpaTEerMuecKyd Ba)KHBIX 00BEKTOB ['py3um (ropoaa, KpUTHYECKHE OOBEKTHI, )KMU3HEHHO Ba)KHBIC
JIMHUY, TAMSITHUKH KyJIbTYpHOTO HACTEeaus | T.7.). B HameM ciiydae B KayecTBE BAXKHOTO OOBEKTa
Obu1 BBIOpaH Topon Mixera. Mcropuueckuil ropoa Mixera pacroyio)keH B BOCTOYHOM 4acTu
['py3un u sBIseTCA AAMUHUCTPATUBHBIM LIEHTPOM Muxera-MTuaneru u Muxera MyHUIIMIIAIUTETA.
Mixera - ropoa-mysei, KoTopslii B 1994 rony ObLT BKIIOYEH B CIIMCOK MHPOBOTO HaClEIus
IOHECKO. Mixera xapakTepu3yercs pacTyliedl ypOaHW3amueu, IUIOTHOCTBIO HaceleHUs |
uHppactpykTypoil. Kpome Toro, ecnu ydecTb peajbHO CYIIECTBYIOIIYIO BBICOKYIO YSI3BHMOCTH,
pe3yabTaThl ATOTO MPOEKTA IMO3BOJWIM HaM pa3paboTaTh PEKOMEHIALMH JUIsi HOBOM CTpaTeruu
TOPOJICKOTO ILJIAHUPOBAHUS, MPEIOKUTh KOHKPETHBIE MEpPbI 0 CMSTYEHUIO IOCIEICTBHM B
palioHE BBICOKOW CEHCMHMUYECKOW OMACHOCTH, TaKXKe JUIsl 3alluThl MHOPACTPYKTYphl B cllydae
3eMIIETPSICEHUS.
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ABSTRACT

The analysis of the possible technical reasons, which contributed catastrophic results of the flood on the Vere
river 13.06.2015, which can become basis for the preventive actions in the case of repeating a similar
extreme phenomenon in the future is carried out.

Key words: river Vere, flood

Preface. The river Vere is a typical mountain river with more than 40 km long gorge, about 1500 m

water level difference and average yearly water flow Q ~ 1m*®s™. The river is considered as one of the most
dangerous in East Georgia due to frequent recurrent floods characterized by two orders of magnitude greater
water flow than the average yearly value. The permanent complex meteorological-hydrological observations
on the river flow regime include a period of more than half a century [1,2]. Besides, there are quite complete
data on individual devastating floods, which occurred between the end of the 19" century and the second half
of the 20" century. Usually, floods used to occur in the lower part of the Vere gorge near the boundary of
Thilisi city. In the Soviet period the flood zone was the area between the two tunnels (underground tubes)
constructed in the first half of the last century. The first tube, which is nowadays situated under the
Tamarashvili Highway, was 108 m long. The other tube was significantly longer, I~ 700 m. It occupied the
natural bed of the river Vere before the junction with the river Mtkvari. Before 13.06.2015 night, for a long
time, the flood taking place on 04.07.1960 was considered as the heaviest one. According to various
assessments the flood was caused by the h=~100 mm precipitations, which fell during two and half an hour.
According to approximate assessments, during this time period, the maximum water flow in the Vere bed

could be Q ~ 260 m3®s®[3]. According to our assessments the water flow in the closed bed of the river
Vere during the night of 13.07.2015 was probably the same as the one of the 04.07.1960 flood [4]. However,
the result of the last one appeared much disastrous due to human life losses and enormous material damage.

Like other mountain rivers of Georgia the bed of the river Vere is curving. It is quite deep in its
upper part and considerably wide in the lower part. There are numerous springs on the either sides of the
Vere Gorge. The dry ravines, also met here, turn into gutters during precipitations. In the areas of Thilisi the
surface and underground waters of the city also join the river Vere. Therefore, in the case of intense
precipitations the lower, part of the Vere gorge turns into a fairly large catchment basin. Consequently, there
could be no doubts that changing the bed of the river could be followed by negative consequences. After
constructing the part of the high-speed highway in 2010 in the lower part of the gorge, the river Vere
appeared partially contained in the artificial closed bed consisting of several tunnels joined by open sectors.
Therefore, the geometrical properties of the natural bed corresponding the orography of the gorge, was
significantly changed. It is probable that the first changes in the natural flow of the river Vere, which took
place during the Soviet period, changed the parameters of the river bed and it could eventually affect the
consequences of the flooding on 04.07.1960. The new closed bed of the river Vere, instead of two, has seven
tunnels with general length of 2100 m. The two tunnels, which had been constructed earlier, were partially
elongated and as a result, nowadays the first tunnel is = 360 m and the other is = 1200 m long.

12



Figure 1 shows a scheme of modernized old and new tunnels. The tunnels are placed along the
natural bed of the river, from the Tamarashvili Highway to the junction with the river Mtkvari. The tunnels
are complex structures made of concrete and corrugated steel sheets at straight sections. At curved sections
the steel sheets are replaced with reinforced concrete. At cross section the tunnels look like a semicircular
arch, which rests on a flat concrete base.

i 5
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Fig. 1.
Scheme of modernized old (green sections) and new tunnels (red sections)

Specification of the construction made of corrugated steel sheet. The theory of the construction
of water supply canals states that arched tunnels and bridges constructed from corrugated steel have a
sufficiently high seismic stability. Therefore, according to their technical and economic characteristics, they
are almost as stable as structures made of stone, reinforced concrete or metal. Moreover, large water pipes
made of corrugated steel have some advantages over concrete ones due to technological simplicity and less
labour-intensiveness for construction and installation works. It is known that one of the advantages of arched
tunnels and bridges made of corrugated steel is their ability to gradually fracture, i.e. soft bedding in case of
considerably strong and prolonged tremors. Therefore, in poor countries like Georgia, corrugated steel
structures are usually used for hydraulic facilities in seismically active regions. Obviously, this quality is
important, as far as according to the current seismic zoning map, the territory of Thilisi belongs to the
earthquake zone of intensity VIII motion. However, it should be noted that after earthquakes with intensity
VII-VIII, restoration of arched tunnels and bridges constructed from corrugated steel is is not recommended
[5-7]. Consequently, after such earthquakes they must be completely disassembled. Corrugated water pipes
are often used under bridges crossing narrow rivers and ravines. However, they should not be used for
hydrotechnical objects in regard to mountain rivers with fairly long closed riverbeds. Despite this, the
structure of the closed and sufficiently long arched tunnels of the river Vere was made of corrugated steel
sheets. In particular, the total length of the tunnels of the closed channel was 46% of the original length of
the natural river bed between the Tamarashvili highway and the river Mtkvari.

The security problem of the closed channel of the river Vere. A project of any potentially
dangerous civil engineering object, including large hydraulic structures, should contain an analysis of
probable negative consequences of the construction. According to generally accepted rules, it is necessary to
take into account the changes in external conditions that arise during the construction and operation of the
structure. Any problem should be considered, evaluated and reflected in concluding of opinions of official
responsible persons. It is obvious that the project of the section of the high-speed highway in the gorge of the
river Vere could not be an exception to this rule. Moreover, its safe operating required the minimization of
the real threat seen not only from the history of the river Vere, but also from the data obtained of detailed
observations during half a century. It was probably assumed that the closed channel, in addition to the
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transport problem, could also solve the flood problem in the lower part of the Vere gorge. However, it seems
that mistakes were made during the design process, the reason of which is disregard of the factor of the
hydraulic resistance in the tunnels having corrugated inner surfaces. As a result, the closed riverbed turned
into an even greater danger than the historically known river Vere. Proceeding from such a vision of the
reason for the development of the events, we cannot agree with the widely spread opinion that the
devastating flood on 13.06.2015 was caused by anomalously heavy precipitation. Firstly, after different
estimates, an explicit amount of precipitation height has not been established so far. Secondly, it was well
known about the frequent occurrence of very heavy floods in the Vere gorge. Therefore, when designing a
closed channel, it was necessary to a priori consider the dangers that could arise in case of severe weather
conditions. Due to the constant threat of flooding, it was obviously not reasonable to use such constructions
that could reduce the capacity of the closed channel. It would be quite likely that there would be
retrospective data on the 04.07.1960 flood in order to assess the degree of danger potentially threatening the
urbanized gorge of the river Vere. There were also valuable data on series of floods that occurred in the
subsequent period of time. First of all, it was quite possible to estimate how much the capacity of the new
tunnels of the closed channel corresponded to the full load of the modernized first tunnel. As it is shown
below, most likely the damming occurred not only before the first tunnel, but also in front of other tunnels.
An important proof in favour of such an assertion is the fact that the water from the dam formed on Svanidze
Street did not flow over the Tamarashvili highway. Consequently, this highway was a watershed, dividing
the gorge into two parts. Therefore, we can assume that the flooding beyond the watershed began
independently from the reason of damming of the first tunnel. For this, e. g, it was sufficient that water flow
in any of the tunnels was reduced due to the increase in hydraulic resistance, and also because of the drain of
urban storm water in the lower part of the gorge. As it is known, on 04.07.1960, flooding occurred in front of
both tunnels.

Hydraulic resistance in the tunnels of the closed channel. It seems that during the design process
of the sector of the high-speed highway in the Vere gorge, increase in the hydraulic resistance of tunnels of
the closed channel under severe conditions was underestimated. Indeed, there was a physical reason for a
sharp decrease in water flow, which was associated with the corrugated structure of the inner surface of the
tunnels. The negative effect could also intensify due to the critical curvature of the new segment of the first
tunnel, the length of which increased more than twice after modernization. According to the prevailing
opinion, the cause of the devastating flood was precipitation of exceptional intensity, as well as trees,
brought by the water flow and accumulated in front of the inlet of the first tunnel. However, it seems that
such an explanation is insufficiently substantiated. Undoubtedly, the inlet of the first tunnel for some time
was actually partially blocked that contributed to the flooding in Svanidze Street. However, it is especially
noteworthy that from here the water did not flow over the Tamarashvili Highway, which turned out to be a
watershed. After some time, the inlet of the first tunnel was released. Therefore, the previously partially
blocked tunnel could not operate at its maximum throughput. Besides, there was a flood also in the area
between the outlet of the first tunnel and the inlet of the last one. As far as the first tunnel was partially
blocked, this could hardly have been caused only by the additional flow of water from urban drains and
precipitation in the area of this part of the Vere gorge. Indeed, according to rough estimates, the area of the
bottom of the gorge is S= 3*10° m? The catchment area corresponding to this part of the gorge is about an
order of magnitude larger. Taking into consideration that on 13.06.2015 the precipitation height was h~ 100-
150 mm, then an additional volume of water, beyond the watershed, could be V= (3-4.5)10°3. Such an
amount could accumulate during 2.5-3 hours. This corresponds approximately to the flow rate of water Q=
25-30 m® s, which is about 10% of the estimated throughput of the first tunnel. However, the first tunnel
was partially blocked for some time, and consequently its capacity was lower than the design one. Therefore,
in spite of the additional volume of water received from the gutter, in the case of sufficiently effective
operation of other tunnels (especially the last one), floods in the lower part of the gorge were unlikely to
have occurred. At least, here the water could not rise by 15 m or more. In fact, the water rose to such extent
that the tunnels were below its level. Therefore, even if this estimate of the amount of the flooded water is
understated, this factor could not raise the water level so high if the capacity of the tunnels was at a sufficient
level. Moreover, in design calculations the maximum value of the water flow in a closed channel was Q =

260 m®s?, which fully corresponds to emergency situations. However, we need additional facts for proving
our opinion. Thus, below is a brief qualitative analysis, the basis of which is the hydrodynamic theory of
turbulent water flow in rough pipes.
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Modelling of the closed tunnels. It is well known that the coefficient of hydraulic resistance in a
circular pipe depends on the characteristic value of the Reynolds number and also on the curvature and
roughness of the inner surface of the pipe. There must be a similar dependence for all natural and artificial
channels, including tunnel water pipelines. Therefore, using the hydrodynamic similarity method, it is
possible to correctly model the hydraulic resistance of a water channel of any shape. Consequently, it is
possible to accurately determine the characteristic value of the coefficient of hydraulic resistance of the
tunnels of the closed bed of the river Vere. To do this, it is necessary to approximate the closed channel (i.e.,
any of the tunnels) with a circular cross-section curved rough pipe. Obviously, such an analogy, both for a
separate tunnel and for a closed channel as a whole, is physically fully justified. The analogy between a
tunnel with a corrugated inner surface and a rough pipe is also evident. It enables to determine the coefficient
of hydraulic resistance, the key parameter on which the flow of water in any water pipe depends. The main
determinant of the degree of turbulence in the water flowing in the pipe is the dimensionless parameter, the

D —_
Reynolds number R, = u—, where U is average water flow velocity, D is the pipe diameter, v is kinematic
v

viscosity of water. Therefore, for the closed channel of the Vere, the linear characteristics of which is the
constant hydraulic radius of the tunnels, the speed of the river flow determines the characteristic value of the
Reynolds number.

It is known that inner surface of smooth pipes may become rough over time due to deposits of solid
impurities in water. It is established that among the different types of roughness, in regard to reducing the
fluid flow rate, corrugated roughness is the most negative factor. It is obvious that the corrugated steel
surface of the closed channel is highly similar to the wavy-rough inner surface of a water pipe. The degree of
flow turbulence in the tunnels of the closed channel must increase due to the roughness of the corrugated
surface. In harsh conditions on 13.06.2015 this should have an effect on the fluid flow. Besides roughness, in
the curvilinear sections of the tunnels, the hydraulic resistance must have been further increased due to the
action of centrifugal forces. However, according to our estimates, exactly the corrugated surface was the
main reason for the decrease in throughput rate in the tunnels of the closed channel.

Negative effect of roughness in water pipes was noticed long ago. This effect was modelled in
numerous experiments, among which the laboratory experiments carried out by Prof. I. Nikuradze in the 30s
of the last century are the most popular [8-10]. These researches determined that among the various types of
roughness on the inner surface of water pipes, undulating roughness causes the maximum decrease in fluid
flow. According to physical similarity, the analogy of the corrugated steel surface of the closed river Vere
and undulating rough surface of water pipes is obvious. It is known that for different hydrotechnical objects
the permissible relative roughness can vary within the limits of 0.2%-7% [7]. This parameter is the relation of
the characteristic height of roughness to the radius of a pipe, or to the characteristic linear dimension of the
cross-section of a water channel of any other shape. The existence of a sufficiently wide range of permissible
relative roughness values at hydrotechnical objects of various purposes is caused by practical reasons, e.g.,
an ambiguous dependence of hydraulic resistance on the linear parameters of water pipes was established,
and the Reynolds numbers were also obtained from the turbulence regime of the water flow. In the case of a
water channel of a pipe shape, such an ambiguous parameter is the length. It is characteristic of the well-
known Hagen-Poiseuille formula, which determines the flow of laminar fluid in a circular pipe. In this
formula, the pressure gradient also enters as the main determinant. A special modification of the Hagen-
Poiseuille formula is used for turbulent flow. The correctness of its use depends on the flow turbulence
regime. The degree of turbulence, in addition to the level of the tube load, is also affected by the roughness
of its internal surface. The longer the roughened tube, the lower the upper limit of the interval of subcritical
values of the relative roughness. Intensification of flow turbulence, i.e. the transition from the initial stage to
an increasingly developed turbulence, will be reflected in an increase in the characteristic value of the
Reynolds number. However, in case the throughput of a smooth analogue of a pipe approximating the water
supply considerably exceeds the volume of incoming water, the upper limit of the permissible relative
roughness of the inner surface of the water pipe can be increased to 7%. Taking this qualitative fact into
account, let us return to the closed channel of the river Vere, the characteristic diameter of which is D*8 m.

According to [1-3] in the lower part of the Vere gorge at the time of high-water flow, the average flow

velocity is U = 3.5 ms ™. Consequently, the Reynolds number in case of full load of the closed channel can

reach B, =~ 2 = 107 value. Therefore, according to the range of permissible relative roughness values, the
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minimum theoretical height of the absolute roughness, which can have an effective influence on the
hydraulic resistance of tunnels of the closed channel, is equal to £ 10 mm. However, the actual height of

the protrusion of the corrugated steel surface is k=150 mm, i.e., it is more than an order of magnitude

greater than the minimum theoretical value. Consequently, the relative roughness of the inner surface of the
closed channel actually amounted to #4%. It is known that such roughness for some hydraulic structures, for

example, irrigation canals, does not exceed the technically permissible limits. However, this is hardly
acceptable for objects such as the closed tunnel of the river Vere.

Formation of the stagnation zone. It should be assumed that in emergency situations floods in a
closed channel in the future can be caused not only by factors of roughness and curvature, but also other
negative mechanisms. Obviously, roughness, under harsh conditions, in all sufficiently long tunnels of the
closed channel will always contribute to the intensification of the turbulence and initiation of return flows.
Therefore, we assume that the increase in hydraulic resistance to the critical level in the tunnels of the closed
channel was one of the reasons that led to the disaster on 13.07. 2015. In particular, at the initial stage the
flood zone formed in front of the first tunnel, the reason of which, in addition to the hydraulic resistance, was
also partial overlapping of the inlet of the tunnel by various household objects and trees brought by the water
flow. As a result, the flood zone gradually expanded and, according to oure estimates, a reservoir of volume
/3.1-4.4/10° m?® rapidly formed and was kept long enough along the entire length of Svanidze Street. Such a
factor of mechanical damping, but to a lesser extent than before the first tunnel, was observed for a certain
time also in front of the second tunnel. However, in our opinion, it is necessary to pay special attention to the
fact that the section of the gorge between the first and second tunnel was dammed while the water flow in the
first tunnel was diminishing.

Thus, it becomes obvious that the initial flood in the lower part of the Vere gorge occurred before
inlet of the first tunnel. Then, regardless of the rapidly formed reservoir along the Svanidze Street, the areas
in front of other tunnels were apparently also flooding. For example, after the first tunnel such a place could
be the inlet of the second tunnel, or the inlet of the longest, the last tunnel connecting the Vere to the main
river Mtkvari. Probably, it was the joint action of all local flood zones that resulted in heavy flooding.
However, regarding the probability of possible repetition of severe meteorological conditions in the future, it
seems that the discussion of the technical causes of the devastating 13.06.2015 flood should be supplemented
with the fact that the river Vere has a sharp bend in front of the second tunnel (Photo 1).

Photo 1.
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Therefore, it can be assumed that together with the negative effect of the hydraulic resistance of the
tunnel, this place inevitably became one of the initial flood areas during the devastating flood. In the process
of reconstruction of the closed channel, it was evidently noticed. Therefore, seemingly, to avoid danger in
the future, guiding walls were placed in front of the inlet of the second tunnel. Photo 2 shows that this
additional structure resembles a funnel, the purpose of which, according to the plan, is to direct the water
flow towards the tunnel. The first segments of these guide walls are parallel to the tunnel. The other
segments, having a length of about 5 m, form following angles with the axis of the tunnel: y=20 ° and =30
°. However, contrary to the assumption of the designer, who completed this upgrade, we believe that this
design, under severe conditions, will only cause reduction in the water flow in the tunnel. The fact is that the
guiding walls, located at such angles, will definitely create counter flows that will collide near the inlet of
this tunnel. The intensity of the colliding flows will increase in proportion to the increase in the water level.
A direct confirmation of this conclusion is Photo 3, which enables to estimate the degree of filling of the
second tunnel during a fairly intense rain on 07.07.2017. On this day, the precipitation level was about 20
mm, i. e. not more than 20% of the precipitation that fell during the devastating flooding on 13.06.2015. This
fact is quite noteworthy and certainly ought to be taken into account. Therefore, below we give a concise
form of an explanation of the physical essence of the phenomenon, the emergence of which is obviously the
result of an insufficiently thought-out technical solution.

Photo 2

In the hydrodynamic theory of ideal incompressible jets, several analytical solutions to problems
associated with the formation of stagnant zones or, in other words, zones of liquid stagnation, are known.
These solutions are generally ambiguous, as they depend on some free parameter [11]. In problems of
collision of ideal jets, this parameter is usually the angle between the directions of straight and backward
flows. The physical essence of the ambiguity of analytical solutions in the problems of jet collision is shown
in Figure 2.

It corresponds to the particular case of a collision at a right angle of two liquid jets having equal
intensities. As a result of the collision, there are two jets that are also at right angles, of the same intensity as
the original jets. In the area of the convergence of all jets, a zone of water stagnation with a finite linear
dimension is formed. It is obvious that only such a particular solution, corresponding to the idealized case, is
single-valued from the view point of determining the direction of divergent jets. In case when converging
jets have different intensities and collide at an arbitrary angle, then any analytical solution obtained within
the limits of the theory of ideal jets will be ambiguous. Nevertheless, for example, in irrigation problems,
such a drawback may not be a fundamental obstacle to numerical simulation of the collision of intersecting
water flows.
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Fig.2

However, in the flat solutions obtained by the method of conformal mappings, the physical essence
is, as a rule, concluded in the possibility of a thorough analysis of the asymptotic behaviour of the solution.
An example of such an ambiguous solution is the mathematically indeterminate solution of the collision
problem for two arbitrary jets Aiand As, obtained in [12], which is schematically shown in Figure 3.

,//: As

Fig.3

Several attempts to raise the practical value of this decision are known. In particular, it was
substantially supplemented in work [13]. This synthesized analytical solution seems to be most suitable for
simulating the flow before the second tunnel of the closed channel. In it, the problem of uncertainty was
eliminated by estimating arbitrariness in the directions of the diverging jets A» and A4, namely, the relation
of the angle & to the angle &, was established, which is a free parameter of the problem. Further, by the
method of conformal mapping, having given values & and &, for jets A1 and As colliding at the angle 65,
with flows Q; and Qs the flows of the diverging jets Q- and Q. were determined. Thus, an analytical
solution of the nonlinear system of equations of the coupling between the parameters of the straight and
backward jets was obtained. Despite the fact that this solution is flat, it is convenient for analyzing the effect
of water stagnation in front of the second tunnel. This requires angles y and 8, as well as an analytically
reasonable interval of the intensity ratio of the colliding jets. The main result of the approximate quantitative
analysis is the following: the intensity of the water flow entering the tunnel will always be less than the sum
of the intensities of the flows colliding at the inlet. Consequently, it is inevitable that this effect will be
followed by a decrease in water throughput and formation of a stagnation zone in front of the tunnel inlet. It
means that in the case of intense precipitation, the stagnation zone will rapidly widen in this area, which can
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lead to heavy flooding between the first and second tunnels. In particular, according to the estimates made on
the basis of the topographic parameters of the Vere gorge, the volume of the rapidly formed reservoir in the
indicated place on the night of 13.06.2015 was = 1.6 105m3.

Photo 3

Modelling of water flow in the closed bed. As it was said above, in order to prove qualitative
assumptions corresponding to quantitative estimates it is reasonable to use a special modification of the
Hagen-Poiseuille formula for the case of turbulent flow

Q =mR*u (@)
where Q is the water flow in a circular pipe with radius R. Equation (1) also includes the average flow
velocity, which is determined on the basis of the analytical expression [3-5]

— A4RAp
u = .
f pl 2)

This formula, together with the radius of the pipe, pressure drop Ap, length | of the pipe and water
density o, obviously, also includes total hydraulic resistance 4. Namely, the total hydraulic resistance of

tunnels of the closed Vere channel, by analogy with the resistance of a rough curvilinear model pipe, must be
an additive value : A =4, + 4., where ﬂ‘r is resistance, caused by curvature, ] is resistance

connected with roughness. At the same time, the ambiguous dependence of the flow regime on the length of
the tunnels should also be taken into consideration, as far as it makes the long closed channel a special
hydrotechnical object.
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To determine the value of the hydraulic resistance caused by the curvilinearity of the tube, one can
use semiempirical formula

2= 1400758, 4 (%2, 3)

4]

where, together with the Reynolds number, there is a hydraulic resistance of the smooth straight pipe,
determined by expression

0.221
Rg.zz';' ’ (4)

Ao = 0.0032+

In full load mode, the characteristic Reynolds number for the closed Vere channel is R, & 2 * 107,
Consequently, from formula (4) we will receive the following characteristic value of the hydraulic resistance

. R
of a smooth straight pipe 4, ¥ 0.73 = 107, Formula (3) includes relative curvature o i.e., the correlation

of the radius of the curved pipe to the radius of its curvature. According to the updated building codes and
rules of the former USSR [7], which are valid up to the present day in Georgia, the permissible value of the
relative curvature of waterworks depends on the value of the water flow rate and is limited by the maximum

angular sector: ¢ = 60°. As far as there is no available project of the high-speed highway section in open
sources of information, we only indirectly estimate that in modernized first tunnel, which is the most
curvilinear in the closed channel, the angular sector of curvature of the second segment does not exceed the
maximum permissible value. In careful reasoning we can also assume that the flow velocity during the flood

on 13.06.2015 reached the theoretical allowable value V.. % 10 mc™', determined both by indirect
estimates and by the data of long-term observations. This limit value corresponds to the permissible relative

R A
curvature: — ~0.17, i.e, if R, = 2 = 107, then from expression (3) we will receive A—r = 3. Therefore,
r o

since the absolute value of the coefficient of hydraulic resistance of a smooth pipe is 4, # 0.73 = 1072 for
the coefficient of hydraulic resistance due to the curvature of the closed channel, we will have 4, % 0.022
[4].

