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Phase Shift Sign Changesinto Boreholes of Georgia

Genadi N. Kobzev, Giorgi |. Mdikadze, Tamar J. Jimsheladze

M. Nodia Institute of Geophysics of the |. Javakhishvili Thiliss State University, Georgia,
te-mail: kobzev47@gmail.com

ABSTRACT

Using the example of a Georgian well, the possibility of regular changes in the sign of the phase shift between gravity
and water level is shown.
Key words. phase shift, water level, gravity, ellipse method.

I ntroduction

In early articles on the topic of the phase shift between the water level in a well and gravity, was
noted with surprise: in response to gravity, the water level should change its amplitude with a delay, but the
water got ahead of it. Thus, when filtering near M2 (12.4206 h), there is an expected delay in the reaction of
water, but when filtering in the region O1 (25.8193 h), water is ahead of gravity [1].

There are many articles and models that explain the phase shift in one direction or another. Various
factors were taken into account: the water layer has the type confined, unconfined, leaky, etc. In particular,
the presence of a negative skin effect was recognized as the reason for the advance of water [2]. By default,
it isassumed that for the well the phase shift or its sign has a constant value.

Using the example of Georgian wells, we will show that the phase shift between the water level and
gravity can regularly move from a state of lag to advance and vice versa. Therefore, depending on the time
period for the well, both positive and negative phase shift values can be observed.

When studying the phase shift, we used the idea of an ellipse as presented in [3] and modified in [4].

To understand the issue, let's consider several comparisons. Let there be two functions: y=sin(t) and
y1=sin(t-pi/6). Function y1 is obtained from the first by adding a negative number “-pi/6” to the argument
and reacts “delayed” to an increase in t.

Example 1. If you build a motion trgjectory, where X=sin(t); Y=sin(t-pi/6), then you get an ellipse,
where the point with coordinate (X,Y) moves “counterclockwise” as t increases (Fig.1). If you specify
Sin(t+pi/6) as Y, then the point moves “clockwise”.

Conclusion 1: by studying whether the point moves “counterclockwise” or “clockwise”, you can
find out whether thereis adelay (phase shift <0) or advance (shift >0).

Note also: the greater the phase shift, the “thicker” the ellipse becomes. And vice versa, if the phase
shift is O, then we get a straight line on the graph.

Example 2. Let the reference function maintain its amplitude, and the function y1, maintaining the
phase shift, reduces its amplitude (Fig.2). Let's depict both functions on one graph, where X=sin(t);
Y=A*sin(t-pi/6), and coefficient A variesfrom 1 to 0.1. In this case, the ellipse graph will dope downward.

Example 3. Let the origina functions simultaneously decrease their amplitude. The result is
concentrically located ellipses that have changed their amplitude but retained their slope (Fig.3).

Conclusion 2: changing the slope of the ellipse alows you to determine whether the dependent
function reacts consistently to a change in the reference one, or whether the proportion of their connection
has changed.
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Fig.1. Red: y=sin(t);
green: yl=sin(t-pi/6)

Fig.2. Red: y=sin(t);
green: y1=A*sin(t-pi/6),
A=1.0->0.1 for t=0:20

Fig.3. Red: y=A*sin(t);
green: y1=A*sin(t-pi/6),
A=1.0->0.1for t=0:20

Results

A study of datafrom Lagodekhi and Kobuleti revealed a significant delay in the response of water
levelsto gravity. But for Marneuli and Nakalakevi there is both a delay and advance of gravity.

Let's consider the data obtained at the well Marneuli (January 5-February 17, 2024).

The variables are gravity y=tidalZ and water level in the form y1="-water” (in kPa). The influence
of the atmosphere on water levels is removed. If the influence is retained, the results will be significantly
different. Using the cwt and icwt functions (MatLab), these data are filtered in the region of M2 (12.42 h)
and O1 (25.82 h). Next, we consider 2d or 3d graphs of these variables.

2d chart. We will place tidalZ on the OX axis, and “-water” along the OY axis. For clarity, in Fig.4
the influence of the atmosphere was not removed from the water level. The tilts of the ellipses are visible,
therefore there are changes in the connection between the movement of water and gravity. There is also a
change in the direction of movement “clockwise” or “counterclockwise”, i.e. change in the sign of the phase
shift.

3d graph. At X=t (time, minutes), Y=tidalZ, Z=-water, a 3d graph makes it possible to determine
the direction of movement of a point in time and see the change in phase shift: “clockwise” or
“counterclockwise” the point moves. Figures 5 and 6 show two-dimensiona projections of 3D graphs,
allowing you to see changes in the directions of movement over time.
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Fig.4a. Movement isonly
“clockwise”. M2 filtration.
The influence of the
atmosphere was not removed.

Fig.4b. Movement
“clockwise” (green) and
“counterclockwise” (blue). M2
filtration. The influence of the
atmosphere was not removed.

Fig.5. Marneuli 2024, M2,

Y (minus water), the influence of
the atmosphere is removed.
Phase shift >0 (advanced, green).
Phase shift <0 (delay, blue).

Fig.6. Marneuli 2024, O1,

Y (minus water), the influence of
the atmosphere is removed.
Phase shift >0 (advanced, green).
Phase shift <0 (delay, blue).

Fig.7. Phase shift, Marneuli, January 5-February 17, 2024, M2 filtration. The influence of the atmosphereis
removed (no atmos, solid line) or saved (use atmos, dashed line).
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Note that if the influence of the atmosphere was not removed from the water level, then the
magnitude of the phase shift and the range of changes turn out to be significant. If the influence of the
atmosphere is removed from the water level, then the scatter of the phase shift is an order of magnitude
smaller (Fig.7).

In [1], when calculating the phase shift, time intervals of 30 days were used. From the above figures
it can be seen that the choice of time interval can affect the average value of the phase shift and even its sign.
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ABSTRACT

The results of the comparison of satellite remote sensing (SRS) data and ground-based observation (GBO) information
on the large glaciers (Adishi, Shkhara and Gergeti) of Georgia are presented. From each satellite image, the location of
the tip of the glacier's tongue was determined, a chronological order of the data was made, and the average rate of
glacier retreat was calculated. Using SRS, the dynamics of the retreat of glaciers are studied based on the determination
of individual places of movement of the tip of the glacier tongue. The dynamics of some large glaciers retreat based on
the GBO data of the National Hydrometeorological Service (NEA) of Georgia is presented and is additionally used for
quality assessment and quality control (QA/QC) of the results. The analyses show that based on SRS and GBO data the
retreats of studied glaciersare nonlinear and by high confidence can be presented by a parabola curve. The comparison
of SRS and GBO data shows that they are in good agreement with each other.

Keywords: Georgian glaciers, satellite remote sensing, ground-based observations, climate change.

I ntroduction

Over the last decades, global warming has led to a widespread shrinking of the cryosphere, with mass
loss from ice sheets and glaciers (very high confidence) [1]. Projected physical changes include global glacier
mass |oss expected to continue in the near future (2031-2050) due to rising surface air temperatures (high
confidence), with imminent consequences for river flows and local hazards (high confidence) [1].

To study the impact of climate change on glaciers, along with the SRS data the GBO data is heeded.
Thisis preconditioned by the fact that using high-resolution SRS allows the simultaneous study of the state of
large glaciers with the required resolution and accuracy, under conditions of limited material resources and
time[2,3]. The GBO datais needed for the QA/QC of the results.

Used satellite datathat i savailabl e through Earth Resources Observation Systems (EROS). Thisarchive,
which is under the jurisdiction of the US Department of the Interior, preserves data obtained by Landsat
satellites, as well as satellite images at the disposal of NASA. For the QA/QC of the results, complex use of
historica glacier catalogue data, existing field material and expert knowledge is necessary.
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Materials and methods

The impact of ongoing climate change on glacier degradation is one of the most visible when studying
theretreat of large glaciers (area> 2 km?). A methodology has been devel oped to study the dynamics of retreat
of large glaciers.

Weather conditions have a significant impact on the use of SRS, in particular, in case of cloudiness, it
isimpossibleto use satelliteimages. When observing glaciers, thislimitation is added to the state of the surface
of the glacier itself. The surface of the glacier should be as free as possible from snow cover, in particular,
SRS should be carried out from the end of the ablation until the first snowfall. In the Earth, this period depends
on the location of the glacier, atitude, climate and weather conditions. Under the conditions of the modern
climate, thistime interval for Georgia coversthe period from the end of June to the beginning of October.

The contouring of glaciersiscarried out by manual digitization, during which expert knowledge istaken
into account. ASTER DEM digital terrain model and topographic maps of the USSR (1:50,000) of the 60s of
the last century were used to identify the studied glaciers and specify their contours.

When studying the dynamics of the retreat of large glaciers, it is especially important to accurately
determine the location of the end of the glacier tongue. The use of expert knowledge is essential when the
glacier tongue is covered by moraines and/or debris.

Glaciers, whose tip of the tongue is formed, is outlined and is not covered by either broken material or cloud,
have been selected for the study. The methodology for determining the dynamics and rate of retreat at the end
of the glacier tongue for large glaciersis presented in [4, 5].

Results

Only nine large glaciers were selected from the large glaciers of Georgia, the condition of which was
satisfactory for our purposes. Of these nine glaciers, only three glaciers could be compared with NEAs” GBO
data. These glaciers are Adishi and Shkhara belonging to the R. Enguri glacia basin and Gerget glacier of the
R. Tergi glacial basin.

For example, let's consider in detail the dynamics of the change in the location of the end of the tongue
of the Adishi glacier based on the determination of individual places of the movement of thetip of the tongue.
According to each satellite image, let's make a chronological order of the data and cal cul ate the average speed
of glacier retreat. For the QA/QC of the obtained results, NEAs’ data is used.

Fig. 1 shows a schematic image of the retreat of the Adishi Glacier on the background of the August
25, 2022, Landsat 8 OLI TIRS satellite image, where the green pins show the results obtained by GBO data.
In different years, the location of the glacier is shown with a different coloured outline. The length of glacier
retreat can be calculated through the white dashed line crossing the contours. From September 13, 1977 to
August 25, 2022, this figure was approximately 601 m.

Table 1 below summarizes the features of the Adishi Glacier retreat. The satellite image from 1977 is
considered the starting point. 23 different satellite data files taken between 1977 and 2022 from satellite data
are selected to study the retreat of the Adishi Glacier. To avoid overloading the image in Figure 1, only 8
contours of the location of the tip of the glacier tongue are plotted in different years. Table 1 summarizes the
individual characteristics of these satellite data.

Tables 1 and 2 show the coordinates and retreat distances of the end of the Adishi glacier tongue
according to satellite data ( period 1977 and 2020) and correspondingly GBO data covering the period of 1985-
2022.
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Table 1. According to SRS data, the location of the end of the Adishi glacier tongue and retreat distances.

25.08.2022

Fig. 1. Schematic picture of the retreat of the Adishi Glacier (r. Enguri Basin).

Coordinates (Grad.)
Retreat
No . Date . ,
Satellite Type L atitude Longitude (m)
1 Landsat 2 MSS 13.09.1977 | 42.989233° 42.984633° 0
2 Landsat 5TM 09.10.1986 | 42.989254° 42.984746° 9.39
3 Landsat 5TM 01.09.1987 | 42.989281° 42.984876° 20.2
4 Landsat 4 TM 23.09.1989 | 42.989486° 42.985144° 53
5 Landsat 5 TM 15.09.1998 | 42.989552° 42.985231° 62.3
6 Landsat 7 ETM+ 18.08.1999 | 42.989630° 42.985334° 75.1
7 Landsat 7 ETM+ 05.00.2000 | 42.990473° 42.986319° 91.2
8 Landsat 7 ETM+ 27.09.2002 | 42.989572° 42.985452° 198
9 Landsat 5TM 28.08.2003 | 42.990546° 42.986400° 209
10 Landsat 7 ETM+ 08.15.2004 | 42.990784° 42.986682° 244
11 Landsat 7 ETM+ 18.08.2005 | 42.990946° 42.986846° 266
12 Landsat 7 ETM+ 08.10.2006 | 42.991070° | 42.986972° 284
13 Landsat 5TM 16.08.2007 | 42.991120° 42.987025° 290
14 Landsat 7 ETM+ 29.08.2009 | 42.991328° 42.987225° 319
15 Landsat 7 ETM+ 17.09.2010 | 42.991471° 42.987368° 338
16 Landsat 5TM 27.08.2011 | 42.991630° 42.987524° 360
17 | Landsat 8OLI TIRS | 23.08.2013 | 42.991732° 42.987623° 374
18 | Landsat 8OLI TIRS | 26.08.2014 | 42.991891° 42.987775° 396
19 | Landsat 8OLI TIRS | 07.09.2015 | 42.992109° 42.987981° 424
20 | Landsat 8 OLI TIRS | 24.08.2016 | 42.992361° 42.988220° 459
21 | Landsat 8OLI TIRS | 12.09.2017 | 42.992570° 42.988423° 488
22 | Landsat 8OLI TIRS | 11.09.2020 | 42.993209° 42.988620° 560
23 | Landsat 8OLI TIRS | 25.08.2022 | 42.993568° 42.988683° 601
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Table 2. Location of the end of Adishi glacier tongue and retreat distances according to GBO data.

No Date Coordinates (Grad.) Retreat (m)
Latitude Longitude
1 |15.09.1985 42.989886 42.984383 0
2 20.08.2002 42.990296 42.985645 116
3 ]15.08.2004 42.990659 42.986799 220
4 ]10.08.2012 42.991733 42.987981 371
5 ]19.09.2015 42.992250 42.988157 432
6 ]05.07.2017 42.992881 42.988198 501
7 110.07.2022 42.993902 42.988410 614

Fig. 2.a presentsthe graph of the change in the location of the Adishi glacier tongue and the
corresponding trend, constructed using SRS data. Theinitia condition corresponds to 1977. To detail the
characterisation of the impact of the current climate change on the Adishi glacier, the graphs (Fig. 2. b) are
constructed, where the observational period is divided into two sub-periods. 1977-1998 and 1999-2020.
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600 o° 0 |y -19283x-290.17 ¢
500 y = 14.789x - 144.69 >00 s
2 40 B 400 '_-'
§ 300 © 300 '
g 200 8 200 § y
100 100 > y=382021x-47.324
0oe 0 e ] )
-100 0 50 100 0 20 40 60
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Fig. 2. The dynamics of the retreat of the Adishi glacier according to SRS: a - for the full period of
observation, b - for two sub-periods of observation.

The same actions for the GBA data give agraph of theretreat of the Adishi glacier (Fig. 3 8). Theinitial
state corresponds to 1985. For more information, the observation period is divided into two sub-periods: 1985-
2004 and 2004-2022. The corresponding graphs are given in Fig. 3 b.

The analysis showsthat the rate of retreat of Addishi glacier according to SRS and GBO data are: during
the whole period was about 14.8 and correspondingly 17.0 m/year. In the first subperiod, the velocity is
approximately 8.2 and 9.5 m/year and in the second subperiod - about 19.3 and 22.2 m/year respectively. Both
the SRS and GBO data show that the retreat in the second subperiod is significantly greater than the retreat in
the first subperiod, that is, the retreat of the glacier is non-linear.

The analysis shows that the difference between SRS and GBO data for the entire period is about 2.9
m/year, while the difference for thefirst period is about 1.3 m/year and about 2.9 m/year for the second period.
This difference is due to the differences between the periods of satellite and ground observations, as well as
the differences in reference measurements.
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Fig. 3. The dynamics of the retreat of the Adisho glacier according to GBO: a - for the full period of
observation, b - for two sub-periods of observation.

These data confirm that the rapid degradation of the Adishi glacier is caused by modern climate change.
On the other hand, glacier retreat data is an effective indicator of current climate change and its acceleration
in time. The non-linear retreat of the Adishi glacier by SRS and GBO, as well as the retreat of other large
glaciers of Georgia discussed by us [6-8] is described with high accuracy by a parabola curve.
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Fig. 4. Retreat graphs of Adishi Glacier based on SRS and GBO data

A comparison of the graphsin Fig. 4 shows that the graphs created based on SRS and GBO dataarein
satisfactory agreement with each other.

Fig. 5 shows a schematic image of the retreat of the Shkhara Glacier on the background of the
September  August 25, 2022, Landsat 8 OLI TIRS satellite image, where the green pins show the results
obtained by the GBO data. In different years, the location of the glacier is shown with a different coloured
outline. The same activities that were carried out for the Adishi glacier give for Shkhara glacier retreat the
same picturei.e. the glacier retreat is nonlinear, it iswell described by the parabola curve both for the SRS and
GBO. A comparison of thegraphsin Fig. 5 showsthat the SRS and GBO graphs are in satisfactory agreement
with each other.
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Fig. 5. Schematic image of Shkhara glacier retreat on the background of the September 18, 2022, Landsat 9
OLI TIRS sensor image. The green pins show the results obtained based on GBO data.

The retreat of the Shkhara glacier is discussed analogoudly as it was done for the Adishi glacier. It is
received that 1. theretreat isnon-linear, and 2. theretreat of the Shkharaglacier isdescribed with high accuracy
by a parabola curve (Fig. 6) based on SRS and SBO data. A comparison of the SRS and GBO graphsin Figure
6 showsthat they are in good agreement with each other.
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Fig. 6. Retreat graphs of Shkhara glacier based on SRS and GBO data

Among the large glaciers of Eastern Georgia, only the end of the Gergeti glacier is not covered with
debris, which allows the use of multispectral sensors. To study the physical picture of the Gergeti Glacier
retreat, Landsat satellite sensor data is used.

To study the retreat of the Gergeti glacier, 12 different satellite data files from 1977-2022 are selected.
According to each satellite image, the location of the tip of the Gergeti glacier tongue was determined, and the
data were chronologically ordered (Fig. 7).
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Fig. 7. Schematic image of Gergeti glacier retreat on the background of the September 3, 2022, Landsat 8
OLI TIRS sensor image. The green pins show the GBO data.

The steps to reveal the retreat dependence on time of the Gergeti glacier are the same steps that were
carried out for the Adishi glacier. The same results are received i.e. the retreat of the Gergeti glacier is non-
linear and is described with high accuracy by parabola curves correspondingly for SRS and GBO data (Fig.
8). A comparison of the SRS and GBO graphs in Figure 8 shows that they are in good agreement with each

other.
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Fig. 8. Retreat graphs of Gergeti glacier based on SRS and GBO data.
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Conclusion

Large glacier degradation under modern climate change poses a significant threat to the country’s
sustainable development and the study of their retreat is considered one of the priority activities. To obtain a
scientifically based answer regarding the large glaciers degradation issues, taking into account the impact of
current climate change, it is necessary to use SRS and GBO data. If we analyse the graphs of SRS and GBO
data for al three glaciers, it is evident that glacier retreat is nonlinear both for SRS and GBO data and is
described with high confidence by parabola curves. A comparison of the SRS and GBO graphs shows that
they are in good agreement with each other. The detail considering the corresponding graphs shows that the
differences in the SRS and GBO data at the beginning of the graphs are bigger than in recent years. Thisis
explained by the fact that earlier field ground observations were carried out using the geodetic planning
method, and since 2004 - using a specia field Global Positioning System (GPS), which aso uses satellite
information and has high accuracy. A comparison of SRS and GBO graphs that define good agreement with
each other confirms the relevance of using GBO data for quality assessment and quality control (OA/OC) of
SRS data.

The presentation was made at the international scientific conference " Geophysical processesin the Earth
and its envelopes', Thilisi, Georgia, November 16-17, 2023.
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CpaBHeHHe JaHHBIX CIYTHUKOBOT0 IMCTAHIMOHHOTO 30HAMPOBAHMS
U M0JIEBbIX HA3eMHBbIX HAOIIOAeHUM ISl MCCIAEeTOBAHUS OTCTYILICHUS
boabmux jJeagnuxkoB I'py3uun

I'. Kopazaxus, JI. lllenrenus, I'. TBaypu, M. /[3axzamua,
I'. I'ynuamBuian, C. bepuase

Pe3rome

IIpencraBieHsl pe3ynpTaThl CPAaBHEHMS JAHHBIX CIIyTHHKOBOI'O IUCTaHIMOHHOro 3oHauposanust (CHH) c
JaHHBIMHU TIOJIEBBIX HAa3eMHBIX HaOMIoAeHHUH 3a OonbMHy JeqHukaMu [ py3un (Agumm, [xapa ['epretn).

Ilo KaXI0MYy CIIYTHHUKOBOMY CHHUMKY OIIPEACIAIOCH IMOJIOXKCHUEC BEPIIWHBI A3bIKa JICAHHUKA, IIPHUBOANIIACH
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XPOHOJIOTHYECKas YIIOPAJ0UYEHHOCTh JAHHBIX U PaCCUATHIBAIIACH CPEIHSSI CKOPOCTh OTCTyMaHus iegauka. C
nomompio CJIH m3ywaercss quHaMuKa OTCTyHaHUS JIGAHUKOB Ha OCHOBE OMPECICHHS] MECTOHAXOKICHUS
KOHYHMKA SI3bIKA JICAHHUKA MPHU JBIKCHUU. J[JI OLICHKH U KOHTPOJS KadecTBa PE3yNbTATOB HCIOJB3YIOTCS
Ha3eMHBbIE JaHHBIE MOJIEBBIX HaOmo/eHuil HarmoHanmpHOTO areHTCcTBa 1O OXpaHEe OKPYXKAroIIed Cpeibl.
YCTaHOBIEHO, YTO OTCTYIUICHHE HW3YYCHHBIX JICAHUKOB HOCUT HEIUHCHHBIM XapakTep M C BBICOKOM
TOYHOCTHIO OIMHUCHIBAETCS Mapabonmyeckor KpuBoi. Taxke rpaduk OTCTYIUICHUS JIETHUKOB, MOCTPOSHHBIN
IO JIAaHHBIM TTOJICBOM SKCIICUIINH, UCTIOIB3YEMBIi JIJIS OLICHKH KA4eCTBA U KOHTPOJIS PE3yJIbTaTOB, C OOIBIION
TOYHOCTBIO OITUCBHIBACTCS KpUBOW Tmapabosbl. CpaBHEHHE JAHHBIX CIIYTHUKOBBIX JUCTAHIIMOHHBIX
HaOIFO/ICHN W JaHHBIX ITOJIEBBIX HA3eMHBIX HaOmofeHni mokaseiBaeT, 4ro CIH nM3ydeHHBIX JTETHUKOB U
Ha3eMHBIC JJAHHBIC MTOJICBBIX HAOIIOCHHUIA XOPOIIIO COTJIACYIOTCS JPYT C IPYTOM.

KaioueBbie cioBa: Jleguuku ['py3nn, CIOyTHHKOBOE MAWCTAaHIIMOHHOE 30HAMPOBAHWE, Ha3eMHbBIE
HaOJIIONEHHs, U3MEHEHNE KIIMMAaTa.
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ABSTRACT

Sudy of Kutaisi city atmospheric air pollution with PM10 particles has been conducted by means of combined integration
of 3D regional model of atmospheric processes evol ution and equation of admixturestransfer -diffusion. Patterns of PM10
concentration time chance and spatial distribution have been obtained. It has been shown that a formed field of wind
velocity promotes PM10 particles transportation from the city and atmosphere “self-purification” process. It has been
obtained by calculations that aerosol propagation process conventionally runs by four stages and depends on motor
transport traffic intensity, trunk roads’ location and city relief. Relatively high pollution zones have been identified. It
has been established that thermal stability of the atmospherein the surface layer of atmosphere plays crucial rolein time
change of microaerosols’ concentration and high concentrations formation process.

Key words: PM10 pollution of atmosphere, numerical modeling, concentration, fresh western breeze.

Introduction

Protection of atmospheric air of urbanized environment from aerosol pollution is a topical problem of
the modern ecology. It is of great medical and socioeconomic importance [1]. Among numerous substances
polluting the atmospheric air a special place is held by the smallest particles, sizes of which don’t exceed 2.5
and 10 um (PM2.5 and PM10). They are originated as a result of both current natural processes taking place
on the Earth (rock erosion, desert winds etc.), and agricultural, industrial and transport-rel ated human activity.
Dueto small sizes, PM2.5 and PM 10 easily penetrate human cardiovascular system, precipitate there and cause
numerous diseases, and even death on frequent occasions [2-4].

Problem of atmospheric air protection from microparticles pollution is very important not only in large
cities and industrial regions, but also in resort-recreation centers and separate small cities. Cities of Georgia
aren’t ranked among heavily polluted cities of the world [5], however in some cases microparticle
concentrations there exceed maximum permissible concentrations [6-8] and have a negative impact on human
health.

Some air-protection measures have been scheduled over the recent yearsfor improvement of atmospheric
air purity of Georgian cities [9, 10]. In order to enhance their efficiency, it is necessary to carry out these
measures based on scientifically substantiated studies.

In the presented article, the problem of PM 10 pollution of atmospheric air of Kutaisi — the second largest
city of Georgiaand its adjacent territories resulted from motor transport traffic has been studied theoretically,
using the computer modeling of admixtures propagation in the atmosphere.

Resear ch method

The atmosphere of Kutaisi city and its adjacent territory with an area of 13.4 x 13.4 km has been sel ected
for studies (Fig. 1). This territory is of complex orography — terrain height varies from 80 to 450 m. The
orography is confined by ranges and separate mountains from north and east, while the western and southern
parts of city and its surroundings are located at the Kolkheti lowland.
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Fig. 1. Urbanized relief of Kutaisi and adjacent territories, and administration units (AU).

Thiswork studies spatial distribution and time change of concentration of microparticles discharged into
surface layer of the atmosphere over the mentioned territory, using numerical modeling. Regional model of
atmospheric processes development at the Caucasus territory and the method of numerical integration of
equation of admixtures transfer-diffusion in the atmosphere are used for modeling [13-15]. Integration is made
at the numerical grid composed of 67x67x31 points. Numerical grid steps along meridian and paralel are
equal to 200 m. A vertical dimensionless step in free atmosphere equals to 1/31, that approximately
corresponds to 300 m. A vertical step in 100 m thick surface layer of the atmosphere varies from 0.5 to 15 m.
Time step is 1 sec. Calculations are made for 3-day period. A case of background fresh western breeze under
dry weather conditions of Juneis considered. Wind velocity at surfacelayer height (100 m) is 11 m/sec. Above
the surface layer wind velocity linearly increases and reaches 20 m/sec at 9 km altitude. Relative atmospheric
humidity is 50%.

It is assumed that PM 10 pollution of the atmosphere is caused by motor transport traffic in the city and
its adjacent territory. Emissions occur at 0.5 m height from the earth surface in 5 types of areas. trunk roads,
central streets of the city, residential areas, industrial zones and unpopulated territories of surrounding villages.
Emission rate is different depending on the area, is of 24 hour-periodic nature and proportional to motor
transport traffic intensity. It is minimal in the interval from O to 4AM, then linearly increases from 4AM to
10AM and remains constant from 10AM to 6PM. From 6PM to midnight adischarge rate linearly reduces and
becomes equal to emission rate of 0 AM.

Numerical modeling results

Spatial concentration and time change of PM10 concentration discharged by motor transport into
atmosphere of Kutaisi obtained using numerical modeling in case of fresh western breeze are given in Fig. 2.
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Fig. 2. Spatid concentration of PM10 concentration (ug/m?) and wind velocity vector (m/sec), obtained
using numerical modeling, whent =0, 3and 6 h.
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As is seen from Fig. 2, a terrain effect on background fresh western breeze doesn’t cause significant
change of wind velocity in the surface layer and the lower part of boundary layer of the atmosphere. Terrain
effect is manifested in wind velacity reduction at the city territory and emergence of a component directed
north-eastward. In a whole, in the modeling area, wind velocity at 2 m height from earth surface increases
from south to north and from west to east from 0.8 to 8 m/sec. With the distance from the Earth ground a
terrain effect gradually weakens, wind keepsits western direction, while awind vel ocity values at 600 m height
vary within arange of 4-30 m/sec.

The analysis of time change of microaerosol concentration field, obtained by calculations, shows that
concentration values are minimal within an interval of t = 0-3 h. At 2 m height when t = 0 h, PM10
concentration value is within 0-2 ug/m? at the major part of the city. Concentration equal to 2-4 pg/m? is
obtained in the surroundings of main city streets. Maximum concentrations, 4-6 pg/md, are registered at the
territories of administration units (Gamarjveba, Dzelkviani, City-Museum) located in the city center, as well
as in suburban areas (Kakhianouri and Avtokarkhana AUs, Baloji village) and territories situated south-
westward and south-eastward of the city.

At 100 m height from the earth surface, when t = 0 h, PM 10 concentration value is 2-4 pg/m? in the major
part of the modeling area, and 0-2 and 4-6 pug/m? in two areas of small size. Concentration value at 600 m
height doesn’t exceed 2 pg/m?®. By t = 3h, a pattern of spatial concentration of the surface concentration at 100
and 600 m height doesn’t experience qualitative change, and small reduction of concentration takes place in
guantitative terms. Rise of atmospheric air pollution level starts in parallel with increase of motor transport
traffic intensity. When t = 6h, concentration values are within limits of 15-20 pg/m® at 2 m height from the
earth surface at urbanized territories and in the close proximity of central streets. In the mentioned period of
time, aweak substance transfer from surface layer of the atmosphere to its upper parts occurs. As aresult, by
t = 6 h, a 100 and 600 m from the earth surface, maximum concentration values reach 6 and 1 pug/m?®,
respectively. Increase of atmospheric concentration lasts until 10-11AM. Thisincreaseisespecialy intensein
the city center and its north-eastern part (Ukimerioni, Gamarjveba, Sapichkhia, Dzelkviani and City-Museum)
(Fig. 3). Concentration value at this territory reaches 35 pug/m?2. Concentration increase also takes place at the
highways connecting Kutaisi with Khoni, Tskaltubo resort, Samtredia and at the Kutaisi by-pass road.

Fig. 3. Spatid distribution of PM10 concentration (ug/m®) and wind velocity vector (m/sec), obtained by
numerical modeling, whent =9, 12 and 15 h.

After 11 AM, concentration starts to reduce throughout the modeling area. This reduction lasts until 3
PM. A uniformincrease of concentration takes place after 3PM, as well. Maximum concentration 30-35 pg/m?®
isregistered at 6-7PM in the surroundings of main avenues of the city (Fig. 4). In the ensuing points of time
concentration quickly reduces until the midnight, and afterwards the pollution change process lasts on a quasi-
periodical basis.

At 100 and 600 m level from the surface, concentration value is mainly within the limits of 2-7 pg/m? and
atime of achievement of its maximum values (7-11 ug/m?) by 2-3 hours lags behind atime of achievement of
maximum surface concentration.
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Fig. 4. Spatia distribution of PM 10 concentration (ug/m?) and wind velocity vector (m/sec), obtained by
numerical modeling, whent =18 and 21 h.

In Fig. 5 there is shown the diagram of PM 10 concentration time change obtained via calculations for
main types of observation points. It is seen from Fig. 5 that time change of concentration at trunk roads, main
city streets and urbanized territories is characterized by presence of 2 maximums (whent = 8-9 h and 19-21 h)
and 2 minimums (whent = 4 and 14-15 h) of concentration. The moreis PM 10 emission rate, the more apparent
are mentioned extremums. It isworth noticing the presence of local concentration maximums by 6AM.

Fig. 5. Time change of PM10 concentration at trunk roads (1), centra city streets (2), dong industria (3) and
rural (4) zones and in unpopulated points at 2 m height from the earth surface.

As for rura-type settled and unpopulated territories, concentrations values in their surroundings don’t
exceed 5 ug/m? and their time change is not clearly expressed.

BN, g - T e N

Fig. 6. Column diagrams and numerica values of PM2.5 (red) and PM 10 (blue) concentrations (ug/m?)
obtained by experimental measurements.
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Numerical modeling results have been compared with the results of carried-out special expedition
measurements (Fig. 6). As the comparison showed, the results of theoretical and experimental measurements
are close to each other. The mentioned fact points at the great importance of motor transport traffic in the
process of microaerosol pollution of Kutaisi atmosphere.

Conclusions

Peculiarities of spatial distribution and time change of PM 10 concentrations generated by motor transport
at the territory of Kutais city in case of background fresh breeze in June have been studied by means of
numerical modeling. It has been shown that the values of calculated concentrations are within the values
observed. Patterns of spatial distribution of concentration in the city and its adjacent territories have been
established at different parts of aday. It has been shown that spatial distribution of concentration significantly
depends on both motor transport intensity and kinematics of surface layer of the atmosphere and local
circulation system formed by diurna change of thermal regime on the underlying surface.
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HUccaenoBanue 3arpsisHeHust atMmocgepHoro Bozayxa r. Kyrancu
yactuuamu PM10 yucjieHHBIM MOAeJIMPOBAHUEM.
Cayuait cMJIbHOTO (DOHOBOTO 3aNIAJHOTO BeTpPa

A. Cypmasga, B. Kyxanamsuiu, H. 'uraypu, JI. UHukupBeu

Pe3rome

[lyTem 4MCIIEHHOTO MOJICTUPOBAHUS UCCIIEIOBAHbI OCOOCHHOCTH TPOCTPAHCTBEHHOTO PAaCIPOCTPAHEHUS U
n3MEeHeHus Bo BpeMeHHt dactull PM 10, 06pa3oBaHHBIX aBTOTPAHCIIOPTOM Ha Teppuropui I. Kyraucu B ciydae
CHJIBHOTO (DOHOBOTO 3amazHoro Berpa B HioHE. [loka3aHO, YTO 3HA4YEHUS! BBIYMCICHHBIX KOHLEHTpaIMH
HaxXOZATCS B Tpeenax HaOIoAaeMbIX BEITHMYMH. YCTAHOBIIEHBI KapTHHBI MIOBEPXHOCTHOTO pacIpeesieHus
KOHIIEHTpAIMi B TOpOJie M Ha MPHJIETAIOIINX K HEMY TEPPHUTOPHUAX B pa3Hoe Bpems nHA. [lokazano, 4to
MIPOCTPAHCTBEHHOE PACIPEEIICHNE KOHIEHTPAIMY B 3HAYUTEIBHOMN CTENIEHHN 3aBUCUT Kak OT HHTEHCUBHOCTH
JBIDKEHHST aBTOTPAHCIIOPTa, TaK M OT KHHEMATUKH TPU3EMHOTO cJosi arMochepbl H JIOKAIbHOU
IUPKYJSIMOHHOW CHCTEMBI, C(HOPMHUPOBAHHOW CYTOYHBIM HW3MEHEHHEM TEPMAIbHOTO pEXuMa Ha
MOJICTHIIAONIEH TOBEPXHOCTH.

KuroueBnble cjioBa: 3arpssHenue arMochepsl yactuiiamu PM 10, drucieHHOe MOJISIMPOBaHUE, KOHIICHTPALIHS,
CHJIHHBIN (DOHOBBIN 3alaTHBIN BETEP.
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ABSTRACT

Hydrochemical characteristic of artesian and spring (drinking) waters available at the territory adjacent to arsenic
processing enterprises of Racha-Lechkhumi and Kvemo Svaneti region in 2022-2024 has been considered in the work.
There have been identified artesian and spring waters polluted with different ingredients.

The following conclusions have been made based on the carried-out studies:

e in some cases, among ingredients polluting artesian and spring waters there has been registered increase of
some components (mineral forms of nitrogen, water hardness, sulfates, mineralization, microbiological indicators)
compared to respective MPCs; these waters belong to the category of medium-salt (average mineralization) waters,
while an acid water of the spring located below Lentekhi is ranked among highly mineralized waters;

o total arsenic content in the spring waters flowing towards Tsana in 2022-2024 has surpassed the MPC and
arsenic hazard quotient HQpw > 1, so these waters are at risk;

e arsenic concentration in other spring waters is within the norm.

Key words. artesian waters, spring waters, hydrochemistry, arsenic, pollution.

I ntroduction

Arsenic ore extraction, processing and arsenic-containing compounds production took place for
several decades in Tsana and Uravi villages of Racha-Lechkhumi and Kvemo Svaneti region. As of today,
both deposits are temporarily closed down and there is no more arsenic production there. But alarge amount
of toxic waste remained due to arsenic production (more than 130 000 ton of waste containing 4-9% of white
arsenic) is still stored at the territory of mining and chemical plant and is not safely disposed there[1; 2]. For
years, the basic mechanism of arsenic waste propagation is related to washing-out of toxic waste by
atmospheric precipitations and waters of overflowing rivers and their transfer that leads to high risk of
ecological catastrophe for artesian waters and soils[3-5].

Arsenic is anatural component of the Earth crust and is spread in any ecosystem. It is represented in
the nature by organic and inorganic forms, and the latter is very toxic [6]. Despite the fact that generally
arsenic may penetrate the human organism through skin, respiratory passages, it mainly hit the organism
from food and drinking water. Organic arsenic varieties are most common in sea products, while in the land
products they are basically represented by inorganic forms of 3-5-valent arsenic. Based on this fact, arsenic
mainly enters the food chain from polluted soil and water.

Materials and methods
Physical-chemical and hydrochemical characteristic of artesian and spring waters available at the

territory adjacent to arsenic processing enterprises of Racha-Lechkhumi and Kvemo Svaneti region in 2022-
2024 is given in the work. With the purpose of solution of assigned tasks, sampling points for artesian and
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spring waters have been selected from background and contaminated places of the Racha-Lechkhumi and
Kvemo Svaneti region.

The following indicators have been identified in the water samples taken: physical-chemical and
hydrochemical parameters, in particular: pH, eectric conductivity; biogenic substances: NO,, NOs, NH4*,
PO,*, principa ions, mineralization, general total forms of arsenic [7], tota Coliforms, E-coli and fecal
streptococci [8].

The following formula has been used for calculation of the hazard quotient [9]:
Hazard quotient (HQ) = Measured concentration (MC)/Environment quality slandards EQSpw

In case of HQ >1.0, arsenic is considered as a potentia hazard for water medium and, respectively, for
population health.

The following EQS boundary values have been used:

drinking water: 0.01 mg/l (maximum permissible concentrations according to the Decree no. 58 on Approval
of Technical Regulations for Drinking Water protection from Pollution in Georgia) [10].

Analyses have been conducted using the up-to-date methods and equipment, which meet the requirements
and comply with European standards, in particular:

1. Spectrophotometric method - SPECORD 205; 1SO 7150-1: 2010;

2. lon-chromatographic method 1C-1000; 1SO 10304-1:2007

3. Plasma-emission spectrometer - |CP-OES; Epa method 200.8;

4. Field portable apparatus - Hanna Combo pH/EC/TDS/PPM Tester H198129;
5. IDEXX-Apparatus - ISO 9308-3

6. pH-meter - Milwaukee-Mi 150.

Results and discussion

Results of hydrochemical and microbiologica analyses of artesian and spring drinking waters are given in
Tablel.

Table 1. Results of hydrochemical and microbiological analyses of artesian and drinking waters
June, October 2022.

Spring water from
Spri.ng water in the the mountain in the AciFiic water MPC *
. territory of Uravi 2 direction of Tsana | (spring) above

# Ingredients (150-200 m away) Lentekhi

X-359777 X-316809 X-313288

Y-4722474 Y-4741183 Y-4741009

June

1 pH 8.0 7.1 6.5 6-9
2 Electrical conductivity, psms/cm 89 345 1125
3 BODs, mg/l 1.25 2,10 0,95
4 Hardness, mg.seq./| 0.97 5,53 18,57 7-10
5 Ammonium, mgN/I 0.221 0,098 0,469 0,39
6 Nitrites, mgN/I 0.022 0.075 132.05 1.0
7 Nitrates, mgN/I 0.113 0.029 0.070 10
8 Phosphates, mg/I 0.072 0.196 0.156 35
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9 Sulfates, mg/l 1.29 53.67 1251 250
10 | Chlorides, mg/l 0.46 0.06 81.99 250
11 | Bromine, mg/l 0.170 0.101 0.667
12 | Fluoride, mg/l 0.072 0.041 0.040 0.7
13 | Hydrocarbons, mg/l 74.42 189,10 502,64
14 | Potassium, mg/l
15 | Sodium, mgi 0.88 0,95 80,5
16 | Calcium, mg/l 10.44 84,27 220,15
17 | Magnesium, mg/l 5.52 16,19 10,98
18 | Mineralization, mg/l 93.14 341,28 921,76 1000-1500
19 | Arsenic-As, mg/l 0.0097 0.0123 0.0013 0.01
20 | E-Coali,in 250 mi 8 10 N.D not
21 | Totd coliformsin 250 ml 25 32 N.D allowed
2 Fecal streptococci, in 300 ml 5 3 N.D

October
1 | Arsenic-As, mg/l 0.0016 |  oom1 [ 00024 0.01

MPC* - maximum permissible concentrations according to Technical Regulations for Drinking Water
(Decree Ne58 of the Georgian government as of 15" January of 2014, Thilisi) [10]

As is seen from Table 1, pH of artesian and spring drinking waters varies within the limits of 6.5-
8.0. pH (medium reaction) equa to 6.5 is peculiar for spring acid water. It should be especialy noted an
increase of hardness of spring acid water (18.57 mg.eq/l) compared to MPC. Content of hydrocarbonates is
502.64, Ca** — 220.15, Na* + K* — 80.5and Mg*™* — 10.98 mg/l.

Biogenic elements (nitrogen, phosphorus), which reflect surface water pollution degree and are
indicators of anthropogenic load, are important components. It is especially important to control the content
of their separate forms (NH4*, NO2, NOgz, PO4*) in water, which point at the intensification of such
processes as fecal contamination induced by discharge of household and agricultural waste waters. Among
nitrogen mineral forms there are identified high contents of ammonia (0.469/1.2 MPC) and nitrite forms
(132.05/132.1 MPC) that is presumably stipulated by the impact of fecal waste waters, causing pollution of
the mentioned spring water. Nitrate and phosphate values don’t exceed the respective MPCs. Mineralization
of this spring comprises 921.76 mg/l so it is ranked among the waters with moderate mineralization (500-
1000 mg/l) [11], while a spring water flowing from mountains towards Tsana, belongs to the category of
medium-salt (average mineralization) waters (341.28 mg/l).

In samples taken from the spring watersin June (Table 1), arsenic content at the territory of Uravi 2
(at 150-200 m distance) amost equals to one MPC, while in the spring water flowing from mountains
towards Tsana, arsenic concentration is 0.0123 mg/l and its ratio to MPC is 1.2, i.e. arsenic concentration
1.2-times exceeds MPC. It should be mentioned the fact that this water is heavily used for drinking by
population. Arsenic content in the spring’s acid water above Lentekhi is low and its concentration comprises
0.0013 mg/l. Arsenic concentration higher than MPC in the spring water flowing from mountains towards
Tsana was recorded again in October (0.0111 mg/l), and in other cases arsenic concentration is within the
norm.

Based on this fact, a hazard quotient (HQaw) in both months varies in artesian drinking waters from
0.0013t0 0.0123 mg/l and create a hazard, since all measured concentrations were not lower than MPC.
Pollution is resulted not only in change of physical properties of water (color, odour, muddiness), but also
chemical composition (organic, biogenic substances, heavy metals etc.) and microflora. River water
bacteriological purity is evaluated by means of intestinal bacteria (E-coli) quantity per 1 liter of water (Coli
index). High value of Coli index is an indicator of fecal contamination of water (MPC - not allowed), (Table
1), [11].
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In Tables 2 and 3 there are given the results of hydrochemical analyses of artesian and spring
drinking watersin 2023-2024.

Asis seen from Table 2, a srping’s acid water above Lentekhi stands out here too, according to its
hydrochemical parameters. Water hardness comprises 18.44 that exceeds MPC. Chloride content is high, as
well, and surpasses MPC, spring water mineralization is 2612.22 mg/l and this water belongs to the category
of highly mineralized waters.

Among mineral forms it should be noted high content of ammonia (0.44 mg/l) and nitrite nitrogen
(11.70 mg/l), which equals 1.1 and 58.5 MPC, respectively.

Arsenic content is high in the spring water flowing from mountains towards Tsana, where arsenic
content 1.3- and 1.9-times surpasses MPC.

As can be seen from the conducted results, similarly to Table 1, in the month of October (Table 2,
Fig. 1), a spring water at the Uravi 2 territory and towards Tsana contains E-coli, total coliforms and feca
streptococci, which are not permitted according to Georgian legislation, while for acid waters pollution in
terms of microbiological parameters was not registered.

Table 2. Results of hydrochemical analyses of artesian and spring waters, May, 2023.

. . ) Spring water . rin
g | Srronae | romhemaun| POV | el rom | Acdcwte
; above Uravi 2 taininthedire) ) ntain (in the (spring) above|MPC *
# Ingredients Uravi 1 |(150-200 m away) ction of Tsana themiddle) n(]ionuln;:)n L entekhi
X-359777 X-316809 X-316833 X-316930 X-313288
Y-4722474 Y-4741183 Y-4741198 Y-4741232 Y-4741009
May

1 pH 7.9 7.8 8.2 7.9 8.1 7.0 6-9

Electrical
2 conductivity, 105 85 350 170 190 2558

usms/cm
3 BODs, mg/l 0.98 1.45 2.25 0.75 1.35 0.78
4 Hardness, mg.seq./| 1.30 1.03 4.49 1.93 2.07 18.44 7-10
5 Ammonium, mgN/I 0.44 0.053 0.058 0.059 0.054 0.212 0.39
6 Nitrites, mgN/I 0.021 0.095 0.216 0.052 0.126 11.70 0.2
7 Nitrates, mgN/I 1.072 0.320 0.237 1.304 1.202 0.084 50
8 Phosphates, mg/| 0.085 0.142 0.153 0.112 0.241 0.094 35
9 Sulfates, mg/| 2.94 2.86 78.89 4.22 12.28 24.40 250
10 | Chlorides, mg/l 3.77 2.29 2.27 3.38 3.30 376,84 250
11 | Bromine, mg/l 0.120 0.142 0.381 0.210 0.059 0.910
12 | Fluoride, mg/l 0.111 0.016 0.200 0.023 0.060 0.042 0.7
13 | Hydrocarbons, mg/l 75.64 59.78 180.56 124.44 136.64 1526.22
14 | Potassium, mg/l
15 | Sodium, mgl 3.08 2.05 45 6.0 4.0 333.88
16 | Calcium, mg/l 13.17 10.61 71.81 26.63 26.51 291.71
17 | Magnesium, mg/l 7.85 6.04 10.99 7.33 9.07 47.26
18 | Mineralization, mg/l 107.62 84.03 349.56 172.18 192.01 2612.22 1000-1500
19 | Arsenic-As, mg/l 0.0072 0.0086 0.0133 0.0092 0.0190 0.0022 0.01

October

1 Arsenic-As, mg/l 0.0004 0.0025 0.0144 0.0093 0.0149 0.01
2 E-Coli, in 250 ml 5 3 4 11 N.D
3 Total coliforms in 1 8 10 21 N.D not

250 mi

Feca streptococci, in 2 7 allowed
4 ' N.D N.D N.D

300 ml

MPC* - maximum permissible concentrations according to Technical Regulations for Drinking Water.
(Decree Ne58 of the Georgian government as of 15" January of 2014, Thilisi) [10]
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in 250 ml

25

20

15

10

Spring water, in
the territory of
Uravi 2

Microbiological contamination

HI

Spring water, in  Spring water from Spring water from

the direction of
Tsana

the mountain (in the mountain (in
the middle)

last)

M E-Coli

M Total coliforms

Acidic water,

upper Lentekhi

Fig. 1. Microbiological pollution in spring water, October, 2023
(MPC — is not permitted).

Fecal streptococcus

Table 3. Results of hydrochemical analysis of artesian and drinking waters, April, 2024.

. . ring water from ring water . Acidic water
. Spring water Sprl.ng water in the t?t)a mc?untajn in the| Spfror?'n the Spring water (spring)
# Ingredients aboveUravi 1 |'&Tory of Uravi 2 direction of Tsana | mountain (in "°’.“ thg MO ahove MPC*
(150-200 m away) ) ntain (in last) .
themiddle) Lentekhi
1 pH 7.6 7.8 8.0 81 8.3 6.9 6-9
Electrical
2 conductivity, 135 98 365 220 310 390
pusms/cm
3 BODs, mg/l 1.32 1.52 1.95 1.25 0.95 5.27
4 Hardness, mg.seq./I 1.53 1.09 2.93 3.15 245 3.58 7-10
5 Ammonium, mgN/| 0.226 0.217 0.252 0.236 0.302 0.318 0.39
6 Nitrites, mgN/I 0.170 0.051 0.044 0.111 0.124 0.050 0.2
7 Nitrates, mgN/I 0.624 0.756 2114 1.326 3.321 0.203 50
8 Phosphates, mg/I 0.171 0.084 0.147 0.139 0.088 0.018 35
9 Sulfates, mg/| 4.63 6.46 58.65 8.24 52.34 28.55 250
10 | Chlorides, mg/l 2.66 297 3.23 2.78 3.09 12.22 250
11 | Bromine, mg/l 0.046 0.016 0.036 0.048 0.015 0.092
12 | Fluoride, mg/l 0.237 0.488 0.108 0.131 0.178 0.321 0.7
13 | Hydrocarbons, mg/l 96.16 65.88 0.178 0.205 0.269 239.12
14 | Potassium, mg/l
15 | Sodium, mg/l 4.5 5.0 55 4.0 4.5 36.25
16 | Cacium, mg/l 17.82 11.24 65.42 52.25 32.86 51.42
17 | Magnesium, mg/l 7.82 6.49 9.133 10.02 8.53 11.89
18 | Mineralization, 133.23 99.14 34555 238.60 3588 | 38012 |00
mg/I 1500
19 | Arsenic-As, mg/l 0.0093 0.0023 0.0123 0.0140 0.0152 0.0072 |0.01

MPC* - maximum permissible concentrations according to Technical Regulations for Drinking Water
(Decree Ne58 of the Georgian government as of 15" January of 2014, Thilisi) [10]
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mg/I As
0.016

0.014

0.012
0.01 B As
0.008 & MPC
0.006
0.004
0.002
0

Spring water Spring water Spring water Spring water Spring water Acidic water
above Uravi 1 in the from the from the from the (spring)
territory of moun-tain in mountain (in mou-ntain above
Uravi2  the dire-ction the middle) (in last) Lentekhi
of Tsana

Fig. 2. Arsenic concentration content in artesian and drinking waters, April 2024.

According to hydrochemical parameters, a spring acid water, which is located above Uravi 1, with
observed water hardness increase (3.58 mg.eq/l), stands out again (Table 3). Hydrocarbonate content
comprises 239.12; Ca*™ — 51.42, Na* + K* — 36.25 and Mg** — 11.89 mg/l, though none of these
parameters surpasses MPC.

Among mineral forms of nitrogen, high contents of ammonia and nitrite forms are not registered, and nitrate
and phosphate values don’t exceed respective MPCs.

In the spring water flowing from the mountains towards Tsana, arsenic concentration comprises
0.0123-0.0140 and 0.0152 mg/l and its ratio to MPC is equal to 1.2, 1.4 and 1.5, i.e. arsenic concentration
1.2-1.5-times surpasses MPC (Fig. 2). It should be mentioned the fact that waters of all three springs are used
for drinking by population. Proceeding from this fact, hazard quotient (HQaw) of spring water flowing from
mountains towards Tsana exceeds permissible standards in April and poses a danger, since all measured
concentration were not lower than MPC. In other cases, arsenic concentration is within the norm.