The coefficient of hydraulic resistance of a pipe with a rough inner surface, like ﬂr , is also

determined by semi-empirical formula [8-10].

— )
In? ()

"1’5::

. . R ., .
For the corrugated section of a closed channel the geometric roughness was 2 26.6, which

corresponds to A, A 0.12. Thus, according to model estimates, during the devastating flood, the
characteristic value of the total hydraulic resistance of the closed channel of the river Vere was equal to
A=A, +4,~014.

To demonstrate mathematical correctness in estimating the degree of reduction of water flow in
tunnels of a closed channel, let us consider two model pipes of different radii: R4 and R,. Let us consider

that the first tube is smooth and rectilinear, the second is curved and rough. Let us suppose, having the same
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pressure gradients, the water flows in the pipes are the same. This assumption is physically justified in case
of their full load under the condition of free gravitational flow of water. From the condition that the
maximum water flows in the model tubes are equal, using expressions (1) and (2), we will have [4]

Q. ., BRI |RyA _ Ry\oc, A 1/
Y1 =3 2R - 25 Ay 6
Q> R3 | R22g (Rz) (-JLD) ©

This expression means that it can be satisfied only if the radius of the curved rough tube is much greater than
the radius of the smooth one. Namely, as far as according to our estimates, the corresponding coefficients of

-3 . R .
hydraulic resistance are A, # 0.73 = 107 and A ~0.14 we will have R_z = 1.8. It means that in order to
1

meet the conditions of equal fluid flow in the model pipes, the area of the cross-section of the rough curved
pipe must significantly exceed the area of the section of the smooth straight pipe 5, = 3.24 5;. In other

words, the throughput of two pipes of the same cross-section having different geometry and the degree of
roughness of the inner surface will be different. Therefore, if such pipes are connected and the first one is
smooth and straight, then in the case of its full load, the second, curved and rough pipe will inevitably
become partially locked. Consequently, if these pipes are not rigidly connected, a flood zone will appear
before the second pipe. Regarding the closed channel of the river Vere, this means that in the extreme flow
regime there could be a sharp difference in the flow of water, not only between the inlet and outlet of the
closed channel, but also between individual tunnels. In any case, the inevitable outcome of this would be a
flood in the lower part of the Vere gorge, which happened on 13.06. 2015.

Conclusion. The reason for the devastating flood on 13.07.2015 in the gorge of the river Vere was
both natural and artificial causes. It seems that an anomalous natural phenomenon was added to a technical
factor associated with structural deficiencies in a closed river channel, which is an integral part of the project
of a high-speed highway section in the lower part of the Vere gorge. Therefore, in conditions of frequently
repeated intense precipitation, the gorge remains a real threat for Thilisi city for several reasons in the future,
namely:

1. After the devastating flood, the closed channel was restored in its original form, though after
modernization, guiding walls were installed in some places. According to the plan, they are to direct the
water flow into the tunnels, in particular, the most problematic second tunnel. However, such a
modernization, instead of a positive action, may reduce the throughput of the second tunnel;

2. In our opinion, in the design of the high-speed highway passing in the lower part of the Vere gorge,
the possibility of a critical increase in the hydraulic resistance of a closed channel under severe conditions
was not taken into account. The neglect of this factor was probably caused by the theoretically insufficiently
developed design of the closed channel, which is a combination of several tunnels of considerable length,
made of corrugated steel sheets and, partially, reinforced concrete. The curvature of the first tunnel,
according to construction standards, is likely awkward. The total effect of the roughness factors of the
corrugated inner surface and the curvature of the closed channel, according to our model estimates, could be
extremely negative. As a result, there was a critical increase in the hydraulic resistance of the tunnels,
leading to a partial closure of the closed channel of the river Vere. It turned out to be the probable cause of
the great flood, which led to the well-known tragic consequences. Obviously, recurrence of anomalously
intense precipitation is probable in the future. Therefore, since after the devastating flood on June 13.06.2015
the closed channel was restored without any changes, the negative factor associated with the hydraulic
resistance may reappear.
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3. The analysis of the possible technical reasons that contributed to the disastrous results of the flood
on the river Vere on 13.06.2015 may become the basis for preventive actions in case of a repeat of such a
phenomenon in the future. In particular, in conditions of periodically repeated intense precipitation, only
external monitoring of the water level in the riverbed cannot provide a realistic forecast of the vulnerable
situation. For this purpose, simultaneous observation of the water level at critical locations of the closed
channel, in particular, before the first and second tunnels, is quite effective. In these places, so-called
stagnant zones, which serve as an indicator of the formation of recurrent currents, may appear. Stagnant
zones can form even in case of medium intensity precipitation. As to the factor of hydraulic resistance, it will
fully manifest itself in the case of extremely intense precipitation, i.e. under the condition of the maximum
load of the tunnels of the closed channel. Consequently, until a certain moment, the zone of stagnation will
not cause the decrease in the flow of water in the tunnels. Moreover, local water stagnation in front of the
first and second tunnels can reduce, or simply prevent flooding in the area between the second and the
following tunnels. To eliminate heavy flooding of this area, it is also reasonable to install a special adjusting
water gate under the road passing over the second tunnel across the Vere gorge.
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ABSTRACT

Bubble growing process is considered theoretically when bubble consists saturated vapour of liquid and
when we have vapour-gas bubble on the base of generalized Rayleigh-Plesset equation. For this purpose we
use variational method with help of which we seek for those cases corresponding Euler-Poisson equations
integral curves. Obtained EP- equations allow us to find extremals of our variational task. In conclusion, the
Rayleigh-Taylor instability is considered general case of nonspherical perturbances for spherical bubbles and
the case of the radial perturbances of bubbles.

Key words: Vapour-gas bubble, metastable liquid, variational task, Euler-Poisson equations, Rayleigh-
Plesset equation, the Rayleigh-Taylor instability.

Brief report
1. Here we will proceed from generalized equation of Rayleigh-Plesset equation for description of bubbles
dynamics [1]:

pB(t)—pw(t):Rd R+3[de +4V|_ dR+ 20 1)

oL dt? dt R dt pR’
where R is radius of vapour bubble, t is time, p;(t)is a pressure of saturated vapour in the bubble, p, (t) is

a pressure in the liquid, p, is the saturated liquid density, v is the kinematic viscosity of liquid, o is the

surface tension of the bubble.
Having integral from both sides of the equation (1) over the time,

J'ps(t) P.. (t)clt_j

t

d’R 3(de2 v, dR 2o
+ +——
R dt pR

29 it (2
a2 20 dt " } @)

and reprisent it in the form of functional

ty

U[R®]=[F(t.R R, R")L, 3)
t0
where
F= RR"+§R’2 20y

PR

and the touch over R denotes dR/dt.
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Let investigate on extremum functional (3) where the function F is supposed to be differentiate two times

with respect to the time t at the boundary conditions:

R(t,) =R,, R'(t,) =Ry, R"(t,) =Ry; R(t,)=R,, R'(t;))=R], R"(t,) =R/ .

By means of the functional variation on the curve realizing extremum we obtain:

e d d 2
5UZJ&%_EF“+E7aJ&mZO' (6)

()

On arbitrary choice of JR, because of continuity of the expression in brackets with respect to time on the

same curve R(t), we obtain Euler-Poisson’s equation

d d?
P Pt

Fe=0. 7
at R (7)

After determination all values introducing in equation (7)

, dv_, 201 , 4dv d , 4dv _, d?
FR:R -—R ——F, FR123R +F’EFR’:3R —?R FRn:R,?

R? PL
and substitution (8) into equation (7) we have following equation

PL

After comparing equation (1) and (9) we obtain quadratic equation for R’

RZRIV —

pB(t)_ poo(t) :§R12 +4LR’

(10)
PL 2
and its roots
4y
—= =\ (@v IR +6[ps () - p. () o,
R/,= ) (12)
’ 3

It is evident that the positive root gives less values of growth of the bubble, than according absolute value the

F..

— R" , (8)

negative root, which corresponds to fast decrease of bubble (with following collapse). In the first case, the
bubble grows because of diffusion of vapour from the outside (naturally, under heating). In the second case
(when the source of heating is switched off) there the condensation of vapour takes place in the bubble and

the former diminishes at once.

Similar analysis may be provided on the basis of Euler-Poisson’s equation for evolution of vapour-gas

bubble.

2. Above-considered equations were connected with pure liquid and the bubbles contained only vapour of
that liquid. In general case the bubbles contain some quantity of contaminant gas, whose partial pressure is
Pg, at some reference size, Ro, and temperature, T., and, if there is no appreciable mass transfer of gas to or

from the liquid, it follows that for polytropic process

Ry

Ps (t) =Py (rB) * Peo (;_BJ(KJ : (12)

0000
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Having substitute equation (12) into (1), we obtain the Rayleigh-Plesset equation in the following general
form, [2]:

3k
Py (T.) =P () P (&j SRROHSRY + LR 2T
o o LR 2 R pR

After transference the second term from the left side of this equation to the right side, investigate on extremum
corresponding functional (3), having made successively the operations (5)-(8), we obtain (for k = 1, isothermal
process):

3 2
Foor-Pig 20l PaRo o _gp de - ™ e RO F o,
R o R p R R dt R dt
(14)
After substituting of the equation (14 into (7), we obtain
R?R"=-2% 43 GZ, (15)
PL

where G = h Rg. In the absence of the gas contamination in the bubble, instead of equation (15) we have
PL

the equation for extremal of pure vapour integral (9). Joint solution of the equations (13) and (15) yields

pv(rw)—pw(t):§R,z+4LR,+2£3_
pL 2 R R

(16)

It is evident, that when the bubble consists only the vapour of liquid, then G = 0, and the equation (16)
coincides with the equation (10). At last, the integration of the equations (10) and (16) will allowed us to find
the extremals of this variational task.

3. Among others, the stability to nonspherical disturbances has been investigated from a purely
hydrodynamic point of view by Birkhoff (1954) and Plesset and Mitchell (1956), [1]. These analyses
essentially examine the spherical equivalent of the Rayleigh-Taylor instability; they do not include thermal
effects. If the inertia of the gas in the bubble is assumed to be negligible, then the amplitude, a(t), of a

spherical harmonic distortion of order n (n > 1) will be governed by the equation

a2 TR dt dt ——=——m-=-D(n+D(n+2)

R dt? PR

2 _ 2
d?a 3 dRda {(n 1) d%R Gs}azo. an

It is clear from (17) that the most unstable circumstances occur when dR/dt < 0 and d?R/dt? > 0. These
conditions will be met just prior to be rebound of a collapsing cavity. On the other hand, the most stable
circumstances occur when dR/dt > 0 and dR/dt? < 0, which is the case for growing bubbles as they approach
their maximum size.
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Poct ra3o-nmapoBbiX Ny3bIPbKOB B MeTacTa0MJIbHBIX AKUAKOCTHX,

KaK BapHalMoOHHas 3aJa4a
A.N. I'Besiecuanun

Pe3rome

Teoperuuecku paccMaTpuBaeTCsA IPOLECC POCTa IMy3bIpbKa B Clydae, KOTAA Iy3bIPb 3allOJIHEH MapoM
YHCTOMN XUAKOCTH U B CiIy4ae, KOTJa B My3bIpe HapsAAy ¢ IapoM MMeeTcs ra3oBasd npuMmecs. VccnenoBanne
BeAETCS Ha OCHOBE OOOOMEHHOrO ypaBHeHHs Penes-Ilmeccera BapHallMOHHBIM METOJOM CKOpEUIIEero
crycka. /1yt 000ouX ciydaeB MOJTy4eHbl COOTBETCTBYIOIINE YPaBHEHUS, MHTETPUPOBAHKUE KOTOPHIX TIO3BOJIUT
HallTu SKCTpeMaiu IIOCTAaBICHHOW BapHallMOHHOM 3anaud. B 3akmroueHue paccmarpuBaercs mpoOiema
YCTOWYMBOCTH C(EepUUecKoro Iy3blpbka B oO0meM ciydae HeycroilunBocti Penes-Teiinopa mpu
HECPEePUUECKIX BO3MYILCHHSX.
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ABSTRACT

Dispersion of dust emited in the atmospheric air of Zestafoni city is numerically modelled and studied in
case of weakt background western winds. Dust spatial distribution patterns are obtained, and the influence of
orography, horizontal and vertical turbulence and advective processes on dust distribution in the atmosphere
is analyzed.
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1. Introduction

Pollution of national environmental objects and related health status of population even today remains
one of the topical issues both in general and for Georgia. Ecological state of the environment is especially
complicated in those places, where large industrial enterprises are located. Zestafoni city draws attention in
this context, where the object of ferrous metallurgy — Georgian Manganese LLC and other smaller
enterprises of this profile are situated. Major trunk highway and railway road connecting the East and
Europe, as well as oil- and gas pipe-lines pass the mentioned territory. Thousands of big and small vehicles
move back and forth everyday on Transcaucasus highway, which is component part of the Silk Road. As a
result large quantities of dust, manganese and other solid and gaseous aerosols are emitted in the atmosphere.

Except the industrial and administrative functions this region has also economic, cultural-recreational
and touristic importance. Zestafoni is known for high-quality grapes for production of champagne and dry
wines. Especially is worth to mention cultural, touristic and recreational significance of Zestafoni city and its
adjacent territories. Within a radius of 50 km from Zestafoni are located Tskhaltubo and Sairme — resorts of
international importance, as well as tourist attractions — Borjomi-Kharagauli and Ajameti national parks,
Sataplia, Prometheus cave etc. That is why the knowledge of dispersion and spatial distribution of polluting
agents is of great practical importance in order to carry out environmental protection measures. Respectively,
application of numerical modeling methods for dispersion of polluting agents in the atmosphere is very
effective for solution of the mentioned problem.

In the works [1-12] non-stationary three-dimensional models of transfer-diffusion of substances in the
atmosphere and methods of their numerical integration are elaborated. Models describe the processes of
propagation, dynamics and kinetics of small admixtures and solid aerosols in the atmosphere.

2. Formulation of the Problem

In the presented work the propagation and distribution of a dust at easthern part of Imereti Region
emited in an atmosphere of Zestafoni Town using the numerical model [12] are studied. For the purpose the
area 94.4x72 km? of size is considered, in the centre of which Zestafoni Town is placed, while to the west
the Kolchi Lowland, north and north-east the ridges of Racha and Likhi, south - the Meskheti Range are
placed (Fig. 1). Orography height varies from 50 m to 2.5 km.
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As it is shown by Fig. 1 the relief is very complicated here. That is why for proper description of
atmospheric processes is convenient to use the relief follow coordinate system £ =(z—38)/h, where z is

vertical orthogonal coordinate, &=3,(X,Y), 50 - altitude of relief; h = H - & ; H(t,X,Y)- tropopause

height; t is a time; x and y — orthogonal coordinate axes directed to the east and north.
In the model [12] the Equation of atmospheric dust propagation in the taken (X, y, {) coordinate system
is written in following form

9C , ,9C ., 8C & Wy, 9C _ﬂ[azc ach 1 9 acC

——tU—+V—t+(W-—2 = —t— [+ 5 =—V 1)
ot ox ay h”dds ox- a9y h®9dg 9¢c

where C is dust concentration in atmosphere u, v, w and W are the components of wind velocity along X, y, z
and ( axes; W, - rate of dust particle sedimentation determined according to Stoke’s formula; p and v —
kinematic coefficients of horizontal and vertical turbulence; values of wind velocity and turbulence
coefficients in surface layer of atmosphere and in free atmosphere are defined by [12].

The data of National Environment Agency [13] are taken as the initial and boundary values of the
monthly average concentrations at the height of 2 m in atmosphere in the territory Zestafoni.
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Fig. 1. The Zestafoni District topography and relief (heights in m).

Numerical integration of equation (1) with the use of corresponding initial and boundary conditions is
executed using Crank-Nicolson method and using the splitting method and monotonous scheme [1]. The
rectangular numerical grid with 118x90x31 points and the horizontal step equal to 800 m and the vertical
step equal to 1/31 were used. In surface layer 17 vertical grid points with grid steps from 2 to 15 m are
taken. Time step is 10 sec. The numerical integration is continued more than 2 days.

3. Results of modeling

Spatial distribution of dust concentrations in June during background weak western wind (1 m/c on z
=10 m), when t = 16 hours, obtained by calculations, is shown on Fig. 2. Values are calculated in units of
daily maximum allowable concentration (MAC = 0.15 mg/mq) of dust.

As is seen from the Figure 2, dust concentrations at a height of 2 and 100 m are maximal at the
territory of cities and in their direct vicinity (Fig. 2, a, b). In surface layer of the atmosphere dust cloud has
the form of vertical deformed cylinder. Maximum concentration (1-2 MAC) is obtained directly in the
vicinity of city at 2 km height, approximately in 12 km? area. This zone is gradually decreases with height
increase and at 100 m height maximum concentration is obtained approx in 3 km? area. Dust is distributed
both in windward direction and in the direction opposite to wind. Dust dispersion area in opposite direction
is negligibly small that is caused by reciprocal action of horizontal turbulent and advective dispersion. To the
contrary, in windward direction processes of advective and turbulent transfer have one and the same
direction. Cloud form obtained by calculations shows that in the process of dust dispersion in surface layer of
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the atmosphere the share of turbulent diffusion and horizontal advection is roughly the same according to its
value.

In the boundary atmospheric layer (Z > 100m) the area of dust distribution enlarges. Dust advection
exceeds turbulent diffusion. As a result dust cloud becomes significantly deformed and takes oblong form,
especially in the zones of local wind velocity increase — along the valleys of Kvirila and Chkherimela rivers
(Fig. 2, c, d).

) t=16h;z=2m ) t=16h;2=600m

2
1
0.1
—0.01
:
= i ] |

Fig. 2. Distribution of wind velocity and dust concentration C (in units of MAC) at z = 2, 100, 600 and 1000
m height from earth surface, whent =16 h.

Mentioned effects are obviously seen on Fig. 3, where the distribution of zonal component of wind
velocity and concentration of dust are shown in XOZ plane of zonal cross-section of atmosphere at 3 km
height, which passes acros on Zestafoni (y=31). It is seen from Fig. 3 that dust is dispersed in 2 km surface
layer of the atmosphere. 0,1-1 MAC concentration values are obtained in approx. 9 km long and 0,8 km thick
layers of atmospheric air, 0,01-0,1 MAC values in 15 km long and 1,2 km thick layer and 0,01-0,001 MAC —
in 20 km long and 2 km thick layer. In the windward side the dust is dispersed approx. at 5 km distance,
while in the leeward side - at 20 km distance. Dust concentration distribution in the cloud is not uniform.
Concentration is maximum in the central part of cloud and gradually decreases towards the periphery.

When t = 28h, dust distribution pattern in the atmosphere (Fig. 4) is qualitatively similar to
distribution, which is shown on Fig. 2. The difference is quantitative one. During 12 hours took place dust
transfer at larger territory and cloud becomes deformed according to daily variation of wind velocity. In 2-
100 m layer dust was predominantly dispersed in north and south directions along the valleys of Kvirila and
Chkherimela rivers. Above 100 m dust is dispersed basically in east and south-east directions.
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Fig. 3. Distribution of wind velocity zonal component and dust concentration C (in units of MAC) in
atmospheric layer at 3 km height above Zestafoni city (y=31) in XOZ plane .
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Fig. 4. Distribution of wind velocity and dust concentration C (in units of MAC) at z = 2, 100, 600 and 1000
m heights, when t = 28 h.
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Along with horizontal dust transfer occurs dust deposit at the earth surface. On Fig. 5 is shown surface
density of the dust deposited on the surface during 24 hours. It is seen that at 200 km? territory adjacent to
Zestafoni the dust quantity deposited on 1 sq.m. area varies from 200 mg to 1 mg.

t=24h;
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Fig. 5. Surface density of the dust deposited on the soil (mg/m?).

3. Conclusion

Thus, a carried out numerical modeling has manifested some meteorological peculiarities, which are
characteristic for dust dispersion process under urban conditions in Zestafoni region. In case of light western
winds dust concentration in 100 m surface layer of the atmosphere above Zestafoni is roughly the same.
Above the surface atmospheric layer this concentration rapidly decreases and at 3 km height becomes equal
to zero. In vertical profile dust concentration is bigger in the centre of cloud and is getting smaller towards
the periphery.

Orography causes deformation of pollution cloud. On the windward side of Likhi ridge, due to
orography influence dust dispersion eastward is inhibited and starts to shift predominantly in north-east and
south-east directions along the valleys of Kvirila and Chkherimela rivers. At that, on the windward side of
the ridge upward movement caused by orography decreases dust sedimentation process. As a result the
density of deposited dust at large distances from dust pollution sources is negligible.

Comparison of results obtained by calculations with actual results is very important. Natural
observations at the territory adjacent to Zestafoni are scheduled for this end.
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ABSTRACT

In this paper the main stages in the history of the Black Sea oceanography are briefly described from the
middle ages to the present. It is shown that modern knowledge on the Black Sea and our understanding of
hydrophysical and biochemical processes of this unique sea basin is reached as a result of hard research
activity of a lot of researcher-oceanographers during last centuries. Significant attention is paid to the
modern operative oceanography using modern data-computing technologies and satellite remote sensing
methods.
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1. Introduction

The Black Sea, which is located at the border of Europe and Asia, played a connecting role between
the West and the East since ancient times. The Black Sea was one of the most important link of the great silk
road and played a crucial role in economic and trade relations of the old Georgia with Greek world and other
countries [1, 2], that in the legendary form is reflected in the myth of the Argonauts. The Black Sea has
many times become an object of attention not only to researcher-oceanographers, but also to the general
public. Hundreds of articles and monographs are devoted to the Black Sea, since the XIX century many
scientific expeditions have been carried out. Modern knowledge of the physical and biochemical processes in
the Black Sea was formed over several hundred years as a result of tireless work and scientific activity of
many researchers. The oceanography achieved the great successes especially in recent decades, which is the
result of rapid scientific and technological progress.

In this paper the main facts and milestones in the development of the Black Sea oceanography from
the middle ages to the present including the achievements of the modern Black Sea operative oceanography
are shortly considered.

2. The Black Sea oceanography in XVI11-XIX centuries

The modern configuration and morphometric parameters of the Black Sea formed approximately 7600
years ago, when the connection between the Black Sea and the World Ocean was restored through the
Bosporus Strait [3, 4]. The main specific features of the Black Sea are due to the weak water exchange with
the Mediterranean Sea, existence of hydrogen sulphide layer below depth of 150-200 m and a powerful river
runoff. The ancient Greeks knew the Black Sea and Georgia very well, which is reflected in their myths and
written monuments [5, 6]. Especially the great interest of the ancient Greeks belongs to the 7th century BC,
when the Greeks began founding of Greek colonies on the eastern coast of the Black Sea.

Despite the fact that since ancient times the Black Sea has been a place of intensive navigation,
knowledge of the processes taking place in the Black Sea practically did not advance until the XVII century.
The first significant discovery in the history of the Black Sea oceanography belongs to the famous Italian
diplomat, military man and oceanographer Luigi Ferdinando Marsili (1658-1730). In 1679, during his
journey from Venice to Istanbul, the 21-year-old Marsili discovered the lower and upper currents in the
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Bosporus [7-11]. In the history of the Black Sea oceanography it was the first most important investigation
conducted by the direct measurements in the sea. On the basis of direct measurements of water densities and
scientific analysis Marsili established the Bosporus exchange currents between the Black Sea and the sea of
Marmara. His measurements in the Bosporus showed the surface water of Black Sea origin to be
significantly lighter than the water samples from the undercurrent, which had weight consistent with the
Mediterranean water [9]. Based on these initial observations, Marsili reached a good understanding of the
pattern of circulation of the Strait of Bosporus and successfully constructed the first theoretical explanation
of its hydrodynamics [9].

In order to confirm his discovery - the Bosporus water exchange, Marsili carried out a laboratory
simulation of the Bosporus Currents. He demonstrated this density difference by building a physical model
that captured the salient features of the phenomenon (Fig.1). Marsili made a two-compartment box with the
divider connected by two openings at top and bottom, and showed that waters of different densities in the
two compartments would flow to the opposite side in a manner consistent with his with his observations.
Marsili understood that the Bosporus currents were a simple consequence of the different water densities in
the Black and Mediterranean Seas.

Fig.1. Luigi Ferdinando Marsili’s physical model of Bosporus two-layer flow
(Marsili’s box) [7, 9].