Conclusions

e in some cases, among ingredients polluting artesian and spring waters there has been registered
increase of some components (mineral forms of nitrogen, water hardness, sulfates, mineralization,
microbiological indicators) compared to respective MPCs, these waters belong to the category of medium-
salt (average mineralization) waters, while an acid water of the spring located below Lentekhi belongs to the
category of highly mineralized waters;

e in spring water flowing towards Tsana, arsenic concent in 2022-2024 has exceeded MPC and arsenic
hazard quotient HQpw >1, s0 these waters are at risk;

e arsenic concentration in other spring waters iswithin the norm.
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I'mapoxuMuyeckoe uccjae10BAaHUEe APTE3HAHCKUX U POAHUKOBBIX BOJI
pernona Paya-Jleuxymu u KBemo CBaneru 3a 2022-2024 rr.

JI. HlaBamamBuim, I'. Kyuasa, E. lllyoaanze, M. Tadaranse
Pe3rome

B pabote paccMoTpeHa TMAPOXMMHUYECKAs] XapaKTEPUCTUKA apTEe3UAaHCKUX U POAHUKOBBIX (IHTHEBBIX) BOJ,
HUMEIOIIUXCSI HA TEPPUTOPHHM, MpUJIETAIOIEH K MpennpusTHAM IO IepepaboTKe MbllIbsika peruoHa Paua-
Jleuxymu u KBemo CBaneru 3a 2022-2024 rr. BrisiBneHsl apTe3uaHCKUe U POJHUKOBBIE BOJBI, 3arpsI3HEHHbIE
Pa3IMYHBIMUA MHTPEAUEHTAMH.

Ha ocHoBaHMM pOBENEHHBIX UCCIICAOBAaHUN CHIEJIAHBI CIIELYIOLIIE BEIBOADIL:

e cpelu HMHIPEAMEHTOB, 3arps3HSIOIIMX aPTE3WaHCKHE M POAHUKOBBIC BOABI, B HEKOTOPBIX CIIydasx
OTMEUYEHO INPEBBIIICHUE KOMIIOHEHTOB (MHMHEpaJbHBIE (OPMBI A30Ta, >KECTKOCTb BOIBI, CYJb(aThl,
MHUKPOOHONIOTHUECKHE TIOKa3aTelld) 10 cpaBHeHWI0 ¢ coorBercTByrommMu [1/IK; naHHBIE BOABI
OTHOCATCSI K KaTeropud BOJ CpelHed MHUHEpaJu3alud, a KUcias POAHUKOBas Bojga Huxke JleHTexu
OTHOCHUTCS K KaTETOPHH BBICOKOMHUHEPAJIM30BAHHBIX BOJ;

® B POJHMKOBOH BOJe, TeKyllel B HampasieHuu llana, oOiiee comepikanue Mblbsika B 2022-2024 rr.
npesbimaet [1JIK, a nanexc onacHocty Mbibsika HQpw >1, T.e. JaHHBIE BOABI HAXOAATCS MOJT YTPO30H;

® B OCTaJbHBIX POJHUKOBBIX BO/IaX KOHIIEHTPAIUS MBIIIbSIKA HAXOJUTCS B MIpeienax HOPMBI.

KiroueBble ciioBa: APTE3UAHCKUC BOJbI, POJAHUKOBBIC BOJbI, THAPOXUMMUS, MBILIBIK, 3aIPA3HCHUC.
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ABSTRACT

Based on radioecological monitoring data, the average content of *’Cs and *S in 2019-2023 in the black earth soils
of Georgia was studied. The obtained results are marked with the corresponding coordinates and given on the map.
The average content of *¥Cs in black earth soils was determined to be 13.9 Bg/kg. The standard deviation is 14.0
Ba/kg. The content of *¥’Cs in almost 95% of black earth soils does not exceed 32 Bg/kg. The average content of S in
soils is 4.1 Bg/kg. The highest 3’Cs contamination is recorded in the Samtskhe-Javakheti region of Georgia
(Akhalkalaki, Akhaltsikhe, Vale, Ninotsminda, Adigeni, Aspindza, Akhaldaba). Radionuclides in the mentioned sails,
namely ?°Ra content is 23 Ba/kg, 2?Th is 31 Bg/kg. As for °K-500 Bg/kg. The role of long-term decay products °Pb in
the contamination of agricultural productsis discussed.

Key words: radioecology, soils, radionuclides.

I ntroduction

Black soils are quite widespread in Georgia, both in eastern and western Georgia. Black soils are
characterized by a large thickness of humus horizons and a high content of humus. These soils are
characterized by high fertility and are intensively used for growing perennia crops and various agricultural
crops (Akhalkalaki, Akhaltsikhe, Vale, Ninotsminda, Adigeni, Aspindza, Akhaldaba - Fig.1)

M aterials and methods

After the accident at the Chernobyl power plant, soil radiation monitoring and environmental
assessment of agricultural fields became important. Based on local monitoring data, we estimated the dose
rate of gamma radiation exposure and the contamination levels of *¥’Cs and *°Sr in agricultural black earth
soil types.

Agro-ecological soil monitoring and long-term observation system, determining the condition in
space and time, beyond the processes and changes taking place in them, is the most important component of
ensuring environmental safety [1]. The dynamics of radionuclide content was monitored at local monitoring
reference sites. Constituent analyzes of the research are presented from 10 units. The dynamics of *¥'Cs, *°Sr,
226Ra, 22Th and “°K in black soil were studied.

Results

Statistical processing of the data was carried out, the obtained results are presented in Table 1. The
contamination with *¥’Cs in black soils in the territory of Georgia does not exceed 31 Bg/kg. The average
concentration of *Sr in the mentioned soils is 4.1 Bg/kg. The level of pallution is 1.2-5.1 Bg/kg. In the
range. Studies indicate that the results are concentrated in the set near the mean value. Extreme values are
quite rare. The average vaues of changes over time in the content of *’Cs and 90Sr in black earth soilsin
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2019-2023 are presented in Fig. 1. The content of ©*’Cs in the study soils in 2019 was 13.4 Bg/kg, Slightly
decreased in 2022 - 11.2 Bg/kg. And the content of *Sr in the same years was - 4.3 Bg/kg, later it decreased
-2.2Bag/kg[2].

The haf-life of the named radionuclide is equal to 30.0 years. The decrease of *’Cs occurs in the
spring, during the flood period, this season is characterized by the cleaning of contaminated areas from *'Cs,

Black soils of Georgia

" Fig.L. Black earth soils of Georgia.

By 2023, the radiation situation in the region will be improved, the radiation pollution levels of
specific agricultural fieldswill decrease.

Transfer of *¥’Cs from black earth soil to plants is the smallest compared to other types of soil. **¥'Cs
is involved in isotope exchange reactions in soil that occur as a mixture of potassium in soil-forming
mineras and fertilizers. The content of ®Sr in black soil in the area contaminated with **’Cs is 2-26 Bg/kg.
An important way of action is to reduce the contribution of radionuclides by humans to soils from the point
of view of agriculture[3].

This study presents data from the statistical evaluation of al land soils. Analyzes were conducted at
the Agricultural Research Center, the results are presented in Tables 1.

The decay products of long-lived elements - ?°Ra, ?®Ra, #°Pb - have radiological importance and
considerably more radiation.

Table 1. Levels of radionuclide contamination in the mentioned regions.

Sampling Radionuclide Content Bg/kg Sampling Radionuclide Content Bg/kg
Iocatl On 226Ra 232Th(228Ra) 40K Ioca“ on 226Ra 232Th(228Ra) 40K
Akhalgalagi 26.5 29.2 490 Adigeni 14.9 31.7 480
Vale 19.9 22.8 390 Aspindza 24.8 28.0 480
Adigeni 24.2 36.4 510 Akhaltsikhe 16.5 32.6 440

It should be noted here that the introduction of increased doses of mineral fertilizers into the soil
creates desorption in the soil, which leads to an increase in radionuclides. In terms of radiation - 2°Pb is a
very toxic radionuclide [4].

Conclusion

From the point of view of radiation safety, the conditions of provision should preferably be
controlled - the content of 2?°Ra.in agricultural black soil.

Thus, the transfer of natura radionuclide isotopes from agricultural soils to plants was determined as
26Ra and ?®Ra. High concentrations of these radionuclides in soil can lead to increased levels of
contamination in food products.
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HexoTopble pe3yabTaThl PpAAH0IK0OJI0TMY€CKOT0 MOHUTOPHHTA
YyepHO3eMHBIX MOYB I'py3un

C. MatnamBuiau 3. YaHkceauanu
Pe3iome

[To maHHBIM PaTHO’KOIIOTHUECKOTO MOHUTOPUHTA B YepHO3eMHBIX TouBax [py3uu B 2019-2023 1. n3y4eHO
cpennee conepxxanne ¥'Cs u S, TlonydeHHbIe Pe3yIbTaThl OTMEYEHBI COOTBETCTBYIOUIMMH KOOPIMHATAMHU
¥ yKa3aHbl Ha KapTe. YCTAHOBJIEHO, 4TO cpeaHee conepxanue 3’Cs B 4epHO3eMHBIX mouBax pasHo 13.9
Br/kr. CranmaptHoe oTkinoHenue coctasiser 14.0 Br/kr. Conepxanne ¥'Cs moutn B 95% 4epHO3EMHBIX
nous He mpesbimaer 32 Bk/kr. Cpemnee comepxkanue PSr B mousax cocrasusier 4.1 br/kr. Hanbonbuiee
sarpssaenne ¥'Cs sapukcuposano peruone Camixe-/xapaxetu Ipysun (Axankanaku, Axanuuxe, Bane,
Hunorvunga, Anurenu, Acmmamza, Axanmaba). ComepikaHuwe paguOHYKIHWIOB B yKa3aHHBIX IIOYBAX, a
umeHHO *®Ra, coctasnser 23 Br/kr. 22Th cocrasnser 31 Bx/kr. Urto kacaercs “°K -500 Bxk/kr. O6¢cysxkaaercs
POJIb TIPOLYKTOB JJIUTENILHOTO pacnana 2°Pb B 3arpsa3HeHMH CETbCKOXO3SHCTBEHHOMN TPOLYKIHH.

KaroueBble cjioBa: PpaanosKOJIoruA, rmo4Bbl, paJuOHYKIIUIBI.
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ABSTRACT

Solid mineral wastes generated as a result of mining and processing of minerals represent a significant environmental
problem of the geosphere. Their accumulations in terms of scale and content are deservedly referred to technogenic
deposits, the development of which is of great interest both for modern and upcoming digital-industrial revolution
called "Industry-4.0". It is noted that the effectiveness of this activity will depend on the efficiency and adequacy of the
assessment of the environmental and economic feasibility of extracting the target components, on the quantitative
assessment of the volume of accumulation of the extracted element, the possibility of extending its life cycle, on the
expected composition of by-products and their consumer value, on the minimum acceptable level of profitability of the
selected devel opment technology, as well as - on the rate of re-accumulation and environmental inertness of the waste
generated during recycling. In connection with the above, this study emphasizes the importance and necessity of the
application of modern hybrid geospatial artificial intelligence (GeoAl), which includes the synergy of general artificial
intelligence (Al) based on adaptive neuro-fuzzy inference system (ANFIS) with geographical information systems (GIS).
Conseguently, in order to increase the efficiency of GeoAl application and to obtain accurate and effective results in
solving the set tasks, it is recommended and justified the expediency of combining the knowledge of neural networks and
fuzzy logic with GIS data, where the latter will serve as a source-storage of reference (initial/boundary) data on the
current and desired for achieving the set goal changes in the devel oped technogenic deposits.

Key words: ecology of the geosphere, technosphere, secondary resources, GeoAl, Industry-4.0.

Introduction

It is known that geospatia artificia intelligence (GeoAl) is a hybrid of artificial intelligence (Al) and
geographic information system (GIS) with inherent spatial data and geospatial analysis technologies, the
purpose of which is to adequately identify spatial problems accumulating in the technosphere and search for
optimal options for their successful solution [1]. GeoAl functionality aso includes the use of spatially
oriented artificial intelligence methods [2], based on the adaptive neuro-fuzzy inference system (ANFIS) [3],
which is designed to solve spatial problems through the analysis of spatial data and includes methods for
detecting patterns, making forecasts, spatio-temporal forecasting of upcoming/expected changes, etc.

GeoAl can play acritical role in solving spatial problems across a wide range of application areas. An
important aspect of GeoAl is the application of traditional artificial intelligence methods in obtaining spatial
data by extracting, classifying and discovering information from/in structured and unstructured data. This
data includes tabular data, remote sensing data (including rasters, images, lidar point clouds, video, and
others), and even text data. When obtaining spatial data, it is necessary to solve problems such as searching
and organizing objects in images, creating 3D data using lidar, or extracting location information from
unstructured text for subsequent geocoding [4].
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Another key aspect of GeoAl is the application of machine learning and deep learning techniques,
including spatial statistical methods and machine learning techniques, to anayze spatial datafor applications
such as spatia pattern detection and forecasting, including spatiotemporal forecasting. Using new machine
learning and deep learning tools with spatial data gives practitioners new opportunities to explore complex
problem spaces. Using machine learning techniques on spatial data, as well as incorporating spatially-aware
models that incorporate some geographic aspects (location, shape, proximity, etc.) directly into the
forecasting algorithm, can not only make the models more efficient, but also more accurate. reflecting the
reaity that they are trying to model. These methods can be used to allocate, conserve, or exploit mineral
natural or secondary resources based on meaningful spatia patterns, to identify trends and anomalies in
space and time, and to incorporate spatial relationships into forward-looking planning processes.

Based on the above, it is indisputable that GeoAl can play a vita role in solving optimization
problems related to the formation, conservation or development of deposits of technogenic origin that are
harmful to the geosphere. Therefore, assessing the state of development, deep learning and effectively
exploiting the potential of GeoAl seemsto be avery urgent task.

Features of the formation of technogenic deposits and therole of GeoAl in their management

Solid mineral waste, as arule, is formed due to a discrepancy between the composition of the subsoil
and the needs of society. They can be divided into mining waste (overburden) and mineral processing waste
(tailings). The amount of mineral waste generated mainly depends on the characteristics of a particular
deposit: the conditions of occurrence of the mineral, the method and technology of development, the content
of the useful component, enrichment technologies, etc. Waste generated as a result of mining or processing
of minerals is stored using special storage facilities. Since these can be quite large formations containing
under-extracted mineral components, the term “technogenic deposits” was introduced in many countries of
the world, including Georgia[5]. This means that under certain conditions (for example, after achangein the
degree of conditionality), it becomes advisable to selectively extract minerals from these accumulations of
mineral mass on an industrial scale [6].

As arule, technogenic deposits are represented by two types of objects. dumps and tailings dumps.
The former is formed due to the accompanying extracted rock mass, the latter are waste from pyro - or
hydrometallurgical processing of primary mineral raw materials. Accordingly, they differ from each other in
mineralogical and granulometric composition. According to the possibilities of use, solid mineral waste can
be divided into three groups: waste for which there are no technologies for their processing or the volume of
their formation exceeds the needs of the economy for this type of resource; waste for which processing
technologies are available, but production capacity is insufficient; waste that is secondary raw materials and
included in material balances, but not yet used by enterprises.

The most significant ways to reduce the scale of accumulation of mineral waste include: reclamation
of dumps and tailings, use of waste to fill mined-out space, recycling of depleted technogenic raw materials,
aswell as additional extraction of useful components present in waste [7, 8].

The primary role of GeoAl in the management of marked technogenic mineral accumulations is to
identify them, map them, inventory them, assess the degree of their growth/decrease and the actual impact on
the environment, in order to prevent possible environmental disasters. This is especially true for tailings
ponds of ore processing plants, where large quantities of sludge with a high-water content accumulate, the
safe retention of which requires the construction of especially expensive reinforced dams. For Georgia, such
objects that are in dire need of servicing GeoAl systems are the Gurgumel tailings dump of the Chiatura
manganese mining and processing plant [9] and the tailings of the Kazretsky complex RMG-Cooper, which
mines gold and copper [10].

Features of the environmental and economic impact of technogenic deposits and the
possibility of their mitigation using GeoAl
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The negative impact of these storage facilities on the environment occurs mainly in the following
areas. pollution of the atmosphere surrounding the facility, surface and underground water bodies, and soil.
Substances released by these objects may have toxic or radioactive properties. In addition, in some places the
height of mineral mass storages can reach 100 meters or more, which contributes to changes in the wind
regime and, accordingly, the climatic conditions of the area. A significant mass of stored substance puts
pressure on the surface of the earth and can lead to changes in the hydrogeological regime. Accumulated
dumps and tailings ponds occupy large areas, thereby removing potentially useful lands from circulation. For
enterprises, these environmental problems result in increased tax payments for negative impacts on the
environment [11].

The peculiarities of the influence of the process of accumulation and exploitation of technogenic
deposits on mining and metallurgical production is that enterprises are forced to bear certain costs, while
recelving additional products and economic results. In particular, the costs of utilization or recycling of
technogenic deposits are formed by costs associated directly with the extraction, transportation, processing of
mineral mass and the sale of the resulting finished product. At the same time, positive economic results
should include income from the sale of additional products, a reduction in environmental damage, a
reduction in the costs of disposal and maintenance of mineral waste and reclamation costs, a reduction in
payments for the disposal of solid waste into the environment and for the withdrawal of land suitable for
agricultural land [12]. Along with the positive environmental effect, there is also a negative one associated
with technological processing processes. It occurs during mining, enrichment processing, transportation of
rocks, enrichment tailings or metallurgical dag. During the development of the noted technogenic deposits,
the area of withdrawn land may temporarily increase, and the number of emissions into the atmosphere and
aquatic environment may increase [13]. It is here, to control and prevent random (unforeseen) environmental
violations, that the first need arises for the use of GeoAl, which includes the synergy of genera artificial
intelligence (Al), adaptive neuro-fuzzy inference system (ANFIS) and geographic information systems (GIS)
with human intelligence [ 14], authorized to make decisions.

Based on the above analysis, it follows that the development processes of the mentioned fields require
dynamic optimization in real operating time, both from the point of view of increasing technical and
economic and environmental efficiency. Solving optimization problems with dynamically changing input
parameters is not possible without the use of the modern hybrid intelligent system GeoAl. Here GeoAl can
certainly play a key role, both in monitoring and managing the processes of accumulation and targeted
consumption (recycling) of technogenic raw materias. In this case, data obtained from GeoAl can serve as a
generator of confirmed reference information for solving problems of mitigating the overall environmental
load, including minimizing land taken out of production and reducing the impact on adjacent above-ground
and underground water bodies. Based on the noted data, decisions made on the general feasibility of
developing a specific technogenic deposit, on the quantity and degree of extraction of the components
contained in it and their beneficial use, should be based on a summary environmental and economic
assessment that takes into account all of the above factors.

In this case, the criterion for environmental and economic assessment of the degree of development of
technogenic deposits used in GeoAl must satisfy the following basic conditions: take into account al the
main costs associated with the utilization of technogenic raw materials and the technical results obtained; do
not contradict various environmental indicators of production; not violate the maximum permissible
standards for the emission (discharge) of associated mineral or chemical formations and fully reflect the
benefit of these decisions for the interested party, i.e. the owner of the technogenic deposit. The last
condition is justified by the fact that the process of using technogenic deposits is most often interna to a
typical mining and metallurgical enterprise and is carried out at its own expense. Therefore, the assessment
does not require comparison of its efficiency with competitive production processes at other enterprises and
should be made according to internal indicators. This methodology is carefully described and algorithmized
in the study [8], where, using the example of manganese-containing industrial waste, a solution to the
problem of their highly efficient, economically break-even internal recycling is proposed.

The criterial framework developed in this way will make it possible to create on its basis new
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mathematical models suitable for training GeoAl. The created economic and mathematical models must
include a target function, by value, which selects the optimal technical and economic solution and a number
of boundary (ecological) conditions necessary for the objectivity of decision-making and reducing the
duration of the estimated time.

Such boundary conditions include: the total amount of technogenic mass in dumps and tailing dumps
planned for targeted use; annual amount of utilised technogenic mass; the amount of contained components
extracted during the disposal of solid mineral waste (degree of conditionality), the degree of extraction of
each component, the potential for replacing mined ore (Ore Subgtitution Index), the long-term scale of
extending the life cycle of existing mines and quarries, etc. As a current indicator of the degree of useful use,
it is recommended to take the coefficient of use of mineral mass, which is the ratio of the amount of minera
mass extracted from a technogenic deposit to the volume of products obtained as a result of metallurgical
restoration of this mass. It should aso be noted that when determining the number of extracted components,
one should be guided not only by their value, but also by the scale (volume) of their recycling, which is very
important for mitigating the anthropogenic load on the environment.

Conclusion

Carried out using geospatial artificial intelligence -GeoAl, the collection of geospatial information and
dynamic observation data of technogenic deposits and adjacent lands, combined with environmental, socio-
economic and other statistical data, will provide authorized decision-making bodies with a unique digita
contribution to preparation and monitoring and assessing the effectiveness of the chosen policy for the re-
development and use of accumulated secondary metal-containing resources. The scale of the formed digital
portfolio, along with digital developments and industry innovations of the fourth industrial revolution
“Industry 4.0” will play a decisive role in the global management of technogenic accumulations, allowing
humanity to take timely, more accurate and environmentally softened, biosphere-friendly steps in the
development of the technosphere.
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©53m853900L 3GMd9d9d0L 3505 FMHolsmM30l

3 X9609M0, 0. X569a0dY, M. B03B0g35dY, 3. MO
M9bomdg

LoLOMYOM Foool FM3m3900Ls O J93MTs3900L FggEs® Ho®dmgdbowo dysto dobgemowmMo
BoBgbgdo  8603369e™m356  93m@Ma0M®  LogOHmbgl  gdbosh  ggmbngdml.  smbodbmwo
BOMImygbwo  FoMdmboddbgdo, mszolbo  BoldBHedgdols s dg933germdol  dobgwzom,
©53LobMEGOMs©  3sloBOEOMYds  OMYMOE  39dbmagbmeo  LsdsMmgdo,  MMIgEwms
LoLoMPdEM 45538539053, MIMRMO 056539MMZ9MdOL, 1939 - 0bEIbLoMGmO FmEOIoGMYdOL
bEoosdo  dgmxo  «Industry  4.0»  Lobgwoom  bmdowro  dgmobg  0brlEGmomo
930300899930 3gMHOMPOLIMZOLSE  JO-gOMO  3M0MOOEBIGIO  sdMEsbs  0469ds.
UGOGH0530 359M33900005 506060 BMOHM3MYbMo 5dE03MmdOL 9B9gIGHMBMBOL 5To0egdOL
99LodgdMds BoligMeo 3m33mbybEYdoL Fgm®mso Fm3Mm3700L 93 MY0MHO ©s 93mbmdozMeo
905609 mbowmdol  3m33gdlmo  gRsligdol  gBom. Fsod  FmEol  bsBsldmmos  obgmo
3603960999900l 25m35¢olHobYdOL 59(30EGdEMDS, MMYMEOGOOESS JoBBMdMOZ0 JargdgbEHgdol
537999906Mgd0Ls s oo LsbomEbwm  396M0mEoL  JgLodwrm  FoBIMMMYdOL  BolidEsdgd0,
3900599953900L5L  FoMImgdbowro  ™sbdgz0  (56530BbMdM0Z0)  3MM©NYIEJOOL  Jodoe-
dobgMocrMo 9905096 mds s Fsmo  LAMILAIMGIWM  GsbigIEPMdS, Yo d53930LSMZOL
d90BgMmo  39dbmmaool M963od9wmdol dobodowmo  ©olsdzgdo BP3sM0, ©s dreml, -
3959353900l 9dolboMgdMwo  Bs®Bgbgdol  g3mermyom®o  M3bgdemdol  boGobbo.
d9LOMPGIMYWO 650Dl Logdzgwby, ILsbwo FoBbol Jobowmfigzs FgdmmozsHgdME0s
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O0Igwos  ©IxA369dmo 04693 5a3GH0MdM  6goMM-56593530m  LobGgdol  (ANFIS)
2996930606900l 3006303000 FgJdbocro bgarmgbm®o 0b@gwgddHol (Al) s 3gMmAMIz0M
068335309 LobEgdgdol (GIS) LobyMyosby, Losg gl M3sbsL3bgwro FgoliermeEgdl JoBbMdMOZ
A9J6maabme  Lodomdo, dobo  s3TFo3900Lol  J0IEObIMY  GBodBHMIMO30 S  WIRJRTOWO
330090900l dglobgd  9b5E0E03E  Fmbs3gdgdms  BsBol  BMOIoMmgdoLs s bgermgby®mo
06@&gagd@ob bgommdlgengddo dmmbmzbolsdgde dofirmgdol i3mbdaost.