The observations and experiments were published in the 1681 book by Luigi Ferdinando Marsili,
originally published in Italian [7-10]. Thus the foundations of modern oceanography have been laid in
Istanbul by Marsili, based on a series of first-time measurements in the Bosporus [11]. Subsequent studies
have shown an important role of the Bosporus currents in the formation of the hydrological structure of the
Black Sea.

In the XVIII century Russian sailors began a hydrographic description of the Azov and Black Seas
[12]. These works continued in the XIX century. During the expedition (1825-1836) organized by a Russian
military officer and hydrographer E. P. Manganary (1796-1868) mapping of the Black Sea and Azov coasts
was carried out, resulting in the issuance of a map of the Black Sea atlas in 1842,

Systematic study of the Black Sea began in the second half of the XIX century, when it launched
large-scale scientific expeditions. As D. M. Fillipov notes in his famous monograph [13], three stages in the
Black Sea study are indicated in the manuscript of the famous Russian oceanographer N. I. Chigirin. The
first stage - since the middle of the XIX century until 1890 was characterized by accidental hydrological
observations conducted by Russian Black Sea Fleet Officers. As the beginning of the second stage should be
considered the first Black Sea depth-measuring expedition led by Russian oceanographer and meteorologist
I. B. Shpindler (1848-1919) in 1890-1891. The third stage begins since 1922, when the Azov-Black Sea
research fishery expedition was organized under the leadership of N. M. Knipovich. At the same time a
multi-year oceanographic expedition led by Russian scientist and oceanographer Yu. M. Shokalskiy (1856-
1940) was organized. As the beginning of the modern stage can be considered 70-80s of the XX Century
[14], The characteristic feature of this phase is the wide use of mathematical modeling methods and
computing techniques in studying the Black Sea processes and developing modern remote (satellite) sensing
and contact measurement methods.
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At the first stage, as a result of the scientific works of F. F. Wrangell (1879), V. V. Maidel (1884), S.
0. Makarov (1850), certain opinions were created on the surface circulation of the Black Sea, but at the same
time a wrong opinion was formed about the great contribution of the rivers to the Black Sea circulation.

In 1885 famous oceanographer and the vice-admiral of the Russian fleet S. O. Makarov (1849-1904)
has carried out detailed hydrological research of Bosporus two-layer current and thoroughly has established
that less salty water of the Black Sea by the upper current enters into the sea of Marmara, and more salty
water of the sea of Marmara by the deep current enters into the Black Sea. To conduct his research, Makarov
used the Russian military vessel “Taman”, which was at the disposal of the Russian embassy in Istanbul. S.
O. Makarov conducted detailed observations in the Bosporus Strait, including measurements of water
temperature, salinity, velocity and direction of currents. Although the upper and lower currents of the
Bosporus were known as a result of research conducted by Marsili, Makarov's merit should be considered a
detailed hydrological study of the Bosporus flows and the substantiation for the hypothesis associated with
the Bosporus two-layer current. He published the results of the researches conducted in the Bosporus Strait
in the book "On the exchange of waters of the Black and Mediterranean Seas" awarded the prize of the
Russian Academy of Sciences [12, 15].

Thus, researches carried out by L. F. Marsili and S. O. Makarov is an important event in the history of
the Black Sea Hydrology, which strongly showed the existence of the Bosporus water exchange currents.

In 1870s started studies in the Black Sea biology. In this respect a major event was the establishment
of the first marine biological station in Odessa (Soon the institute was transferred to Sevastopol) on the
initiative of outstanding traveler, ethnographer and geographer Miklukho-Maclay (1846-1888). Its first
director was Academician A. O. Kovalevsky. Nowadays it is a widely known institute of biology of the
southern seas [12]. After the organization of the Sevastopol biological station, the study of the fauna and
flora of the Black Sea became systematic. In the early XX century, based on the researches conducted in the
biological station, the main knowledge of the Black Sea organic world were created. The absence of life was
discovered in the deep Sea layers of the Black Sea Contaminated with hydrogen sulphide.
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Fig.2. Spinldler’s expedition route in the Black Sea [16].

An important step forward in the study of the hydrology of the Black Sea was a complex depth-
measuring oceanographic expedition during 1890-1891 led by 1. B. Shpindler [4, 16, 17] by vessels
“Chernomorec”, “ “Donec” and “Zaporotzec”. Hydrograph F. F. Wrangell, geologist N. I. Andrusov and
chemist A. A. Lebedintsev participated in the expedition. In Fig. 2 the expedition route in the Black Sea is
shown [16]. This expedition made a great contribution to the study of the Black Sea Hydropogy. During the
expedition were made great discoveries, such as: 1) the cold intermediate layer at a temperature below 8°C,
2) contamination of deep layers of the Black Sea by hydrogen sulfide and the absence of fauna, 3) waters
with high salinity (34%o0) at the Bosporus, which flowed into the Black Sea with deep flow from the Sea of
Marmara. With this, it became clear that the deep layers of the Black Sea are a mixture of waters of the
Marmara and Black Seas, 4) it has been proven that the bottom of the central part of the sea like a flat bowl
is with the greatest depth of up to 2245 m, 5) monotonous growth of temperature and salinity from the depth
of 200 m to the bottom up to 9°C and 22,3%o0, respectively.

36



One of the main results of the expedition was the discovery of a hydrogen sulfide zone below 200 m,
but as is noted in [4], it was not the first discovery of hydrogen sulfide contamination in the Black Sea. In
1968 the exploratory expedition organized by the Hydrographic Department of the Maritime Ministry of the
Russia, planned to investigate the routes of the international telegraph cable in the Feodosiya-Sukhumi
section. During this expedition there was observed a difference between the surface and deep waters of the
Black Sea, which was caused by the presence of hydrogen sulfide in deep layers. The great merit of the
Shpindlers’s expedition is that for the first time in the history of the Black Sea Oceanography the
contamination of deep layers by hydrogen sulfide detailed and thoroughly investigated.

As a result of researches conducted during the expedition Shpindler came to the conclusion that the
main cause of the sea surface circulation is wind. On the basis of the data received during the expedition he
erroneously concluded that the Black Sea can be represented as a water body consisting of two parts - the
surface and deep layers between which water exchange does not occur and deep layers of the sea are in a
stagnant state. Such an opinion in the Black Sea Oceanography existed up to 30-40s of XX century [4].
Further studies have shown the incorrectness of such opinion. It turned out that the Black Sea is one whole
system, where the water circulation occurs throughout the vertical from the sea surface to the bottom. In this
respect there is very important the scientific article published by the famous marine biologist V. A.
Vodianitskii, where on the basis of hydrobiological studies is formulated the scheme of vertical structure of
the Black Sea general circulation [12, 18]. The principal provision of the author is that the whole thickness of
the Black Sea represents one whole where the vertical and horizontal movements take place from the sea
surface to the bottom, but the water exchange between the surface and deeper layers is slowly.

The expeditions led by Shpindler in 1890-1891 were the beginning of a systematic study of the Black
Sea Hydrology, which essentially enriched the knowledge of the Black Sea and contributed to the study of
general hydrology of the Black Sea. It should be noted that in 1892 the Russian Geographical Society
awarded I. B. Shpindler and F. F. Wrangell with small gold medals for the successful expeditions and the
great contribution to the Black Sea oceanography [4].

Up to the 20s of the XX century, large-scale complex oceanographic studies were no longer carried
out, but in this period there were experimental studies of small scales. For example, in 1892 by A. A.
Lebedintsev was carried hydrobiological and hydrological studies of the Black Sea from Odessa to Batumi
section.

3. The Black Sea oceanography in XX century and at the beginning of XXI century

Since 1920s study of the structure and dynamics of the Black Sea have received very widespread
development. In 1923-1935 a large oceanographic expedition was carried out, which was led by famous
Russian scientist and oceanographer Yu. M. Shokalskiy (1856-1940). Since 1932 V. V. Shuleikin has
become the leader of the expedition. The expedition work program was extensive and it consisted of
standard hydrological examination to great depths, study of bottom and bottom sediments, hydrochemical
studies, biologic studies of plankton and benthos, bacteriological investigations [12, 17, 19].

During the expedition, large-scale studies of the hydrochemical, biological and hydrological processes
of the Black Sea were carried out. During the whole operation of the expedition 53 cruises were performed
on various vessels, in which about 1600 oceanographic stations were made, more than 2000 biological and
geological samples were collected. Most of the observations were made at the maximum depths of the sea
(2000-2200 m). During the expedition, the first map of the Black Sea relief was drawn up, the general
cyclonic nature of the Black Sea was established, the results obtained in previous studies about
contamination of deep waters by hydrogen sulfides and the absence of living organisms were confirmed.
Biological studies have shown the seasonal change of plankton and peculiarities of distribution of Benthos at
the depth .

The ground samples taken under the expedition have become an important basis for geologists to
study the history of the construction of the Black Sea Pavement and Development [12, 20].

The study of the vertical hydrological structure showed that the mixing process is carried out between
the upper oxygen content and lower hydrogen sulfide layers, but with small intensity. Thus, the hypothesis of
the existence of a standing zone in deep layers was refuted. It was found that in the open part of the Black
Sea contaminated layer with hydrogen sulfide is up to 125 m depth, and close to the shores - up to 200 m.

It is interesting to note that Shokalskiy was a witness of a strong earthquake in Yalta on September 12,
1927, the epicenter of which was in the Black Sea close to the seashores. Despite the fact that he was not a
seismologist, he gave a detailed description of this event and created a more complete picture of the Yalta
earthquake [21].
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The expeditions carried out in 1923-1935 were of great importancein the study of hydrophysical and
biochemical processes. It should be noted that the works envisaged in the framework of the expeditions were
entered into the second International Polar Year (1932-1933) Scientific Program.

Almost at the same time one of the most significant expedition in the history of the Black Sea
oceanography was carried out in 1922-1928 — Azov-Black Sea research fishery expedition under the
leadership of N. M. Knipovich. The main tasks planned in this expedition were biological, but the expedition
plan included also hydrological observations [22]. The area of research and experimental activities of the
expedition included the Azov Sea, the Kerch Strait and the coastal waters of the eastern part of the Black
Sea.

By the expedition was obtained very extensive material covering the relief of the bottom, sea water
temperature, salinity and the gas regime, the composition and distribution of plankton and benthos.The first
monograph on the Black Sea hydrology belongs to N. M. Knipovich [23]. In his monograph the scheme of
the surface circulation of the Black Sea is given, according to which the main elements of the surface
circulation are the main cyclonic current, which surrounds the Black Sea on the periphery (the Rim Current),
and two cyclonic eddies in the open part of the sea basin (so-called “Knipovich’s glasses”). The cupola-
shaped form of salinity and density fields at the centers of these eddies were established. The subsequent
researches have confirmed the basic conclusions given by Knipovich.

It should be noted that as a result of performed oceanographic expeditions at the end of XIX century
and in the 20-30s of the XX century the Black Sea became one of the most studied seas in the World.

It is necessary to note the great contribution of the Academician V. V. Shuleikin (1895-1979) to the
many spheres of the Black Sea oceanography. In 1929 he has based the Black Sea hydrophysical station in
Kaciveli (Crimea). Further, on the basis of this station the Marine Hydrophysical Institute was based
(Sevastopol) and the station itself became an experimental division of this institution. Currently, the Marine
Hydrophysical Institute is a research organization of international importance, where the studies of the Black
Sea hydrophysical processes actively and at a high scientific level take place using modern experimental and
theoretical methods. The works in Kaciveli hydrophysical station under the guidance of V. V. Shuleikin
included a wide range of oceanographic tasks: dynamics of sea currents, dynamics of tidal waves, dynamics
of surface and internal waves, physical basis of climate and weather, sea optics, sea acoustics, etc [17]. It is
interested to note that in 1938 by Shuleikin was elaborated the method, which provided physical modeling of
generation and evolution of wind driven waves in laboratory conditions in an aerodynamic circular channel.
V. V. Shuleikin made a major contribution to the study of the heat balance of the Black Sea, which laid the
basis for the modern theory of the Heat Balance of the oceans and seas. The scientific results obtained in the
Hydrophysical Station during the nearly ten years are generalized in his fundamental monograph "Physics of
the sea" [24]. The scientific results obtained by Academician V.V. Shuleikin received high recognition,
which was confirmed by the fact that in 1942 he was awarded the title of laureate of the Stalin Prize for the
major contribution to oceanography.

The leading role in the study of the Black Sea in the former Soviet Union played Scientific-research
institutes in Sevastopol — Marine Hydrophysical Institute and the Institute of Biology of South Seas, that
were equipped with scientific-research vessels "Mikhail Lomonosov", "Academician Vernadskiy",
“Professor Vodianitskiy", etc. Significant scientific and research works also were carried out by the State
Oceanographic Institute (Moskow) and M. Lomonosov Moscow State University, research vessels of which
were based in Sevastopol. In the sea city of Gelendzhik the south branch of Shirshov Inctitute of Oceanology
of the Academy of Sciences of USSR was functioning, which carried out the scientific expeditions by the
research vessels “Academician Shirshov” and “Academician S.Vavilov”.

The knowledge acquired for the 60s of the XX century about the Black Sea is reflected in the book
“Regional Oceanography “ by A. K. Leonov [25] and in the monograph “Circulationand structure of waters
of the Black Sea“ by D. M. Fillipov [13].

Since 50-60s of the last century, the study of the Black Sea has become deeper and more completed.
In 1957-1959, in the framework of the International Geophysical Year Program, oceanographic expeditions
were carried out in the former Soviet Union where the observations were conducted on the polygons. This
made it possible to study the mesoscale variability of the Black Sea thermochaline structure and flows [12].

In the former USSR in 1976-1978, a joint program of Black Sea Complex Studies (SKOICH) was
implemented. A wide range of rich scientific materials collected, analyzed and theoretical generalized in the
scope of this program were published in a number of publications. First of all it should be noted the
monograph by A. S. Blatov, N. P. Bulgakov, et al [26], where a broad spectrum of hydrophysical processes
of the Black Sea is discussed. Here are the peculiarities of the average multi-year season changeability of the
main hydrophysical fields - temperature, salinity, density and flow.
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It is very important the contribution of the Bulgarian scientists to the study of Black Sea
Oceanography, which carries out at the Institute of Fish Resources and the Institute of Oceanology of the
Academy of Sciences of Bulgaria in Varna. Studies are mainly focused on the oceanography of the western
part of the sea and the Bosporus region. The resulting findings are reflected in the collective work of
Bulgarian scientists [27].

Research in Black Sea Oceanography in Romania carries out at Grigol Antipa Institute of Sea Studies
in Constanta. The main attention is paid to the shelf zone and the Danube river delta.

Turkey's scientific and educational centers - the Center for Sea Science and Technology (Izmir), the
Middle East Technical University (Ankara) and others have a major role in the study of hydrology and
ecosystem of the Black Sea Anatolian coast.

The interest of American scientists with the Black Sea is very high. By the end of the 60s and in 70s-
80s of the last century, they conducted a number of oceanographic experiments on the Black Sea, mainly
related to the geological problems of the Black Sea [12]. A lot of publications of American scientists are
devoted to mathematical modeling of the Black Sea dynamics (for example, [ 28-30]).

Obviously, it is not possible to receive the quantitative characteristics of the dynamics of the entire
Black Sea basin only by observations. In this case it is necessary to apply the theoretical analysis methods.

Since 40-50s of the last century wide use of physical and mathematical methods in study of the Black
Sea dynamics began, but fast development of computer facilities considerably has promoted numerical
modeling of hydrophysical processes since 60-70s.

The modern stage of the study of the Black Sea, beginning since 70s of the last century, is
distinguished with applying both the experimental and theoretical methods. The numerical modeling of the
physical processes of the Black Sea, based on the full equation system of ocean hydrothermodynamics, was
initially started in the former USSR during this period, particularly, at the Computing Center of the Siberian
Branch of the Academy of Sciences of USSR (Novosibirsk, Akademgorodok) under the guidance of
Academician G. I. Marchuk.

The method of mathematical modeling implies the description of the study object or process through
differential equations that can be solved using appropriate boundary and initial conditions. This method
enables to simulate processes and events ongoing in the nature (numerical experiments on a personal
computer), evaluate various factors impact on the development of the study process and, finally, to predict it.

There are a lot of number of publications dedicated to mathematical modeling of physical processes in
the Black Sea. The review and analysis of these publications are given in monographs [31, 32], which reflect
the state of the problem for the 80s of the last century. There were developed two types of numerical models:
diagnostic and prognostic. Among them diagnostic models are relatively simple in which the density field is
determined based on the observation data. This allows simplification of the equation system, as it is not
necessary to consider the equations of heat and salinity transfer. As input data for the diagnostic models the
average multi-year seasonal sea density fields and atmospheric pressure above the sea were used. The first
calculations were carried out using a diagnostic model on the basis of a stationary barotropic model for the
north-western part of the Black Sea [33]. The calculations for the whole Black Sea Basin using the
diagnostic models are also presented in [34-37]. A review and analysis of such models are in the monograph
[38]. Calculations carried out by the diagnostic method have shown that movement of water in the Black Sea
takes place throughout the thickness of the sea from the surface to the bottom. Vertical velocity received on
the basis of the continuity equation demonstrated the rise of water masses above the central areas of the sea
and lowering in the peripheral part of the sea at a rate of 10* cm /s [34].

diagnostic models are limited to explain the main features of the sea dynamics. In this respect
prognostic models are very promising, in which the density field is given not on the basis of observational
data, but is determined in the process of integrating the model equations. Prognostic models are divided into
one-component and two-component models. One-component models were proposed in [39-42]. In [39],
instead of the equations of heat and salinity, the equation for the density was used, and in [40-42] the density
was determined only by the temperature field. For the Black Sea, such an assumption is rather crude, since,
as is well known, the formation of a density field in the Black Sea basically depends on the salinity field.

Two-component prognostic models are more complete. They are based on a full system of ocean
hydrothermodynamics equations. In this case the density field is determined by temperature and salinity
fields. The first works in this direction were made at the Computing Center of the Siberian Branch of the
Academy of Sciences of USSR (Novosibirsk, Academgorodok) in [32, 43-46]. In these works, the model
equation system is formulated for deviations of thermodynamic values from the standard vertical
distribution. For solution of the equation system the two-cycle splitting method with respect to physical
processes, coordinate lines and planes is used proposed by Academician G. I. Marchuk to solve the dynamics
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and ecological tasks of the ocean and atmosphere [47, 48]. This was the first prognostic model of the Black
Sea dynamics based on a full system of ocean hydrothermodynamics equations, the results of which
confirmed the general cyclonic nature of the Black Sea circulation and showed a significant role of the
bottom relief in circulation, particularly in the north-west part of the Black Sea. The maximum concentration
of salinity was obtained in the central part of the sea, while the peripherals were relatively small, giving
evidence of saline deeper water in the central areas of cyclonic rotation. It was also shown that the density
and salinity fields in the Black Sea are in good correlation with each other.

The level of computing techniques of the 70s of the last century did not provide realization of non-
stationary spatial tasks with the desired resolution. Therefore, the Black Sea dynamics prognostic baroclinic
model was realized for the Black Sea basin with a horizontal grid step of 37 km, while 13 calculated levels
were taken on a vertical [32, 43-46].

The two-component prognostic models of the Black Sea dynamics were also proposed in [49-51]. As a
result of realization of the model [49] using Bryan's numerical scheme [52] the average annual and seasonal
fields of hydrophysical characteristics were calculated. Comparison of model fields with observation data
showed that the model satisfactorily reflected the peculiarities of hydrophysical fields. It should be noted that
the Rim current was well reflected in the average annual picture of the calculated flow, but at the same time
the internal cyclone eddies in the open part of the basin practically did not observed.

In [50-51] the model system of equations was solved using the two-cycle splitting method, as well as
in [32, 43-46]. Numerous numerical experiments showed that the model well reflected the general features of
the general circulation of the Black Sea.

In 70-80s of the last century large horizontal spacing applied in the numerical models did not allow
description of small coastal eddies. The modern observations show existence of mesoscale and submesoscale
eddies in coastal waters [53, 54], whose identification require very high resolution of mathematical models.
The fast development of computational facilities since 1990s gave the opportunities for computer realization
of these models with higher resolution, which have allowed reproducing dynamic processes in the Black Sea
by the great adequacy.

Since 1990s at M. Nodia Institute of Geophysics of the National Academy of Sciences of Georgia the
perfection of the Black Sea dynamics model [32, 43-46] was carried out by considering the main physical
factors and simultaneously increasing the horizontal resolution of the model as in the horizontal (5 km
horizontal), as well as in vertical direction (32 calculated level). The modern version of the model [55-57]
provides the following key factors:

» quasi-real sea bottom relief and configuration of the sea basin,

« atmospheric wind and thermohaline impacts,

» solar radiation absorption by the upper layer of the sea,

« water exchange through the Bosporus Strait with Mediterranean Sea,

* Danube river runoff,

« space-temporal Changeability of turbulent viscosity and diffusion coefficients.

Performed numerical experiments in conditions of alternation of climatic wind fields typical for the
Black Sea basin showed that surface circulation is constantly changing throughout the year. Strong
atmospheric winds over the Black Sea have a smoothing effect on the surface sea circulation and the
processes of vortex formations are less intense. In such cases, the speed of the sea current may exceed 100
cm/s. Later this basin-scale model was adapted to the easternmost water area of the Black Sea (including
Georgian coastal zone) with increasing space resolution to 1 km.

The numerical modeling of the Black Sea dynamics is particularly intensively developing in the last
20 years and the number of publications devoted to this problem increases (for example, [58-65]). The
results of mathematical modeling, hydrological observations and satellite remote sensing data clarified the
traditional picture of the Black Sea circulation, obtained by N. M. Knipovich [23], and improved our
knowledge of the dynamic processes taking place in the Black Sea. The Black Sea circulation is one of the
major factors determining distribution of thermohaline fields and some substances of anthropogenic and
natural origins. On the basis of modern research it became possible to establish the main regularities of the
Black Sea circulation, which can be characterized as follows: the circulation of the Black Sea as a whole is
cyclonic, the main element of which is the main Black Sea current (the Rim Current) by a cyclonic ring,
which covers the Black Sea basin on the periphery over the continental slope and represents a jet flow with
width about 40-80 m. Along the Rim Current jet around the basin flow speeds are about 25-30 cm/s, but the
maximum speed of the flow at a strong atmospheric wind can exceed 100 cm/s. The Rim Current is observed
throughout the year and is strengthened and stabilized during the autumn-winter period. The essential feature
of the Black Sea surface circulation is also formation of some interior cyclone eddies in the western and
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eastern open parts of the Black Sea. the Rim current is hydrodynamically unstable and as a result of
interaction with the relief it experiences meandering, especially during the warm period from April to
November. This event is due to the weakening of the atmospheric winds and a number of calm situations
during the warm period of the year. The meandering promotes generation of coastal anticyclonic eddies
between the Rim Current and the coast over the entire perimeter of the seaside line. Such coastal eddies are:
Bosporus, Sevastopol, Crimea, Caucasus, Sakaria, Sinop, Batumi eddies, etc. Among these eddies Batumi
anticyclonic eddy is more intensive and stable formation, especially in the warm season. The coastal
anticyclonic eddies and interior cyclonic eddies schematically are presented in Fig. 3 [66]. Characteristic
sizes of coastal eddies are in a wide range about within 20 - 200 km, which play an important role in
ventilation of coastal waters [67].

44"

Fig. 3. A schematic structure of the Black Sea upper layer circulation [66] by showing of the Rim
Current and cyclonic and anticyclonic eddies. By blue color cyclonic eddies are shown and by yellowish-
reddish color - coastal anticyclonic eddies.

Approximately during last two decades the Black Sea oceanography achieved significant successes.
Development of in-situ and remote sensing methods and effective data-computing technologies promoted
creation of the Black Sea Nowcasting/Forecasting system, which is the large scientific and technical
achievement of the Black Sea operative oceanography [68-72]. Such system allows to carrying out
continuous control over the current state of the Black Sea and its change for some days forward. At present
the Black Sea nowcasting/forecasting system is functioning in the near-real time and provides the short-
range forecast of basic hydrophysical fields — the current, temperature, salinity and sea level. The main
components of this system are basin-scale model of the Black Sea dynamics of MHI and some high-
resolution models of coastal dynamics. In Fig. 4 the regional water areas of Bulgaria, Romania, Ukraine,
Russia and Georgia are presented, where calculation of regional forecasts are carried out [70]. One of them
is an easternmost water area including Georgian coastal zone. For this area operates the regional forecasting
system developed at M. Nodia Institute of Geophysics of I. Javakhishvili Thilisi State University [73-78]
within EU international scientific projects ARENA and ECOOP. The regional forecasting system, which is
one of the main components of the Black Sea nowcasting/forecasting system, consists of hydrodynamic and
ecological blocks. The hydrodynamic block includes M. Nodia Institute of Geophysics high-resolution 3D
regional model of the Black Sea dynamics with 1 km resolution which is nested in the basin-scale model of
the Black Sea dynamics with 5 km resolution of Marine Hydrophysical Institute (MHI, Sevastopol) [62]. The
ecological block includes 2D and 3D transport models of polluting substances.
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Fig.4. Black Sea coastal regions where are calculated regional forecasts with high-Resolution [70].

The regional forecasting system provides 3 days’ forecast of main hydrophysical fields - the current,
temperature and salinity with 1 km spacing in the Georgian sector of the Black Sea and surrounding water
area, but in accidental situations — also the forecast of spreading oil and other polluting substances.

4. Conclusions

The Black Sea, which is typical inland water body, since ancient time was in focus by geographers and
travelers, but its systematic and intense scientific study began in the second half of the XIX century. Though
the first significant discovery occurred in the XVII century, when the famous Italian diplomat, military man
and oceanographer Luigi Ferdinando Marsili in 1679 discovered the lower and upper currents in the
Bosporus Strait.

The largest contribution to the Black Sea oceanography was made by expeditions led by I. B.
Shpindler (1890-1891), Yu. M. Shokalskiy (1928-1935), N. M. Knipovich (1922-1928). the results obtained
in these expeditions made the Black Sea the most studied sea in the World.

The development of remote sensing from artificial earth satellites, the elaboration of high-resolution
mathematical models and assimilation methods of observational data in the last two decades have provided
the creation of the Black Sea nowcasting/forecasting system, which is a large achievement of the modern
Black Sea oceanography.
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OcHoOBHBIE ITANIBI B UCTOPUH OKeaHOrpaduu YepHoro Mmops

IA. Kopazanze|, /1. JlemerpamBuiu

Pe3rome

B nmaHHOW cTaThe KpaTKO OIMCBHIBAIOTCS OCHOBHBIE JITallbl B MCTOPUHM OKeaHorpaduu UepHOTO MOpsS €O
CpelHUX BEKOB JI0 HacTosimero. [lokazaHo, 4To coBpeMeHHOe 3HaHue o UepHoM Mope U THAPOPHU3HIECKHUX U
OMOXMMHUYECKUX MPOIECCax, MPOUCXOAIMNX B 3TOM YHHKAIEHOM MOPCKOM OacceliHe, JOCTHTHYTO B
pe3ynbTaTe YHOpPHOW JesSTeNbHOCTH WCCIEAO0BaTENeH-OKEaHOIOTOB B TEYEHHE IOCIEIHUX HECKOJIBKIX
BEKOB. 3HAYHUTEIILHOEC BHUMAHKE YIAJSeTCsl COBPEMEHHOM ONEpPaTUBHON OKeaHOrpaduu ¢ MCIOIb30BaHUEM
COBPEMEHHBIX MH()OPMAIMOHHO-BBIYUCIUTENBHBIX TEUHOJIOTUH U CIYTHUKOBBIX JUCTAHIIMOHHBIX METOJIOB
30HANPOBAHMS.
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ABSTRACT

In the paper the current state of the Black Sea pollution by oil products is reviewed. The significant
attention is paid to a satellite radar monitoring of the sea surface pollution. The paper contains also
short description of the numerical models on simulation and forecasting of oil spill dispersion in the
sea environment. Some result on simulation of oil pollution distribution in the Georgian water area
based on advection-diffusion equation in conditions of real regional circulation is presented.
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1. Introduction

In recent decades an intensive pollution of many regions of the World Ocean with oil products
and other highly toxic substances of anthropogenic origin takes place. In this regard a special place is
held by inland water bodies which are particularly sensitive to anthropogenic loads due to their low
water exchange with the World Ocean. Primarily, the aforementioned fact may be referred to the
Black Sea, whose pollution level progresses significantly. It is well known that the Black Sea is one of
the most contaminated basins of the World Ocean due to anthropogenic impact and hydrological
features. The Black Sea is the inland sea most isolated from the World Ocean, it is only connected to
the Mediterranean through the Turkish Straits and to the Sea of Azov — through the Kerch Strait.
Specific features of the Black Sea make it very vulnerable to the anthropogenic loading leading to a
significant increase in pollution level of the Black Sea with different pollutants. According to modern
observations a pollution of the Black Sea by substances of anthropogenic origin is progressing [1-5].
Among the polluting substances oil and oil products are more dangerous and widespread components
for the Black Sea environment as well as for the World Ocean [2, 4-6]. Besides that they can cause a
serious damage to the marine living organisms, they can break a natural hydrological cycle and,
consequently, cause anthropogenic climate changes. If on the big square of the ocean surface oil and
oil products in a considerable quantity are poured, they will promote reduction of evaporation and
simultaneously will decrease salt fluxes in the atmosphere because of decrease wind waves and
splashes [7]. It is well known that salt particles play a role of the centers of condensation and
consequently their deficiency will block processes of cloud’s formation [8].

The degree of risk is especially great for shelf and coastal zones due to intensive human
economic activity. In this respect Georgian coastal zone is not exception. Through the Black Sea
passes the international transport corridor TRACECA (Transport Corridor Europe-Caucasus-Asia)
and in the coming years shipping intensity is expected to increase. This fact creates a sufficient
potential threat for the Black Sea and especially for the Georgian coastal zone.

At present, there is no such region in the World Ocean that would not be affected by the
pollution of water with oil products. According to modern estimates, annually 1.7-8.8 million tons oil
are released in the World Ocean.
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Crude oil is a mixture of different fractions, whose main components are hydrocarbons (80-
90%). In the marine environment, oil and oil products are in the form of oil films, dissolved and
emulsified petroleum products, oil aggregates [3]. Significant concentrations of oil products in sea
water are observed in the area of estuaries of large rivers - the Danube, Dnieper, Dniester and in the
waters of the ports.

In conditions of growing anthropogenic loading on the sea ecosystems it is obvious that a
reliable operational monitoring and forecast of pollution areas and concentrations in accidental
situations is a very important problem. At present the modern satellite radar technologies provide to
carry out monitoring of oil pollution of the sea surface with high space resolution [6].

The Black Sea crisis calls for a concerted international approach. Protection and environmental
safety of marine ecosystems became an object of great attention in the 50s of the last century. The
first international agreement was concluded in 1954 in London/United Kingdom on the prevention of
oil pollution of the seas (1954 London Convention).This agreement imposed certain obligations on
states to protect the marine environment.

Since 1990s the international cooperation between the Black Sea countries has entered into a
new phase. On 30 November 1990 in London the International Convention on Oil Pollution
Preparedness, Response and Co-operation (known as the OPRC Convention) was adopted. The
Convention obliges its participating States including Georgia to ensure the readiness of the oil spills to
be adequately reacted. In 1992 in Bucharest/Romania the six coastal countries (Bulgaria, Georgia,
Romania, the Russian Federation, Turkey and Ukraine) signed and ratified the convention on the
Protection of the Black Sea against Pollution. Since then, the commission on the Protection of the
Black Sea against Pollution (the Black Sea Commission/BSC), acting on the mandate of the Black
Sea countries, is responsible for the sustainable management of the Black Sea.

In this paper the current state of pollution of the Black Sea by oil products is reviewed. The
significant attention is paid to a satellite monitoring of the sea surface oil pollution. The paper
contains also short description of the numerical models on simulation and forecasting of oil spill
dispersion in the sea environment. Some result of simulation of oil pollution distribution based on
advection-diffusion equation in the Georgian water area in conditions of real regional circulation is
presented.

2. The current state of the Black Sea oil pollution

In addition to the fact that covering the sea surface with oil spots significantly affects the
characteristic parameters of sea-atmospheric interaction, oil pollution has a substantial impact on a
number of hydrochemical and hydrobiological processes and consequently on the marine ecosystems.
The consistency of oil can cause surface contamination and smothering of marine biota, and its
chemical components can cause acute toxic effects and long-term accumulative impacts [9]. The
environmental impact does not only depend on the size of the spill but also on the spread of the oil
slick, the toxicity and persistence of the oil and the sensitivity of the environmental region affected.

In the 70-80s of the last century, researches conducted at the Novorossiysk Biological Station
showed that oil pollution of the Novorossiysk Bay caused significant changes in the distribution of
seaweed and animal species [3]. For example, water-plants Zostera and Cystoseira, which previously
developed rapidly in the shallow parts of the sea, retreated to a depth of 3 m. Mussel, widely
distributed earlier in the middle of the bay, now lives only in the open deep sections, where the waters
are less polluted [3].

The main sources of oil pollution of the Black Sea are river runoff, direct discharges of domestic
and industrial wastewaters, atmospheric deposition, port operations in the sea ports, accidental inflows
and unauthorized spills from oil ships. At present the Black and Azov Seas are the marine region with
the largest anthropogenic press in Europe [3]. Nowadays the Black Sea plays a role of corridor for oil
transportation from the East to the West, and in the coming years this transportation is expected to
increase. This fact creates a sufficient potential threat of even greater ecosystem pollution with oil
products.

According to the data given in [2], the annual quantity of oil emissions into the Black sea for 2003
was 110000 tons. Particularly large anthropogenic load is experienced by the shallow north-western
part of the Black Sea. A significant contribution to the level of oil pollution in the northwestern part of
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the sea is made by the Danube River. In one of the documents prepared by the Parliamentary
Assembly of the Council of Europe [10], where the contribution of large rivers to the Black Sea
pollution is quantified, it is mentioned that only the Danube annually carries out into the sea 50000
tons of oil products.

According to the data presented in [6], by 2007 about 170 million tons of oil and petroleum
products passed through the Black Sea ports. According to statistics, from 0.1% to 0.5% transported
oil is discharged to the ocean as a result of the discharge of washing and ballast water to the open sea.
Considering this fact, the volume of oil products entering the Black Sea in the form of oil spots should
be more than 150000 tons per year.

Among the major oil spills in the Black Sea in last decades, we can note an emergency spill near
Novorossiysk on November 1999, when, due to damage to the terminal, 39 tons of oil spilled into the
sea [2].

Fig.1. Qil patches on the Tuzla Spit on November 12, 2007 [11].

Large emergency spill occurred in the Kerch Strait as a result of a storm on 10 and 11
November 2007 [11]. The strong storm hit the Kerch Strait located between Ukraine in the West and
Russia in the East, and linking the Sea of Azov with the Black Sea. Extremely severe conditions
lasted 9 hours. Winds exceeding 30 m/sec produced the over 4 meter-high waves. A strong storm
resulted in thirteen vessels being sunk and damaged. The incident caused loss of life, or property, and
environmental harm. According to the data provided by the Ukrainian Ministry of Transport, the total
amount of the immediate spillage was 1300 tonnes of heavy fuel oil, 2,3 tonnes of oil lubricants, 25
tonnes of marine diesel fuel oil and 5,5 tonnes of heating oil. Fig. 1 Illustrates pollution of the coast of
Tuzla island by oil after emergency on November 12, 2007.

The Kerch accident became the most studied oil spill event in the world — numerous inspection
trips on coast and at-sea and more than 60 complex cruises were organized.

Over the past 50 years in the Black Sea and especially in the Bosporus Strait, there have been
many major oil spills than it was in the Kerch Strait. In October 1977 in Bosporus Strait as a result of
damage to the Soviet tanker 20000 tons of oil spilled into the sea. In November 1979, as a result of
the collision of the Romanian and Greek tankers 64000 tons of oil spilled into the sea. The largest in
the past 20 years oil spill in the Black Sea occurred when the Nassia tanker and the shipbroker cargo
vessel collided in the Bosporus Strait on 13 March 1994. Shipbroker got totally burnt. The major part
of Nassia’s cargo was spilled over into the sea and together with 20000 tons of burnt oil caused severe
marine and air pollution on the Bosporus, and in the Black and Marmara Seas [11].

In the Marmara sea, nearly 450 different scale accidents were reported within the last 40 years.
Several ship accidents happened during the past 20 years by the Black Sea coast of Bulgaria,
Romania, Russia and Ukraine, however, they mostly brought small-scale oil spills or other kind of
pollution [11].

On 24 December 2014 The pipeline near the city of Tuapse burst. According to Chernomor
“Transneft” a subsidiary of Russia's main oil transport company “Transneft” the wall of the pipeline
broke due to... a landslide. The company said in a statement, adding that the rupture caused 8.4 cubic
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meters to leak out into the Tuapse River, which empties into the Black Sea. Environmentalists warned
however that the volume of the spill could be nearly 100 times greater than claimed by “Transneft”.
By estimation of World Wildlife Fund the surface area and characteristics of the spill indicated that
there could be as much as 500 to 700 tons of oil in the Black Sea, which would be approximately 100
times as much as originally reported [12]. In Fig.2 oil leaks at the Tuapse River on December 14,
2014 are shown.

Fig. 2. Oil leaks at the Tuapse River in the Russian Black Sea coastal town of Tuapse, December 24,
2014. (Reuters photo).

The most serious pollutants of the marine environment in the Black Sea coast of Turkey are
petroleum hydrocarbons. Water pollution by oil was the main cause of environmental degradation in
the western part of the sea in 1970-1995 [13]. Qil fractions and crude oil fall into the marine
environment as a result of emergency spills, leakage of petroleum products from transport vessels,
urban and river run-offs and the discharge of contaminated water from tanker ballast tanks. Oil stains
on the water ruined a lot of sea gulls and other species of birds. The ecological situation in this part of
the sea has gradually improved, after the Turkish Coast Guard service has been prevented the
discharge of ballast waters from the ships [13].
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Studies carried out in Batumi-Gonio coastal zone (Georgian Sector of the Black Sea) in 2008-
2009 [14] showed that the concentration of petroleum hydrocarbons were within 0,04-1,74 mg/l.
Maximum value 1,74 mg/l was at the confluence of the Bartskhana river to the Black Sea. These
studies also showed that major polluters of the Black Sea by oil products are rivers Bartskhana,
Korolistskali, Supsa and Khobi. According to the data for 2009 concentration of oil hydrocarbons in
Korolistskali 161 times higher than the permissible norm — 0.3 mg/l. In the internal water area of
Batumi port was observed 0,52 mg/l. The map of distribution of petroleum hydrocarbons, created on
the basis of measured data, is shown in Fig.3 [14].
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It should be noted that according to European Environment Agency accidental oil tanker spills
into the European Seas have decreased significantly during 1990-2006 [9]. Fig. 4 clearly illustrates
this fact [9]. Despite the decreasing number of accidental oil spills in European waters (the Northeast
Atlantic, Baltic, Mediterranean and Black Sea) major accidental oil tanker spills (i. e. those greater
then 20000 tonnes) still occur at irregular intervals.

3. Satellite monitoring of oil pollution

In recent years the use of modern satellite remote sensing methods and satellite technologies in
Earth Sciences has led to better understanding and study of the ongoing geophysical processes on our
planet [4, 6, 15-23]. Over the last decades the development of remote sensing methods of sea surface
from the Earth's artificial satellites has reached a completely new level. These methods made a
revolutionary leap into the field of marine science and gave them completely new qualities. As the
authors write in [15], now is impossible to imagine carrying out environmental monitoring without
using information obtained with the help of remote diagnostic devices installed on various satellites
specialized in remote sensing of the Earth. At present, remote sensing equipment makes it possible to
carry out various regular observations of the ocean surface with high space resolution and high time
frequency.

Because the Black Sea ecosystem is experiencing increased anthropogenic impact, which is
importantly associated with oil contamination, therefore it is very important and urgent to implement
an operational satellite radar monitoring system that will effectively identify the areas of spillage and
sources. With this purpose the modern satellite radiolocation has great importance, which is very
effective tool to identify oil pollution zones and sources in basin scale operatively [4, 6, 17, 18]. The
satellite technology has such advantages as high resolution, simultaneous monitoring over the large
territory at any weather conditions, etc. High spatial resolution of modern space borne radars with
synthesized aperture (SAR) installed on the satellites ERS-2 and Envisat of the European Space
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Agency allow us to accurately detect film contaminations of even a relatively small size and evaluate
their parameters.

Spilled oil on the sea surface forms an oil spot, which leads to damping of the gravitational-
capillary component of surface waves and forms areas of smoothing, called slicks. They are displayed
in a dark tone on the radar images. However, there are a number of natural factors limiting the
applicability of space radar to solve the problem of identifying oil spills. At a weak wind of 1-2 m/s
oil films do not differ on a background of a dark sea surface. In a strong wind they disappear from the
surface due to intense wave mixing. The wind speed between 3 m/s and 8 m/s is ideal for detecting oil
contamination [6]. In this case, slicks look dark on the background of light agitated surface of the sea.

Slick on the sea surface can be formed not only because of oil pollution, but the cause of slicks
can be various organic compounds. Sources of organic matter in the ocean are animals and plants, as
well as natural sources of crude oil [24]. Biogenic substances form on the surface of the sea films in
several monomolecular layers 107-10° c¢m thick, accumulating in areas of high biological activity.
Biogenic films are the result of the life activity of marine organisms and plants, mainly phyto and
zooplankton, as well as bacteria. They are formed in the sea as a result of complex biochemical
reactions in the process of vital activity and decomposition of marine organisms, and can not be
considered as sea pollution. Organic films remain in the sea at weak winds for a long time and begin
to break down when the wind speed exceeds 6-7 m/s. After the termination of the strong wind,
organic substances are again carried to the surface and form slicks. Not only oil and oil products form
anthropogenic films on the sea surface, but also various technical and household oils, fatty acids and
alcohols, synthetic surfactants contained in domestic, industrial and sewage. Spilled into the sea, oil
forms films of varying thickness, since oil and its products are complex mixtures. Due to its physico-
chemical properties, oil can exist in the ocean for a long time in the form of films, in emulsified form
or in the form of aggregates. With a strong wind, the stain is destroyed and an oil emulsion appears in
the layer of wind mixing. Unlike organic matters, oil never spreads to monomolecular layers, and its
films have a large thickness.

Among numerous papers devoted to satellite radar monitoring of the sea surface pollution it
should be noted [15], where results obtained in the course of multiyear satellite monitoring of oil
pollution in the Baltic, Caspian and Black seas are summarized. An integrated approach to detection
and spreading forecast of oil pollution is based on joint analysis of various data of satellite remote
sensing of the sea surface. As a result of the analysis of various data of satellite remote sensing of the
sea surface areas worst affected by oil pollution were revealed. The greatest part of anthropogical
pollution of the surface in the Baltic and Black Seas detected during monitoring activities is accidental
spills and deliberate discharges of liquid oil products along the main ship routes. For three years 2009-
2011 of satellite observations more than 600 cases of pollution of the Black Sea surface by oil
products as a result of ship discharges have been revealed in the Sea water area.

Fig.5. Map of oily ship discharges to the Black Sea, detected as a result of the analysis of satellite
radar data in 2009-2011 [15].
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In Fig.5 a generalized map of oil pollution of the Black Sea water area, obtained on the basis of
deciphering satellite radar data for 2009-2011, is presented. This Figure shows the cumulative map of
oil-containing spills revealed from satellite radar data in the aquatic area of the Black Sea for three
years. Year-by-year numbers of oil spills detected are 286, 253, and 247 correspondingly. All these
pollution events are caused by spillages of oil-containing waters from moving ships. As expected,
spillages are concentrated along the main shipping routes such as Istanbul-Novorossiysk, Istanbul-
Odessa and Istanbul-Tuapse. Besides these routes, a large amount of spills is observed near the major
ports of Bulgaria, Turkey, Romania and Ukraine as well as near oil loading terminals [16].

In Fig. 6 satellite radar images obtained from satellite ERS-1 and ERS-2 on 12 and 13 May
1996 for some water area of the Caspian Sea are presented where by dark color oil stains on the sea
surface are clearly visible [6]. Often vessels produce multiple discharges of polluted waters in motion.
Fig. 7 shows an example of such a phenomenon and illustrates the trace of the oil spill along the
trajectory of the ship fixed from the satellite in the Japanese Sea on the radar image of the ERS-1
satellite.

(b)

Fig. 6. Satellite radar imageries of oil slicks on the Caspian Sea surface received from satellites -ERS-
1 on May 12 (a) and ERS-2 on May 13 (b), 1996 [6].

= R Ty e

Fig.7.Trace of an oil spill along the trajectory of a ship in the Japanese Sea on a radar image received
from a satellite (20.05.1994, 14:20 UTC) [25]
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In [15, 21] it is noted that illegal discharges of ballast water containing oil products are so
common for the Black Sea that in aggregate they cause much greater damage to the ecosystem of the
Black Sea than individual catastrophic oil spills.

In [15, 16] the results of a long-term satellite monitoring of the Black Sea revealing sea surface
pollution by oil as well as manifestations of biogenic and anthropogenic surface films are presented. It
turns out that in case of the Black Sea, the detection of oil spills caused by ship discharges is more
complicated as compared with other seas due to intensive phytoplankton bloom and to natural
hydrocarbons seeps that can be detected in various areas of the Black Sea.

Fig. 8. Surface slicks in the continental slope area offshore Georgia as seen in satellite radar
imagery on 27.10.2010 at 07:32 UTC (a), 17.09.2011 at 07:21 UTC (b), 08.11.2014 at 15:10 UTC (c),
and on 15.10.2014 at 15:10 UTC (d) [15, 16].
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Fig. 9. Map of detected oil spills and oil spill density in the Black Sea during 2000-2002 [26]

With the purpose of illustrating Fig. 8 gives some examples of patterns of oil pollution detected
in SAR (synthetic aperture radar) images taken over the continental slope area offshore Georgia.
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Surface slicks in Georgian water area are caused by natural hydrocarbon seepages from the sea
bottom. Certain types of surface pollution detected in sea surface radar imagery (Fig.8) are caused by
natural hydrocarbon seeps at the Black Sea bottom. Researches carried out in the Georgian continental
slope are showed that four cold methane seeps are located on the sea floor in this area. The presence
of oil traces in bottom sediments is a distinguishing feature typical of these seeps [15, 16].

In Fig. 9 detected oil spills and oil spill density in the Back Sea during years 2000 to 2002 are
shown. From this Figure is visible that the most pollution areas are south-western and central part of
the sea basin. Oil polluting area is also in the Georgian sector, but with less intensity [26].

At present, the system of operational satellite monitoring is working successfully in the
different regions of the World Ocean — in the Russian sector of the Black Sea, in the south-eastern
part of the Baltic Sea, in the north part of the Caspian Sea, etc.

4. Forecasting methods of oil pollution

The development of oil pollution forecasting methods is one of the urgent problems of
contemporary applied oceanology [2, 6, 11]. A reliable operational forecast of distribution and
concentration areas of pollutants in case of accidental oil spills will allow to optimize the
effectiveness of performing measures in order to bring down to the minimum the possible negative
consequences caused by oil pollution.

The spread of oil spills in the sea is a very complex process, depending on a large number of
factors that determine both the state of the environment and the properties of petroleum hydrocarbons.
The forecast of oil spill transport in the sea environment requires first of all forecast of sea circulation
processes.

The mechanism of distribution and transformation of oil spilled in the marine environment is
described in sufficient detail in [2, 27-29]. In addition to advective transfer and turbulent diffusion, in
the first days after the spillage oil concentrations are also affected by evaporation, emulsification, and
dissolution processes. A sufficient number of works is dedicated to the modeling of oil patch transfer
in the Black Sea and in other seas (e. g. [2, 30- 41]). We will mention some of them. In [2] an
integrated model of the Black Sea water circulation and oil patch drift on the basis of the random
walking particles approach, which allows tracking the motion of single particles (sum total of them
makes an oil slick). Circulation parameters were derived from DiaCAST model [42] adapted for the
Black Sea. The model from [2] was also used for the Caspian Sea [31-33], but the fields of currents
and turbulence were reproduced by means of POM model [43] adapted for the Caspian Sea.

As advanced model of oil pollution drift [34], which is an additional module to the operational
model of ocean circulation, was developed at Danish Meteorological Institute. Turbulent motion is
described by Monte Carlo method. This model is used for the North and Baltic Seas and allows
forecasting not only the oil slick spread on the sea surface, but also the amount of oil immersed in the
lower layers.

3D oil pollution model MOTHY [35-37] connected to the model of ocean circulation was
developed by French meteorological service Meteo-France. MOTHY model is used for the Aegean
Sea, the Mediterranean Sea and for other regions of the World Ocean. The adaptation of this model to
the Bourgas bay [38] was performed by Bulgarian national meteorological service. Nowadays
MOTHY is a component of a system of operational marine forecasts in Bulgaria and it can be used in
case of emergencies.

In [39] a system of the weather, wind-induced waves and sea current simulation, in which the
model of oil slick drift is included, was developed. MMS model [44] is used for operational weather
forecasting in the Black Sea region, for the simulation of wave-induced waves — WAVEWATCHIII [
45 ], and the Black Sea hydrodynamics is calculated by means of POM model [43]. The simulation
system is implemented for the north-western shelf of the Black Sea and for estuaries of the Dnieper
and the Bug.