1533560 LBo@yzgdo: 29mlRgOMml  930mwwmy0s,  GIJbMLBIOM, Tgmeso OGgbm@LYdo, GeoAl,
06@MLEHMH0s-4.0.

O noreHIMaje reoNpPOCTPAHCTBEHHOI'0 HCKYCCTBEHHOI0 MHTEJJIEKTA -
GeOAl ns pemeHHs 3aaa4 pa3padoTKH MeTAJLICOAEPKAIINX
TE€XHOT€HHBIX MECTOPOKAEHUI

I'. A:xxkanguepu, U. xxaneaunse, O. 3uB3uBanse , I'. Jlopus
Pe3rome

TBepable MuHEpanbHBIE OTXOABI, OOpasyloIIMecs B pe3yiabTare AOOBIYM M MEpepadOTKU IOJNE3HBIX
HCKOTIAeMBbIX, MPEICTABIAIOT COOOH CYLIECTBEHHYIO IKOJIOIMYECKylo mpobieMy reocgepsl. Mx ckoruieHus
Mo MacmTadaM W COJIEPXKAHUIO 3aCIYKEHHO OTHOCSAT K TEXHOTCHHBIM MECTOPOXKICHHSIM, pa3paboTka
KOTOPBIX IIPEACTaBIAET c00010 OOJIBIION MHTEpEC, KaK ISl COBPEMEHHOMN, TaK M — MpeJCTOosIed 1udpoBo-
MPOMBILIJICHHOW peBOJIONMHY, HaszbiBaeMon «WHamyctpueii-4,0». OTMedeHo, uTo 3()()EeKTUBHOCTh AaHHON
NEeSTeNbHOCTH OyJIeT 3aBHCETh OT ONEpPAaTUBHOCTH W aJeKBATHOCTU OIEHKH 3KOJIOI0-3KOHOMHYECKOH
1[E1€CO00Pa3HOCTH U3BJIEUEHUS IEJIEBBIX KOMIIOHEHTOB, OT KOJIMYECTBEHHOMN OLIEHKH 00beMa HaKOIUIEHHUS
W3BJIEKAEMOr0 3JIEMEHTAa, BO3MOXXHOCTH PACLUIMPEHMSI €r0 JKU3HEHHOTO LHUKIA, OT OXHIAeMOIo CocTaBa
MOJTy4aeMbIX TIOOOYHBIX TPOJYKTOB M HMX MOTPEOHMTENLCKOW IEHHOCTH, OT MHUHHMAIBHO JIOIyCTUMOTO
YPOBHSI PEHTA0ETbHOCTH BHIOPAHHOW TEXHOJOIMM pPa3pabOTKH, a TakkKe — OT TEMIIOB IMOBTOPHOTO
HAKaIUIMBaHUSA M JKOJIOTUYECKOM MHEPTHOCTH O0pa3yroIuiics MpU MOBTOPHOH mHepepabOTKe OTBAIbHBIX
O0TXO0Z0B. B CBs3M ¢ OTMEYeHHBIM, B TaHHOH HCCIICAOBaHMM, MOAYEPKHYTA BaXKHOCTH M HEOOXOIUMOCTD
MPUMEHEHUSI COBPEMEHHOTO THOPHUIHOTO T'€ONpPOCTPAHCTBEHHOTO HMCKyccTBEHHOTO HHTeluiekTa (GeoAl),
BKITIOYarolee B ce0sl CHHEprHio o0Iero uckyccreenHoro mHrewiekta (UMW), ocHoBaHHOW Ha aJanTHBHOM
cucreme HelipoHedeTkoro BbiBoja (ANFIS) ¢ reorpaduueckumu madopmanmonnsiMu cucremamu (GIS).
CrnenoBarenbHO, sl TOBbIIICHUS d¢QekTnBHOCTH TpuMeHeHHss GeoAl W TonydeHUs TOYHBIX W
3QQEKTUBHBIX pPE3yJIbTATOB B pEIICHHH I[IOCTABJICHHBIX 3aJad, PEKOMEHJOBAaHO K OOOCHOBaHO
1esiecoo0pa3HoCcTh OObeANHEHHS 3HAHWK HEWPOHHBIX ceTell W HewdeTKo jnoruku ¢ ganHeiMu GIS, e
MoceTHUHA OYyAET CIIy>KUTh B Ka4eCTBE UCTOYHHKA-XPAaHWIHMILA ONOPHBIX (MCXOAHBIX/TPAHUYHBIX) JAHHBIX O
TEKYIINX © JKENAeMBIX JUIi JOCTI)KEHWS TIIOCTaBIEHHOW IeNIM W3MEHEHHMAX B pa3padaThiBaeMOM
TEXHOT€HHOM MECTOPOKICHHH.

KaroueBble ciioBa: sxonorus reocdepsl, TexHocdepa, Bropuunble pecypesl, GeoAl, Unnyctpus-4,0.
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ABSTRACT

According to theweather stations2007-2022 data in Western Georgia, the distribution of theintensity of frosts of different
intensity has been studied. The early, average and late dates of the last spring and the first autumn frost in the research
period have been determined. In 2007-2022 period in comparison with the 1951-1965 one, a shift in the average values
of freezing has been revealed for the last spring frosts for about 1-14 days earlier, and for the first autumn frosts 7-10
days later, which increased the duration of frost-free periods and, accordingly, the duration of the vegetation period by
11- 21 days, which corresponds to 10-17%. An exception is Akhaltsikhe, where the reduction of frost-free periods by 15
(9%) days has been detected against the background of climate change. The dependence of frost-free periods on the
Arctic Oscillation has been found.

Key words:. freezing, frost-free period, freezing intensity, arctic oscillation.
Introduction

The modern world is facing many challenges. Among them, the most important and large-scale climate
change poses a great threat to the country's sustai nable devel opment. The consequences of climate change are
already visible, which is evidenced by the increase in temperature, change in precipitation regime, limitation
of water availability, rise in the level of the Black Sea, increase in the frequency and intensity of floods,
landslides and mudslides.

Almost half of the population of our country is involved in the agricultural sector, which makes the
country highly sensitive to changesin weather and climatic conditions. The negative impact of climate change
on agricultureisreflected in the direct connection with the increasein the level of poverty and socio-economic
devel opment, which implies an increase in theincome of the population to the level that should actually ensure
the population's access to sufficient, safe and quality food. Freezing is one of the problems of getting abundant
and quality food from unfavorable hydro-meteorological events.

It is true that, considering the types of threats, the conditions of occurrence, the type of events and the
main conseguences, such a dangerous event as frost for agriculture was not included in the international
classified standard list of dangers, but considering the damage caused by it to Georgia and other countries of
the world, it is worth thinking about its negative consequences and taking certain actions [1,2].

In Georgia, the researches about glaciations have along history and have been studied in great detail by
our great scientists: T. Davitaia, Sh. Tsertsvadze, M. Zakashvili, E. Elizbarashvili, J. Vachnadze, R.
Samukashvili, G. Meladze, M. Meladze and others. However, in the results of the research based on the
materials of the 70s of the last century, the influence of the current climate change on the characteristic
parameters of freezing was clearly not reflected. Therefore, we considered it appropriate, similar to the studies
conducted for theterritory of Eastern Georgia[3], to find out whether the characteristic parameters of freezing
have changed in the territory of Western Georgiaand, if so, what are the quantitative indicators of this change.
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The North Atlantic Oscillation (NAO)

The North Atlantic Oscillation (NAO) is a prominent “seesaw” of atmospheric surface pressure
fluctuation between the Azores and I celand that has been meteorologically well defined since at |east the late
19th century (e.g., Hurrell, Kushnir, Ottersen, & Visbeck, 2003). It is defined using the NAO index, whichis
typically anormalized mean sea-level pressure (SLP) index between a southern station located in the Azores
or continental Iberia and a northern station in western Iceland (Cropper, Hanna, Vaente & Jonsson, 2015;
Hurrell, 1995; Jones, Jonsson, & Wheeler, 1997; van Loon & Rogers, 1978). The NAO has historically been
recognized since at |east the time of the Vikings; pioneering work based on early instrumental meteorol ogical
records was undertaken by Hildebrandsson (1897), who using surface air pressure data discovered theinverse
relation between Iceland and Azores pressure, and by Sir Gilbert Walker who in works published in 1924 and
1932 (the latter with Bliss) undertook correlation analysis and constructed a robust multivariate NAO index
based on surface air pressure and surface air temperature data from several European stations (Stephenson,
Wanner, Bronnimann, & Luterbacher, 2003) [4].

The strength of the pressure difference between the high- and low-SLP centers of action exerts a strong
control over the strength and direction of the mid-latitude westerly storm tracks. As such, the NAO has been
linked to avariety of climatological, biological, hydrological, and ecological variables across several locations
(Ottersen et al., 2001; Westgarth-Smith, Roy, Scholze, Tucker, & Sumpter, 2012) but is most frequently
recognized as directly affecting the west of Europe (from Iberiato Scandinavia) and North America. A greater
than normal pressure difference between the Azores and Iceland is a positive NAO, and aweaker than normal
pressure difference is a negative NAO. During the winter months, a positive NAO is associated with warmer
and wetter conditions across northwest Europe and cooler and drier conditions across southern Europe as the
stronger pressure gradient between the Azores and Iceland drives the storm tracks poleward (Fig. 1). The
opposite is generally true for negative NAO conditions as the weaker pressure gradient generally results in
southward-shifted storm tracks, and a SLP reversal will typically result in more easterly conditions. As such,
the NAO index isstrongly related to favored positions of the North Atlantic atmospheric polar jet stream (Hall,
Erdélyi, Hanna, Jones & Scaife, 2015; Overland et al., 2015; Woollings et a., 2015) [4].

The NAO and AO are preferred modes of variability of atmospheric circulation in the Northern
Hemisphere. The dternative designation Northern Annular Mode (NAM, which isthe same asthe AO) isnot
aswidely used asits southern counterpart the Southern Annular Mode (Abram et a., 2014). The NAO can be
regarded as an Atlantic sector regional expression of the hemisphere-wide AO (or NAM). The NAO reflects
changesin the position and strength of the North Atlantic polar front jet stream and has associated effects on
the weather and climate of mid-to-high latitudes within and around the Atlantic (Fig. 1). A more positive
(negative) NAO/AO index represents stronger (weaker) airflow around the Northern Hemisphere and a jet
stream that is shifted further north (south) over the North Atlantic.

The NAO/NAM patternisaresult of the eddy-driven extratropical atmospheric circulation: specificaly,
the trangport of heat and momentum by stationary eddies (longwaves or planetary waves in the northern polar
jet stream) and transient eddies (cyclones and anticyclones forming within or along the jet stream) (e.g., Kaspi
& Schneider, 2013). The polar jet stream is directly related to NAO changes and has a mean latitude
somewhere between 50°N and 60°N over the eastern North Atlantic. The strongest westerly winds (of up to
about 200 km/hr in the core of the jet near the tropopause) are typicaly experienced at these latitudes, and
thereis a clear clustering of extratropical storm tracks along the polar jet stream. The prevailing direction is
westerly due to the Coriolis Effect of earth’s rotation, which deflects air masses to the right of their direction
of motion in the Northern Hemisphere. Longwaves develop in the jet stream because of orographic obstacles
(e.g., the Rocky Mountains over North America) or east-west heating contrasts between land and sea, or
variations in latent heating due to condensation and rainfall. Low- and high-pressure systems form due to
strong horizontal contrasts in temperature, typically where cold polar air meets relatively warm tropical air
masses. Thesetransient eddies are very important in providing energy for maintaining the polar jet stream flow
and mid-latitude westerlies, otherwise friction with the surface would dow and eventually halt the winds.
However, asignificant contribution to maintaining the westerlies—greater than in the Southern Hemisphere—
comes from the stationary eddies: thisis due to the much stronger land—ocean contrast effectsin northern mid-
latitudes [4].

Being linked with the jet stream, thereis a deep and pronounced vertical structure to the AO and NAO,
which extends up into the stratosphere; this is most notable for the AO, which lies further north and is more
directly linked with the polar vortex. What happens in the stratosphere in polar winter can also have a big
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bearing on conditions in the troposphere: for example, stratospheric sudden warmings are associated with a
weakening and sometimes reversal of the polar vortex and devel opment of negative NAO/ AQ that sometimes
occurs in mid- to late winter (e.g., Cohen et al., 2014; Marshall & Scaife, 2010). Stratosphere-troposphere
interaction and coupling is not very well understood, yet is important for NAO dynamics (Kidston et al.,
2015). It appears from theory and observations that planetary-scale Rossby waves can propagate upwards
from the troposphere into the stratosphere under conditions of moderate westerly flow during boreal winter;
the stratosphere is effectively decoupled from the troposphere in other seasons. If the wintertime polar vortex
is weak (strong), the upward-propagating waves can (cannot readily) interact with and slow the upper-level
westerly flow. Thereisalso akind of reverse effect where airflow anomaliesin the stratosphere can propagate
down to affect the near-surface circulation (Baldwin & Dunkerton, 2001). The time of operation of these
changes is typically 2-3 weeks, athough dynamical couplings range over timescales from daily to
multidecadal (Kidston et d., 2015) [4].

The NAO/AO exist in atmosphere-only computer models of the global climate system, so the NAO does
not depend on the ocean for its existence. However, it is thought that low-frequency variations of oceanic
circulation in the Atlantic—which comprise the Atlantic Multidecadal Oscillation (AMO)—are driven at |east
partly by the NAO (Clement et d., 2015). The AMO may in turn drive the NAO in a digtinctly seasonal
response, with awarm AMO phase promoting ahegative NAO in winter (Gastineau & Frankignoul, 2015) [4].

The AO and NAO tend to be strongest in winter because thisis when one of the key factors driving the
jet stream—the equator-pole temperature gradient—is greatest, due to less seasonal cooling in the tropicsthan
the polar regions. Thejet stream and NA O correspondingly tend to weaken in summer. The summertime NAO
is shifted northwards, having its southern node over northwest Europe and a smaller accompanying pressure
pattern. A detailed discussion of NAO patterns and changes during this season is provided by Folland et al.
(2009), who develop asummer NAO index that they compare with changesin European summertime climate.
These authors also note asmall but significant link of interannual variation in SNAO with La Nifia sea-surface
temperatures in the eastern tropical Pacific, aswell as a persistent link with the AMO.

Due to the seasona migration of the jet stream, which generaly lies further south (north) in winter
(summer), the association between NAO and, for example, British weather conditions varies markedly
depending on the season. Thus, in winter, a positive (negative) NAO is generally associated with mild, wet
(cold, dry) weather over the United Kingdom but a positive (negative) NAO in summer is often linked with
dry and sunny (wet and cool) conditions. Key examples are the exceptionally cold 2009/2010 U.K. winter,
with arecord low (Hurrell PC) NAO value of -2.93 and the exceptionally wet 2007 and 2012 U.K. summers
with low NAO values of -1.15 and -1.59. However, the NAO-U.K. weather relation in summer is less clear
than in winter: for example, summer 2015 had asimilarly low NAO value of -1.61 but had only dightly above
average rainfal, eg., 113% of the 1981-2010 summer average for U.K. precipitation
(http://www.metoffice.gov.uk/climate/ uk/summaries/2015/summer). While the NAO is the single most
important factor determining changesin weather and climate over the North Atlantic region, it does not explain
everything, and most notably the East Atlantic and Scandinavian atmospheric circulation patterns—with
respective main centers to the west of Ireland and around Bergen, Norway—also need to be considered
(Moore, Renfrew, & Pickart, 2013) [4].

The North Atlantic Oscillation is usually described as a movement of atmospheric mass between the
Arctic and the subtropical Atlantic (Wanner et al. 2001). Thereis no unique way to definethe NAO. However,
there are two pressure areas often used when describing the phenomenon, the Icelandic low- and the Azores
high-pressure systems. The variations in sea level pressure between these two areas generate a pressure
gradient. Because of this pressure gradient, westerly winds over the North Atlantic are generated (Wanner et
al. 2001). The westerly winds, also known as “‘jets”, reach their maximum speed of 40 m/s at about 12 km up
in the troposphere (Hurrell et al. 2003). When measuring the NAO different statistical methods can be used,
either station-based or pattern based (Wanner et al. 2001). A station-based index is measured as the normalized
sea level pressure differences between two monitoring stations in the vicinity of the Icelandic low and Azores
high. Alternatively, a spatial-based index, or a principal component-based index, can be calculated from
performing principle component analysis on the mean sea level pressure anomalies over the North Atlantic
sector (usually beween 20-80°N and 90°W-40°E) (Wanner et al. 2001) The NAO is described as being in an
either positive or negative phase (see Figure 1). These phases are describing the strength of the circulation
pattern. In a positive (NAO+) state the Icelandic low and the Azores high are well developed, resulting in a
greater pressure gradient between these two areas. A greater pressure gradient causes stronger and more
northern westerly winds. In a negative (NAO-) phase the pressure anomalies at the nodes of the NAO are less
developed than normal and as a result the westerly winds get weaker and are positioned further south.
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However, it is important to point out, is that there is not only a confined positive and negative phase of the
NAO, but also everything in between (Wanner 2001). The NAO affects the climate mainly during wintertime
when the NA O accounts for more than one-third of the total sealevel pressure variance over the North Atlantic
Ocean (Hurrell et a. 2003). During summertime the spatial extent of the NAO and the sea level pressure
variance are smaller than during winter. Atmospheric variations are lager during wintertime which makes the
effect of the NAO on surface climate bigger than during summertime. Because of this, most research on the
NAO is restricted to wintertime, however the NAO is till noticeable al year around (Hurrell et al. 2003).
There have been periods when the NAO persisted in an either positive or negative phase. During the beginning
of the last century until approximately 1930 the NAO winters were characterized by a positive phase. During
the 1960s the NAO wintersinstead showed persistent negative NAO anomalies (Hurrell et al. 2003). Although
decadal NAO trendsis shown, it is observed that variationsin the NAO can occur on very different timescales,
making it hard to assess any preferred timescale of the NAO variability.

The different wind patterns as a result of the various phases of the NAO are accompanied by different
patterns of temperature and precipitation over the North Atlantic area. It has been shown that there are
statistically significant correlations between sealevel pressure anomalies and air temperature anomalies over
awide region in the northern hemisphere (Van Loon & Rogers 1978). Normally during strong positive NAO
phases, warm maritime air is moved over the North Atlantic Ocean because of the enhanced westerly winds
(Hurrell et al. 2003). This makes winter temperatures higher than normal in eastern United States and over
northern Europe. Simultaneously in Greenland and the Mediterranean area temperatures are normally below
average. During strong negative NAO phases the temperature pattern is opposite (Wanner et al. 2001). This
reversing temperature pattern is often referred to as the Greenland seesaw (Van Loon & Rogers 1978). The
positive and negative NAO phases are also connected to different patterns of precipitation as a result of
variations in the strength and paths of storms generated over the Atlantic. During a positive NAO the North
Atlantic storm track is usually directed more north-eastward over northern Europe than during negative NAO
winters (Hurrell et a. 2003). This makes positive NAO phases associated to precipitation anomalies above
normal in northern Europe and Scandinavia, while the precipitation levels over southern and central Europe
are below average. The opposite precipitation pattern is notable during negative NAO phases (Wanner et a.
2001). It is seen that the ocean and the atmosphere interact, which makes variations in the ocean affect the
NAO (Visheck et al. 2013). The NAO isalso known to force responsesin different layers of the ocean (Visbeck
et a. 2013). It isshown that NA O variations cause responsesin the ocean on multipletime scales. Fluctuations
in the NAO seems to be synchronized with interdecadal changes in convection triggering the renewal of
intermediate and deep water in the Labrador Sea. On a decadal time, scale this has been shown to affect the
thermohaline circulation and thereby also of sea surface temperatures.

The NAO has been linked with avariety of meteorological and non-meteorological effects acrossawide
gpatial and multipletemporal scales, and only a selection of these impacts can be mentioned here. For example,
Nege, Lie, and Dahl (2000) showed a strong rel ationship between the mass balance of Scandinavian glaciers
and the NAO due to the controlling influence of the storm tracks by the NAO, which influenced precipitation
amounts, and glacier mass balance as a result. Coincidentally, the NAO has been shown to explain a large
amount of the variance in Norwegian streamflow (55%) and hydropower output (30%), influencing electricity
consumption and prices (Cherry et a., 2005). Baltic sea-ice extent is also strongly related to NAO changes
(Karpechko, Peterson, Scaife, Vainiko, & Gregow, 2015). Cropper, Hanna, and Bigg (2014) found an
influence of the NAO as far south as 20°N in coastal upwelling-inducing winds along the northwest African
coastline. The great-circle distance between northwest Africa and Scandinavia is ~5,700 km, indicating the
great spatia extent of the NAQO influence. Recent NAO-climate linkages literature includes a strong signal of
the (non-summer) NAO on precipitation in Iraq (Khidher & Pilegd, 2015), an influence on sea-ice breakup
datein south-central Ontario (Fu & Y ao, 2015) and even a Southern Hemisphereinfluence, viaa decadal -scale
mechanism, on subtropical eastern Australian rainfall.

The NAO has a so been shown to directly influence energy-generating capabilities. Colantuono, Wang,
Hanna, and Erdélyi (2014) identify a negative relationship between the NAO and solar radiation availability
across the United Kingdom, also showing a clear and intriguing zonal contrast between west and east regions,
which they attribute to a topographic rain-shadow effect (more clouds and rain in the west of the United
Kingdom under a positive NAO can sometimes be linked with cloud breakup and clear, sunnier weather in
eastern England). Jerez et al. (2013) identify that for southern Europe, negative NAO conditions enhance
hydropower resources and wind power by up to 30% while diminishing solar potential by 10-20% (the
contrasting influence on solar availability in these studies is a function of the spatial locations analyzed, e.g.,
Fig. 1 shows they are regions which correlate differently with the NAO). Curtis, Lynch, and Zubiate (2016)
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show that the NAO-induced variability in the Irish electrical grid could cause detectable signals in the total
carbon dioxide emissionsfrom the system. Ely, Brayshaw, Methven, Cox, and Pearce (2013) call for improved
understanding of the potential effects of the NAO on European power generation, as they surmise that under
negative NAO conditions, lower temperatures, and less wind power generation across the United
Kingdom/Scandinavia lead to an increased demand and lowered supply. On this note, while negative NAO
conditions may be less favorable for the U.K.-Scandinavian renewable energy system, for regions like Iberia,
the European Alps, or the Middle East, negative NAO conditions may be more favorable (Beniston, 2012;
Sowers, Vengosh, & Weinthal, 2011; Trigo et a., 2004). The energy industry is already very weather-
dependent due not only to demand fluctuationswith temperature and hence the NA O but a so because Germany
and other countries rely so heavily on wind power. Therefore, NAO predictability will be an even more
valuabl e asset in the medium- to long-term future, when renewabl e energy sources are expected to contribute
much more significantly toward total power generation.

It is still unclear what will happen to the NAO with ongoing anthropogenic climate change, even
discounting other external forcing factors and natural (internal) variability. The tropopause is highest at the
equator (about 15 km above the surface) and slopes down toward the poles (about 10 km atitude). With
increasing greenhouse gas levels, temperatures warm at the surface and in the lower troposphere while the
stratosphere cools. This effect has been well observed in recent decades and is due to a denser blanket of
greenhouse gases trapping infrared radiation in the lower atmosphere. At the same time, the surface has been
warming most rapidly at highlatitudes: called polar (or here Arctic) amplification of global warming (Overland
et a., 2014). Thislatter change has the effect of reducing the meridional (north—south) temperature gradient,
which might be expected to reduce the amount of energy available for driving the polar jet stream, all other
factors being equal (Francis & Vavrus 2015; Overland et al., 2015). But thisisjust a (near-)surface expression
of globa warming. Meanwhile, in the upper troposphere at low latitudes, there is a higher specific humidity
under globa warming, and this raises the tropopause and increases upper troposphere temperatures near the
equator (about 15 km up) while the same altitude near the poles (i.e., well within the stratosphere at these high
latitudes) significantly cools with global warming. Therefore, there is a significantly enhanced meridional
temperature gradient at this higher altitude just at the same time that the north—south temperature gradient
reduces near the surface (Harvey, Shaffrey, & Woollings, 2015) [4]. Thus, there are two competing influences
that can result in changesin mid-latitude (i.e., polar) jet-stream dynamics under conditions of globa warming.
One recent model-based study (Harvey et a., 2015) suggests that the near-surface meridional temperature
gradient change is most important for determining changes in the wintertime North Atlantic storm track, but
overall thisisfar from certain and more work is undoubtedly needed.

Data and method

In order to solve the task, we obtained data from the National Environment Agency for meteorol ogical
stations in Western Georgia (Mta- Sabueti, Sachkhere, Zestafoni, Kutaisi, Zugdidi, Poti, Kobuleti, Khulo,
Keda, Ambrolauri, Shovi) for 2007-2022. Based on the data, we studied the intensity of late spring and early
autumn frosts, estimated the impact of climate change on the dates of the last spring and first autumn frosts
and the average, minimum and maximum values of frost-free periods as atemperature characteristic of climate
change in 2007-2022. and 1951-1965 By comparing the corresponding data of the periods [3,5,6]. We also
wanted to assess the extent to which the globa climate determines the climate of our study region, using the
so-called Arctic Oscillation (AO) index graph. Comparison of the positive and negative deviations of the
template [5] with the course of the graph depicting the frost-free periods of Western Georgia.

Discussion

The Table 1 showsthe change in frost intensity of the meteorological stationsin the territory of Western
Georgia in 2007-2022. According to the data. As can be seen from the table, 345 frosty days were recorded
during the study period, of which 59% (205 days) were frosts of weak intensity, 36% (125 days) were
moderate. Frosts of moderate and severe intensity will be observed only in 3% (10 days) and 1% (4 days) cases

respectively.
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Table 1. Distribution of theintensity of the first autumn frosts and the last spring frostsin Western Georgia
in the period 2007-2022.