In [41] a 3D numerical model for transport and fate of oil spills in seas based on the particle
approach is presented. The amount of oil released at sea is distributed among a large number of
particles tracked individually. Horizontal and vertical diffusion are taken into account using a random
walk technique. The model takes into account: advection, surface spreading, evaporation, dissolution,
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emulsification, turbulent diffusion, the interaction of the oil particles with the shoreline, sedimentation
and the temporal variations of oil viscosity and surface tension. The model has been applied to
simulate the oil spill accident in the bohai Sea.

In [46-48] the process of oil propagation all over the Black Sea spilled on the sea surface in
large quantity was simulated on the basis of a 2D advection-diffusion equation for non-conservative
impurity. The components of the sea current velocity corresponded to the annual mean climatic
conditions and were calculated by the nonlinear barotropic sea dynamics model [49]. Numerical
experiments performed at different location of pollution sources showed that the Rim Current having
cyclonic character predetermines the principal features of the oil pollution distribution; on expiration
of a certain time (about 1,5-2 months) after emission, the process of distribution of oil concentrations
practically does not depend on the location of the oil pollution source, pollution is distributed over the
whole water area of the Black Sea and tendency to alignment of concentrations is noticed.

At present the model [46-48] is adapted for the easternmost part of the Black Sea and included
in the easternmost Black Sea regional forecasting system as a separate module [50-54]. This regional
system is a subsystem of the basin-scale nowcasting/forecasting system. The current field used in the
oil spill transport model is calculated from the regional model of the Black Sea dynamics, which is a
core of the regional forecasting system. The forecasting system permits to forecast oil pollution zones
and oil concentrations for 3 days with spatial resolution 1 km in the Georgian Black Sea coastal zone.
Numerical experiments performed for the cases of various locations of a hypothetic pollution source
occurring under actual circulation modes, showed a significant role of dynamic processes in formation
of some features of spatial-temporal pollution distribution.
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Fig.10. The surface current and simulated oil spill transport at different time moments (after start
of oil spillage): (a) - 4 h, (b) - 48 h, (c) - 72 h. (The forecasting period: 00:00 GMT, 1-4 March, 2014),
[53].

Fig. 10. illustrates forecasted regional circulation in the easternmost part of the Black Sea and
drifting of oil slick in case when 50 t oil was abnormally spilled during 2h on distance about 65 km
from Poti shoreline. The forecasting period was 00:00 GMT, 1-4 March 2014. From Figure it is well
that in the eastern part of the considered area the triplet structure consisting of two anticyclonic
vortexes and middle cyclonic vortex is formed on 1-2 March 2014. During the forecasting interval the
current is substantially transformed — the triplet structure gradually breaks up and the current directed
to the north-west is formed, but there are also some vortexes with relatively small sizes. Such
circulating reorganization is essentially reflected on moving of the oil spill. In the course of migration
the oil slick deforms and concentrations gradually decrease that is caused by diffusion expansion and
other nonhydrodynamic factors.
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5. Conclusions

Currently, the Black Sea is the marine region with the greatest press in Europe and its pollution
with various anthropogenic substances is progressing. The main polluters of the Black Sea are oil and
oil products. In addition to river and coastal runoff, which gives chronic pollution of the marine
environment, the transportation of oil and oil products by the sea and the operation of oil terminals is
a major potential threat to the sea ecosystem. Conducted studies and assessments show that for the
Black Sea a frequent release of ballast and wash waters from tankers are serious source of pollution
by oil products. It is expected that in the near future the transport role of the Black Sea will be
increased which creates a serious potential threat to the marine ecosystem.

The development and functioning of the high resolutions operational satellite radar monitoring
systems for the World Ocean including the Black and other regional seas is very actual and important
problem of the modern operational oceanography. Performed observations have demonstrated a clear
necessity of implementing operational satellite monitoring of water area pollution, which are able to
determine the source of pollution, conduct quantitative assessment of its scale and predict its drift
parameters. In [15] it is hoped that the appearance on the satellites of new highly sensitive sensors and
the development of techniques for processing the satellite data will contribute to a more reliable
identification of oil slicks and the determination of their thickness.

A real time prediction of oil spill transport and fate is very important for clean-up operations
and to estimate its impact on the marine environment. A lot of publications are devoted to the
modeling of oil spill transport in the Black Sea and in other seas. Some of them are used in a
operational mode for some regions of the world ocean. The oil spill transport model based on a
solution of the 2D advection-diffusion equation is a component of the easternmost Black Sea regional
forecasting system [50-54], which enables to forecast for 3 days the main 3D dynamic fields — the
current, temperature and salinity with 1 km resolution in the Georgian sector of the Black Sea and
surrounding water area, but at accidental oil spills the forecasting system provides also to forecast oil
pollution zones and concentrations.
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ABSTRACT

There are represented the preliminary results of the radar analysis and ground-based monitoring of
dust formation in the atmosphere above the territory of eastern Georgia on the 27th of July, 2018.
Distance monitoring was accomplished with the aid of the meteorological radar «<METEOR
735CDP10». The dust concentration was hourly measured (PM10 and PM2.5) in surface boundary
layer in three points of Thilisi city. There are given Radar data about the movement of dust
formation in the atmosphere above that investigated territories. It is shown that in second half of
day there was noted the strong growth of PM10 and PM2 on the earth's surface 5.

Key Words: Radar monitoring, dust, PM10, PM2.5

Introduction

M. Nodia Institute of Geophysics conducts experimental laboratory, theoretical studies of
atmospheric aerosols during many decades fields (stationary and mobile monitoring) [1-4]. In particular, we
studied different physical characteristics of mineral and secondary aerosols, and also their changeability in
the time and connection with some atmospheric processes (distribution according to the sizes [1,3], weight
and numerical concentrations [2-7], coagulation, washing, ice-forming properties [1], vertical distribution of
aerosols in the lower troposphere [8-10], processes of the photochemical smog formation [2], influence of
the ionizing radiation on the secondary aerosols formation [2,11], aerosols optical properties [12-14,18],
long-term changeability of the aerosol optical depth of the atmosphere (AOD) [15-18], connection of AOD
with the content of surface aerosols [19], connection of aerosols with atmospheric ozone content [1,2,6,20],
ecological aspects of atmospheric aerosols [2-7,18,2], influence of aerosols on the changeability of climate,
including of thunderstorm and hail processes [18,22,23], numerical simulation of the aerosols distribution
from different sources [1,24], simulation of the aerosol optical depth distribution above territory of Georgia
in the correspondence with the methodology of the combined analysis of satellite and ground-based
measurements of AOD in Thilisi [25-27 ], etc.).

In recent years in connection with the renewal of anti-hail works in Kakheti [28-31], it’s appeared the
possibility of the radar monitoring of the atmosphere above the eastern Georgia and adjacent countries
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(Armenia, Azerbaijan, Russia, Turkey) [28,30,32]. Anti-hail service is equipped with contemporary
meteorological radar “METEOR 735CDP10”, capable of recording the significant number of atmospheric
formations [33,34].

The radar is usually used for monitoring of the hail processes [35-37] and strong showers [38].
Together with this aid of the radar there is a possibility for monitoring of movement in the space above the
large territories of powerful dust formations (the dust storms, volcanic ejections, etc.) [33]. This makes it
possible to enlarge the represented above [1-27] area of studying atmospheric aerosols.

This paper depicts the radar monitoring example of the dust formation movement in the atmosphere
above the territory of eastern Georgia on the 27" of July, 2018.

A dust cloud covered Baku on the 26™ of July (Fig. 1a, [Photo Vesti.az, https://jam-
News.net/Toumucu-HakpeLUIO-MbUIbI0-crieianuctei-ro/?lang=ru]). The Ministry of Ecology of Azerbaijan
said that the cloud had come to Azerbaijan from Turkmenistan (https://jam-news.net/tbilisi-covered-in-
dust-cloud-experts-say-there-is-no-danger/). Residents of Thilisi were exhibiting this cloud on the 27" of
July (Fig. 1b, [Photo Irakli Oragvelidze, http://agenda.ge/en/news/2018/1594]).

Fig.la. Baku, 26.07.2018 Fig.1b. Thilisi, 27.07.2018 — 15:33 hour

On the presence of powerful dust formation in the atmosphere on the south Black Sea-Caspian region
from the 20" of July through the 4" of August, 2018 testify the data of the satellite monitoring of the aerosol
optical depth in atmosphere.

(Fig. 2a, 2b, [https://neo.sci.gsfc.nasa.gov/servilet/RenderData?si=1749095&cs=
rgh&format=JPEG&width=3600&height=1800]).

Fig.2a. AOD, July 20 - 27, 2018 Fig.2b. AOD, July 28 - August 4, 2018
! : |
0.0 0.2 0.4 0.8 0.8 1.0

In the maps (Fig. 2a, 2b) dark brown pixels show high aerosol concentrations, while tan
pixels show lower concentrations, and light yellows areas show little or no aerosols. Black ones
show where the sensor could not make its measurement.
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In particular, as it follows from Fig. 2a, between the 20" and 27" of July, 2018, dusty cloud
covers of the territories of Turkmenistan, Azerbaijan and eastern Georgia. During the following
week (Fig. 2b) this cloud is noticeable.

Below the figures there is represented the preliminary results of radar analysis and ground-
based monitoring of dust formation in the atmosphere above the territory of eastern Georgia on the
27" of July, 2018.

Material and methods

In the work there are used the data of radar “METEOR 735CDP10” about the dust objects
in the atmosphere (product MPPI(ET) [33]). In addition, we used the data of Georgian National
Environmental Agency about the dust concentration (atmospheric particulate matter - PM2.5 and
PM10) in three points of Thilisi city (http://nea.gov.ge/ge/service/haeris-monitoringi/14/haeris-
dabindzurebis-yoveldgiuri-biuletini/).

In Table. 1 and Fig. 1 Are presented Coordinates and locations of air pollution
measurements points in Thilisi.

Table 1
Coordinates of air pollution measurements points in Thilisi
Location Latitude, N° Longitude, E° H, m
1. Tsereteli str. 41.742539 44.779069 423
2. Kazbegi str. 41.724767 44.752956 467
3. Varketili 41.699947 44871611 518

Crskneti

ri

Fig.3. Locations of air pollution measurements points in Thilisi.

In the correspondence with the standards of the World Health Organization maximum
permissible concentration (MPC) composes for PM2.5: annual mean - 0.01 mg/m3, 24-hour mean -
0.025 mg/m3 and for PM10: annual mean - 0.02 mg/m3, 24-hour mean - 0.05 mg/m?3 [39].

Results and discussion

Results are presented in the Fig. 4-5 and Table 2.

In the Fig. 4 radar data shows about migration of dust formation in the atmosphere above the
territory of eastern Georgia on the 27" of July, 2018 from 09:58 to 17:00 hour (8 moments of time,
green color). As follows from this figure dust cloud into the indicated time interval is located above
the significant part of Kakheti and it is revealed also above Thilisi in the second half of day.
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Fig.4. Migration of dust formation in the atmosphere above the territory of eastern Georgia on the
27" of July, 2018 from 09:58 to 17:00 hour.
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Fig.5. Dust Concentration in Three Locations of Thilisi
27.07.2018

The propagation of dust formation above Thilisi led to a strong increase in the concentration
of solid particles in surface boundary layer (Fig. 5). As follows of this figure we noted all three
points of measurement of increasing the dust particles concentration by diameter less than 2.5 and
10 um (respectively - PM2.5 and PM10).

Table 2

Statistical characteristics of dust concentration in three locations of Thilisi 27.07.2018 (mg/m3)

Location 1.Tsereteli str. 2.Kazbegi str. 3.Varketili
Parameter PM10 PM2.5 PM10 PM2.5 PM10 PM2.5
Min 0.034 0.011 0.102 0.010 0.047 0.010
Max 0.285 0.092 0.311 0.084 0.319 0.081
Mean 0.148 0.046 0.179 0.034 0.152 0.038
Range 0.251 0.081 0.209 0.074 0.272 0.071
St Dev 84.3 27.9 72.6 23.8 90.7 23.7
Cv, % 57.1 60.6 40.5 69.4 59.5 62.3
Mean/24-hour 2.96 1.84 3.58 1.36 3.04 1.52
mean MPC

There is presented [In Table 2] statistical characteristics of dust concentration in three
locations of Thilisi. In particular, as it follows from this Table, on the different points of
measurement on the 27" of July, 2018 the 24-hour mean values of PM10 and PM2.5 exceeded their
maximum permissible concentrations into 2.96-3.58 and 1.36-1.84 times respectively.
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Conclusion

In the prospect besides the radar “METEOR 735CDP10” what we use in the work of anti-
hail service, also can be used for early warning of population about the danger of aerosol air
pollution during the action of the large sources of dust.
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2018 ropa. JIMCTaHIIMOHHBIMI MOHUTOPUHI OCYLIECTBIISJICS C IIOMOILBIO METEOPOJIOTMUECKOTO
pamnonokaropa «METEOR 735CDP10». Kounentparus neutn (PM10 u PM2.5) B npusemHOM
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ABSTRACT

The advanced method for subpixel detection of small-size targets on hyperspectral image is described. The
method is based on matched filtering model with the succeeding correction of determined pixel fractions.
Correction consists of two stages. First one is a statistical adjustment for actual set of targets/backgrounds in
a scene and second one is a pixel-wise consideration of radiometric separability of spectra. The proposed
advanced method provides more exact subpixel detection of small-size targets in hyperspectral image.

Key Words. Hyperspectral imagery, matched filtering, subpixel target detection, pixel fraction.

Introduction. The hyperspectral imagery possibilities to detect subpixel targets are based on
spectra’s fine structure analysis. It is especially important for distinction of targets similar to natural
backgrounds [1]. The special methods and algorithms need for processing of tremendous data amount in
hyperspectral images. In particular, an immediate visual interpretation of hyperspectral imagery is inefficient
because the three-dimensional color representation delivers only a small part of the full spectral information
which is contained in hyperspectral image. Direct interpreting features such as a shape and details are, as a
rule, inaccessible owing to insufficient spatial resolution.

The minimum size of target which can be detected on the image by routine classification is
determined by the geometrical detailing i.e. a ground sample distance (GSD) on the land surface. At the
same time there is an inverse relation between providing GSD and number of imaging spectral bands in the
known multispectral systems of remote sensing. The larger size of GSD in hyperspectral imagery leads to a
possibility of several different targets capture inside one pixel. It causes identification errors.

Problem. Pixel fractions of the target spectra which contain in current pixel have to be result of
subpixel detection of small-sized objects in hyperspectral image. At that the target spectra can be several, i.e.
more than one. Herewith it is considered that only target spectra — the spectral reflectance of target covers —
are known. Other spectra within scene remain unknowns.

For ensuring acceptable level of reliability of target detection by their spectral reflectance the
accuracy of the quantitative determining of pixel fractions of target spectra should be as high as possible
compared to the best known methods [2].

Thus, the purpose of the paper is improvement of a method for subpixel detection of small-size
targets in hyperspectral image.

State-of-the-art. One of features of hyperspectral images a possibility of targets resolving even
inside pixel if their exact spectral signatures are available. This process is called as subpixel detection [3].

Methods for subpixel detection are used to determine a detected target fraction in each pixel of the
hyperspectral image. In case of high spectral contrast between target and background the detection of target
which occupy some percent of the pixel area is possible [4]. Methods for subpixel detection include the
linear unmixing and the matched filtering.
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The linear unmixing is based on representation of a spectrum in any pixel by result of mixing of
several spectra. Mixing in this context is understood as weighing of spectra of all covers within pixel.
Weights of each spectrum are proportional to fractions of the pixel area with this covers [5].

If spectra of all covers in scene are known, then their fractions within each pixel can be calculated by
spectrum of this pixel. Unmixing is carried out by solving of the m linear equations for each pixel where m is
number of spectral samples in the hyperspectral image. In order for the system of these equations to be
solved, it is necessary that m is more than total number of spectra.

For this reason unmixing is possible on hyperspectral data and almost is never applied to usual
multispectral imagery. The output of the linear unmixing is a set of spatial distributions of pixel fractions for
each of input spectra.

The matched filtering is a method for selection from the image only the target spectra chosen by the
user. Unlike the linear unmixing, it isn’t obligatory that all occurred spectra are known therefore the matched
filtering is often called also as partial unmixing.

Originally the matched filtering was developed for selection of rather rare targets in a scene, for
example artificial. For rather widespread targets the results of the matched filtering require the some
correction.

The matched filtering allocates in the input image the pixels, close to a target spectrum, and
suppresses a response from all other spectra which are considered as the complex unknown background [6].
As with the linear unmixing, the output of the matched filtering is a target spectrum fraction inside pixel. The
potential problem of the matched filtering consists in determining the similarity threshold between examined
and target spectrum.

The solution of this problem consists in statistical estimation of noise in hyperspectral image [7]. So,
the matched filtering is the most suitable method for subpixel target detection in hyperspectral images.

The known algorithms for subpixel target detection in hyperspectral image are based on separation
of target and background spectra [8]. Therefore the spectra of targets which should be detected are necessary
before hyperspectral image analysis. For this purpose the spectra retrieval from pre-developed spectral
library of typical targets and backgrounds has to be carried out [9].

The mix of a target spectrum (or few spectra) and undesirable background spectra is considered
during subpixel detection [10]. Generally it is possible to separate all target and background spectra one from
another with an accuracy which is depended on spectral resolution of input hyperspectral data [11].

The linear models of spectral unmixing are most often used for this purpose. Such models provide
determination of weights of the known spectra in proportion to their fractions inside pixel [12]. Methods and
algorithms for spectral unmixing are developed for decades [13], but there are still some difficulties in
practical applications for subpixel target detection. First, the composition of all spectra which are present in
scene is almost never unknown. Therefore, the methods which allow occurrence of uncertain background
spectra are necessary [14]. Second, the majority of the existing methods which meet the first condition — the
matched filters, don’t guarantee keeping of physical restrictions for fractions of target spectra [15].

Model. Each i-th pixel of the hyperspectral image can be represented as an x; m-dimensional vector
of spectral samples, and j-th target spectrum — as an y; m-dimensional vector, j = 1 .. p. Let Y is a matrix of
target spectra dimension of mxp, and ai = (01, a2 .. a,)" is a vector of fractions of target spectra inside i-th
pixel. The linear model of spectral mix for x; pixel is described by the equation:

Xi=VY i+ zi (1)
where z; is a residue vector which can be considered as the additive noise.

The main limitation of unmixing (1) is to exceed the number of spectral bands in hyperspectral
image over the number of spectra which are unmixed: m> p.

If all components of Y matrix are known, then the problem comes down to the overdetermined linear
equation system solving with constrains of NCLS (non-negatively constrained least squares), SCLS (sum-to-
one constrained least squares), or both at once — FCLS (fully constrained least squares). In [16] paper the
rigorous algorithm with FCLS constrains is developed.
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Unfortunately, in practice the described state nearly always is idealized as the full composition of all
spectra in scene of observation is a priori unknown. In such case, the model should be applied that detects
one or more known target spectra, while the rest are regarded as undesirable [17].

The most perfect of such models is the TCMI (target-constrained minimum interference) matched
filter proposed by Kwan et al. in [18] paper. In it the estimate of fractions sum of target spectra inside i-th
pixel of image equals a'xi, where X; is the full spectral signal in this pixel, and a is the solution of a
minimization problem:

T 1if jistarget
ay;= i
0 otherwise

j=1l.p )

n
D (a'x)? - min
-

To calculate a j-th spectrum fraction, it is possible to apply the TCMI filter, considering some spectra
as target, and the others ones as undesirable. Estimate of fractions in i-th pixel will be:
a = (Y XY)YTXT X; (3)
Here o is a p-dimensional vector.

The TCMI model can be reduced to the linear transformation of spectra matrix and following
application of least squares method:

o' = pinv(X M2Y) X M2 x (4)
where by pinv (-) a pseudo-inversion of matrix is denoted.
Vector’s oj elements can be the negative. In order to avoid the negative values of estimates of spectra
fractions it is necessary to ensure the NCLS constrains [19].
The combination of the TCMI-NCLS models consists in finding the spectra fractions in i-th pixel of
image as critical point with respect to a; in minimization problem:

(X =Yo) X'(%-Yo,) — min
aijZO ®)

j=1..p

Similar to TCMI, the TCMI-NCLS model comes down to multiplication of spectra by X2 matrix
and ensuring the NCLS constrains.

The significant exceeding of the pixel area over the target area should be considered as the typical
case for hyperspectral imaging of small-size targets. Therefore, the pixel fraction of target spectrum will be
small. In this case the NCLS constrains seem quite intrinsic, while the stronger FCLS constrains are
overmuch. At the same time the NCLS constrains allow to preserve the physical nature requirements of
unmixing. It is important advantage over the pure TCMI model.

So, the TCMI-NCLS model is the most suitable for small-size targets detection in hyperspectral
image [20].

Method. Above the TCMI-NCLS (5) model was chosen as essential core of the developed method
for subpixel target detection. However the accuracy of calculation of target spectra fractions provided by it
significantly depends on targets and backgrounds composition in scene as well as on reliability of the close
spectra separation. Therefore the TCMI-NCLS model requires the correction the kernel of which is the
adjustment to specific set of target/background spectra to be detected (the first level of correction) as well as
incorporation the reliability of close spectra separating (the second level of correction).

The first level of correction is based on numerous experiments and represented by regression
dependence between the corrected pixel fraction e and initial one a. As simulation shows, the best in mean
accuracy is provided by exponential type regression of:

e(a) = bx[1 —exp(—kx(a+c)")] , (6)
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where b, c, k, q are regression parameters.

The second level of correction should in any way consider a possibility of correct separating of close
spectra in mix. This level practically is always present at classification of hyperspectral imagery [21] and can
use for the preliminary estimates various informational and statistical metrics, such as information
divergence [22], Bhattacharyya statistical distance [23], or spectral-topological classifier [24].

The separability of optical signals is closely related to contrast; therefore for the analysis of
multidimensional optical fields the Bhattacharyya distance which is an analogue of optical contrast [25]
usually is engaged. However the available practical experience of signal detection in multi- and
hyperspectral images testifies that such indicator as the contrast signal-to-noise ratio (CSNR) y provides the
better efficiency and convenience [26].

Correction of pixel fractions of target spectra depending on CSNR in each pixel of hyperspectral
image at a first approximation can be described by signal-dependent additive term f(a) taking into account
the error probability &(v):

f(a):{a—a-g(yj) a<05 @

a+(1l—a)-e(y) a>05
where the error probability (i) is evaluated by pixel CSNR value y as [27]:

) = %(1— erf %} ®)

Thus, three stages of calculation of target spectra pixel fractions are implemented sequentially in the
developed method for subpixel detection of small-size targets in hyperspectral image. At first the matched
filtering with the TCMI-NCLS model [20] which provides the initial guess of pixel fractions is carried out.
Then the regression adjustment of their values by statistics collected within the hyperspectral imaging total
area is conducted. And at last, the fine equalizing of the adjusted values of pixel fractions by the contrast
signal-to-noise ratio in each hyperpixel of image is performed.

The described three-stage model is more flexible in comparison with the TCMI-NCLS one and the
more so with the pure TCMI. Therefore it is able to provide more exact subpixel detection of small-size
targets in hyperspectral image.

Results. Testing of the developed method over the AVIRIS actual hyperspectral aerial image (Fig. 1)
demonstrates its superiority over well-known methods — centered matched filter (CMF) [28], CEM and
TCML.

Fig. 1. ER-2/AVIRIS hyperspectral aerial image

Mojave (USA) power station, September 6, 2018, pseudo-natural color composite,
spectral bands 36 (684 nm), 20 (550 nm), and 10 (453 nm), GSD 5.8 m
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The pixel fractions accuracy of the target spectrum detection was estimated by the mean absolute
error (MAE). Table 1 provides the accuracy estimates for the CMF method, joint one for CEM and TCMI
methods (they are equivalent in the case of single target spectrum) and for the developed method with
correction.

Table 1. The accuracy of pixel fractions of the target spectrum

Target pixel fraction False pixel fraction
Method MAE MAE
CMF 0.149 0.021
CEM/TCMI 0.040 0.027
Proposed 0.033 0.014

As can be seen from the table 1, the proposed method provides the best performances for both target
spectrum detection and false alarm compared to known methods.

Conclusions

The advanced method for subpixel detection of small-size targets in hyperspectral image is proposed. In
addition to the core TCMI-NCLS matched filter it includes a further two-level correction chain for values
adjustment of target spectra pixel fractions. At the first level of correction an adjustment to specific set of
target and background spectra which are subject to detection is carried out. At the second level of correction
the refinement of values of target spectra pixel fractions in each pixel of hyperspectral image is performed.
The model of exponential regression is the kernel for the first level correction. The second level of correction
is conducted in relation with the contrast signal-to-noise ratio in each pixel.

Fulfilled demo subpixel target detection in actual hyperspectral image shows the 17.5% increase in accuracy
relative to known CEM and TCMI methods.
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50f96M0w0s 3039ML39dGHMO 450mbEbLgd9dbY d30M9BM060 Md09EJdoL bd30dugwrmEmo
50dmBgbolsmzol  godxmdgligdmeo  dgomEo.  IgMmEo  EIRMABIdMEos  Fgoebbdgdeo
239803360l IMEYEDBY 2560339990 30Ju9gEMHo Howgdol d98AMa 3MGM9d30sDY. 30MYIGMYdS
9902905 M6 bEHSO0sb: b3ghsdo B3gdBHMIOOL  Md0YIEHOOL/BMBYIBOL 3Mb3IMYEMEo b53MTOL
LEAOGHOLEGHO0ZMNMO0 5{gmds S B39JEHMIOOL MOEOMTYEHMOME A9BYMRsEMBdOL 30JLYEMO SOMOELIS.
399m0535H90meo 399dx mdLYdMEo  Fgom©Oo  MHBOWO639wwymal  3039ML39JEHME
2090bobEgd9dbYg d30MGHBMI0560 Md09IEJIOL MBROHM DMUE 5BMBYBSL.

YcoBepuIeHCTBOBAHHBIN METOJ O0OHAPYKEHUS MAJIOPA3ZMEePHBIX
00bEKTOB HA TMIIEPCHEKTPATIBLHBIX H300paKeHUAX

B.B. AnapoHos

Pe3rome

OmnwcaH ycOBEpIIEHCTBOBAHHBIA METOJI JJIsi CyONUKCENILHOTO OOHApYKEHUsT Mallopa3MepHBIX 0OBEKTOB Ha
TUIEPCIEKTPATIbHBIX W300pakeHUsX. MeToJ OCHOBaH Ha MOJENIM COTJIACOBAHHOW (MiIbTpalu ¢
MOCTEAYIOMEN KOPPEKIMEeW OMNpeeNEHHbIX MUKCEIbHbIX AoJjied. Koppekius COCTOMT U3 JABYX CTajuil:
CTaTUCTUYECKAasi HACTPOWKa HAa KOHKPETHBI HA0Op 00BEKTOB/()OHOB CIIEKTPOB B CIICHE M IONMHMKCEIbHBIH
y4€T paAUOMETPUYECKON pa3leaMMOCTH CHEKTpOB. I[IpenoKeHHBI yCOBEPIIEHCTBOBAHHBIA METON
oOecrieunBaeT Ooyiee TOYHOE  CYONHMKCENbHOE OOHApy)KEHHE  MaJopa3MEpHBIX  OOBEKTOB  Ha
TUIEePCIEKTPATIbHBIX N300PaKCHUSX.
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ABSTRACT

The statistical data about the meteorological parameters, associated with some simple thermal indices and
Tourism Climate Index (TCI) (mean monthly and mean monthly maximum air temperature, mean monthly
and mean monthly minimum air relative humidity, total monthly precipitation, sunshine duration, wind
speed) in eight points of Adjara (Batumi, Kobuleti, Khulo, Goderdzi) and Kakheti (Telavi, Dedoplistskaro,
Kvareli, Sagarejo) in the period from 1961 through 2010 are represented. In particular, the changeability of
the indicated meteorological parameters into 1986+2010 in comparison with 1986+2010 for above
enumerated points is studied.

Key Words: Meteorological parameters, Tourism Climate Index.

Introduction

In the recent decades in view of the unprecedented rate of growth in the air temperature the problem
of climate change on our planet acquired special urgency [1,2]. In this case a change in the air temperature
and other climatic elements has essential (spatial) three-dimensional and temporary heterogeneities both in
the global (Global Land, Global Land of the Northern and Southern Hemisphere, Zonal territories, etc.) [1-5]
and regional (even territory of the small countries with the complex relief) [5-8] scales.

For example, in the work [6] was to identify any possible temperature changes within the last 50
years in the North-Western Italian Alps by examining data from 16 high-altitude weather stations in the
period 1961-2010. The analysis of the temperature values showed an increase in temperature, particularly at
high altitudes sites. In fact, the stations located above 1600 m a.s.l. revealed a rise in temperatures and a
decrease in the number of cold periods. For the maximum temperatures have been observed greater increases
in spring and winter, for minimum temperatures in the summer.

This problem great value has also in Georgia, because of the variety of climatic regions in its territory.
In particular, the research carried out shows that during last decades the mean temperature in the Eastern
Georgia is rising and in Western Georgia it is decreasing [9-12].

For the steady development of different areas of national economy, including health resort- tourist
industry, accounting for climate change has vital importance.

Since the health resort- tourist potential of locality in many respects is determined by its bioclimatic
conditions, it is important to reveal the existing and forthcoming variations in these conditions under the
effect of climate change

In particular, information about the changeability of the different simple thermal indices and Tourism
Climate Index developed by Mieczkowski TCI [13] in the recent decades in different countries (including
some locations of Georgia) is represented in [8,14-22].

Simple thermal indices include more than one meteorological parameter and consider the combined
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action on the human organism of the air temperature, humidity, wind speed etc. [23-29]. For determining of
mean monthly values of TCI following data are necessary: mean and mean maximum air temperature, mean
and mean minimum relative humidity, precipitation, sunshine duration and wind speed [13].

In this work results of investigating of changeability of the mean monthly values of meteorological
parameters, used for determining of TCI values [13] and different simple thermal indices [23-29, etc.] on the
territories of Adjarian Autonomous Republic (below — Adjara) and Kakheti in the period from 1961 through
2010 are represented.

Study Area, material and methods

Studies for four cities of Adjara (Batumi, Kobuleti, Khulo, Goderdzi) and four cities of Kakheti
(Telavi, Dedoplistskaro, Kvareli, Sagarejo) are carried out. Table 1 presents information about coordinates
and heights of the locality of 8 meteorological stations (below — point) in Adjara and Kakheti, whose data
were used in the work. Fig. 1 for the clarity depicts the map of the arrangement of the indicated
meteorological stations.

Table 1
Coordinates and heights of the 8 meteorological stations in Adjara and Kakheti
Location | Latitude, N° | Longitude, E° | Height, m, as.l.
Adjara
Batumi 41.64 41.64 9
Kobuleti 41.82 41.78 3
Khulo 41.64 42.3 921
Goderdzi 41.63 4252 2025
Kakheti
Telavi 41.93 45.48 568
Dedoplistskaro 41.47 46.08 800
Kvareli 41.97 45.83 449
Sagarejo 41.73 45.33 802
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Fig. 1. Locations of eight meteorological stations in Adjara and Kakheti
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In the work data of Georgian National Environmental Agency about monthly mean values of
meteorological parameters in the period from 1961 through 2010 are used.

For the data analysis the standard statistical methods of the studies were used [30]. Designations and
reduction — conventional. The difference between the mean values of the meteorological parameters into
1986-2010 and 1961-1985 with the use of Student's criterion was determined (level of significance not worse
than 0.15).

The following designations are used below: Tmean - mean air temperature (°C), Tmax - Mean maximum

air temperature (°C), RHmean - mean relative humidity (%), RHmin - mean minimum relative humidity (%), P
sum precipitation - (mm), Sq - daily sunshine duration (hour), V - mean wind speed (m/s).

ATmean ..... AV - the difference between the mean values of the meteorological parameters into 1986-
2010 and 1961-1985.

Results and discussion

Results in the Table 2-8 and Fig. 2-15 are presented.

Mean air temperature

Detailed information about the mean annual, half year and monthly air temperature (Tmean) in eight
points of Adjara and Kakheti in Table 2 and in Fig. 2 are represented.

In particular, averaged on the stations Batumi and Kobuleti (coast of Black sea) the air temperature
in all months of cold half-year on 0.6-2.5 °C above average the value of Tmean in Kakheti. In the warm half-
year vice versa - on the average to the station in Kakheti of the value of Tmean 0n 0.3-2.4 °C it is higher than
in Batumi and Kobuleti (Table 2).

Table 2
Data of Tmean (°C) in eight locations of Adjara and Kakheti

Location All data _ M_ean 1961-2010
Mean Year Mean Cold | Mean Warm Min Max Min Max
Batumi 14.5 10.1 19.0 1.8 26.5 6.9 22.8
Kobuleti 13.9 8.9 18.9 1.7 26.5 5.5 23.1
Khulo 10.4 5.1 15.7 -4.1 235 1.2 19.1
Goderdzi 2.6 -3.3 8.5 -12.3 17.4 -7.7 125
Telavi 12.3 5.6 19.0 -4.8 27.5 1.2 23.5
Dedoplistskaro 11.0 4.1 17.8 -6.0 26.3 -0.2 22.6
Kvareli 13.0 6.2 19.7 -4.1 27.6 1.8 24.1
Sagarejo 11.4 4.9 17.9 -5.0 26.2 0.7 22.4

The intra-annual distribution of the values of Tmean for both geographical regions takes the classical
form, characteristic for the northern hemisphere - unimodal distribution close to the symmetrical. January is
the coldest month for all eight points, whereas August is the hottest month in Adjara, and in Kakheti - July
(Fig.2).

In different months the significant changeability of the mean monthly air temperature for the
investigated points of Adjara in 16 cases is observed (for all cases - increase in the values of ATmean), and for
Kakheti - in 22 cases (including for 20 cases - an increase in the values of AT mean).

Let us examine in more detail the nature of the changeability of the values of ATmean in separate
points (Fig. 3).

Batumi - increase in the values of ATmean (July- October); Kobuleti and Goderdzi - increase (June-
October); Khulo — increase (July, August). In Adjara a maximum and minimum increase in this parameter is
observed in Kobuleti (1.6 °C August and 0.5 °C, June).

Telavi - decrease of the values of ATmean (-0.5 °S, May), increase (June, August - October);
Dedoplistskaro - decrease (-0.6 °S, May), increase (March, June - October); Kvareli and Sagarejo - increase
of the values of ATmen (March, June, August - October). In Kakheti a maximum increase of the indicated
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parameter into Dedoplistskaro (1.7 °C, August), and minimum - in Telavi and Kvareli (0.6 °C, September) is
observed.
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Fig. 2. Mean values of T, in eight locations of Adjara and Kakheti in 1961-2010
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Fig. 3. Difference between the mean values of T, into 1986-2010 and 1961-1985 in
eight locations of Adjara and Kakheti

Thus, in both investigated regions is noted the explicit process of the warming-up of climate. In
Adjara the values of ATean are varied from 0.5 to 1.6 °C, amplitude - 1.1 °C, while in Kakheti - from -0.6 to
1.7 °C, amplitude - 2.3 °C. On the average to the station with the significant changeability of the mean
monthly air temperature in Adjara the value of ATmean grows on 1.0 °C, while in Kakheti - on 0.8 °C.
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Mean maximum air temperature

Data about the mean annual, half year and monthly maximum air temperature (Tmax) in table 3 and
Fig. 4 are represented.

Averaged on the stations of Batumi and Kobuleti value of Tmax from April through October on 0.6-
2.2 °C above average the value of the maximum air temperature in Kakheti. The average to the station in
Kakheti value of Tmax 0n 0.6-3.6 °C it is higher than in the Batumi and Kobuleti in the warm half-year (Table
3).

Table 3
Data of Tmax (°C) in eight locations of Adjara and Kakheti
Location All data Mean 1961-2010
Mean Year | Mean Cold | Mean Warm Min Max Min Max
Batumi 18.7 14.4 23.0 5.1 30.5 10.8 26.4
Kobuleti 18.7 14.1 23.3 5.8 31.1 10.4 27.0
Khulo 16.0 9.9 22.1 -0.1 31.4 5.3 25.4
Goderdzi 6.8 0.3 13.4 -9.2 23.4 -4.6 17.5
Telavi 17.7 10.5 24.9 0.0 34.6 5.7 29.4
Dedoplistskaro 16.4 9.2 23.7 -0.8 34.0 4.6 28.5
Kvareli 18.7 11.4 26.0 0.3 35.5 6.6 30.6
Sagarejo 17.0 10.0 24.0 -0.8 33.3 5.4 28.4
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Fig. 4. Mean values of T, in eight locations of Adjara and Kakheti in 1961-2010

The intra-annual distribution values of Tmax is analogous to the motion of the values of Tean Tor all 8
points of Adjara and Kakheti (Fig. 4). As in the preceding case, the smallest values of Tmax for all eight
points during January are observed, and the greatest values of Tmax in Adjara during August, and in Kakheti -
during July are observed (Fig. 4).

The changeability of the mean monthly maximum air temperature for four points of Adjara in 11
cases (including for 10 cases - increase of the values of ATwmax), and for Kakhetii - in 18 cases (including for
17 cases - an increase on the values of ATmax ) are observed.

The information about the changeability of the values of ATmax in Separate points is presented lower

(Fig. 5).
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Fig. 5. Difference between the mean values of T,,,, into 1986-2010 and 1961-1985 in eight
locations of Adjara and Kakheti

Batumi - increase of the values of ATmax (July, August), decrease (-0.9 °C, November); Kobuleti -
increase (June - October); Khulo - increase (July, August); Goderdzi - increase (August). In Adjara a
maximum increase of the values of ATmax into Kobuleti (1.9 °C, August), the minimum - in Kobuleti and by
Batumi (0.6 °C, June and July respectively) are observed.

Telavi — increase of the values of ATmax (March, June- October); Dedoplistskaro - increase (June-
October); Kvareli - increase (March, June, August - October); Sagarejo - decrease (-0.7 °C, May), increase
(August). In Kakheti the greatest increase of the values of ATmax is noted into Dedoplistskaro (2.1 °C,
August), smallest - in Telavi and Kvareli (0.8 °C, July and September respectively).

As a whole, in Adjara the values of ATmax change from -0.9 to 1.9 °C, amplitude - 2.8 °C, while in
Kakheti - from -0.7 to 2.1 °C, amplitude - also 2.8 °C. On the average to the station with the significant
changeability of the mean monthly maximum air temperature in Adjara the values of AT max grows on 1.0 °C,
while in Kakheti - on 1.1 °C.

Mean air relative humidity

Data about the mean annual, half year and monthly air relative humidity (RH mean) in Table 4 and Fig.
6 are represented.

Averaged for Batumi and Kobuleti the air relative humidity from March through October by 1.7-
15.1% higher than the values of RHmean in Kakheti. During November and December the values of RHmean
in Batumi and Kobuleti for 1.6 and 0.3 % are lower than on the average for four points of Kakheti. During
January the differences is not observed (Table 4).

Table 4
Data of RHmean (%) in eight locations of Adjara and Kakheti

Location All data _ M_ean 1961-2010
Mean Year | Mean Cold | Mean Warm Min Max Min Max
Batumi 75.2 71.3 79.0 54.6 89.0 67.5 80.7
Kobuleti 82.6 82.1 83.1 72.7 90.0 80.4 84.2
Khulo 719 70.2 73.7 38.2 91.0 65.6 79.0
Goderdzi 87.5 88.9 86.0 61.3 99.6 83.3 91.9
Telavi 70.3 73.2 67.4 46.5 88.5 64.7 75.8
Dedoplistskaro 76.1 79.9 72.3 44.1 95.4 67.7 81.4
Kvareli 75.2 79.4 71.1 51.4 91.6 68.0 81.9
Sagarejo 67.1 69.7 64.4 46.0 90.0 61.6 72.9
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Fig. 6. Mean values of RH .., in eight locations of Adjara and Kakheti in 1961-2010

The intra-annual distribution of mean monthly air relative humidity in Batumi significantly differs
from the intra-annual motion of the values of RHmean in Kobuleti, Khulo, Goderdzi and four points of
Kakheti (Fig. 6).

In Batumi the distribution of RHpean it is close to the unimodal with the plateau (greatest values)
from May through September (79-81%) and the minimum in January - December (68-69%); amplitude -
13%. In Kobuleti this distribution is close to the uniform with the maximum during October (84%) and the
minimum during February (80%); amplitude - 4 %. In Khulo distribution of RHmean iS unimodal with the
weak peaks on the edges, has maximum during July-August (79%) and smallest values during April and
November (69%); amplitude - 10 %. In the point Goderdzi this distribution is close to the wave with the
basic maximum in January - February (92%), the second maximum during July - August (89%) and two
minimums - during May and October (83%); amplitude - 9 %.

In Kakheti for all points the intra-annual distribution of RHmean takes the form of the asymmetrical
inverted bell, with the right displacement. For the indicated points of Kakheti in the intra-annual course of
relative humidity the minimum is observed in July-August (64-69 %), and the greatest values of RHmean - in
winter (72-81%); amplitude - 17 %.

In different months the significant changeability of the mean monthly air relative humidity for the
indicated points of Adjara in 16 cases (including for 8 cases - increase of the values of ARHmyen) are
observed, and for Kakheti - in 24 cases (including for 14 cases - an increase of the values of ARHmean).

The changeability of the values of ARHmean in the separate points is the following (Fig. 7).

Batumi - increase of the values of ARHmean (January), decrease (May, July - September); Kobuleti -
increase (June), decrease (July - September); Khulo - decrease (September); Goderdzi - increase (February-
April, June, July, December). In Adjara a maximum increase of the values of ARHmean is observed in
Goderdzi (3.1 %, April), minimum - in Kobuleti (0.8 %, June).

Telavi - decrease of the values of ARHmean (March), increase (October - December); Dedoplistskaro -
decrease (March); Kvareli - increase (all months, except July); Sagarejo - decrease (February- September).
In Kakhetii a maximum increase of the values of ARHmean is observed in Kvareli (5.4 %, January), minimum
- in Kvareli and Telavi (2.5 %, September and October respectively). The greatest decrease of the values of
ARHmean is 0bserved into Sagarejo (-5.8 %, March), smallest - also into Sagaredzho (-2.1 %, May).
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-6 eight locations of Adjara and Kakheti

In Adjara the values of ARHmean Varyed from -3.6 to 3.1 %, amplitude - 6.7 %, while in Kakheti -
from -5.8 to 5.4 %, amplitude - 11.2%. On the average to the station with the significant changeability of the
average monthly air relative humidity in Adjara the value of ARHmean grows by 0.1 %, while in Kakheti -
0.7 %.

Mean minimum air relative humidity

Data about the mean annual, half year and monthly minimum air relative humidity (RHmin) in Table
5 and Fig. 8 are represented.

Average for Batumi and Kobuleti the minimum air relative humidity for all months of year by 1.8-
18.7% is higher than the values of RHmin in Kakheti.

Table 5
Data of RHmin (%) in eight locations of Adjara and Kakheti

Location All data _ Mean 1961-2010
Mean Year Mean Cold | Mean Warm Min Max Min Max
Batumi 69.2 66.4 71.9 48.4 82.1 63.8 73.7
Kobuleti 73.5 72.3 74.6 57.2 85.3 71.4 76.5
Khulo 60.8 62.2 59.4 33.2 86.8 53.2 66.9
Goderdzi 80.4 84.2 76.7 48.0 99.3 72.8 89.5
Telavi 56.9 61.6 52.2 32.0 78.2 48.7 65.5
Dedoplistskaro 63.7 67.9 59.5 36.2 88.5 55.4 69.8
Kvareli 60.3 66.1 54.5 32.9 87.0 51.4 70.9
Sagarejo 53.7 57.7 49.7 314 78.8 46.8 60.3
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In Batumi distribution of RHmin is close to the unimodal with the maximum during July (74%) and
the minimum during December (64%); amplitude - 10 %. As in the preceding case, in Kobuleti this
distribution closely to the uniform with the maximum during May (77%) and the minimum during February
(71 %); amplitude - 6%. In Khulo the intra-annual distribution of RHmin takes the form of asymmetrical wave
with the maximum during December (67 %) and the smallest value during April (53 %); amplitude - 14 %.
In Goderdzi this distribution it takes the form of the convex inverted bell with the basic maximum in
December - January (89%), the second maximum during July - August (80-81 %) and two minimums -
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Fig. 8. Mean values of RH,,;;,, in eight locations of Adjara and Kakheti in 1961-2010

during May and September - October (73%); amplitude - 8 % (Fig. 8).

For all points of Kakheti the intra-annual distribution of RHmi is similar to the motion of RHmean
In the intra-annual course of minimum relative humidity the smallest values it is observed in July-

(Fig. 6).

August (47-57 %), and the greatest values of RHmean - in winter (57-71 %); amplitude - 24 % (Fig. 8).
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85



In different months the significant changeability of the mean monthly minimum air relative humidity
for four points of Adjara is observed in 17 cases (including for 8 cases - increase of the values of ARHmin),
and for Kakheti - in 21 case (including for 13 cases - an increase of the values of ARHmin).

In the separate points the nature of the changeability of the values of ARHmin is following (Fig. 9).

Batumi - decrease of the values of ARHmin (April, May, July - September, November); Kobuleti -
increase (January, December), decrease (July- September); Khulo - changes are not meant; Goderdzi -
increase (January - April, June, December). In Adjara a maximum increase of the values of ARHpmin is
observed in Goderdzi (4.7 %, February), minimum - in Kobuleti (1.6 %, December). The greatest decrease
of the values of ARHmin is observed in Batumi (-3.6 %, September), smallest - in Kobuleti (-1.1 %, July).

Telavi - decrease of the values of ARHmin (March, June), increase (October, November);
Dedoplistskaro - decrease (March); Kvareli - increase (all months, except July); Sagarejo - decrease
(February- April, June, September). In Kakheti a maximum increase of the values of ARHmin is observed in
Kvareli (6.4 %, January), minimum - in Telavi (2.2 %, October). The greatest decrease of the values of
ARHmin is observed into Sagarejo (-4.7 %, March), smallest - in Telavi (-2.3 %, June).

In Adjara values of ARHmin changes from -3.6 to 4.7 % (amplitude - 8.3 %), while in Kakheti - from
-4.7 t0 6.4 % (amplitude - 11.1 %). On the average to the station with the significant changeability of the
mean monthly minimum air relative humidity in Adjara the value of ARHmin grows by 0.4 %, while in
Kakheti - to 1.7 % (Fig. 9).

Sum of atmospheric precipitations

Data about mean annual, half year and monthly minimum monthly total precipitation (P) in table 6
and Fig. 10 are represented.

Averaged for the Batumi and Kobuleti monthly total precipitation from January through April and
from June through December on 7.2-143.7 mm higher than the values of P in Kakheti. Only during May
value of P in Batumi and Kobuleti on 21.9 mm lower than on the average for four points of Kakheti.

Table 6
Data of P (mm) in eight locations of Adjara and Kakheti

Location All data _ M_ean 1961-2010
Mean Year Mean Cold | Mean Warm Min Max Min Max
Batumi 207.4 2443 170.5 0.0 657.8 89.6 310.1
Kobuleti 194.2 216.6 171.8 10.0 627.9 86.1 286.2
Khulo 116.3 148.6 83.9 0.5 627.6 68.1 174.5
Goderdzi 108.8 114.6 102.9 7.7 361.4 82.2 130.2
Telavi 64.2 415 86.9 0.0 240.1 25.6 113.6
Dedoplistskaro 50.8 35.7 65.9 0.0 213.8 24.3 96.8
Kvareli 80.8 57.5 104.0 0.0 313.9 36.2 126.9
Sagarejo 64.0 45.5 82.5 0.0 286.6 28.5 104.7

In Batumi and Kobuleti the intra-annual distribution total precipitation takes the form of the
asymmetrical inverted bell with the left displacement and with the plateau from the right edge. In Batumi the
minimum of value P is observed during May (90 mm) and greatest values - in September - December (290-
310 mm); amplitude - 220 mm. In Kobuleti this distribution has the more clearly expressed maximum
during September (286 mm) and a minimum also during May (86 mm); amplitude - 200 mm. In Khulo
distribution of P has the type of the flattened inverted bell with the convexity during June (94 mm) and
plateau in November - December (171-174 mm). It is observed by the minimum of values of P during July-
August (68-69 mm); amplitude - is 106 mm. In Goderdzi this distribution has a nature, similar to the two-
wave, with basic maximum during June and October (125 and 130 mm), and by two minimums - during
April and August (82 and 95 mm); amplitude - 48 mm (Fig. 10).

For all points of Kakheti the intra-annual motion of monthly total precipitation takes the bimodal
form with the left asymmetry, with the extrema in May-June (89-127 mm) and in August - October (53-94
mm) and by the minimum - in December- January (25-47 mm); amplitude - 102 mm (Fig. 10).
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Fig. 10. Mean values of P in eight locations of Adjara and Kakheti in 1961-2010

In different months the significant changeability of mean monthly total precipitation for four points
of Adjara is observed in 10 cases (including only for 3 cases - increase in the values of AP), and for Kakheti -
inall in 6 cases (including only for 2 cases - an increase in the values of AP).