Intensity
Weak Moderate Average Strong
Stetion 0.1-(-1.0) -1.1-(-3.0) °C -3.1- (-4.0)°C -4.1- (-8.0) °C
| frost Last frost | frost Last frost | frost Last frost | frost Last
Day % day Day % day Day % day Day % frost
day
Mta-Sabueti 9 6 5 9 1(33 1
Sachkhere 9 9 7 6 1
Zestaphoni 9 13 5 3 2
Kutaisi 13 11 1 3
Zugdidi 7 9 9 6 1
Poti 11 12 5 3
Qobuleti 6 9 9 5 1
Khulo 9 14 4 11 1 1 1
Qeda 7 6 5 7 1
Ambrolauri 10 8 5 7 1 1
Shovi 11 8 5 5 1
Totd 101 (29) 105 (30) 60 (17) 65(19) 4(1) 6(2) 3(1) 1(0)

Table 1 shows that at the meteorological stations of Western Georgia, as well as at most stations of
Eastern Georgia, the magjority of freezing days - 206 days - are of weak intensity, of which 101 cases belong
to the first frosts of autumn, and 105 to the last frosts of spring. The first autumn and last spring frosts of
moderate intensity vary almost equally according to the meteorological stations and amount to 60 (17%) and
65 (19%) days, respectively. The number of frosts of medium intensity is relatively small and is equal to 4
(1%) days for the first frosts of autumn, and 6 (2%) days for the last frosts of spring. As for frosts of strong
intensity, only 4 cases were noted during the observation period at the research meteorological stations of the
entire Western Georgia. One case of severe frost was recorded in autumn and spring in Mta-Sabueti, Khulo
and Ambrolauri. Very strong frosts (<-8°C) did not occur at all at the meteorological station in Western
Georgia during the period 2007-2022.

Table 2 showsthe early, average and late values of the dates of the last spring and the first autumn frosts
in the territory of Western Georgia.

Table 2. Dates of the last spring and first autumn frostsin the territory of Western Georgiain the period

2007-2022.
H Dates of the last spring frosts Dates of the first autumn frosts
Station eleveti | Earlly | Year | Ave Late | Year | Early | Year | Ave. | Late | Year

on, m
Mta-Sabueti 1242 6/X 2013 2/XI 24/XI1 | 2012 | 3/IIV | 2012 | 211V | 11/V | 2021
Sachkhere 415 22/X 2014 | 16/X1 | 21/XI1 | 2010 | 19/11 | 2009 | 29/111 | 26/IV | 2017
Zestaphoni 160 15/XI 2011 | 2W/XIl 26/1 2009 | 29/ 2016 | 10/11 | 171V | 2007

Kutais 114 26/XI 2016 8/l 26/1 2022 | 1Ul 2015 | 25/11 | 28/l | 2012
Zugdidi 117 15/XI 2011 | 14/XI1 211 2020 | 111 2017 | 91N | 13/1vV | 2009
Poti 3 26/XI 2016 Ui 26/1 2022 | 10/ 2015 | 19/11 | 18/l | 2022
Qobuleti I 15/XI 2011 | 16/XIl 22/| 2020 | 19/11 | 2020 | 14/111 | 28/l | 2012
Khulo 92 111X 2020 5/XI 1UXII | 2008 | 18/111 | 2008 | 17/1V | 11UV | 2021
Qeda 256 20/X 2011 | WXl Ul 2022 | 4/XI1l | 2013 | 5/ | 23/1IV | 2019
Ambrolauri 544 20/X 2014 | 13/XI | 22/XI1 | 2022 | 1111 | 2015 | 3Vl | 26/IV | 2017
Shovi 1507 26/1X 2016 21/X 17/X1 12012 | 11V | 2013 | 25/IV | 15/V | 2021

The comparison of the average values of frosts with the corresponding values of multi-year data (1891-
1960) showed usthat in the period 2007-2022, similar to the studies conducted in East Georgia[6], the average
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frosts of spring moved earlier, and the average of the last autumn frosts - later (nine 3). This shift for spring
frosts was particularly high for Kutaisi, Kobuleti and Keda (16-16 days), Zestafoni (25 days) is distinguished
by the maximum shift for the last autumn freezes, followed by Poti (17 days), Shovi (16 days), Sachkhere and
Zugdidi (15 -15 days) etc. Khulo isthe only station where, compared to previous years, the onset of frost was
3 dayslater in spring, and it stopped 1 day earlier in autumn.

Table 3. Comparison results of the average dates of frost occurrence for the periods 1891-1960 (1) and 2007-

2022 (I1),
) Period

Station | T IE | T IE
Mtz Sabueti SBIV | 2UV | 4 | 25X X1 8
Sachkhere &IV | 2000 | -10 | 1XI 16/X1 15
Zestaphoni 2001 | 101 | -10 | 26/XI | 2UXII 25
Kutas N0 | 250 | <16 | 26/XI1 8l 13
Zugdidi 230 | o | <14 | 20iXI | 14iXli 15
Poti 3| 190 | <12 | 14Xl 1 17
Qobulet 3000 | 1400 | <16 | 2IXIl | 16/XIi 14
Khulo NV | 1TV | 3 | 6IXI 5/X| 1
Qeda 2UNT | 5 | <16 | 4/XI] X 3
Ambrolauri 7V | 3UIn | 6 | 12XI 13X 1
Shovi 6V | 250V | -10 | 5/X 21/X 16

The shift of the average values of freezing increased the duration of frost-free periods at all weather
stations of Western Georgia, exception is Khulo, where the reduction of the frost-free period by 3 days was
noted (Table 4).

Table 4. Comparison of average, minimum and maximum values of frost-free periods between the first
(1951-1965) and second (2007-2022) periods.

Duration of frost-free days by Least va ues of frost-free Highest values of frost-free
Station periods (%) periods % periods %

I Il 1| I I -1 I I -1
Mta-Sabueti 182 195 13 149 163 14 152 234 82
Sachkhere 206 232 26 187 190 3 233 282 49
Zestaphoni 250 286 36 192 221 29 322 342 20
Kutaisi 268 317 49 222 271 49 330 343 13
Zugdidi 250 277 27 196 223 27 317 337 20
Poti 280 317 37 224 272 48 347 370 23
Qobuleti 246 275 29 202 244 42 290 337 47
Khulo 205 202 -3 160 131 -29 238 267 29
Qeda 257 268 11 167 179 12 322 364 42
Ambrolauri 218 226 8 180 190 10 247 267 20
Shovi 151 177 26 112 137 25 180 224 44

A comparison of the average, minimum and maximum values of the frost-free periods of 1951-1965
and 2007-2022 showed us that in the last period, compared to the previous one, the average duration of the
frost-free period increased by 49 daysin Kutaisi, by 37 daysin Poti, and by 36 daysin Zestafon. A significant
increase was also noted in Zugdidi (27 days), Shov and Sachkhere (26-26 days). A similar result was observed
for extreme values of the duration of the frost-free period. The minimum values of frost-free periods range
from 3-49 days, and the maximum values - from 13 to 82 days. An exceptionisKhulo, wherethereisadecrease
in the average and minimum values of frost-free periods, and an increase in the maximum value.

The change of the average values of frost-free periods for visibility between the mentioned periods of
timeis presented in Figure 1, from which it is clear that in the second period, compared to the previous one,
the duration of the frost-free periods has significantly increased.
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It is known from the literature that frost occurs mainly in cloudiess calm weather and is especially
noticeabl e during theinvasion of arctic air massesfrom dry latitudes[8]. Along with this, the Arctic Oscillation
(AO) is an important indicator of the Arctic climate, which with its positive and negative phases determines
the state of the atmospheric circulation in the Arctic. In order to determine the influence of AO on the climate
of Georgia, we compared the graph showing the frost-free periods calculated for the meteorologica stations
of Western Georgia with the graph of the arctic oscillation indices as atemplate (Fig. 1 and Fig. 2).
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Fig. 1. Change of the average values of durations of frost-free periods in the territory of Western Georgia
(2007-2022).

Comparison of Fig. 1 and 2 shows that the duration of frost-free periods in Western Georgia follows
the positive and negative phases of the Arctic Oscillation almost proportionaly. In particular, arelatively long
frost-free period corresponds to each positive phase of the AO indices, and when moving to a negative phase,
adecrease in the frost-free period is also recorded in the second diagram. If there was a small shift of positive
and negative phases in eastern Georgia until 2012, the exception is 2010 in Samtskhe-Javakheti, where in the
case of anegative phase of the AO, arelatively long frost-free period was observed in Samtskhe-Javakheti [8],
in western Georgia there are arctic oscillations and frost-free periods. representing the harmonious flow of
graphs. After all that, we can confirm that the global climate really determines the climate of Georgia.
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Fig. 2. Distribution of average values of arctic oscillation indices and durations of frost-free periodsin the
territory of Western Georgiain the period 2007-2022.
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Conclusion

The NAOQ isthe primary variation in barometric pressure variation over the North Atlantic that affects
the weather and climate of much of Europe. It is subject to internal variability or chaos in the climate system
but is also influenced by slowly varying climatic forcing factors including anthropogenic greenhouse warming
and solar and volcanic variability, which makes the NAO inherently predictable—at least in part—on a
timescale of up to at |east several months. Between the 1960s and 1990s the NA O was becoming more positive,
but since then this trend has tended to reverse. Recently updated observational records and reanayses show
increasing variability of winter NAO and AO, which isafeature not just of the 2000s and early 2010s but has
been ongoing during the 20th century. We have a so noted during the last 20-30 years a statistically significant
declinein the NAO in summer—and to alesser extent winter (with arecent record negative December val ue,
although the winter negative trend appears strongest during the period 1989-2011 but has returned to more
positive/neutral values in the last 5-6 years)— whereas no significant change has occurred in spring and
autumn. Thisasymmetric seasonal response of the NAO, and itsincreased winter variability, was not foreseen
in previous general circulation climate model predictions analyzed here but may have resulted from several
climatic forcing factors and feedbacks conspiring together: these include enhanced blocking arising from
cryosphere-atmosphere couplings, solar variability, and/or changes in North Atlantic sea temperatures. The
increasingly more variable winter NAO that we have detected based on the last century or so of observations
appears to be a seasonally uneven change and does not show up as a forced response—i.e., responding to an
external climatic driving factor—in state-of -the-art (CMIP5) climate models. Although the winter increasein
NAO variance was sustained over the 20th century and there may be errorsin climate models, we still cannot
discount the possibility that thisfeature is dueto internal variability (random noise and chaos generation in the
climate system), particularly as there was no prior reason to expect this change to occur in winter as opposed
to some other season. It is currently uncertain how the NAO will change during the rest of the current century,
as both the climate models and our understanding of the physical processes causing NAO variations need to
be improved. Whatever the reason(s) behind the observed seasonal NAO changes, there are aso clearly
important consequences for the heavily populated circum-North Atlantic land masses if these changes
continue.

Based on the analysis of the results of our research, it can be concluded that the current climate change
has a certain influence on the characteristic parameters of freezing. Thisinfluence is manifested by the shift of
the average values of the dates of occurrence of frosts and the increase of frost-free periods, or what is the
same, the length of the vegetation period by 8-49 days, which is based on the high and quality harvest of
agricultural cropsin the subtropical zone of Western Georgia, the success of agriculture and socio-economic
conditions. It guarantees development
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Bausinue COBPEMCHHDBIX H3MEeHEeHHUH KJIMMAaTa Ha XapaKTePUCTHUKH

3aMOPO3KOB B 3anajHoii ['py3uu mo MeTeopo1oruueckKuM JaHHbIM 3a
2007-2022 rr.

H. Kananaagse, M. Tarumsuiau, U. Mkypaanuase, A. [lanapanaumsuin
Pesrome

ITo mannbIM MeTeocTanumit 2007-2022 rr. B 3anaaHoil ['py3un M3ydeHO pacnpelesieHue MHTEHCUBHOCTH
3aMOPO3KOB pa3HOW MHTEHCHBHOCTU. OTpe/ieNieHbl paHHUE, CPEAHNE U TI03/ITHUE CPOKH TTOCIETHIX BECEHHUX
Y TIEPBBIX OCEHHUX 3aMOPO3KOB 3a mepuoj uccienopanuil. B nepuon 2007-2022 rr. no cpaBHeHuio ¢ 1951-
1965 rr. BBISIBIEHO CMELICHNE CPEIHUX 3HAYECHUI 3aMep3aHus MOCIETHUX BECEHHUX 3aMOPO3KOB IPUMEPHO
Ha 1-14 pgHeil paHplie, a MEpPBBIX OCEHHHUX 3aMOpO3KoB Ha 7-10 pgHel mo3ke, YTO YBEIHUYMIIO
MPOJIOJDKUTENBHOCTh O0€3MOPO3HOTO IMEPHOAa M, COOTBETCTBEHHO, MPOAOIKUTENBHOCTh BET€TAllHOHHOTO
nepuoaa Ha 11-21 nmens, uro coorBercTByer 10-17%. HckiroueHuem siBisiercs Axamuxe, rae Ha QoHe
W3MEHEHUs KIMMata 3a()UKCUPOBAaHO COKpalleHrne 0e3MOpo3HbIX meproaoB Ha 15 (9%) aneit. OOHapyxeHa
3aBHCHMOCTH 0€3MOPO3HBIX MTEPHOOB OT aPKTHIECKOTO KOJIeOaHNs.

KamoueBbie ciaoBa: 3aMOpO3KH, 0€3MOpO3HBIH IEPHOJ,, WHTEHCHBHOCTH 3aMep3aHUs, apKTUYECKOe
Kosebanue.
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ABSTRACT

Results of study of the representativeness of data from 39 meteorological stations in Georgia for monthly sum of
atmospheric precipitation around of these stations are presented. Period of observation — from 1936 to 2015. In
particular, it was found that the representativeness of these stations in terms of monthly precipitation varies from 14 km
(Akhalkalaki, January) to 90 km (Akhaltsikhe, October).

Key words: atmospheric precipitations, correlation and regression analysis, natural catastrophe, landslides.

I ntroduction

As is known, precipitation is one of the most important components of climate [1-3], bioclimate
[3,4], and the state of ecosystems [5]. Atmaospheric precipitation often has an extremely negative impact on
the human environment. Their deficiency leads to droughts, while their excess can provoke floods, flooding,
mudflows, landdides and other dangerous natural phenomena [5-10]. In particular, the time scale of the
impact of atmospheric precipitation on provoking various natural disasters (including landslides) has a wide
range - from severa tens of minutes to several days, months and years (climatic time scale) [8-18]. Since the
number of weather stations is usually limited, to study the impact of precipitation on the environment it is
necessary to have data on the representativeness of these stations depending on their distance from them.

In [19] results of study of the representativeness of data from 39 meteorological stations in Georgia
for annual and semi-annual sum of atmospheric precipitation around of these stations are presented. It was
found that in general for the year data of meteorological stations on precipitations are representative around
these stations on distance from 19 km (Mta-Sabueti, Kobuleti) to 46 km (Gori); in cold period of year - from
13 km (Mta-Sabueti) to 49 km (Zugdidi); in warm period of year - from 20 km (Chokhatauri) to 43 km
(Pasanauri).

Thiswork is a continuation of the study [19]. Results of study of the representativeness of data from
39 meteorological stations in Georgia for monthly sum of atmospheric precipitation around of these stations
are presented below.

Study area, material and methods

Study area— territory of Georgia

The data of Georgian National Environmental Agency about monthly sum of atmospheric
precipitations for 39 meteorological stations are used. Period of observation: 1936-2015 (80 years). The
locations of meteorological stations and their names are shown below (in Fig. 1, 2-4 and Table 1).

In the proposed work the analysis of data is carried out with the use of the standard statistical
analysis methods.

The following designations will be used below: R? - coefficient of determination; R — coefficient of
linear correlation; a - the level of significance; a — coefficient of regression equation; L — distance around
meteorological station, km.
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The degree of correlation was determined in accordance with [20]: very high correlation (0.9 <R <
1.0); high correlation (0.7 < R < 0.9); moderate correlation (0.5 <R < 0.7); low correlation (0.3 < R< 0.5);

negligible correlation (0 <R < 0.3).

As in [19] determination of the representativeness of data meteorological stations for sum of

atmospheric precipitation around of these stations was carried out in two stages.
1. The linear correlation coefficient R of each meteorological station with all other stations on the monthly

sum of atmospheric precipitation was cal cul ated.

2. The dependence of this correlation coefficient on distance L between meteorological station from all
other stations was determined. This dependence for each station hasthe form: L = (1-R)/a-R, a(R?*)<0.01.
A representative value of L was considered when R values were not less than 0.7 (high correlation).

Results and discussion

Resultsin Fig. 1-4 and Table 1 are presented.
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Fig.1. Example of linear correlation between monthly sum of atmospheric precipitationsin Thilisi with
monthly sum of atmospheric precipitations on each meteorological stationsin Georgiain July.

In Fig.1 the example of linear correlation between monthly sum of atmospheric precipitations in
Thilisi with monthly sum of atmaospheric precipitations on each meteorological stations in Georgiain July is
presented. As follows from this Fig. 1 coefficient of correlation for this case changes from 0.21 (Parvani,

negligible corrdation) to 0.68 (Sagarejo, moderate correlation).
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Fig. 2. Dependency example of coefficient of linear correlation between monthly sum of atmospheric

precipitationsin Thilisi and monthly sum of atmospheric precipitations on each of meteorological stations
with distance for these stationsin July.
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In Fig. 2 the dependency example of coefficient of linear correlation between monthly sum of
atmospheric precipitations in Thilis and monthly sum of atmospheric precipitations on each of
meteorological stations with distance for these stations in July is presented. The distance L can be
determined from the regression curve and in this caseit is equal to 44 km.

Table 1. Theradius of the circle L, within which the data of meteorologica stations on the monthly
precipitation amounts are applicable with a high level of representativeness. L = (1-R)/a-R, a(R?)<0.01.

Stations Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
Akhalkalaki 14 35 28 43 27 17 19 26 39 79 69 27
Akhaltsikhe 40 49 37 50 31 17 33 31 44 90 59 55
Ambrolauri 42 34 36 64 33 29 35 43 36 70 73 52

Bakhmaro 33 32 29 411 33 27 38 21 35 53 55 34
Bakuriani 44 47 37 57 37 22 32 26 43 82 67 44
Batumi 61 58 47 52 46 25 51 23 52 68 89 41
Bolnis 19 26 22 51 36 27 30 38 54 64 43 26

Borjomi 38 44 36 51 27 21 33 31 53 77 60 41

Chokhatauri 34 53 32 49 32 17 21 28 33 71 63 37

Dedoplistskaro 17 41 30 38 43 19 26 46 42 80 63 58
Gardabani 19 22 21 38 31 21 36 38 43 79 50 35
Goderdzi 38 36 23 43 31 19 36 23 39 55 68 40
Gori 49 51 52 44 34 27 32 31 42 69 61 60

Gudauri 39 44 29 39 28 26 34 42 50 87 57 53

Gurjaani 34 46 28 36 23 28 30 42 58 70 54 49

Khaishi 47 34 43 35 26 27 31 46 44 68 73 60

Khashuri 31 34 41 54 29 26 31 40 40 66 49 41

Khulo 44 35 29 55 38 21 31 26 38 53 64 43
Kobuleti 40 58 60 65 42 18 40 18 53 82 72 30
Kutais 49 42 41 52 31 20 24 29 32 67 46 57
Kvareli 31 52 38 57 26 28 28 33 53 84 56 60
Lagodekhi 30 55 33 42 37 23 36 33 39 81 53 44
Lentekhi 40 36 41 40 33 26 28 38 26 72 47 43
Mestia 41 35 53 37 23 19 28 61 34 83 73 44
Mtarsabueti 19 27 20 50 40 24 34 37 42 54 44 27
Paravani 42 52 31 47 28 25 31 34 43 74 60 34
Pasanauri 42 58 41 51 36 31 33 51 58 87 60 52
Poti 41 71 50 72 33 20 23 40 57 48 74 39
Sachkhere 44 40 47 62 30 25 25 39 40 77 71 54
Sagarejo 30 28 20 40 34 29 33 47 39 80 38 30
Samtredia 46 59 42 58 33 22 34 27 28 85 62 57
Shovi 44 42 38 42 29 26 41 47 38 79 54 47
Stepantsminda | 30 50 25 34 25 23 38 44 22 59 50 33
Thilis 23 28 21 59 27 20 44 28 45 67 47 29
Telavi 33 39 32 57 38 27 33 42 56 72 67 52
Tianeti 49 50 41 47 21 26 21 44 39 76 55 58
Tsalka 23 28 16 33 29 24 37 38 34 62 47 26
Zestafoni 33 36 38 51 33 20 24 25 34 52 42 41
Zugdidi 58 48 53 70 33 22 49 42 28 57 79 79
Max 61 71 60 72 46 31 51 61 58 90 89 79
Min 14 22 16 33 21 17 19 18 22 438 38 26
Range 47 49 44 39 25 14 32 43 36 42 51 53
Mean 36.7 | 424 | 354 | 490 | 319 | 234 | 324 | 358 | 417 | 71.3 | 59.3 | 444
St Dev 109 | 11.2 | 106 | 10.0 5.6 3.8 7.0 9.4 9.2 11.3 | 115 12.2
C, % 298 | 264 | 300 | 205 17.6 162 | 21.7 | 26.1 221 | 158 | 193 | 274
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Table 1 presents information for all 39 meteorologica stations on the values of L for all months of
year. In particular, the representativeness of these stations in terms of monthly precipitation varies from 14
km (Akhalkalaki, January) to 90 km (Akhaltsikhe, October).

Fig. 3. Example of the areas of circles around meteorological stations within which the data of these stations
on the sum of atmospheric precipitation in January with a high level of representativeness can be used.

Fig. 4. Example of the areas of circles around meteorological stations within which the data of these stations
on the sum of atmospheric precipitation in July with ahigh level of representativeness can be used.

Finally, for clarity in Fig. 3 and 4 examples of the areas of circles around meteorological stations
within which the data of these stations on the monthly sum of atmospheric precipitation in January and July
with ahigh level of representativeness can be used are presented.

Conclusion
In the future, these studies will be continued for daily data of atmospheric preci pitation.
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ABSTRACT

The paper presents the results of a study of the features of variations in the number of days with hail in the warm half of
the year (HD) in Bolnisi and Tsalka in 1941-2021 and their expected change until 2045. The stability of time series of
the number of days with hail at the indicated points was studied by determining the HD correlations with time (linear
correlation, Kendall's and Spearmen's rank correlation). The level of autocorrelation in HD time series in Bolnisi and
Tsalka was determined. The periodicity of these time series has been studied. Interval forecasting of the number of days
with hail in Bolnisi and Tsalka until 2045 was carried out, taking into account the periodicity in the HD time series.

Key words. Natural disasters, number of days with hail, statistical analysis, long-terminterval forecast.
Introduction

Almost al types of geophysical disasters occur in Georgia, including hydrometeorological ones [1-
4]. Regarding hail processes, Georgia is one of the hail-prone regions of the world [1-3]. As in other
countries, in Georgia hail regularly causes serious material damage to agriculture, buildings, structures,
infrastructure, transport, etc. Therefore, given the importance of the problem, special attention has always
been paid to the study of hail processes here, especially taking into account climate change [ 5-7].

Most studies of hail processes are usually associated with the analysis of weather station data on the
number of days with hail, as well as assessment of damage from hail in various regions of Georgia[8-18],
and especidly in Kakheti, the main wine-growing region of Georgia[8,15,16,18] .

However, in recent years, it has become possible, based on radar data [19,20], to study various
characteristics of hail processes in Eastern Georgia and its neighboring countries (Azerbaijan, Armenia),
including determining the maximum size of hail in the clouds and simulating the size of fallen hail [ 21-26].

For example, works [21,22] present the results of modeling the distribution of hailstones by average
maximum diameter (D) on the territory of Kakheti (Georgia) using data on the freezing level in the
atmosphere and radar measurements of the maximum size of hail in the clouds. Maps of hail distribution
according to the average maximum diameter on the territory of Kakheti for individual months were
constructed - from April to September. The vertical distribution of D in the specified territory was studied in
the atitude range from 0.11 to 3.84 km, etc.

The works [23-25] present a preliminary analysis of data from radar studies of hail processes in
Georgia, Armenia and Azerbaijan. In [26] the results of the analysis of radar studies of hail processes over
the territories of Georgia and Azerbaijan on May 28 and July 13, 2019 are presented. Based on the values of
the maximum size of hailstones in clouds, using the Zimenkov-lvanov model, the expected sizes of
hailstones falling on the earth's surface are calculated. The degree of damage to vineyards, wheat and corn,
depending on the size of the hail, was determined by summarizing the known data on damage to these crops
at different kinetic energy of hail and data on the average kinetic energy of hail of different magnitudes.
Based on this compilation, regression equations were obtained for the relationship between the degree of
damage to these crops and the size of hailstones, which have the form of a sixth degree of a polynomial.
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According to this equation, calculations were made of the degree of maximum damage to vineyards, wheat
and corn dong the trgjectories of hail clouds over the territories of Georgia and Azerbaijan.

In 2022-2023, work was carried out to prepare [27,28] and create [29] a systematized catalog for
five types of natural disastersin Georgia (landdides, mudflows, hurricane winds, floods and hail), as well as
ways to interpret the data from this catalog [30 ,31].

In particular, using the data from this catalog, work was carried out on a statistical analysis of the
number of days with hail in Georgia in 2006-2021 [32], as well as an analysis of damage from hail to
agricultural crops in Kvemo Kartli (Georgia) [33]. The work [34] studied the long-term variability of the
number of dayswith hail in Thilisi (1891-2021).

In continuation of work [34] in [35] predictive estimates of the number of hail days (HD) and their
moving averages (for 3, 5, 7, 9and 11 years— HD 3...HD 11) per warm period of year to 2050 and 2085 an
example of Thilisi was performed. Forecasting was carried out using the AAA version of the exponential
smoothing (ETS) algorithm taking into account the periodicity in the pre-forecast time series. In particular,
the following results were obtained.

For the time series of the measured number of days with hail and HD_ 11 years, no pronounced peak
in periodicity is observed. For time series HD_3, the periodicity is 14 years, HD_5 — 32 years, HD_7 and
HD_9- 31 years.

In the period from 2022 to 2050, the range of variability of the average values of the central points of
the forecast for the number of days with hail and the values of their 95% upper level isasfollows: HD - from
0.9t03.8, HD_3 - from 1.0 to 3.0, HD_11 — from 1.0 to 1.6. In the period from 2022 to 2085, the range of
variability of the average values of the central points of the forecast for the number of days with hail and the
values of their 95% upper level isas follows. HD_5 - from 0.4 to 3.0, HD_7 - from 0.7 to 1.8, HD_9 - from
05t03.

Our last paper [36] presents some results of a statistical analysis of data from 30 meteorol ogical
stations of Georgia on the number of days with hail in the warm half of the year in 1941-2021.

This work is a continuation of previous studies [32-36]. Results of a study of the features of
variations in the number of days with hail in the warm half of the year in Bolnisi and Tsalka in 1941-2021
and their expected change until 2045 are presented below.

Study area, material and methods

Study area — Bolnisi (41.45° N, 44.54° E, 550 m asl.) and Tsalka (41.60° N, 44.09° E, 1450 m
as.l.) — Kvemo Kartli region of Georgia.

The work used catalog data on the number of days with hail in the warm season of the year (April -
October) in Bolnisi and Tsalka from 1941 to 2021 [29].

In the proposed work the analysis of data is carried out with the use of the standard statistical
analysis methods of random events and methods of mathematical statistics for the non-accidental time-series
of observations [37-40].

Forecasting the number of hail days was performed using the AAA version of the exponential smoothing
(ETS) algorithm taking into account the periodicity in the pre-forecast time series[40].

The following designations will be used below: Mean — average values, Min — minimal values, Max
- maxima vaues, St Dev - standard deviation; R — coefficient of linear correlation; R« - Kendall's rank
correlation coefficient; Rs - Spearmen's rank correlation coefficient; R.— autocorrel ation coefficient; Lag = 1,
2...27 years; HD - the number of days with hail in the warm season; Forecast - forecast center point;
67%_Upp...99.99% Upp - 67%...99.99% upper forecast level of HD; Lower forecast level of HD isO.

The degree of correlation was determined in accordance with [37]: very high correlation (0.9 <R <
1.0); high correlation (0.7 <R < 0.9); moderate correlation (0.5 <R < 0.7); low correlation (0.3 < R< 0.5);
negligible correlation (0 <R < 0.3).

The statistical programs Mesosaur and Excel 19 were used for calculations.

Results

Resultsin Table 1,2 and Fig. 1-8 are presented.
In Table 1 data about correlation level of the number of days with hail in the warm season in Bolnis
and Tsalkain 1941-2021 with years are presented.
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Table 1. Corrdation of the number of dayswith hail in the warm season in Bolnisi and Tsalkain
1941-2021 with years.
Location Bolnis
Parameter R a (R) R« a(Ry) Rs a(Rs)
Vaue -0.16 0.2 -0.14 0.074 -0.13 0.233
Location Tsaka
Parameter R a (R) R« a(Ry) Rs a(Rs)
Vaue -0.62 <0.005 -0.44 <0.005 -0.59 <0.005

As follows from Table 1, in general, the correlation of HD with years in both Bolnisi and Tsalka is
negative. However, the level of al types of HD correlations with the yearsin Bolnis is lower than in Tsalka
(“Negligible correlation” for Bolnisi, and “Low correlation” and “Moderate correlation” for Tsalka).

That is, the dependence HD on time in Bolnisi islower than in Tsalka. The datain Table 1 confirms
the results of work [36], which in particular shows that in 1981-2021 compared to 1941-1980 the average
number of days with hail in Bolnisi decreased by 0.6 (43% of the average number of days with hail in 1941-
2021), while in Tsalka by 2.5 (81% of the average number of days for the entire observation period).

Thelevel of autocorrelation in the HD time seriesin Bolnisi isalso lower than in Tsalka (Fig. 1,2).

Bolnis

—o—Ra —e—95%Ra

- 95%Ra
0.3

0.2
0.1

-0.1
-0.2

-0.3
Lag, Year

Fig. 1. Autocorrelation in time-series of observations on the number of days with hail in the warm season in
Bolnisi from 1941 to 2021.

Tsdka

—e—Ra —e— 95%Ra - 95%Ra

9 11 13 15 17 19 21 23 25 27

02 1 3 5 7

-0.4
-0.6

Lag, Year

Fig. 2. Autocorrelation in time-series of observations on the number of days with hail in the warm season in
Tsalkafrom 1941 to 2021.
Thus, in Bolnis, autocorrelation appears only in the fifth lag (Ra = 0.26), while in Tsalkain the first
three lags (Ra = 0.62, 0.54 and 0.40, respectively).

In Bolnisi, the HD time series shows two periodicity peaks — the main one =~ 6 years and the
auxiliary one = 10 years (Fig. 3).
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Fig. 3. Periodicity of the number of days with hail in the warm season in Bolnisi from 1941 to 2021.
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Fig. 4. Periodicity of the number of dayswith hail in the warm season in Tsalka from 1941 to 2021.

In Tsalka, the HD time series shows three periodicity peaks — the main one = 13 years and two
auxiliary ones = 10 years and = 7 years (Fig. 4).

Data on the main peak periodicity values in the HD time series are taken into account when
conducting interval forecasting of the number of dayswith hail in Bolnis and Tsalka until 2045 (Fig. 5-8).

HD

—— Bolnisi_Red —#— Forecast 67%_Upp
——95% Upp —*—99% Upp 99.99% Upp

8
7
6
5
4
3
2
1
0
1

941 1951 1961 1971 1981 1991 2001 2011 2021 2031 2041
Year

Fig. 5. Time-series of real (1941-2021) and forecasting (2022-2045) values of the number of days with hail

in the warm season in Bolnis.

In particular, the five-year average values of the central points of the HD forecast in 2026-2045 in
Bolnisi they vary from 0.9 to 1.1 (Fig. 6), and in Tsalka— from 0.5to 1.1 (Fig. 8).
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Fig. 6. Five-year averages forecasting values of the number of days with hail in the warm season in Bolnisi
from 2026 to 2045.
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Fig. 7. Time-seriesof real (1941-2021) and forecasting (2022-2045) values of the number of days with hail
in the warm season in Tsalka.
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Fig. 8. Five-year averages forecasting values of the number of days with hail in the warm season in Tsalka
from 2026 to 2045.

Thefive-year average values of the 99.99% upper level of HD forecast pointsin Bolnisi vary from
7.0to 7.1 (Fig. 6), andin Tsaka—from 7.7 to 8.5 (Fig. 8).

Table 2 compares the actual average HD values in Bolnisi and Tsalka in 1941-2021 and 2002-2021
with their prognostic values in 2026-2045.
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Table 2. Statigtical characteristics of real (1941-2021, 2002-2021) and forecasting (2026-2045) val ues of the
number of dayswith hail in the warm season in Bolnisi and Tsalka.

Years | 1941-2021 | 2002-2021 2026-2045
Variable Real Real Forecast | 67% Upp | 95% Upp | 99% Upp | 99.99% Upp
Location Bolnisi

Max 6.0 5.0 1.2 2.7 4.3 5.2 7.3
Min 0.0 0.0 0.8 2.3 39 4.8 6.9
Mean 1.4 15 1.0 2.5 4.1 5.0 7.1
StDev 1.3 1.5 0.1 0.1 0.1 0.1 0.1
Location Tsaka

Max 11 5.0 2.4 4.3 6.2 75 10.1
Min 0 0.0 0.0 0.4 2.4 37 6.2
Mean 3.1 2.0 0.8 2.5 45 5.7 8.3
StDev 24 1.6 0.7 1.0 1.0 1.0 1.0

In particular, as follows from Table 2, in Bolnisi the average real HD values during the indicated
time periods fall into their forecast range “Forecast - 67% _Upp”, and in Tsalka — into the range “Forecast -
95% Upp”.

Conclusion

In the future, similar forecast estimates of the number of days with hail (HD) will be carried out for
other individual settlementsin Georgia, both for annual data and moving averages of these data.

It is also planned to study of the variability of the number of days with hail in the warm half of the
year (April-October) for 22 weather stations of Georgia from 1941 to 2021, on average for five climatic

zones, which includes four climatic groups according to the Koppen classification, and conducting HD
interval forecasting for indicated climate zones.
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Pe3iome

B pabore mpencraBieHBl pe3yNbTaThl HCCICAOBAHUS OCOOCHHOCTEH BapHWanwii Yuclia JHEH ¢ TpagoM B
tertoe nonyroaue (HD) B Bonuucu u Ianke B 1941-2021 rr. u ux oxugaeMmoe u3MeHeHue ao 2045 r.
M3yyeHna ycTOMYMBOCTE BPEMEHHBIX PSIOB YHCIA JHEW C TPAJOM 4YHCIa B YKa3aHHBIX IMYyHKTaX ITyTeM
OTIpeIIeIICHISI KOppelsuoHHEIX cBs3eil HD co Bpemenem (nuHEitHAsT KOPPEISIHS, PaHTOBAsl KOPPEISIIUS
Kenpmamna u Crnimpmena). OmpeneneH ypoBeHb aBTOKOppENANUU Bo BpeMeHHbIX psinax HD B Bomamcn u
[anke. M3ydyeHa mNepuUOAMYHOCTh YKa3aHHBIX BPEMEHHBIX psiioB. IIpoBeneHO  MHTEpBaIbHOE
MIPOTHO3MPOBAHUE YHCIa JHEW ¢ rpagoM B bomaumcen u Ianke mo 2045 T. ¢ y4eToM MEPHOIUYHOCTH BO
BpeMeHHbIX psinax HD.

KaroueBbie ciaoBa: CruxuiiHbie O€ICTBHs, KOJWYECTBO IHEH C TpajoM, CTAaTHCTUYCCKHH aHAIu3,
MHOTOJIETHUN MHTEPBAJIbHBIA MPOTHO3.
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ABSTRACT

Some results of an expeditionary study of the tornado distribution area in Kakheti on June 25, 2024 are presented. The
team of researchers visiting the Alaverdi Cathedral, had a meeting with His Eminence, Bishop of Alaverdi,
Metropolitan David. The damage to the Alaverdi Cathedral and its surroundings was discussed in detail. Important
information has been received regarding this issue. Further research was continued in the area surrounding the
Alaverdi Cathedral and in the direction of the villages of Kvemo and Zemo Alvani. The probable place of origin of the
tornado and the trajectory and area of its spread were determined. The damage caused by the tornado on the
propagation trajectory was studied. More detailed studies of this natural phenomenon are planned in the near future.

Key words. natural disasters, hurricane winds, tornadoes, distribution area, damage to facilities.
Introduction

Wind is one of the main climate-forming factors. Georgia is characterized by complex physical-
geographical and climatic conditions, as a result of which significant and abrupt changes in a number of
meteorological parameters may be observed in certain regions. Therefore, in Georgia, as in other countries,
special attention is paid to the study of wind regimes [1-6].

Wind freguency is influenced by local winds, so-called breezes, which cause seasonal and diurnal
variations in the wind and cause changesin itsregime [1, 3-5]. Research on the wind regime is important for
the development of wind energy, the agricultural sector of the economy [3] and other areas. Strong winds
often cause damage and destruction of residential and industria facilities, shutdown of airports, snowstorms,
and enhance the negative consequences of other dangerous hydrometeorological phenomena (intense
precipitation, hail, etc.), casualties, etc. [7-10]. Wind speed determines the level of air pollution [11,12].
Wind is also one of the most important bioclimatic factors. Therefore, information about the wind regime is
important for the development of the economy, resort and tourism sector [13] and for assessing various
simple and complex bioclimatic characteristics for specific territories[14, 15].

The assessment of extreme wind values is especially important from the point of view that such
phenomena, as a result of their destructive effects, can cause significant damage to the agro-economic and
other infrastructure of the country [7,8,16-22]. In particular, article [23] presents information about the
tornado in Kobuleti, and also discusses the issue of a more detailed study of these eventsin Georgia.

In the study [24], as a specia case, considered a tornado that took place on September 25, 2021 in
the terminal space of the city of Poti, which caused significant damage to one of the cargo terminals.

To assess the specified damage, photographic materials were used, filmed in automatic mode by
video cameras of the surveillance system located on the territory of the terminal. With the help of these data,
it was possible to estimate the speed of the vortex flows of the above spontaneous process (tornado). To
determine the speed of movement of objects inside the tornado, the deceleration program "Mivavi Video
Editor Plus* was used.

As a result of subsequent processing of the received video image, it was found that at one of the
pointsin time, the speed of objects inside the tornado was 190 - 265 km/h. According to the so-called Fujita
scale, the strength of a tornado is determined by the wind speed inside the tornado and related phenomena
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(degree of destruction). As aresult, it was found that the strength of the tornado in the considered territory of
the terminal corresponds to the F2 value of the Fujita scale, which was due to the specifics of the location of
the territory and the synoptic processes recorded in the considered period of time.

In this work some results of an expeditionary study of the tornado distribution area in Kakheti on
June 25, 2024 are presented.

Study area, material and methods

Study area - Akhmeta municipality of Kakheti region of Georgia (Alaverdi Cathedral and
surrounding areas, the villages of Kvemo Alvani and Zemo Alvani). On June 29, 2024, the authors of this
article were in the specified area to study the movement of the tornado that developed on June 25, 2024, as
well as its impact on the environment. One of the main tasks of the expedition was to identify the
approximate location of the tornado formation.

The team of researchers visiting the Alaverdi Cathedral, had a meeting with His Eminence, Bishop
of Alaverdi, Metropolitan David. The damage to the Alaverdi Cathedral and its surroundings was discussed
in detail. Important information has been received regarding this issue. The team then continued to survey
the above areas.

To solve this problem, the following were used: portable, as well as drone-mounted, photo and film
equipment; JPS device; population survey; some materials that were posted on the Internet.

Alaverdi - Cathedral and Monastery is located in the Kakheti region of Akhmeta municipality, on
Alazani valley, near the village of Alaverdi, 20 km from Telavi (Fig. 1). The temple is one of the largest
church buildings in Georgia. Its height including dome is above 50 meters. The complex includes buildings:
Alaverdi St. George Cathedral, defensive wall, chapel, Peikar-Khan's palace, wine cellar and bath.

Fig. 1. Alaverdi - Cathedral and Monastery.

Alaverdi Monastery was founded by Joseph Alaverdeli, one of the Assyrian fathers in the middle of
the VI century. At the beginning of the XI century, Kvirike the King of Kakheti built a cathedral (which is
known by the name of Alaverdi) at the site of the little church of St. George.

Alaverdi was one of the most outstanding chapels of medieval Georgia. Alaverdoba (September-
October) was very popular ecclesiastical and public holiday. Which was celebrated not only by Georgians
(from Kakheti, Kiziki, Ertso-Tianeti, Pshav-Khevsureti) but Kists And Dagestan people as well. The market
was also held [https://georgiantravel guide.com/en/a averdi].

Some results of the expedition's research are given below.
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Results
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Resultsin Table 1-3 and Fig. 2-8 are presented.

In Fig. 2 and Table 1 information about some locations the tornado distribution areain Kakheti on
June 25, 2024. Table 1 also provides information on damage to various objects along the tornado's path.

Earth

Arbus

) e

Fig. 2. Some locations the tornado distribution areain Kakheti on June 25, 2024.

Table 1. Coordinates of locations the tornado distribution areain Kakheti according to Fig. 2.

P‘I’\'I”t Lat, °N Long, °E ';_’ST' Comment
0 42.03236 45.37742 446 Center dome of the Cathedral.
1 42,0356 45.38649 437 Agricultural cold storage farrr'1. A large tree branch was broken
and part of the building's roof collapsed.
2 42.03584 45.38761 435 To the direction of the tornado movement.
3 42.03664 45.38904 435 To the direction of the tornado movement.
4 42.03538 45.38543 437 Roof remains found.
5 42.0348 45.38156 439 Road to the cold storage farm (behind the Cathedral).
6 42.03424 45.37951 440 Damaged shed roof.
7 42.03395 45.37731 441 A damaged tree behind the Cathedral.
8 42.03405 45.37462 443 Shop between the cathedral and the village Alaverdi.
9 42.03354 45.38095 440 Farm with badly damaged roof next to the Cathedral.
10 4203321 4537783 443 Cemetery. Damaged trees and broken tiles. Next to the
Cathedral.
11 42.03328 45.37783 443 Cemetery. A possible place where the cross fell.
12 42.03272 45.31199 466 Farm in the Zemo Alvani. Farmer - Chikhoshvili Khvicha.
13 42.02984 45.30888 466 Approximate location of tornado formation.
14 4203351 4532413 458 Damaged house under constructim? at the end of a farm in
Zemo Alvani.
15 42.03317 45.32011 461 A heavily damaged farm roof in the path of a tornado.
16 4203565 4531116 467 The temple at Zemo Alvani, near the .cernetery, is one of the
tornado's travel points.
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According to an eyewitness, farmer Kh. Chikhoshvili, it was possible to determine the approximate
location of the tornado formation (Fig. 3; point 13 in Fig. 2 and Table 2).

Fig. 3. Approximate location of tornado origin. On the left is our photo, on the right isa still from the video
of farmer Khvicha Chikhoshvili.

In particular, as follows from Fig. 2 and Table 2, distance from the approximate location of tornado
formation to the center dome of the Cathedral is = 5.7 km. The greatest distance we found from the site of tornado
formation to point 3 is approximately 6.67 km. Thus, even without taking into account the tortuosity of the trajectory,
the tornado covered a distance of at least 7 km. This fact, according to available data, is quite rare for the continental
part of Georgia.

Table 2. Distance from approximate location of tornado formation to surveyed points according to Table 1.

N of points 0 1 2 3 4 5 6 7
Distance, km 5.67 6.45 6.54 6.67 6.36 6.03 5.86 5.67
N of points 8 9 10 11 12 14 15 16
Distance, km 5.45 5.97 571 5.71 0.41 1.32 1.00 0.67

Table 3 shows data on the distance from the central dome of the Cathedral to the points under study.

Table 3. Distance from the center dome of the Cathedral to surveyed points according to Table 1.

N of points 1 2 3 4 5 6 7 8 9 10 11

Distance, km | 0.83 | 0.93 1.07 | 074 | 044 | 027 | 0.18 030 | 032 | 010 | 011

Along with the covering of the central dome of the cathedral, the tornado tore off the cross, which
was found approximately 0.11 km from this dome on the territory of the cemetery (Fig. 2, Tables 1 and 3).
Other abjects in the vicinity of the Cathedral were aso damaged. So, for example, distance from the

center dome of the Cathedral to agricultural cold storage farm (Point 1) is = 0.83 km, and to farm with badly damaged
roof (Point 9) is = 0.32 km.

According to preliminary data, the tornado formed at approximately 5:10 p.m. and disintegrated at
approximately 5:24 p.m.
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In Fig. 4-8 for clarity, show photographs of some objects damaged by the tornado (farm roofs in the
Zemo Alvani, covering of the dome of the Alaverdi Cathedral, badly damaged roof next to the cathedral,
agricultural cold storage farm).

Fig. 4. Damaged farm roofs in the Zemo Alvani. (Point 15, Table 1).

71



Fig. 5. Removal of the covering of the dome of the Alaverdi Cathedral. The timeinterval between framesis
1 second. Video source: https://www.youtube.com/watch?v=ZFvYlzEhBr4.

3
Galaxy A53 5G

Fig. 7. Farm with badly damaged roof next to the cathedral. (Point 9, Table 1).
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Fig. 8. Agricultural cold storage farm. A part of the building's roof collapsed. Photo from drone. (Point 1,
Table 1).

Fig. 9. Our group of scientists with His Eminence, Bishop of Alaverdi, Metropolitan David (in the center).
From left to right - Nodar VVaramashvili, Viktor Chikhladze, Avtandil Amiranashvili, Mikheil Pipia

Findly, in Fig. 9 shows a photograph of His Eminence, Bishop of Alaverdi, Metropolitan David and
the authors of this article against the background of the Alaverdi Cathedral with a damaged dome.

It is important to note that intensive work is currently underway to restore the damaged coverings of
the cathedral and other parts of it.
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Conclusion

In the near future, we plan more detailed studies of this natural phenomenon. In particular:
determining the conditions for the formation of a tornado; determination of the trajectory and speed of
movement of a tornado, taking into account radar data on thunderstorm and hail clouds in the study ares;
estimation of the speed of air flows inside atornado; clarify the strength of the tornado, etc.
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HekoTopsbie pe3yJbTaThl IKCIEIUIMOHHOI0 HCCJIEIOBAHMS apeaJia
pacupocrpaHeHusi TopHaao B Kaxeruu 25 urons 2024 roga

A. AmupanamBuiu, B. Yuxmnanze, M. [lunua, H. BapamamsBuiaun

Pe3rome

[IpencraBieHbl HEKOTOPBIE PE3YIBTATHI AKCIIEAUIIMOHHOTO UCCIIEOBAaHUS paliOHa PacIpOCTPAHEHUS cMepUa
B Kaxeruu 25 utons 2024 rona. ['pynma nccnenosareneii, mocetuBmas AnaBepAcKuii cOO0p, BCTPETHIIACH C
BricokompeocBsImeHHe UM enucKoioM AtaBepackuM MuTponoiauToM JlaBumom. Iloapo6HO oOCy)Kaancs
yiep0, MPUYUHEHHBIH CO00PY AJaBepId M €ro OKpecTHOCTSIM. [lo JaHHOMY BOIIpOCYy MOJTydeHa BaXKHAs
nHpopMmarus. [lanpHelme ucclieoBaHus OBUIM TPOJOJDKEHBI B palioHe AuaBepickoro cobopa u B
HanpasneHnn cen Ksemo u 3emo AnBann. OnpeenieHsl BEPOSITHOE MECTO 3apOXKICHUS CMepUa, TPAeKTOPHS
Y paliOH €ro pacmpocTpaHeHus. V3ydeH yiep0, MpUINHIEMBIH CMEpUYeM Ha TPACKTOPUU PaCIIPOCTPaHEHUSI.
B Gmmkaiiiee BpeMs TUTaHUPYIOTCS O0Jiee IeTalbHBIE HCCIIESIOBAHMS TOTO MIPUPOTHOTO SBIICHUS.

KaioueBble cioBa: cTHXuilHbIe O€ICTBHS, YparaHHbIe BETPbI, TOPHAA0, apeal paclpOCTPAHECHUs,
MOBPEKICHUE OOBEKTOB.
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ABSTRACT

Data about long-term monthly average values of Holiday Climate Index (HCI) for Tsalka (Georgia) are presented.
Detailed analysis of the monthly, seasonal and annual HCl s values over the 60-year period (1956-2015) are carried out.
The variability of the HCI in 1986-2015 compared to 1956-1985 was studied, and the trends of the HCI in 1956-2015
were also investigated.

Key Words: Bioclimate, Tourism Climate Index, Holiday Climate Index.
Introduction

The formation and successful functioning of the resort and tourism economy of an arealargely depends
on its geographical location, relief, historical-cultural and natural monuments, vegetation, the presence of
natural disasters, weather, climate, etc. [1-5]. At the same time, weather and climate are the two main factors
determining the bioclimatic resources of the territory. Accordingly, the study of these resources plays an
important role for the organization and devel opment of the resort and tourism industry in the area [6-12].

In recent decadesin various studies, including Georgia, many climate indices for tourism have been used
[6-17]. However, the most widely known index used both in the past and in the present is the Tourist Climate
Index (TCI), proposed by Mieczkowski [18].

In southern Caucasus countries, the monthly TCI was first calculated for Thilisi (Georgia) [19] and then
for many other locations in the Caucasus (Armenia, Azerbaijan, North Caucasus, etc.) [3, 20-26]. The study
[27] presents the first TCI calculations for Zimbabwe. In the work [28] evaluated the climate comfort of
Argentinaas an intangible resource for tourism. The applicability of thetourism climateindex for Saudi Arabia
in [29] is presented. In [30] assessing climate change impacts on tourism demand in Turkey through the
Tourism Climate Index is carried out.

Despite the wide application of the TCI, it has been subject to substantial critiques [31]. The four key
deficiencies of the TCI include the following: (1) the subjective rating and weighting system of climatic
variables; (2) it neglects the possibility of the overriding influence of physical climatic parameters (e.g., rain,
wind); (3) the low tempora resolution of climatic data (i.e., monthly data) has limited relevance for tourist
decision-making; and (4) it neglects the varying climatic requirements of major tourism segments and
destination types (i.e., beach, urban, winter sports tourism).

To overcome the above limitations of the TCI, the Holiday Climate Index (HCI) was devel oped to more
precisely assess the climatic suitability of tourism destinations. The word “Holiday” was chosen to better
reflect what the index was designed for (i.e., leisure tourism), as tourism is much broader by definition
(“Tourism is a social, cultural and economic phenomenon which entails the movement of people to countries
or places outside their usual environment for personal or business/professional purposes™) [32-36]. In the same
works, comparisons between the HCI and TCI were made.

A comparison of the Holiday Climate Index and Tourism Climate Index at severd locationsin Georgia
and the North Caucasus in [37-39] are presented. The long-term average HCls for 12 Kakheti locations
(Akhmeta, Dedoplistskaro, Gombori, Gurjaani, Kvareli, Lagodekhi, Omalo, Sagarejo, Shiraki, Telavi, Tsnori
and Udabno) in [40] are presented. For 6 stationsin thisregion (Dedoplistskaro, Gurjaani, Kvareli, Lagodekhi,
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Sagargjo and Telavi), detailed analyses of the monthly, seasonal and annual HCls over the 60-year period
(1956-2015) were carried out.