In the separate points the following changeability of mean monthly total precipitation is observed
(Fig. 11).

m Goderdzi mKhulo Kobuleti mBatumi mTelavi m Dedoplistskaro Kvareli = Sagarejo

b v g s
(1 (o

80 Dedoplistskaro
' ‘ & & Telavi

60 .
' Batumi
40 u ‘ ‘ ‘ Kobuleti
§ 20 7 bd»r wuo
° ! Goderdzi
=0 ' ' ' ' A |
T N MO I~ O O « N AN ™M O
-20 - S S <
— —
-40 Month

Fig. 11. Difference between the mean values of P into 1986-2010 and 1961-1985 in eight
locations of Adjara and Kakheti

Batumi - decrease of the values of AP (April, June); Kobuleti - decrease (April); Khulo - increase
(January, July, September); Goderdzi - decrease (March- May, August). In Adjara a maximum increase of
the values of AP is observed into Khulo (61 mm, January), the minimum - also in Khulo (19 mm, July). The
greatest decrease of the values of AP is observed into Kobuleti (-34 mm, April), the smallest - in Batumi (-20
mm, April).
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Telavi - decrease of the values of AP (July), increase (October); Dedoplistskaro - decrease (June);
Kvareli - the significant changes is not observed; Sagarejo - decrease (July, August), increase (October). In
Kakheti a maximum increase in the values of AP is observed into Sagarejo (17 mm, October), minimum - in
Telavi (14 mm, October). The greatest decrease of the values of AP is observed into Dedopltstskaro (-36
mm, June), smallest - in Telavi (-21 mm, July).

In Adjara the values of AP is varied from -34 to 61 mm (amplitude - 95 mm), while in Kakheti -
from -36 to 17 mm (amplitude - 53 mm). On the average to the station with the significant variability of
monthly precipitation in Adjara the value of AP diminishes on 8 mm, while in Kakheti - on 12 mm.

Monthly daily sunshine duration

The data about the mean annual, half year and monthly daily sunshine duration (Sq) in Table 7 and
Fig. 12 are represented.

Averaged for Batumi and Kobuleti monthly daily sunshine duration during April and from
September through November by 0.2-0.7 hour of higher than the values of Sy in Kakheti; during February the
differences is not observed. In the remaining months of value of Sy in Batumi and Kobuleti for 0.3-2.5 hour
lower than on the average for four points of Kakheti.

Table 7
Data of Sq (hour) in eight locations of Adjara and Kakheti
Location All data Mean 1961-2010
Mean Year | Mean Cold | Mean Warm Min Max Min Max
Batumi 5.2 4.0 6.4 1.2 9.8 3.2 7.5
Kobuleti 5.2 4.0 6.5 1.2 10.2 3.1 7.9
Khulo 5.6 4.4 6.7 1.2 10.0 3.3 7.7
Goderdzi 5.4 4.2 6.6 1.2 9.7 3.3 7.3
Telavi 5.7 4.2 7.3 15 12.0 3.6 8.5
Dedoplistskaro 5.7 4.1 7.3 1.3 11.6 3.4 8.4
Kvareli 5.8 4.0 7.6 1.3 11.7 3.2 8.8
Sagarejo 6.1 4.6 7.6 2.1 11.9 3.9 8.9
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Fig. 12. Mean values of S in eight locations of Adjara and Kakheti in 1961-2010
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In Adjara the intra-annual distribution of monthly daily sunshine duration takes the bimodal form
with the extrema during June and September, respectively: Batumi - 7.5 and 6.4 hour; Kobuleti - 7.9 and 6.5
hour; Khulo - 7.7 and 7.1 hour; Goderdzi - 7.2.and 7.3 hour. Minimum values of Sq for all points of Adjara
are observed in December - January (3.1-3.5 hour). Amplitude: Batumi - 4.4 hour, Kobuleti - 4.8 hour,
Khulo - 4.4 hour, Goderdzi - 3.9 hour (Fig. 12).

In Kakheti intra-annual distribution of Sy for all points takes the single-modal form close to the
symmetrical with the plateau during June-August. Values of Sq in these months comprise: in Telavi - 8.2-
8.5 hour; Dedoplistskaro - 8.0-8.4 hour; Kvareli - 8.4-8.8 hour; Sagarejo - 8.6-8.9 hour. The smallest values
of Sy in Kakheti in December - January (3.2-4.0 hour) are observed. Amplitude: Telavi - 4.9 hour;
Dedoplistskaro - 5.0 hour; Kvareli - 5.5 hour; Sagarejo - 5.0 hour (Fig. 12).
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Fig. 13. Difference between the mean values of S, into 1986-2010 and 1961-1985 in eight
locations of Adjara and Kakheti

In different months the significant changeability of the values of ASy for four points of Adjara is
observed in 16 cases (including for 12 cases - increase in the values of ASy), and for Kakheti - in 11 cases
(including only for 4 cases - an increase in the values of ASq for all points during March).

The changeability of the values of ASq in the separate points is the following (Fig. 13).

Adjara - an increase of the values of ASy is observed for all points during March, July and September
(range - from 0.4 to 0.6 hour), and decrease, also for all points - during December (range - from -0.3 to - 0.4
hour).

Telavi — increase of the values of ASy (March), decrease (April, June, July); Dedoplistskaro -
increase (March), decrease (June); Kvareli - increase (March), decrease (October); Sagarejo - increase
(March), decrease (June, October). In Kakheti a maximum increase of the values of ASq is observed into
Dedoplistskaro (1.1 hour, March), minimum - into Sagarejo (0.6 hour, March). The greatest decrease of the
values of ASy is observed in Telavi (-0.7 hour, June), smallest - in Kvareli (-0.4 hour, October).

In Adjara the values of ASq change from -0.4 to 0.6 hours (amplitude - 1.0 hour), while in Kakheti -

from -0.7 to 1.1 hour (amplitude - 1.8 hour). On the average to the station with the significant changeability
of mean monthly daily sunshine duration in Adjara the value of ASq grows by 0.3 hour, while in Kakheti -
it diminishes for 0.1 hour.

Mean wind speed

Data about mean annual, half year and monthly values of wind speed (V) in Table 8 and Fig. 14 are
represented.

Averaged for Batumi and Kobuleti wind speed for all months of year on 0.8-1.5 m/s is higher than
the values of V in Kakheti.
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Table 8
Data of V (m/s) in eight locations of Adjara and Kakheti

Location All data Mean 1961-2010
Mean Year Mean Cold | Mean Warm Min Max Min Max
Batumi 1.7 1.8 1.7 0.5 3.0 15 2.1
Kobuleti 3.0 3.1 2.9 1.4 5.9 2.6 3.5
Khulo 1.9 2.1 1.7 0.7 3.8 1.5 2.3
Goderdzi 4.8 5.4 42 1.9 9.6 4.0 6.3
Telavi 1.4 1.3 15 0.3 3.2 1.2 1.7
Dedoplistskaro 1.5 1.5 15 0.2 4.6 1.3 1.8
Kvareli 0.9 0.9 1.0 0.2 2.1 0.7 1.1
Sagarejo 1.6 1.6 15 0.4 4.4 14 1.7
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Fig. 14. Mean values of V in nine locations of Adjara and Kakheti in 1961-2010

In Batumi the intra-annual distribution of mean monthly value of wind speed is close to the uniform.
In Kobuleti this distribution takes the form of weak asymmetrical wave. In Khulo distribution of values of V
has the type of the flattened inverted bell. In Goderdzi this distribution takes the form of the asymmetrical
inverted bell with the convexity in May-June. Boundary values of V respectively comprise: in Batumi - 2.1
m/s (October) and 1.5 m/s (August), the amplitude - 0.6 m/s; Kobuleti - 3.5 m/s (January) and 2.6 m/s
(September), amplitude - 0.9 m/s; Khulo - 2.3 m/s (January) and 1.5 m/s (July, August), amplitude - 0.8
m/s; Goderdzi - 6.3 m/s (January) and 4.0 m/s (April, August), amplitude - 2.3 m/s (Fig. 14).

In Kakheti the intra-annual distribution of values of V for Telavi takes the form close to the
unimodal with the left asymmetry. In Dedoplistskaro and Kvareli this distribution is close to the bimodal,
also with the left asymmetry. In Sagarejo the intra-annual distribution of values of V takes the form of the
asymmetrical inverted bell with the extrema during December-February and the minimum during July-
August (Fig. 14).

In different months of the significant changeability of mean monthly wind speed for the investigated
points of Adjara are observed in 30 cases (including for 27 cases - decrease of values of AV), and for
Kakheti - in 44 cases (decrease of values of AV for all points). In the separate points the changeability of
values of AV is following (Fig. 15).
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Batumi - decrease of values of AV (February, November, December), increase (July - September);
Kobuleti - decrease (June - October); Khulo - decrease (all months); Goderdzi - decrease (February - April,
August - October, December). In Adjara a maximum and minimum increase of the values of AV is observed
in Batumi (0.2 m/s, September and 0.1 m/s, July, August). The greatest decrease of values of AV is observed
in Goderdzi (-1.2 m/s, February), smallest - in Batumi (-0.1 m/s, November).

In Kakheti at all stations is noted the decrease of values of AV, in Telavi, Kvareli and Sagarejo - for
all months, into Dedoplistskaro - during February and from May through October. In Adjara values of AV
are varied from -1.2 to 0.2 m/s (amplitude - 1.4 m/s), while in Kakheti - from -0.9 to -0.3 m/s (amplitude -
0.6 m/s). On the average to the station with the significant changeability of wind speeds both in Adjara and
in Kakheti values of AV decrease on 0.5 m/s.

Conclusion

The carried out analysis again testifies about the variety of the climatic conditions of the Georgia and
their uniqueness. Even in the limits of one and the same locality on the adjacent points are essential
differences in the values of different meteorological parameters and their changeability. Accordingly, this
causes the need for a detailed study of the climatic and connected with them bioclimatic conditions and their
changeability in different geographical regions of the Georgia both from the point of view of action to the
health of population and in the aspect of the development of different branches of the national economy of
state, including of health resort- tourist industry.
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[IpencraBneHpl CTaTHUCTUYECKHE JaHHBIE O METEOPOJIOTHYECKUX IapaMeTpax, acCOLMHUPOBAaHHBIX C
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COJIHEYHOTO CUSTHHS, CKOPOCTh BETpa) B BocbMuU IyHKTax Amkapuu (barymu, Kobyneru, Xyno, ['ogepazn) u
(Kaxetnn Tenasu, Jemommucukapo, Ksapemu, Carapemxo) B mepuoxn ¢ 1961 mo 2010 rr. B uwactHOCTH,
M3y4YeHa M3MEHUYMBOCTh YKa3aHHBIX METEOpPOJIOrHueckux mapamerpoB B 1986+2010 rr. mo cpaBHEHUIO C
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ABSTRACT

The statistical characteristics of the monthly mean, annual and half year values of the Tourism Climate Index
of tourism (TCI) and its components for four points of Kakheti (Telavi, Dedoplistskaro, Kvareli and
Sagarejo) in the period from 1961 through 2010 are represented. In particular, the changeability of the
indicated bioclimatic parameters into 1986+2010 in comparison with 1961+1985 is studied, and also the
trends of values of TCI for higher enumerated points are investigated.

Key Words: Bioclimate, Tourism Climate Index.
Introduction

Tourism industry is an important segment of the world economy and its development in many
respects it depends on the geographical arrangement of locality, topography, landscape, plant cover, fauna,
ecological state of environment, weather, climate, etc. Weather and climate form biometeorological and
bioclimatic composing of human living environments and in many respects define the attractiveness of
locality both for the inhabitants of this locality and for visitors (Matzarakis, 2006 [1]).

There are more than 200 biometeorological and bioclimatic indices, which determine the influence
of meteorological and climatic factors on the health of people (Air Equivalent-Effective Temperature — EET,
Air Effective Temperature - ET, Wet-Bulb-Globe Temperature - WBGT, Wind Chill — WCI, Cooling Power
— CP, Subjective temperature index —STI, Perceived temperature - PMV, Physiologically Equivalent
Temperature - PET, Standard Effective Temperature - SET, Physiological Subjective Temperature and
Subjective Temperature - MENEX, Universal Thermal Climate Index - UTCI, etc) [2-5,
http://www.igipz.pan.pl/Bioklima-zgik.html]. With the use of different indices in the last century a study of
bioclimate in many countries of world [5-18], including Georgia [19-24] is carried out.

For example, in the work [13] using the thermal stress of 288 synoptic stations, the bioclimatic
conditions throughout Iran were interpolated using a Simple Kriging method. The results of this study
showed that the bioclimatic conditions are immensely varied spatially and temporally, such that in specific
times all bioclimatic conditions can be seen in Iran. Also, during the year, each place can experience
different bioclimatic conditions. Based on UTCI, extreme cold and extreme heat stress are the only
bioclimatic conditions that do not exist during the year. However, based on PET, all bioclimatic conditions
exist during the year. Also, July and January, respectively, are the hottest and coldest months of the year.
Based on UTCI in April, October and November, more than 70% of Iran has comfortable conditions,
whereas PET showed that in March and October 24.6 and 23.7% experienced comfortable conditions
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respectively. It seems that the obtained results of PET index have high efficiency in relationship with UTCI
index to show Iran’s bioclimatic conditions.

The estimation of thermal stress for the athletes - participants of the forthcoming Summer Olympic
Games in Tokyo in 2020 is carried out in [15]. For the analysis, indices like Physiologically Equivalent
Temperature (PET) and mPET (modified PET) are applied. The results show that this kind of event may not
be appropriate for visitors, if it is placed during months with extreme conditions. For Tokyo, this is the
period from May to September, when conditions cause strong heat stress to the visitors for the vast majority
of hours of the day. A more appropriate time would be the months from November to February or the early
morning and the late afternoon hours, when thermally comfortable conditions are much more frequent. The
methods that are applied here can quantify the thermal conditions and show limitations and possibilities for
specific events and locations. Should the organizers still want to have these competitions organized during
these months with extreme conditions, they should promote and propose all possible countermeasures for the
spectators, workforce, and athletes.

In the work [23] the comparative analysis of mean-daily values of EET into Thilisi (3 meteorological
stations - Vashlijvari, Thilisi state university, Thilisi airport) and in Kojori (mountain health resort settlement
in 10 km from the center of Thilisi) is carried out. In particular it is shown that values of EET in the
urbanized part of the city (Vashlijvari, State University) differ significantly from their values after the feature
of city (Airport, Kojori); in Kojori are not observed negative for the health of people high values EET,
which fall into the range by "Warmly".

Results of the statistical analysis of the mean monthly data about the values of air effective
temperature on Missenard (ET) in two diametrically opposite located on the latitude geographical regions of
Georgia: autonomous republic of Adjara (below - Adjara) and Kakheti region (below - Kakheti) in the work
[24] are represented. The period of a study: 1961-2010. Values of ET expected according to the data of
four meteorological stations of Adjara (Batumi, Kobuleti, Khulo, Goderdzi crossing) and Kakheti (Telavi,
Dedoplistskaro, Kvareli, Sagarejo). The intra-annual distribution of values of ET is studied, their repetition
on the categories of ET is obtained, detailed information about the categories of mean monthly values of ET,
and also their upper and lower levels 99% of confidence interval is given, etc.

Several indices have been developed to assess the suitability of climate for tourism activities [9, 25-
33]. The most widely known and applied index is the tourism climate index proposed by Mieczkowski [26].
This index is combination of seven factors and parameters. Mieczkowski’s “Tourism Climate Index” (TCI)
was designed to use climate data, being widely available for tourist destinations worldwide. Data about TCI
are using for the information of “Average Tourist” and can be useful for the planning developments of mass
tourism.

In some work the criticism of TCI is noted. Thus, in the paper [39] the Holiday Climate Index (HCI)
was developed and discuss the design of the HCI and how the limitations of the TCI were overcome. It then
presents an inter-comparison of the results from HCI:Urban and TCI for geographically diverse urban
destinations across Europe. The results illustrate how the HCI:Urban rates the climate of many cities higher
than the TCI, particularly in shoulder seasons and the winter months, which is more consistent with observed
visitation patterns. The authors note, that the results empirically demonstrate that use of the TCI should be
discontinued.

However, in our opinion, until is revealed united bioclimatic index for the tourism, use of TCI, in
spite of its deficiencies, it is nevertheless useful (at least, is a possibility of the comparison of the level of
bioclimatic comfort for the "Average Tourist" in the different countries).

TCI (frequently together with other bioclimatic indices) sufficiently long ago is used in many
countries of the world [25, 27, 29-40], including Black Sea-Caspian region countries, such as Moldova [16],
Iran [41-48], Turkey [49,50], Russia (Sochi, Krasnaya Polyana, Anapa, Tuapse, Primorsko-Akhtarsk,
Taganrog, Kislovodsk, Makhachkala) [51]. Many studies are executed into the latter several years [16, 35-
38, 40, 45-48, 51, 56-59, etc.].
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Article [36] focuses on the role of climate in tourism seasonality and attempts to assess the impacts
of climate resources on China’s tourism seasonality by using TCI. Seasonal distribution maps of TCI scores
indicate that the climates of most regions in China are comfortable for tourists during spring and autumn,
while the climate conditions differ greatly in summer and winter, with “Excellent”, “Good”, “Acceptable”
and “Unfavorable” existing almost by a latitudinal gradation. The number of good months throughout China
varies from zero (the Tibetan Plateau area) to 10 (Yunnan Province), and most localities have five to eight
good months. Moreover, all locations in China can be classified as winter peak, summer peak and bi-modal
shoulder peak. The results will provide some useful information for tourist destinations, travel agencies,
tourism authorities and tourists.

To assess Tourism Climate Index in Iran, 54 weather stations were selected [48]. The results have
been generalized in 12 monthly world maps using ArcGI1S10.1. According to the results, April and October
are the best time for tourism during the year, actually more area of Iran has the good potential during these
months. In January and February, potential of TCI decreased and the lowest area are located in suitable class.
While, based on Scott and Mc Boyle classification summer peak, dry season peak, Bi-modal shoulder peak
and winter peak can be seen in Iran, most of Iran is classified in Bi-modal shoulder peak. South, south east
and west of Iran have the best condition in winter peak. The peak in dry seasons including dry and without
rainy seasons have the best situations in west north and east parts of Iran. Bi-modal shoulder peak, in spring
and autumn, are seen in north, all east and center of Iran toward west and west east.

In the South and Nord Caucasus regions the average monthly values of TCI were calculated for
Georgia (Thilisi, Batumi, Anaklia, Telavi, etc.), Armenia (Yerevan), Azerbaijan (Baku), Russia (Kislovodsk,
Pyatigorsk, Nalchik, etc.) [51-59].

Results of investigation of monthly values of the Tourism Climate Index (TCI) in some localities of
Georgia (21 localities) and North Caucasus (Russia, 6 localities) in [58] are represented. Height of these
localities varied from 3 to 2194 m above sea level. Correlation and regression analysis of the connection of
mortality by cardiovascular deceases in Thilisi with the values of TCI and its separate components is carried
out. This analysis confirmed the representativeness of the use of the scale of TCI as bioclimatic indicator for
the investigated region (as a whole, with an increase of values of TCI it is noted the decrease of mortality).
The statistical characteristics of values of TCI are represented. In particular it is obtained that with an
increase of the height of locality, as a whole occurs the passage of bimodal intra-annual distribution of TCI
to the single-modal. The vertical distribution of values of TCI on the average in the year, in the warm and
cold periods, and also in the central months of year is studied. The detailed information about the categories
of TCI for all investigated localities is represented.

The number of works is dedicated to the study of the influence of climate change to the TCI
changeability [16, 27,31,45,47,51,56, etc.].

In the work [16] it is noted, that the actual values of TCI and the ones anticipated for the future
indicate, for the Republic of Moldova, an increasing bioclimate favorability for all forms and types of
tourism.

The paper [47] first calculates the monthly TCI for 40 cities across Iran for each year from 1961 to
2010. Changes in the TCI over the study period for each of the cities are then explored. Increases in TCI are
observed for at least one station in each month, whilst for some months no decreases occurred. For October,
the maximum of 45 % of stations demonstrated significant changes in TCI, whilst for December only 10 %
of stations demonstrated change. The stations Kashan, Orumiyeh, Shahrekord, Tabriz, Torbat-e-Heidarieh
and Zahedan experienced significant increases in TCI for over 6 months. The beginning of the change in TCI
is calculated to have occurred from 1970 to 1980 for all stations. Given the economic dependence on oil
exports, the development of sustainable tourism in Iran is of importance. This critically requires the
identification of locations most suitable for tourism, now and in the future, to guide strategic investment.

Analysis of the dynamics of the "Excellent (80-89)" TCI values did not reveal any changes during
1977-2014 [51]. The number of "Ideal (90-100)" days increased insignificantly in all points except Sochi.
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In the work [56] it was shown that in period 1986-2010 in comparison with period 1961-1985 in
average for 4 seaside and alpine points of Adjara (Batumi - capital of Adjarian Autonomous Republic,
Kobuleti, Khulo and Goderdzi) substantial changes of the values of TCI was not observed.

This study develops a long-term average TCI for 4 stations of Kakheti region of Georgia and
explores the trends in TCIs over a 50-year period (1961-2010), monthly, seasonally and annually, for each of
the cities studied.

Study Area, material and methods

Study area - Kakheti region of Georgia (below - Kakheti). Kakheti is located in the eastern part of
Georgia. Area - 11375 km?, population - 314.7 thous. pers., (including of urban - 71.4 thous. pers.), the
capital of region - Telavi (population - 19.8 thous. pers.) [www.geostat.ge].

A visit to Kakheti can be a fascinating experience because of its beautiful mountain landscapes,
stunning regions, ancient world temples and monasteries, picturesque valleys and rivers and home to amber
grapes that grows under the warmth of the sun. Kakheti is not only famous as a tourism destination, but it is
also locally recognized as Georgia’s center for winemaking.

Studies for four cities of Kakheti (Telavi, Dedoplistskaro, Kvareli and Sagarejo) are carried out.
Table 1 presents information about coordinates and heights of the locality of 4 meteorological stations in
Kakheti, whose data were used in the work. Fig. 1 for the clarity depicts the map of the arrangement of the
indicated meteorological stations. These cities that are located from 450 to 800 meters above sea level, are
open to fresh and pure air because of this.

Table 1
Coordinates and heights of the 4 meteorological stations in Kakheti
Location Latitude, N° Longitude, E° Height, m, a.s.l.
Telavi 41.93 45.48 568
Dedoplistskaro 41.47 46.08 800
Kvareli 41.97 45.83 449
Sagarejo 41.73 45.33 802
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Fig.1. Locations of four meteorological stations in Kakheti
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In the work the Tourism Climate Index (TCI) developed by Mieczkowski [26] is used. TCI is a
combination of seven parameters, three of which are independent and two in a bioclimatic combination:

TC1=8-Cld+2-Cla+4-R+4-S+2-W

Where Cld is a daytime comfort index, consisting of the mean maximum air temperature Ta, max (°C)
and the mean minimum relative humidity RH (%), Cla is the daily comfort index, consisting of the mean air
temperature (°C) and the mean relative humidity (%), R is the precipitation (mm), S is the daily sunshine
duration (h), and W is the mean wind speed (m/s).

In contrast to other climate indices, every contributing parameter is assessed. Because of a weighting
factor (a value for TCI of 100), every factor can reach 5 points. TCI values >= 80 are excellent, while values
between 60 and 79 are regarded as good to very good. Lower values (40 — 59) are acceptable, but values < 40
indicate bad or difficult conditions for understandable to all tourism.

Table 2 presents information about the categories of TCI depending on its values. In the right column of
table are given frequently used below the shortened versions of these categories.

Table 2
Categories of TCI

TCI Category Cateqg. TClI Category Cateqg.
90 + 100 Ideal Ideal 40 + 49 Marginal Marg.
80 + 89 Excellent Excell. 30+39 Unfavorable Unfavor.
70+79 | Very Good Very Good 20 +29 Very Unfavorable Very Unfavor.
60 + 69 Good Good 10+ 19 Extremely Unfavorable Extr. Unfavor.
50 +59 | Acceptable Accept. -30+9 Impossible Imposs.

For the indicated localities the monthly average values of TCI in the period from 1961 through 2010
with the use data of Georgian National Environmental Agency [60] are calculated.

For the data analysis the standard statistical methods of the studies were used [61]. Designations and
reduction — conventional. The difference between the mean values of TCI into 1986-2010 and 1961-1985
with the use of Student's criterion was determined (level of significance not worse than 0.15).

Results and discussion

Results in the Table 3-7 and Fig. 2-12 are presented.

Table 3 and in Fig. 2-4 presents the generalized statistical data about the values of TCI and its
components for four points of Kakheti. The results of the analysis of these data are given below.

TCI (Table 3, Fig. 2,3).

Mean annual values of TCI varied from 60.4 (Kvareli, Good) to 63.3 (Sagarejo, Good). Range of a
change of the mean values of TCI into the cold half-year - from 50.6 (Dedoplistskaro, Accept.) to 52.0
(Telavi, Accept.). In the warm half-year the smallest mean value of TCI is observed in Kvareli (69.0, Good),
and greatest - into Sagarejo (75.2, Very Good).

Minimum and maximum monthly value of TCI according to all data of observations (600 cases) is
noted into Sagarejo and respectively compose 27 (Very Unfavor.) and 96.0 (Ideal). Minimum and maximum
mean in 50 years value of TCI is observed into Dedoplistskaro, respectively: (43.8, Marg.) and (81.1,
Excell.).
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Data of TCI and TCI components in four locations of Kakheti

Table 3

Parameter All data Mean 1961-2010
Mean Year | Mean Cold | MeanWarm |  Min Max Min |  Max
Telavi
TCI 62.0 52.0 72.0 31.0 90.0 47.0 79.2
Cld 3.3 2.4 4.2 15 5.0 2.0 4.9
Cla 3.0 1.8 4.2 1.0 5.0 14 5.0
R 3.2 3.9 2.5 0.0 5.0 1.7 44
S 2.6 1.8 3.4 0.5 5.0 1.6 4.0
w 3.2 3.1 3.2 15 5.0 2.2 44
Dedoplistskaro
TCI 62.5 50.6 74.3 29 93 43.8 81.1
Cld 33 2.3 4.2 1.0 5.0 1.7 5.0
Cla 2.8 1.7 3.9 0.0 5.0 1.2 5.0
R 3.6 4.1 3.1 0.0 5.0 2.2 4.5
S 2.6 1.8 34 0.5 5.0 15 4.0
w 3.0 2.7 3.3 0.0 5.0 1.8 4.2
Kvareli
TCI 60.4 51.9 69.0 31.0 91.0 44.9 75.0
Cld 3.3 2.6 4.0 1.0 5.0 1.9 5.0
Cla 3.1 1.9 4.3 1.0 5.0 15 5.0
R 2.7 3.4 2.0 0.0 5.0 1.2 4.1
S 2.6 1.7 3.5 0.5 5.0 14 4.1
w 3.2 3.4 3.0 15 5.0 2.2 4.7
Sagarejo
TCI 63.3 51.4 75.2 27.0 96.0 44.9 79.9
Cld 34 24 44 1.0 5.0 1.8 5.0
Cla 2.8 1.7 4.0 1.0 5.0 13 5.0
R 3.2 3.7 2.6 0.0 5.0 2.0 4.3
S 2.8 2.0 3.6 1.0 5.0 1.7 4.2
w 3.2 2.9 3.5 15 5.0 2.1 4.2
Fig. 2. Mean values of TCI and their 99% confidence interval in four locations of
Kakheti.
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Fig. 3. Min and Max values of TCI in four locations of Kakheti in 1961-2010.
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Fig. 4. Mean monthly values of TCI components in four locations of Kakheti in 1961-
2010. Numbers and colored squares - months of year.
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The range of changes of TCI for four points of Kakheti (Fig. 2, table 4) is the following:

Telavi, mean monthly values of TCI - from 47.0 (January) to 79.2 (September); Low — 45.3+76.5;
Upp — 48.6+81.8; mean annual value of TCI - 61.3<62.0<62.7; TCI into the cold half-year - 51.0<52.0<53.1;
TCI into the warm half-year - 770.8< 72.0<73.2.

Dedoplistskaro, mean monthly values of TCI - from 43.8 (January) to (81.1, September); Low —
41.7+78.7; Upp — 45.9+83.5; mean annual value of TCI — 61.7<62.5<63.2; TCI into the cold half-year —
49.5<50.6<51.7; TCI into the warm half-year — 72.9<74.3<75.8.

Kvareli, mean monthly values of TCI — from 44.9 (January) to (75.0, September); Low — 42.7+72.5;
Upp — 47.1+77.4; mean annual value of TCI — 59.7<60.4<61.2; TCI into the cold half-year — 50.5<51.9<
53.3; TClI into the warm half-year — 67.8<69.0<70.2
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Sagarejo, mean monthly values of TCI — from 45.4 (January) to (79.9, August); Low — 42.3+77.8;
Upp — 47.5+82.1; mean annual value of TCl — 62.5<63.3<64.0; TCI into the cold half-year —
50.2<51.4<52.5; TCI into the warm half-year — 73.9<75.2<76.4.

The intra-annual distribution of mean monthly values of TCI in the indicated points is the following:
Telavi - bimodal with the extrema in May-June and September; Dedoplistskaro - bimodal with the extrema
during June and September; Kvareli - bimodal with the extrema during May and September; Sagarejo -
unimodal with the plateau from June through September. All four distributions, as in Thilisi, Baku and
Yerevan [55], take the form of ninth power polynomial (Fig. 2 and 5, Table 4).
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Fig. 5. Intra-annual motion of calculated values of TCI in four

locations of Kakheti.

° o
B —o—
/) =\
/ \
Yy A\
4 \
— o
o 0
1 2 3 4 5 6 7 8 9 10 1 12
Month
—s—Telavi —o— Dedoplistskaro —— Kvareli —— Sagarejo

Table 4

Coefficients of the equation of the regression of the intra-annual motion of mean monthly values of TCI for

four points of Kakheti

Equation of TCI = a- X% +b-X3+c X +d- X+e- X+ X*+g-X3+h- X?+i-X+], (X-Month)

c:gg;?iscsileonrlé Telavi Dedoplistskaro Kvareli Sagarejo
a -0.000315 -0.000212 -0.000133 -0.000238
b 0.01834 0.01215 0.00763 0.01378
C -0.4526 -0.2953 -0.1843 -0.3383
d 6.1767 3.9584 2.4329 4.5958
e -50.995 -31.997 -19.161 -37.804
f 261.87 160.37 92.426 193.59
g -828.6 -494.5 -271.0 -611.6
h 1542.5 899.2 465.5 1139.2
i -1509.7 -865.0 -421.5 -1118.6
j 626.2 372.2 196.5 475.8
R? 0.9974 0.9998 0.9979 0.9989
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Table 5

Category of mean monthly values of TCI and their 99% confidence interval in four locations of Kakheti in

1961-2010
. Cold period
Location Month 1 2 3 10 11 12
Low Marg.
Telavi Mean Marg. Marg. Accept. Good Accept. Marg.
Upp Accept.
Low Marg. Good Marg.
Dedoplistskaro Mean Marg. Marg. Accept. Good Accept. Marg.
Upp Accept. Very Good Accept.
Low Marg. Good Marg.
Kvareli Mean Marg. Marg. Accept. Good Accept. Marg.
Upp Accept. Very Good Accept.
Low Marg. Marg. Marg.
Sagarejo Mean Marg. Marg. Accept. Good Accept. Marg.
Upp Accept. Accept. Accept.
Warm period
Month 4 5 6 7 8 9
Low Accept. Good Very Good Very Good
Telavi Mean Accept. Very Good Very Good Very Good Very Good Very Good
Upp Good Very Good Good Excell.
Low Accept. Very Good Very Good
Dedoplistskaro Mean Good Very Good Very Good Very Good Very Good Excell.
Upp Good Excell. Excell.
Low Accept. Good
Kvareli Mean Good Very Good Very Good Good Good Very Good
Upp Good Very Good
Low Accept. Very Good Very Good Very Good
Sagarejo Mean Accept. Very Good Very Good Very Good Very Good Very Good
Upp Good Excell. Excell. Excell.
Table 6
Category of Min and Max values of TCI in four locations of Kakheti in 1961-2010
. Cold period
Location Month 1 2 3 10 11 12
Telavi Min Unfavor. Unfavor. Unfavor. Marg. Unfavor. Unfavor.
eavt Max Accept. Good Very Good Excell. Good Good
Dedoplistskaro Min Unfavor. Unfavor. Unfavor. Unfavor. Unfavor. Very Unfavor.
Max Accept. Accept. Good Excell. Good Accept.
Kvareli Min Unfavor. Unfavor. Unfavor. Unfavor. Unfavor. Unfavor.
Max Accept. Good Very Good Ideal Very Good Good
Sagarejo Min Very Unfavor. | Very Unfavor. Unfavor. Marg. Very Unfavor. | Very Unfavor.
Max Accept. Accept. Very Good Excell. Very Good Good
Warm period
Month 4 5 6 7 8 9
Telavi Min Marg. Accept. Accept. Accept. Accept. Good
Max Excell. Excell. Ideal Excell. Excell. Ideal
. Min Marg. Accept. Accept. Accept. Accept. Good
Dedoplistskaro Max Excell. Ideal Ideal Excell. Ideal Ideal
Kvareli Min Marg. Good Accept. Accept. Marg. Good
Max Ideal Excell. Excell. Excell. Excell. Excell.
. Min Marg. Accept. Good Good Good Good
Sagarejo Max Excell. Ideal Ideal Excell. Ideal Ideal
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Fig. 6. Repetition of monthly values of TCI category in four locations of
Kakheti.
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Tables 5 and 6 present detailed information about the categories of the values of TCI (mean, min,
max, 99% confidence interval) in four points of Kakheti in different months. As it follows from this table, as
a whole, minimum values TCI correspond category "Very Unfavor.”, and maximum - "ldeal”. On the
average, intra-annual variations of the values of TCI in Kakheti correspond to categories "Marg." and " Very
Good — Excell.". For the clarity Fig. 6 depicts the histogram of repetition in four points of Kakheti of
categories TCI. As it follows from this figure, in the overwhelming majority of the cases the categories in the
range "Marg." - "ldeal" are observed. Thus, bioclimatic conditions in Kakheti for the so-called "Average
Tourist " are favorable entire year.

Fig. 7. Difference between the mean values of TCI into 1986-2010 and 1961-1985 in
four locations of Kakheti.
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Fig.8. Trend of TCI in Telavi.
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Fig. 11. Trend of TCI in Sagarejo.
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The changeability of mean monthly values of TCI in 1986-2010 in comparison with 1961-1985 in
the enumerated points of Kakheti in the separate months is the following (Fig. 7): Telavi - July and August
(in both cases - decrease, with reduction in the category to one step); Dedoplistskaro - July and August (in
both cases - decrease, with the decrease of category TCI to one step during August); Kvareli - March
(increase, with an increase in the category TCI by one step), June and August (decrease, with reduction in the
category to one step during June); Sagarejo - July (increase in the limits of one and the same category). The
graphs of linear trend of TCI in the period from 1961 through 2010 for the indicated points in Fig. 8-11 are
depicted.

Fig. 12. Difference between the mean monthly values of TCI components into 1986-2010
and 1961-1985 in four lications of Kakheti. Numbers and colored squares - months of

year.
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Table 3 and Fig. 4,12 presents information about the values of the components of the Tourism
Climate Index and their changeability in 1986-2010 in comparison with 1961-1985. In particular, the range
of mean for entire period observations of the values of components of TCI and their changeability in the
second period of time in comparison with the first for four points of Kakheti are following:

Telavi

Cld: 2.0+4.9 (January, February, December and September respectively). Changeability is observed
from June through August (decrease), also, during October (increase);

Cla: 1.4+5.0 (January and July, August respectively); Changeability is observed only during
September (increase);

R: 1.7+4.4 (May and January, respectively). Changeability is observed during June and July
(increase), and also during October (decrease);

S: 1.6+4.0 (December, January and July, August respectively). Changeability is observed during
March (increase) and during June, July (decrease);

W: 2.2+4.4 (January and October respectively). Changeability is observed in January- May, and
October increase), and also in June- September (decrease).

Dedoplistskaro

Cld: 1.7+5.0 (January and September, respectively). Changeability is observed during March and
October (increase), and also from May through August (decrease);

Cla: 1.2+5.0 (January and July - August, respectively); Changeability is observed during May
(decrease), and also during June and August - September (increase);

R: 2.2+4.5 (June and December, respectively). Changeability is observed during June (increase)
and November (decrease);

S: 1.5+4.0 (December and July, respectively). Changeability is observed during March (increase)
and during June (decrease);

W: 1.8+4.2 (January and October respectively). Changeability is observed during June-August and
during November (decrease).
Kvareli

Cld: 1.9+5.0 (January and May, respectively). Changeability is observed during March and October
(increase), and also from June through September (decrease);

Cla: 1.5+5.0 (January and June-August, respectively). Small changeability is observed only during
October (increase);

R: 1.2+4.1 (May and January, respectively). Changeability is not observed;

S: 1.4+4.1 (December, January and June-July, respectively). Changeability is observed during
March (increase) and during October (decrease);

W: 2.2+4.7 (July and October, respectively). Changeability is observed during March, April and
October (increase), and also in June- September (decrease).

Sagarejo
Cld: 1.8+5.0 (January and September, respectively). Changeability is not observed;

Cla: 1.3+5.0 (January and July-August respectively); Changeability is observed during March, June
and September (increase);

R: 2.0+4.3 (May-June and January, respectively). Changeability is observed during July-August
(increase) and during October (decrease);

S: 1.7+4.2 (January- February and August, respectively). Changeability is observed during June and
October (decrease);

W: 2.1+4.2 (January, and also April- May and October, respectively). Changeability is observed
during April and October (increase).
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Table 7

Number of days in year of various category of TCI in four locations of Kakheti in 1961-2010,
1961-1985 and 1986-2010

Location Telavi Dedoplistskaro Kvareli Sagarejo
Seriod 1961- | 1961- | 1986- | 1961- | 1961- | 1986- | 1961- | 1961- | 1986- | 1961- | 1961- | 1986-
2010 | 1985 | 2010 | 2010 | 1985 | 2010 | 2010 | 1985 | 2010 | 2010 | 1985 | 2010
Very
Unfauor. | O 0 0 1 0 1 0 0 0 2 2 2
Unfavor. | 7 9 6 20 17 23 23 24 21 17 17 10
Marg. 83 | 78 89 86 84 89 71 67 75 77 | 77 83
Accept. | 80 | 86 74 65 72 58 74 75 73 78 | 78 | 62
Good 65 | 57 73 43 35 51 88 85 90 | 41 | 41 | 49
Vvery 83 | 82 84 79 | 69 | 8 | 8 | 8 | 8 | 74 | 74 | 78
Good
Excel. | 44 | 52 37 67 83 51 23 23 22 71 | 71 77
Ideal 2 1 2 4 5 2 1 1 1 5 5 5
wgzg( 358 | 357 | 359 | 345 | 348 | 341 | 343 | 341 | 345 | 349 | 346 | 353
0,
A)yzr;rm 98.0 | 977 | 983 | 943 | 953 | 933 | 938 | 933 | 943 | 957 | 947 | 967
Month in
year 118 | 117 | 118 | 113 | 114 | 112 | 113 | 112 | 11.3 | 115 | 114 | 116
(mean)

Table 7 presents the data about the average number of days per annum in Kakheti with different
category of TCI in three periods of time. As follows from this Table, in 1986-2010 in comparison with
1961-1985 the average number of days per annum with the categories of TCI "Marg." and higher, with those
causing for the "Average Tourist" favorable bioclimatic situation, in the separate investigated points it
changed as follows: Telavi - practically invariability (357 and 359 days, respectively); Dedoplistskaro -
insignificant decrease (348 and 341 days, respectively); Kvareli - practically invariability (341 and 345 days,
respectively); Sagarejo - small increase (346 and 353 days, respectively).

Thus, the greatest effect of the process of climate change in the conditions of Kakheti [60] appeared
in the changeability of the number of days per annum with the categories of TCI "Marg." and higher in
Dedopdistskaro and Sagarejo. In this case, into Dedoplistskaro is observed insignificant worsening in the
favorable bioclimatic conditions for the "Average Tourist " (decrease of favorable days to 2.0 %), and into
Sagarejo - small improvement (increase in the favorable days by 2.0 %).

It is remarkable, which under the conditions of Kakheti of this significant changeability of the TCI as
in some points of Adjara (Khulo and Goderdzi [56]), is not observed. l.e., it is present the need for the
detailed study of climate change (and also bioclimate) not only on global, but also regional and local scales.

Conclusion

Climate has a strong influence on the tourism and recreation sector and in some regions represents
the natural resource on which the tourism industry is predicated. In this work the determination of the
climatic potential of tourism to four location of Kakheti (Georgia) into the correspondence with that
frequently utilized in other countries of the “Tourism Climate Index” (TCI) is carried out.

In the future we plan a more detailed study of the climatic resources of this and others regions of
Georgia for the tourism (mapping the territory on TCI, long-term prognostication of TCI, determination of
other contemporary climatic and bioclimatic indices for tourism).
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ABSTRACT

In connection with the 90th anniversary of the birth of our colleagues who have died, prof. E.A.
Jibladze, prof. D.I. Sikharulidze, prof. L.Kh. Shatashvili and acad. dr. A.M. Okudjava, a brief
information about their scientific activities is presented.

In 2018, famous Georgian scientists Prof. E.A. Jibladze, Prof. D.I. Sikharulidze, Prof. L.Kh.
Shatashvili and Academic Doctor A.M. Okudjava would have turned 90 years old. They have
played a major role in the development of Georgian geophysical science in the Caucasus.

Eleonora JIBLADZE (1928-2005) - Doctor of Physics and
Mathematics, Professor. In 1950 she graduated from the Faculty of
Physics and Mathematics of Thilisi State University. In 1951-1954
she was a postgraduate student at Institute of Geophysics, Georgian
Academy of Sciences. In 1955 she successfully defended her thesis at
Institute of Physics of the Earth, Moscow and defended the doctoral
thesis in 1977. From 1955 until the end of her life E. Jibladze worked
at the Department of Regional Seismology at Institute of Geophysics
(she occupied the positions of senior, leading and chief scientist, head
of department). At the beginning of her scientific activities she
carried out initial processing of seismograms and the compilation of
the summary bulletin on the earthquakes in the Caucasus region. The
: scientific interests of Eleonora Jibladze developed in two directions:
a quantitative assessment of seismic hazard and seismotectonic movements. Her works formed the
basis for the study of seismic zoning and seismic danger of the Caucasus. She took part in the
creation of a new seismic zoning methodology. She is the author of the seismic zoning map of the
territory of Georgia, which is a regulatory document in the construction of civil and industrial
facilities in our country. Prof. E. Jibladze is an author of about 100 scientific papers, including 6
monographs («DHeprusi 3eMICTPSCCHUH, CEHCMHUYECKHA pEeXUM U  CEHCMOTEKTOHHYECKOE
nemkenne Kaskaza», Metsniereba, 1980, p. 225; «J/Imanucckoe 3emierpsicenne 2 siHBaps 1978
roga», January 2. 1978, M. Nauka 1981, p. 173, co-authors: G.l. Murusidze, V.G. Papalashvili,
O.D. Gotsadze, et al.; The Seismic Zoning Map of the USSR, scale 1: 1000 000, M., Nauka, 1984,
p. 5, co-authors: M.M. Rubinstein, V.G. Papalashvili, 1.V. Aivazishvili, O.Sh. Varazanashvili, O.D.
Gotsadze, D.I. Sikharulidze; «I[TapaBanckoe 3emierpscenne 13 mas 1986 roga», M. Nauka, 1991,
p. 128, co-authors: M.S. loseliani, O.D. Gotsadze, N.V. Kondorskaya, V.G. Papalashvili, et al.;
«CelicMUYECKUI PEKUM, CEHCMHUYECKas OMTaCHOCTh U celicMuuecKue aBmkeHns Kaskasa», Institute
of Geophysics of Georgian Academy of Sciences,1995, p.113, co-authors: N.K. Butikashvili, N.S.
Tsereteli). Six PhD theses have been defended under Prof. E. Jibladze’s scientific guidance. She
was awarded the Prize of Honour of Georgia.
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David SIKHARULIDZE (1928-2011) - Doctor of Physical and
Mathematical Sciences, Professor. In 1950 he graduated from the
Faculty of Physics and Mathematics of Thilisi State University.
Since 1950 he worked at the Department of Seismology of Institute
of Geophysics, Georgian Academy of Sciences. In 1960 he defended
his candidate thesis and in 1979 defended the doctoral dissertation at
Institute of Physics of the Earth, in Moscow. From 1970 to 2005 he
headed the Department of Physics of Earthquake Foci at Institute of
Geophysics. Prof. D.I. Sikharulidze laid the foundations, worked out
and developed methods for surface seismic waves, with the help of
which the radial and lateral heterogeneous structure of the earth’s
crust and upper mantle is studied, which is a completely new
* direction in seismology. In his doctoral thesis Prof. D.I. Sikharulidze
studied horizontal heterogeneities in the crust and upper mantle based on the study of reflected and
refracted surface waves. Prof. D.I. Sikharulidze is an author of over 100 scientific papers, including
four monographs. («Iucnepcust Bonu JIsiBa aas Tpexcioiinoi Moaenn 3emiam», Metsniereba, 1969,
p. 223, co-author: N.P. Tutberidze; «CtpoeHue 3emiu 1o MOBEpXHOCTHBIM BoiHaM», Metsniereba,
1978, p. 242s; «CtpoeHue, HaIpsHKEHHO-Ie(POPMUPOBAHHOE COCTOSIHUE U YCIOBUS CEHCMUYHOCTH
mutochepsl Manoro Kaskaza», Metsniereba, 1983, p. 123, co-authors: N.P. Tutberidze, A.Kh.
Bagramyan, P.O. Jijeishvili, B.Ts. Yeremyan, N.A. Nibladze, R.L. Shavishvili ; «IToBepxHOCTHBIE
BOJIHBI B O0paTHBIX 3aj1a4ax ceiicmonorun», Yerevan, Academy of Sciences of Armenia, 1987, p.
222, co-authors: N.P. Tutberidze, A.Kh. Bagramyan, P.V. Manjgaladze, T.Sh. Gegechkori, A.M.
Avetisyan, T.N. Gogoladze, T.M. Gevondyan, M.B. Mkrtchyan). About ten PhD theses have been
defended under his leadership. Prof. D.l. Sikharulidze was awarded the Prize of Honour of Georgia.

Luli SHATASHVILI (1928-2000) - Doctor of Physical and
Mathematical Sciences, Professor. In 1952 he graduated with
honours from the Department of Physics of Thilisi State University
having specialized in Physics. In 1952-1956 he worked at the
Cosmic Ray Station at the Hydrometeorological Service, which in
1956 was transferred to Institute of Geophysics of the Georgian
Academy of Sciences. From 1956 till his last days, Professor L.Kh.
Shatashvili worked at Institute of Geophysics, occupied the
| positions of the Head of the Laboratory of High Energy Cosmic
Rays, the Head of the department of Cosmic Rays. At the Institute
he completed his postgraduate course. In 1962 he defended his
candidate thesis and in 1977 defended the doctoral dissertation.

Professor L.Kh. Shatashvili was a prominent specialist in the
field of Interplanetary Space and Physics of Cosmic Rays. He is the
author of the fundamental work on the theory of quasi-periodic variations in the intensity of cosmic
rays, which led to the awareness of the dominant role of the asymmetric solar wind in the formation
of 27-day variations of charged particles of cosmic radiation. Professor L.Kh. Shatashvili’s works
on the 27-day variations are recognized as classical works and have been included in all known
monographs. He is an author of about 200 scientific papers, including 4 monographs
(«KBazunepuoauueckre BapualMd KOCMHUUYECKHX Jydei», Metsniereba, 1974, p. 126, co-author:
M.V. Alania; <<KBaSI/IHepI/IOI[I/I‘ICCKI/Ie Bapruaniiki HWHTCHCUBHOCTU W AHU3OTPOIIMU KOCMHUYCCKHUX
nygeii», Metsniereba, 1981, p. 131, co-author: B. D. Naskidashvili; «Kpasunepuoanueckre
BapHallid KOCMHUYECKHUX JIydel M COJHEYHO-3eMHbIe siBieHus», Metsniereba, 1991, p. 96, co-
authors: N.A. Nachkebia, O.G. Rogava). Prof. L.Kh. Shatashvili was awarded the Prize of Honour
of Georgia, was a member of many problem councils of the Academy of Sciences of Russia, a
member of the US Geographical Society.
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Archil OKUDJAVA (1928-2008) - Academic Doctor of
Physical and Mathematical Sciences. In 1949 he graduated from
the Faculty of Physics and Mathematics of Thilisi State
University having specialized in Theoretical Physics. From 1950
he worked at Institute of Geophysics at the Department of Physics
of Atmosphere. Since 1971 he headed the Laboratory of
Modelling of Atmospheric Processes. In 1969 he successfully
defended his thesis for the degree of Candidate of Physical and
Mathematical Sciences. A.M. Okudjava is a leading specialist in
the study of atmospheric phenomena. A.M. Okudjava’s works are
devoted to laboratory modelling of microphysical and electrical
processes occurring in convective clouds during their natural
development and artificial effect on them. (Monograph:
«['ereporennas HykJeamus Jbaa», Metsniereba, 1984, p. 140, co-
authors: T.G. Gzirishvili, A.l. Kartsivadze). A.M. Okudjava has a great merit in the creation of one
of the significant laboratory complexes at Institute of Geophysics - the Thermal Chamber and its
equipment, measuring devices. A.M. Okudjava is an author of many scientific works and three
inventions. He was awarded a silver medal of the USSR Exhibition of Economic Achievements for
participation in the development of scientific research area in the field of Physics of Clouds.
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