It was found that there is a high degree of correlation between the HCI and TCI. However, considering
that the TCI is calculated for the so-called “average tourist” (regardless of gender, age, physical condition),
the value and category of this index are lower than the HCI values and categories. In general, based on our
estimation, the HCI more adequately determines the bioclimatic state of the environment for the devel opment
of various types of tourism than does the TCI [37-40].

It should be noted that the scale of various bioclimatic indices (including TCl and HCI) is quite
consistent with data on public health in various regions of Georgia[15, 41,42], aswell as on the spread of the
COVID-19 virusin Thilis [43].

Great importance is attached to studying the impact of climate change on TCI and HCI.

In study [9] noted that the TCI and HCI are good indicators of the environmental conditions for leisure
activitiesin the Canary Islands. Using the Regional Climate Model, it is shown that by 2030-2059 and 2070-
2099, tourism performance is expected to improve significantly in the winter and off-season but deteriorate in
the summer months, including October, in the southeast, which is where hotels are currently located.

The aim of the study [44] is to assess the future HCI performances of urban and beach destinationsin
the greater Mediterranean region. For this purpose, HCI scoresfor the reference (1971-2000) and future (2021-
2050, 2070-2099) periodswere computed. HCI: The urban results showed that the Canary Islands have suitable
conditions for tourism during almost all four seasons and all periods, which will have certain implications
when other core Mediterranean competitors lose their relative climatic attractiveness. The HCI:Beach results
for the summer season showed that Las Canteras, Alicate, Pampelonne, Myrtos, Golden Sands and Edremit
all pose very good to excellent conditions without any Humidex risks for the extreme future scenario (2070-
2099).

The study [45] provides the first application of atourism climate index in the tropical southwest Indian
Ocean, applying the recently developed Holiday Climate Index (HCI) for Réunion Island. The suitability of
this index is evaluated for the case of this French department, with a particular focus on air conditioning
availability in tourism accommodation establishments as thisindex excludes night-time thermal comfort. Both
iterations of the HCI (HClgeach and HCluwan) are computed with meteorological data from Roland Garros
Airport for the period 1991-2020, exploring monthly, annual, and seasonal climatic suitability. Mean monthly
HCI scores reveal considerable seasonality in climatic suitability for tourism on the island with scores ranging
from 89.3 (Excellent) to 36.9 (Marginal) for the HClgeach and 85.0 (Excellent) to 27.5 (Unacceptable) for the
HClurman, With more favourable scores calculated for July and August, displaying a clear austral winter peak
seasonal classification. Over the 30-year period, there is no statically significant change in mean annual
climatic suitability, and at a monthly scale, only one month of the year for each index displays statistically
significant trends. These results areimportant in informing tourism strategies for theisland to maximise visitor
satisfaction through targeting advertising more deliberately for peak touristic climate suitability during the
winter months.

The purpose of study [46] was to investigate the status of urban tourism climate in West Azerbaijan
province using Holiday Climate Index (HCI). At first, daily meteorological data of 8 mgjor cities in the
province were collected for aten years period (2008-2017) and after data processing and database preparation,
the HCI values were calculated daily and monthly. The results showed that Mahabad with 197 days has the
highest number of comfortable days in this province. Khoy with 192 days, Salmas with 182 days, Urmia and
Piranshahr with 181 days, Sardasht with 171 days, Takab with 164 days and Maku with 155 days are next. in
these days, there areidea conditions for recreation and tourism. May and September are a so the best months
for tourism activitiesin West Azerbaijan province.

In[11] thetourism climate comfort of Longji Terraced Fieldsfrom 2002 to 2022 isdiscussed. Theresults
show that the current Holiday Climate Index and Modified Climate Index for Tourism are not suitable for
evaluating the Longji Terraces. Adjustments were made to these indices to account for the high annua
precipitation and relative humidity of Longsheng. Combining extensive questionnaire surveys, it was found
that the improved evaluation model better reflects tourists’ perceptions of climate comfort. Analysis indicates
that when the modified model value is above 70, tourist satisfaction exceeds 80%. The most comfortable
tourism periods for the Longji Terraces are August, September, and October, while the least comfortable
periods are January, February, and March. This study helps to understand the seasonal variations in tourism
climate comfort at Longji Terraced Fields and provides a scientific basis for local tourism industry responses
to climate change, thereby increasing tourism revenue.

The aim of study [47] is to assess the future HCI performance of urban and beach destinations in the
greater Mediterranean region. For this purpose, HCI scores for the reference (1971-2000) and future (2021
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2050, 2070-2099) periods were computed with the use of two latest greenhouse gas concentration trajectories,
RCP 4.5 and 8.5, based on the Middle East North Africa (MENA) Coordinated Regional Downscaling
Experiment (CORDEX) domain and data. The outputs were adjusted to a 500 m resol ution viathe use of lapse
rate correctionsthat extrapolate the climate model topography against aresampled digital elevation model. All
periodic results were seasonally aggregated and visualized on a (web) geographical information system (GIS).
The web version of the GIS aso allowed for a basic climate service where any user can search her/his place
of interest overlaid with index ratings. Exposure levels are reveded at the macro scale while sengitivity is
discussed through a validation of the climatic outputs against visitation data for one of Mediterranean’s leading
destinations, Antaly.

The study [48] derived the Holiday Climate Index (HCI: Coast, HCI: Urban, and HCI: Combined) inthe
Mediterranean coastal provinces of Turkiye from 1976 to 2020. Utilizing the derived indices, the effects of
climate-related holiday comfort on the number of tourist arrivals as well as on overnight stays between 1976
and 2020 were examined by panel data analysis. The study examined how comfort patterns could change
during the period 2026-2050 under the pessimistic RCP8.5 scenario. It was detected that the comfort level
significantly and positively affects the number of arrivals and overnight stays of tourists. Besides, comfort
levelswere found to deteriorate in the period 2026—2050 compared to the reference period, 1976-2020. Asthe
comfort conditions get worse, the number of tourist arrivals and overnight stays is expected to decline in the
future.

In [49] a study was conducted to analyze the holiday climate index (HCI) for Sri Lanka’s urban and
beach destinations. The analysis covered historical years (2010-2018) and forecasted climatic scenarios
(2021-2050 and 2071-2100), and the results were presented as colored maps to highlight the importance of
HCI scores. Visual analysis showed some correlation between HCI scores and tourist arrivals, but the result of
the overal correlation anaysis was not significant. However, a country-specific correlation anaysis reveaed
interesting findings, indicating that the changing climate can be considered among other factors that impact
tourist arrivals. The research proposes that authorities assess the outcomes of the study and conduct further
research to develop adaptive plans for Sri Lanka’s future tourism industry. The study also investigated potential
scenarios for beach and urban destinations under two climate scenarios (RCP 4.5 and RCP 8.5) for the near
and far future, presenting the findings to tourism industry stakeholders for any necessary policy changes.

In study [36] to investigate the TCl and HCI index to determine nature tourism in the Khamir-Qeshm
mangrove forests from 1996 to 2021. The results of TCI revealed that the best tourism season is autumn late
and winter in December, January, and February while the most unfavorable climatic conditions are June, July,
August, September, and October. Based on the results of HCI, the most favorable tourism season is related to
winter and especially March month, while the status of this index is acceptable from June to October. In
general, theresults of TCI and HCI indicate that autumn to the end of winter isthe best timein terms of tourism
climate, and spring to summer late, has the most unfavorable conditions for visitor's presence due to the
extreme heat, high humidity, and sultry climate of the area. The statistical anaysis of TCl and HCI aso
indicates that there is a significant and direct relationship between these two indicators with climatic variables
and with the increase of the final coefficient, the climatic conditions of the area will be more favorable for
tourists presence. Considering the increasing tourism industry and nature tourism development in Khamir-
Qeshm mangrove forests, proper planning in accordance with the favorable conditions of the tourism climate
can protect this area, provide suitable infrastructure and facilities for tourists, and will also help create
conditions to understand the comfortable feeling and tourist's satisfaction.

Study [50] presents an assessment of climate suitability for outdoor leisure activities in Romania using
the Holliday Climate Index (HCI) for the near future (2021-2040), focusing on unfavorable and good climate
conditions. The analysis employs data from an ensemble of model simulations in the context of RCP4.5 and
RCP8.5 climate change scenarios. The resultsindicate that the number of days with low weather suitability is
decreasing in almost the entire country, especially during the warm season, while during the winter and spring,
extended regions may be characterized by a higher number of days favorable for outdoor activitiesthan during
the current climate. An estimation of theimpact of climate change on tourism flux in Romaniaisfurther carried
out, suggesting that the increasing attractivity of climate conditions may lead to an increased number of tourist
overnightsin the near future, and this will be more pronounced in rural destinations.

Assessing the impact of dust events on the Holiday Climate Index in the Taklimakan Desert region in
[51] is presented.

Detailed information on the variability of the monthly values of the Holiday Climate Index in Thilisi in
1956-2015 is presented in [52]. It also presents data on the interval forecasts of HCI variability in Thilis for
the next few decades.
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In the work [38] is performed a detailed analysis of monthly, seasonal and annual HCI values during a
60-year period (1956-2015) for 13 mountainous locations in Georgia (Bakhmaro, Bakuriani, Borjomi,
Goderdzi, Gudauri, Khaishi, Khulo, Lentekhi, Mestia, Pasanauri, Shovi, Stepantsminda, and Tianeti) and
compared HCls and TCls of monthly values for three points in Georgia (Goderdzi, Khulo and Mestia) based
on datafrom 1961 to 2010. The variability data of the HCI in 1986-2015 compared to thosein 1956-1985 and
the trends of the HCI in 1956-2015 are aso presented. Using Mestia as an example, the expected changes in
the monthly, seasonal and annual HCls of 2041-2070 and 2071-2100 were assessed. Some results of thiswork
wereusedin [5, 53].

Finaly, in the work [54] an analysis of data on the long-term average values of the Holiday Climate
Index (HCI) for 8 settlements in the Kvemo Kartli region of Georgia (Bolnisi, Gardabani, Dmanisi, Tetri
Tskaro, Marneuli, Tsalka, Manglisi, Rustavi) is presented. The intra-annual distribution of HCI values was
studied; correations between individual stationswere determined based on average monthly and seasonal HCI
values; it was found that the regression equations for theintra-annual variation of average monthly HCI values
for all points of Kvemo Kartli have the form of a ninth-order polynomial; categories of average monthly and
seasonal HCI values in the specified settlements of Kvemo Kartli were determined; a comparison was made
of the statistical characteristics of average monthly HCI valuesin 8 points of Kvemo Kartli with the indicated
characteristics in Bolnisi, Gardabani, Marneuli, Rustavi (height of stations above sealevel H < 1 km) and in
Dmanisi, Tetri Tskaro, Tsalka, Manglisi (H > 1 km), and a corresponding analysis of the repeatability of HCI
categories was conducted. It is shown that the bioclimatic conditions in Kvemo Kartli are favourable for the
development of the resort and tourism industry for all months of the year. A visua map of the distribution of
mean monthly HCI categories on the territory of Kvemo Kartli has been constructed.

This work is a continuation of the study [54]. Analysis results of investigations of variability of the
Holiday Climate Index (HCI) in Tsalkain 1956-2015 are presented below.

Study area

Tsalka (41.60 N°, 44.08 E°, 1458 m, a.s.l.) is a town and municipality center in southern Georgia's
Kvemo Kartli region.

The district had a population of 2326. There are important historical monuments in Tsalka: Kldekari
Fortress (ninth century) and the church of St. George in Dashbashi (tenth-eleventh centuries). Tsalka Canyon
(formerly Dashbashi Canyon) and its new bridge are also interesting tourist attractions.

Tsalka Canyon in Georgiais adeep mountain gorge situated 100 kilometers west of Thilis in Tsalka
Municipality. Long popular with visitors, the canyon has become even more alluring since a touristic center
opened on the site in the summer of 2021, providing plenty of options for comfort and adventure in a
pi cturesgue setting. The canyon, measuring 7 kilometers long and 300 meters deep, was formed on a volcanic
plateau through the process of erosion. This natural wonder is defined by steep slopes covered in lush
vegetation, at the bottom of which flowsthe rapid waters of the Khrami River (Fig. 1). Y et the major attraction
of Tsalka Canyon isits spectacular cluster of cascading waterfalls (Fig. 2).

In the summertime, their emerald waters glisten among the lavish green foliage, while in winter the
waterfalls freeze, creating a frosty fairytale landscape.Visitors can easily travel from Thilisi to Dashbashi
Canyon (Tsalka Canyon) on a 2-hour drive one way. Once you reach the canyon’s entrance you must park
your car and walk downhill along a well-marked mountain path that windsfor 1.5 kilometersto the fals. The
most challenging part of the trek isthe steep climb back, but guests should also be prepared to walk across the
stone-covered banks of the Khrami River. Most people need about 1-1.5 hours to complete the round-trip
Dashbashi Canyon hike.In August 2021, a new complex opened at Tsalka Canyon with the aim of developing
the nature reserve into an attractive touristic area.

The complex includes a 240-meter-long glass bridge right above the canyon, with a diamond-shaped
cafebar inthemiddle. Thereisalso avisitor center, ahigh-quality hotel complex with cottages, an open garden
restaurant, swimming pools, bridges, camping sites and a 500-meter paved road to the canyon river.A trip to
Tsalka Canyon makes an ideal getaway from Thilisi and can also be a stopping point on a more extensive
journey. Near the canyon lies the picturesque Tsalka L ake, afavourite destination of Georgian fishermen. Y ou
can aso hike to the ruins of the 9th-century Kldekari Fortress, and athough little isleft of this once-powerful
citaddl, the trek to it is rather charming. Another option is to combine a visit to Tsalka Canyon with atrip to
Poka Nunnery of Saint Nino, stuated on the shores of  Paravani Lake
[https://www.advantour.com/georgi a/tsal ka-canyon.htm]

80



Tsalka Canyon is a rewarding outdoor destination that will deepen your appreciation of Georgia’s
natural beauty [https.//en.wikipedia.org/wiki/Tsalka].

Fig. 1. Tsalka Canyon [https://www.advantour.com/georgial/tsal ka-canyon.htm;
https://www.tri padvisor.com/AttractionProductReview-g294195-d17566244-
Trip_to_The Diamond Bridge and Dashbashi_Canyon-Thilisi.html]

Fig. 2. Dashbashi waterfall, situated at the bottom of Tsalka Canyon.
[https://en.wikipedia.org/wiki/Tsalka Canyon#/media/File:Dashbashi_24.jpg]
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Material and methods

For the monthly mean values of HCI calculation data of National Environmental Agency of Georgia
from 1956 to 2015 were used: Tmax - Maximum air temperature, °C; RH — air relative humidity, %; P -
precipitation, mm; CC — total cloud cover, degree; W wind speed, m/s (Table 1 and 2). HCI values and their
categories were determined in accordance with the methodol ogy described in the works [31, 37-39].

Inthework analysis of datais carried out with the use of the standard statistical analysis methods. The
following designations will be used below: Mean — average values, Min — minimal values;, Max - maximal
values; Range - variational scope; St Dev - standard deviation; om — standard error; Cy, % — coefficient of
variation (C, = 100-St Dev/Average); 95%(+/-) - 95% confidenceinterval of mean; 1)1956+1985 — mean value
of meteorological parameters and HCI in 1956-1985, first period; 11)1986+2015 - second period; t - Student
criterion; o - the level of significance; Diff.(lI-I) — difference between mean values of meteorological
parameters and HCI in second and first periods were determined with use of Student criterion (0<0.15); R -
coefficient of linear correlation (a<0.15); A1 = 100- Diff.(II-1)/Mean(1956-2015) - relative variability of the
difference between the mean values of the HCI in two periods of time relative to the mean value for the entire
observation period, %; A. = 100-[HCI(2015) — HCI(1956)]/Mean(1956-2015) - relative variability of the
difference between the HCI values in 2015 and 1956, determined by linear regression equations, in relation
to the mean value for the entire observation period, %; aand b - coefficients of the linear equation of the trend
of HCI values (HCI = a:year/month + b).

Table 1. Monthly values of meteorological parametersfor HCI calculation in Tsalka during the cold season
in three period of time.

Variable Period Jan Feb Mar Oct Nov Dec | Cold | Year
1956-2015 1.8 2.3 5.8 13.7 8.2 39 6.0 12.2
11)1986-2015 2.1 2.7 6.4 14.1 8.3 39 6.3 12.6

T oC 1)1956-1985 15 19 51 13.3 8.1 3.8 5.6 11.8

ma Diff.(11-1) 0.6 0.9 13 0.8 0.2 0.1 0.6 0.8
t 0.86 1.28 2.17 1.55 0.34 015 | 194 | 356

o No No 0.03 0.13 No No 0.06 | <0.01

1956-2015 73.9 74.6 75.2 79.6 77.0 746 | 758 | 76.8
11)1986-2015 73.0 73.2 72.5 80.2 76.5 738 | 749 | 76.0

RH. % I)1S_356—1985 74.9 76.0 77.9 78.9 77.6 755 | 768 | 77.6
' Diff.(I1-1) -1.9 -2.8 54 1.3 -1.1 -1.7 -1.9 -1.6

t 1.05 1.96 3.62 1.03 0.71 1.09 | 246 | 221

a No 0.05 <0.01 No No No 0.02 | 0.03

1956-2015 215 28.1 38.9 49.8 335 227 | 324 | 57.0
11)1986-2015 19.6 28.3 374 53.0 34.7 236 | 328 | 553

P mm 1)1956-1985 234 27.9 40.3 46.6 32.3 21.7 | 320 | 58.7
’ Diff.(I1-1) -3.7 0.4 -2.9 6.4 25 1.9 0.8 -3.4

t 0.98 0.10 0.56 0.93 0.44 050 | 034 | 1.38

o No No No No No No No No

1956-2015 6.0 6.3 6.8 6.5 6.3 6.0 6.3 6.5
11)1986-2015 6.2 6.5 6.8 7.0 6.3 6.3 6.5 6.7

cc 1)1956-1985 5.7 6.2 6.8 59 6.2 57 6.1 6.3
Diff.(I1-1) 0.5 0.4 0.0 1.0 0.1 0.6 0.4 0.4

t 2.02 1.43 0.03 3.78 0.36 202 | 398 | 491

o 0.05 0.15 No <0.01 No 0.05 | <0.01 | <0.01

1956-2015 1.7 1.6 15 1.1 1.3 1.6 15 1.3
11)1986-2015 14 1.2 13 0.8 1.0 1.2 1.2 11

W m/s 1)1956-1985 2.0 19 18 14 1.6 1.9 17 15
! Diff.(I1-1) -0.6 -0.6 -0.5 -0.5 -0.5 -0.6 -0.6 -0.5

t 3.65 3.24 3.94 6.42 4.17 576 | 6.84 | 7.17

a <0.01 <0.01 <0.01 <0.01 <0.01 | <0.01| <0.01 | <0.01
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In Tables 1,2 data on monthly values of meteorological parameters for HCI calculation in Tsalka
during three period of time are presented. In particular, as follows from these tables, in 1956-2015 the average
monthly values of these meteorological elements vary within the following limits: Tmax - 1.8 °C (Jan) - 22.4
°C (Jul, Aug); RH - 73.9% (Jan) - 79.6% (Oct); P - 21.5 mm (Jan) - 116.8 mm (May); CC - 6.0 degree (Jan,
Dec) - 7.2 degree (May); W - 1.0 m/s (Jul, Aug) - 1.7 m/s (Jan).

Table 2. Monthly values of meteorological parameters for HCI calculation in Tsalka during the warm season
in three period of time.

Variable Period Apr May Jun Jul Aug Sep | Warm | Year
1956-2015 11.8 16.1 19.7 224 224 | 186 | 185 | 122
[1)1986-2015 | 12.1 16.2 20.2 22.9 232 | 192 | 190 | 126

T ec 1)1956-1985 | 11.6 16.0 19.1 21.9 216 | 180 | 181 | 118

meo Diff.(11-1) 0.5 0.2 11 1.0 1.6 1.2 0.9 0.8
t 0.84 0.48 3.19 2.71 357 | 287 | 410 | 356

o No No <0.01 0.01 <0.01 | <0.01| <0.01 | <0.01

1956-2015 76.1 78.7 78.5 775 774 | 79.0 | 779 | 76.8
[1)1986-2015 | 75.0 77.8 77.8 77.6 770 | 781 | 772 | 76.0

RH. % 1)1956-1985 | 77.2 79.5 79.2 77.3 778 | 799 | 785 | 776
’ Diff.(11-1) -2.2 -1.7 -1.3 0.3 -0.7 -18 | -12 | -16

t 1.48 1.24 0.89 0.18 048 | 164 | 118 | 221

o 0.14 No No No No 0.11 No 0.03

1956-2015 73.0 116.8 115.6 64.9 654 | 535 | 815 | 570
11)1986-2015 | 75.8 108.5 122.7 56.2 595 | 437 | 77.7 | 553

P mm I)1956-1985 70.1 125.1 108.5 73.7 71.2 63.2 85.3 58.7
’ Diff.(11-1) 5.7 -16.7 14.2 -17.5 -11.7 | -195 ] -76 | -34

t 0.71 1.35 1.28 2.29 122 | 230 | 167 | 138

o No No No 0.03 No 0.03 | 0.10 No

1956-2015 7.1 7.2 6.6 6.6 6.5 6.4 6.7 6.5
11)1986-2015 7.2 7.3 6.8 6.8 6.7 6.5 6.9 6.7

cC 1)1956-1985 6.9 7.0 6.3 6.3 6.4 6.2 6.5 6.3
Diff.(11-1) 0.3 0.2 04 0.6 0.3 0.3 0.4 04

t 141 1.16 2.03 2.62 125 | 103 | 317 | 491

o 0.15 No 0.05 0.01 No No | <0.01 | <0.01

1956-2015 13 12 12 1.0 1.0 11 11 13
11)1986-2015 1.1 1.0 1.0 0.8 0.8 0.9 1.0 11

W m/s I)1S_356-1985 1.6 1.3 14 12 12 13 13 15
’ Diff.(11-1) -0.5 -0.3 -0.4 -0.4 -0.4 -0.3 -04 | -05

t 4.29 241 3.80 3.88 531 | 412 | 556 | 7.17

o <0.01 | <0.01 <0.01 <0.01 | <0.01 | <0.01| <0.01 | <0.01

In 1986-2015, compared to 1956-1985, significant variability in the average monthly values of these
meteorological parameters occurred as follows. Tmax - growth in March and from June to October with arange
of variability from 0.8 °C (Oct) to 1.6 °C (Aug); RH - decrease from February to April and in September with
avariability range from -5.4% (Mar) to -1.8% (Sep); P - decrease only in September (-19.5 mm) and July (-
17.5 mm); CC - growth in all months except March, May, August, September and November with avariability
range from 0.3 degree (Apr) to 1.0 degree (Oct); W, m/s - decrease in all months of the year with a variability
range from - 0.6 m/s (Jan, Feb, Dec) to -0.3 m/s (May, Sep). Thus, during the time period under study, the
greatest variability among the studied meteorological parameters was observed for wind speed (all months of
the year), the least - for precipitation (two months).

Results of analysis of studies of the variability of the Holiday Climate Index in Tsalka in 1956-2015
against the backdrop of climate change are presented below.
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Results and discussion

The results in Fig. 3-6 and Tables 3,4 are presented. Fig. 3,4 and Tables 3,4 present data on the
statistical characteristics and changeability of monthly and seasonal values of HCI in Tsalkain 1956-2015.
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Fig. 3. Variability of monthly values of HCI in Tsalkain 1956-2015.
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Fig. 4. Monthly values of HCI in Tsalkain three period of time.

In the period from 1956 to 2015 (Fig. 3,4 Tables 3, 4) monthly HCI vaues varied from 53.0
(“Acceptable”, Jan, Feb, May, Dec) to 91.0 (“Ideal”, Sep). The mean monthly HCI values for the entire
observation period varied from 59.4 (“Acceptable”, Feb) to 85.2 (“Excellent”, Jul). Maximal value of Range
for monthly values of HCI is 32.0 (Sep), Minimal - 12.0 (Mar).
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Table 3. Statistical characteristics of HCI in Tsalka during the cold season (1956-2015).

Parameter Jan Feb Mar Oct Nov Dec Cold Year
M ean 59.9 504 60.4 69.2 63.8 61.0 62.3 69.6
Min 53.0 53.0 55.0 59.0 55.0 53.0 58.7 65.6

M ax 67.0 67.0 67.0 79.0 77.0 69.0 65.5 72.3
Range 14.0 14.0 12.0 20.0 22.0 16.0 6.8 6.8

St Dev 2.8 3.0 2.8 4.2 39 35 1.6 1.6
om 0.37 0.39 0.36 0.55 0.51 0.46 0.21 0.20

Cv (%) 4.7 5.0 4.6 6.1 6.1 58 2.6 2.2
95% (+/-) 0.7 0.8 0.7 11 1.0 0.9 0.4 0.4
11)1986+2015 59.4 59.2 60.8 68.2 63.9 60.2 62.0 69.6
1)1956+1985 60.3 59.6 60.1 70.1 63.7 61.7 62.6 69.6
Diff.(11-1) -0.9 -04 0.7 -1.9 0.2 -1.5 -0.6 0.0

t -1.19 -0.52 0.98 -1.73 0.20 -1.68 -1.50 0.11

a(t) No No No 0.09 No 0.10 0.14 No

R 0.17 0.20 0.16 0.27 0.06 0.12 0.20 0.03

A1, % -14 -0.7 1.2 -2.7 0.3 -25 -1.0 0.1
o(R) No 0.13 No 0.03 No No 0.13 No

a -0.0277 | -0.0334 0.0257 -0.0663 0.0143 -0.0233 | -0.0184 | -0.0023

b 114.9 125.7 9.4 200.8 35.3 107.1 98.9 74.1

Az, % 2.7 -3.3 25 -5.7 1.3 -2.3 -1.7 -0.2

Table 4. Statistical characteristics of HCI in Tsalka during the warm season (1956-2015).

Parameter Apr May Jun Jul Aug Sep Warm Year
M ean 65.3 68.6 78.9 85.2 84.3 79.5 76.9 69.6
Min 56.0 53.0 61.0 78.0 71.0 59.0 70.8 65.6
M ax 73.0 83.0 91.0 91.0 91.0 91.0 815 72.3
Range 17.0 30.0 30.0 13.0 20.0 32.0 10.7 6.8
St Dev 4.8 6.3 6.6 29 4.2 6.8 25 16
om 0.63 0.82 0.85 0.38 0.55 0.88 0.33 0.20
Cv (%) 7.4 9.2 8.3 34 5.0 85 3.3 2.2
95% (+/-) 1.2 16 17 0.7 11 17 0.6 0.4
11)1986+2015 64.8 69.3 79.1 85.2 83.8 81.6 77.3 69.6
1)1956+1985 65.8 67.8 78.7 85.1 84.8 77.3 76.6 69.6
Diff.(11-1) -1.0 15 04 0.1 -1.0 4.3 0.7 0.0
t -0.80 0.90 0.23 0.13 -0.91 2.58 1.10 0.11
a(t) No No No No No 0.01 No No
R 0.12 0.10 0.06 0.04 0.24 0.32 0.10 0.03
A1, % -15 2.1 0.5 0.1 -1.2 54 0.9 0.1
a(R) No No No No 0.06 0.01 No No

a -0.0331 0.0375 0.0208 -0.0061 -0.059 0.1232 0.0139 -0.0023
b 131.1 -5.8 37.6 97.2 201.4 -165.1 49.4 74.1
Az, % -3.0 3.2 16 -04 -4.1 9.1 11 -0.2

The trend of monthly HCI values for all observational datais generaly insignificant positive (Fig. 3).
A significant linear positive trend in HCI values in certain months of the year was observed in September;
negative — in February, August, October and in the cold half of the year. A significant increase in average
monthly and seasonal HCI valuesin the second period of time compared to thefirst was observed in September,
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adecrease — in October, December and in the cold half of the year. The maximum absolute value of A1 =5.4%
(Sep) and A2 = 20.2% (Oct). The values of the coefficient of variation vary from 3.4% (Jul) to 9.2% (May).
Thus, the variability of the HCI values in Tsalka during the study period is generally insignificant (Tables 3,

4).
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Fig. 5. Repetition of category of monthly values of HCI in Tsalkain three periods of time.
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In the period from 1956 to 2015 the highest repeatability of HCI values (Fig. 5,6) was in the “Good”
category (38.3% of cases, 140 days per year), the lowest - in the “Ideal” category (1.5% of cases, 6 days per
year). In the second period (1986-2015) compared to the first (1956-1985) in Tsalka, climate change did not
lead to a change in HCI categories. At the same time, the frequency of occurrence of the HCT “Acceptable”
category increased from 18.6% to 20.8% (respectively, 68 and 76 days ayear), the “Good” category increased
very sightly - from 38.1% to 38.6% (respectively, 139 and 141 days a year), the “Very Good” category
decreased from 20.3% to 14.1% (74 and 52 days a year, respectively), the “Excellent” category increased from
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20.3% to 26.1% of cases (respectively 74 and 95 days a year), the “Ideal” category decreased from 2.8% to
0.3% (10 and 1 days a year, respectively). In genera, in Tsalka practically all year round there are favorable
bioclimatic conditions for recreation and tourism.

Conclusion

In the future, we plan to continue similar studies for other regions of Georgia (mapping the territory
of Georgia by HCI values, studying their long-term trends, forecasting of HCI variability due to climate
change). Research will aso continue on the impact of various smple and complex bioclimatic indices,
including HCI, on the peoples health.
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ABSTRACT

It has been shown analytically and by appropriate numerical methods that the formation and localization of sporadic E
(Es) in the equatorial area can be determined by the height profiles of the ion vertical drift velocity and its divergence.
In this case, the existence of a minimum negative value (maximum convergence rate) in the divergence profile, when ions
converge vertically into the Es layer, is significantly determined by both the neutral wind velocity and the zonal and
vertical components of the electric field.

In the equatorial region, with a constant westward electric field, the maximum vertical convergencerate of ionsisin the
region of the height where the ion-neutral collisional (v;,,) andion cyclotron (Q;) frequencies are equal. In case of the

constant upwards or downwards electric field, this rate is located at approximately 0.9H (where H is a neutral scale)
above or below theregion where v, , = Q; , respectively. The vertical convergence of the ions developed in these regions

and the formation of the Es layer can take place against the background of their upward or downward drift. It localizis
in the node of this drift velocity, or in the regions where this velocity disappears. Such predicted formation and behavior
of Eslayers are demonstrated by numerical methods.

The effect of the zonal and vertical components of the electric field, aswell asthe wind vel ocity deter mined by the HWM 14
data, on the processes of ion convergence/divergence development is shown. In these cases, the ion
convergence/divergence process induced by the electric field can affect both the formation and disruption (depletion) of
the Eslayer formed by neutral wind, aswell as can also form an additional layer.

Key words: lower thermosphere, electric field, sporadic E (ES), ion vertical drift velocity, numerical methods.
1. Introduction

Sporadic E(Es) are observed in the lower thermosphere of globe including the equatorial
regions[1, 2]. The Es layers observed in equatorial regions are not always localized in the region of
zonal neutral wind polarization change [3-5], as defined by the windshear theory [6-9]. Thisindicates
that there is an additional mechanism of convergence of ions in the Es type layer in the equatorial
region, which can be caused by the presence of an electric field [3, 10].

The vertical ion drift (EB drift) caused by the electric field of equatorial electrojet origin [11,
12] penetrate the equatorial ionosphere E and F regions is important for studying the behavior of
iong/electrons in these regions of the ionosphere. Therefore, the eectric field can influence the
formation and localization of Eslayersin the lower thermosphere [13, 14].

The presented studies will show that the electric field in the equatorial lower thermosphere can
cause the existence of a minimum negative value in the divergence of ions vertical drift velocity
necessary to develop ions vertical convergence [13, 14]. This condition can be fulfilled even when
the electric field is constant and |eads to the development of the process of vertical convergence of
ion/electrons into a narrow layer (convergence instability) and thus the formation of a high density
Eslayer ispossible [15, 16].

By theoretical and appropriate numerical methods, the formation and localization of Eslayersin
the height regions of about 90-150 km of the equatorial lower thermosphere will be shown. Along
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with the electric field, the presence of the neutral wind will be considered. The horizontal wind is
determined by the HWM 14 data [17, 18].

2. Theoretical background of sporadic E(Es) formation at the equatorial region.

The condition of ion vertical convergence into narrow thin layer and formation Es layer can be
obtain by solving the continuity equation of ionsin the analytical approach, which N;(z,t) inanaogy
Dalakishvili et a. [13] and Didebulidze et al. [15] has the following form:

2
N; (z,t) = No exp{—[% + divwivj(t ~t,) _[ Z-[7y, +HVYiv(t —to)]J } "

Here the small variations of ions drift velocity w;,,(0,0,w;,) and its vertical changes aw;, /oz

during time t —t, << H2/2D are assumed. H,. is the characteristic scale height of ions which at
some initial time ¢ — ¢, determines the main ion/electron layer thickness (2H,.) and the height

region z—z_—+H, , Where their density decreases e-times. H;2 /2D is the characterigtic time of
the ion density decrease by their diffusion (oc D).

Equation (1) of ion/electron N.(z,t) density (assuming quasineutrality N; = N,) describesthe
evolution of their Gaussian type distribution, which at the initial time t =t_, has maximal density
(peak density) N, a height z=z _ (initid pesk height). The value of (diwy,)min<0 (or
(—diwv;, ) max > 0) is characteristic to ion/el ectron density increase rate and the value of (diwv,, ) max >0
to its depletion rate.

In analogy with Dalakishvili et a. [13] and Didebulidze et al. [15], when occurs the conditions:

: . 2D
(divw,,, ) min < — HZ 2
then the equation (1) shows a tendency of formation of high density Es type layer of ion/electron

N (t>t
(—ml(\l o) >1). The peak height of thislayer Z= Zgy, +W;, (t —t;) movesupward (W;, >0

om
) or downward (W;, < 0) by ions vertical drift velocity W;, and it could be localized at the height
region with W;, =0 or w;, = 0. According to the equation (2), at the region with maximal ion
N (t>t5) <1)

om

vertical drift velocity divergence (diwv;,)max >0 the ion/electron density depletion (
OCCurs.

We take aright-handed set of coordinates (X, y, z) with x directed to the magnetic north, y to the
west and z vertically upward.

The effect of electric field E(E,,E,,E,) and neutral wind velocity v, (v,,.V,,.V,,) Onions
motion isincluded in its vertical drift velocity w;,, which at equatorial region (with 1=0 and E,=0),
have the following form [13, 19]:

D, oN;

A\ _—
N, oz

: 3

i = Wiy
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Wi, = CV%—Ch(Vy-%j (4)
G = /(21+1 ’ ©)
Cn = K2K+l ’ ©
Di = Kfil% ¥

The quation (3) in case of absence of ions diffusion is the same as given by Abdu et al. [19].
This equation shows an importance of electric field zona (E,) and vertical (E;) components in
addition with zonal neutral wind (V, ) inions vertical drift velocity. Here we assume that the ions
diffusion also can influence on ions vertical drift and their layered structure in the lower
thermosphere.

An analogy between the vertical drift velocities of ions at equatorial (I1=0) and mid-latitudes
(e.g., 1>30°) described by equation (1) [13] shows that the conditions of their into Es-type layer
vertical convergence (-diw;,)max>0 or initial layer divergence/desruption (diw;,)max>0 in
accordance with equations (3-7) can be described by the following equation:

_ 1 6E . E oV, 16E : E

—diw,, =C,=—Y+C, 2L +C | —L-==2|+C |V, - =2 | , 8
v VB@Z+VB+h[62 Baz) "' B ®)

where

. oC

c, = 9

=2 ©

. oC

c. == 10

- (10

Equation (8) shows that both in the equatorial area and at mid-latitudes [13,15] the conditions
of vertical convergence ( (-diwv;,) max >0) and divergence ( (diwv;,)max >0) of ions are significantly

determined by the height profilesof C,(2 and c,(z) factors, equations (5) and (6), and their vertical
change C,,(2) and C,,(2), equations (9) and (10).

Thus, thefactors C,4(2), Cio(2) , Cyo(2) and C,,(2) areimportant for studying the influence of
the zonal wind velocity v, , eectric field (Ey, E,) magnitude and direction, as well as their vertical

oV oE
change (22, &y %
0z 0z 0z

the equatorial region, equation (4). It is somewhat similar to studying the influence of the magnitude,

), on the process of convergence of ions/electrons into an Es-type layer in

oV
direction and their vertical shear ( %, a_zy) of meridional v, and zonal wind velocity v, at mid-

latitudes with factors sinl cosl -C, , cosl -C,, , sinlcosl -C, and cosl - C;, Oon the vertical convergence
of iong/electrons into an Es-type layer [13, 15].

InFig. 1the height profiles of ion convergence/divergencerate (—diw;, ) max >0 factorsa) c, (z)
and ¢, (), b) C,(2 and C,(2) at equatorial regions (1=0), are given.
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Fig. 1 shows that the factor C,(z) has amaximum value at an altitude of about 121 km, which
corresponds to the region at equatorial and mid-latitudes, where x =1 ie v,, =, . In the absence of

equatorial zonal wind and vertical electric field (v, =0, E =0) in this height region, the condition

(divw; ) min = (a\g%) min < 0 of vertical convergence of ions occurs for the westward constant electric

field (E, =constant > 0), and the condition (divw;, ) max = (a\(;v—z”) max >0 of their divergence takes place

for the eastward electric field (E, <0), see equation (9) . In these cases, the formation of the Es layer
and the depletion of ions are expected respectively, see equation (2).

Fig. 1. The height profiles of ion convergence/divergence rate —diwy;, factorsa) c,(z and c,(2),
b) C,(2) and C,(2)at equatorial region (1=0).

Fig. 1 also shows that similarly the mid-latitude [15] factor has a maximum positive value
approximately 0.9H below the altitude corresponding to the condition v;,, = Q; (h=115km) and a
minimum negative value above 0.9H (h= 129km).

In this case, on the vertical drift velocity of ions in the equatorial region, equation (4), the
combined action (V, -%) of the zonal wind (V, ) and the vertical electric field (E,), itis possibleto

form an Es type layer even when the magnitude of V, -% is constant. When Vv, - % = constant > 0

and E, =0, then the convergence processes of ions develop against the background of drift below
them, and the formation of the Eslayer is expected in the lower height h<115 km regions. In this case

(v, —%:constanb 0) in the regions of upper heights around h = 129 km ((divw;,)max>0 ) the

depletion of the ion/electrons is expected.

When Vv, - % =constant<0 and E, =0, then the inverse behavior of ions/electrons is expected:

in the height regions of about h=129 km occurs (divw;,)min<0 and the formation of Es layer is
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expected, and in the lower heights about h=115 km where (divw;,)max >0 the charged particles
depletion is expected.

Thus, the zonal E, electric field can form the Es layer independently of the neutral wind, and
that of the by the vertical electric field E,, is possible in the case when the neutral wind is relatively

weak (V, <<-%Z ).

We will demonstrate these and other cases of ion behavior and Es layer formation that can be
predicted by the suggested theory numerically in the next section. Hereafter the vertical coordinate z

represents the residual between some actual h and initia heights h, ( z=h-h,).
3. Results and discussion

To investigate the behavior of the height profile of ion/electron density N,.(z,t) (assuming
quasi-neutrality N, = N;(Fe")) under the influence of the electric field g(o,E,,E,) and horizontal
wind with velocity v, (v,,.V,,.0) We solve the continuity equation of ions numerically [15, 20-22],

taking into account the ions vertical drift velocity w; for equatorial, equations (3-7), region. We use

theinitial conditions of ion/electron distributionsin accordance with the analytical approach, equation
(2), of the solution of ions continuity equation.

In this stage of study, we consider the nighttime condition, and the ion/electron production and
loss rates are neglected. In the presented simulation, the neutral particle densities of the lower
thermosphere are used from the NRLM SISE-00 model [23], for the equatoria (7°+ 2°N, 45° + 2° E;
|=0+ 2°) region. Further, wewill consider the existence of the horizontal wind velocity v, (v,,.V,,.0)

, of which meridiona v,, and zonal v,, components height profiles are determined by the HWM14
data[17,18].

To consider the importance of electric field g(o,E,,E,) in formation of a sporadic E we
demonstrate the possibility of its formation even in case when zonal E,or/and vertica E,
components of the electric field are homogeneous and the horizontal wind is absent. We will use the
zona and vertical electric field values E, =+04mV/m and E, =+2mV/m which are about those used by
[5, 19]. For theinitial ion/electron layer pesk height (h,,), we consider the upper hy, =120 km and the

lower hy, =105 km cases. The height of the upper peak is relatively close to the maximum/minimum
regions of convergence C,(z) and C,(z) factors (121 km, 115 km, 129 km), while the location of the

lower peak Ny, =105 km is close to the regions of the often observed location of Es layers (about 102-
104 km) [24, 25].

In Fig. 2 the behavior of ion/electron density No(z,t)/ N, at equatorial region with 1=0 (7° N;
45° E) for initia layer peak height (panels a,b,c,d) at hy, =120km and (panels e, f, g, h) Ny, =105km,
under an influence (panelsaand e ) westward E,=04mV/m (b and f) eastward E,=-04mvV/m, (c

and g) upward E,=2mV/m and (d and h) downward E,=-2mV/m electric field in case of absence
horizontal wind (V,, = 0) are demonstrated.
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Fig. 2. The behavior of ion/electron density Ng(Zt)/ N, at the equatorial region 1=0 (7° N; 45°

E) for theinitial peak heights of the layer at Ny, =120km (panelsab,c,d) and hy, =105km (panelse,

f, g, h), under an influence of westward E, =04mV/m (panelsaand e), eastward E, =-04mV/m (b

and f), upward E,=2mV/m (cand g) and downward E, =-2mV/m (d and h) electric fields, in case
of absence of the horizontal wind (V,, =0=0) . The dashed and dashed-dotted lines correspond to
the heights of development of ion convergence ( (diw;,)min <0) and divergence ( (diwv;,)max >0),
respectively.
(Fig. 28), Ngn/Nyn>15 (Fig. 2c) and Ngn/Nyy > 25 (Fig. 2d) exceeds their magnitudes Ngy / Noy >3
(Fig. 2€), Ngu/Noy =1 (Fig. 2g) and Ngn/ Ny >16 (Fig. 2h) for the lower location My, =105km of the
initial peak.
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Fig. 2 shows that in the absence of wind v, =0 the westward E,, > 0 (panelsaand €), upward
E, >0 (panelsc, d) and downward E, <0 (panels g and h) electric fields can form ahigh density Es
layer, even when it ishomogeneous: Ng,/Non >5 (Fig. 2a), Nen/ Non>15 (Fig. 2¢), Ngn/ Nom > 25 (Fig.
2d), Negn/Ngn23 (Fig. 2€), Nen/Nogn*1 (Fig. 2g) and N/ Ny >16 (Fig. 2h). In these cases, the Es
layer isformed in presence of conditions of vertical convergence of ions (diwv;, )min <0 (C'V)max >0

and (diw;, Jmin <0« (C;, )Jmax > 0, equations (4-10) (see Fig. 1b as well), at height about h=121 km
(panelsaand €), h=131 km (panels ¢ and g) and h=115 km (panels d and h), respectively. Here, the

E
Estype layer is formed during the downward -C, ?y <0 (panelsaand e), -C, % <0 (panelsd and

h) and upward —Ch%>0 (panels ¢ and g) drift of ions. They are respectively localized below

(h<121km and h<115km) and above (h>129km) the height regions of ions convergence devel opment
where w;, —>0.

The densities of the Eslayer formed in these cases are higher when the peak height of theinitial
layer of ions islocated near the region of its convergence development. For example, in the case of
the westward electric field E, >0 (Figures 2a and 2¢), aswell asfor E, >0 (Fig. 2d and 2h) at the

upper location of the ion/electron peak Ny, =120 km | their density Ngy/Ngy >5
Fig. 2 also showsthat for the eastward electricfield E, < 0 (panelsb andf), at the height regions

around 121 km adivergence condition [— %) max oc (c'v)max >0 occurs and accordingly theinitial

layer is depleted/destructed (Ne/ Ny, <<1). The role of the eastward electric field in the destruction
of the observed Es layersis noted by [26].

Hereit is also important to note that, in the case of avertically downward field E, <0 (Fig. 2d
and 2h), the divergence of ions developed in the 129 km height region increases their flow to the
lower h<129 km regions. At the same time, the convergence developed at 115 km leads to the
formation of are atively high density Eslayer with Ngy/Nyy > 25 and N/ Ny > 15, than it wasin the
direction above the field E, >0 (Fig. 2c and 2g), aswell asin its westward direction E, >0 (Fig.
2a and 2e). It is also important to note that the influence of ion diffusion on their convergence,
equations (4)-(6), and therefore on the density of the Es layer, is noticeable for the upper heights of
the lower thermosphere. In our case (see Fig. 2c and 2g) for the upward electric field E, >0 the Es
layer formed at h>129 km is less dense and lasts for a shorter time (about t-t, <2h) than wheniitis
formed in the lower regions (see Fig. 2 a, 2d, 2e and 2h).

Thus, in the equatorial lower thermosphere, the Es layer can be formed both westward E, >0

(Fig. 2aand 2e), and upward E, >0 (Fig. 2c and 2g) or downward E, <O of the homogeneous
electric field (Fig. 2d and 2h), which, according to equations (4), (5) and (6), is due to the presence
of the minimum negative value of divergence of thevertical drift velocity w;, of ions(diwv;,) min <0

(or (—a\g—zi"jmax o (C'V)max, (c;,)max >0) (seeFig. 1b), equation (10). In these cases (E, =0 or E, =0

and v, =0) thereis no ion drift velocity node w;, =0, equation (4), and the formed Es type layer is
localized in the regions where w;, —0.

The behavior of ions in the lower thermosphere is influenced by both the electric field and the
neutral wind, equation (4). In order to distinguish the share/part of the influence of the electric field
(see Fig. 2) together with its neutral wind in the vertical convergence of ions and, accordingly, in the
formation of sporadic E, we consider its formation both in the case of wind only (E=0 and V#0) and
during their simultaneous presence (V0 and E+#0) at equatorial latitudes.
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We estimate in ions gontituity equation the vertical ion drift velocity w;, and its divergence
diw,,, for nighttime (t-t, <12h) height profilesin the lower thermosphere at equatorial 1=0 (7° N;
45° E) regions, using neutral wind velocity HWM 14 data.

Fig. 3a and 3b show that the vertical drift velocity of ions w;,, caused by the zona wind
determined by HWM 14 data, and its divergence diwv;, in certain regions of the lower thermosphere
at 90-160 km height fulfill the condition of vertical convergence of ions (diwv;, ) min <0, equation (2).
The presence of this condition is noticeable for at least t-t,<3n, and accordingly the vertical
convergence of ions develops and high-density Eslayers are formed both at the top of theinitial layer
peak Ny, =120km (panel c) and at the bottom hyy, =105km location (panel d). Inthese cases, the Eslayers
arelocalized in theion drift velocity nodes w;, =0 (for example, at h=140-150km altitudes), as well
as towards the bottom of the lower thermosphere, where w,, -0 (panelscand d). We estimatein
ions gontituity equation the vertical ion drift velocity w,;, and its divergence diw;, for nighttime (
t—t, <12h) height profilesin the lower thermosphere at equatorial 1=0 (7° N; 45° E) regions, using
neutral wind velocity HWM 14 data.

Fig. 3. The behavior of the ion/electron vertical drift velocity Wiv determined by the HWM 14 data
(day 102) of zonal wind velocity (panel a) and its divergence div Wiv (panel b) and
correspondingly numerically estimated ion/electron density Ng(zt)/ Ny, at the equatorial region
with 1=0 (7° N; 45° E) for theinitial peak height h,, =120km (panel ¢) and h., =105km (panel d ).

Fig. 3a and 3b show that the vertical drift velocity of ions w,,, caused by the zona wind
determined by HWM 14 data, and its divergence diwv,, in certain regions of the lower thermosphere
at 90-160 km height fulfill the condition of vertical convergence of ions (diw,;, ) min <0, equation (2).
The presence of this condition is noticeable for at least t-t,<3h, and accordingly the vertical
convergence of ions develops and high-density Eslayers are formed both at the top of theinitial layer
peak Ny, =120km (panel ¢) and at the bottom Ny, =105km |ocation (panel d). In these cases, the Eslayers
arelocalized in theion drift velocity nodes w;, =0 (for example, at h=140-150km altitudes), as well

as towards the bottom of the lower thermosphere, where w;, — 0 (panels c and d).
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The formation of the lower Es layer takes place continuously from the convergence region
(about 100-105 km) against the background of the drift of ions below (Fig. 3a) and for these times
they are localizing in the vicinity of h=100 km (Fig. 3c and 3d). It is important to note that for the
ion/electron initial layer peak height (hy, =105km) is located below divergence height region (about
115 km) and close to the lower convergence region (around 110-100km), the upper layer is no longer
formed and charge particles mainly accumulatingin the lower Eslayer ( Ngn/ Ngn 212), where w,, — 0

Thus, with the presented theoretical model by use the HWM 14 data, it is possible to form Es
layers at the equatorial regions. In these cases (Fig. 3c and 3d), despite the different behavior of the
formed Es layers than it was under the influence of the electric field (Fig. 2), the development of the
vertical convergence of ions and the formation and localization of the Es layer can be determined by
the profiles of the vertical drift of ions and its divergence, equations (2), (4) and (9).

We further show the significant influence of the electric field and the neutral wind combined
effect on the ions drift velocity and their vertical convergence, by consideration the Es layers
formation and behavior for the wind and field parameters discussed above (Fig. 2).

Fig. 4. That of the givenin Fig. 2 in case of presence horizontal wind with velocity (V,,)
determined by the HWM 14 used in Fig. 3.
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Fig. 4 shows that sporadic E formation is possible due to the combined action of the electric
field and neutral wind on the behavior of the ions, and it is possible both for the upper (h,,, =120 km)

(panels a-d) and lower (h,,, =105km) locations (panels e-h) of their initial layer peak. Here, sporadic

E can be formed by two sub-Es layers, (e.g., see panels a, b, e and f), which were not formed only in
zonal electric field (see Fig. 2a, 2b, 2e and 2f) or only in neutral wind (see Fig. 5aand 5b). Here, the
behavior of the lower Es layer formed at about h=104 km corresponds to the behavior of the wind-
induced Es layer (Figures 3c and 3d), while the upper one formed at about 130-140 km is determined
by the combined action of both the westward electric field and the westward/eastward wind.

Fig. 4c, 4d, 49 and 4h also show that for the considered vertical electric field (2 mV/m) the
neutral wind has little influence on the localization region of the upper (140-150 km altitude) and
lower (about 90 km) Eslayersformed during 1-3 hours (see Fig. 2, 4aand 4b). Here, the neutral wind
somewhat changes the concentration of the formed Es layers.

Fig. 4 c and g also show that in the considered case, the Es layer (see Fig. 4c and 4d) formed by
the zonal wind at about 104 km is destroyed when the ions drift upwards caused by the verticaly
directed electric field.

Thus, in the equatoria region, both the zona and vertica components of the electric field
together with the zonal component of the neutral wind have an impact on the vertical convergence of
ions, equations (4) and (9), and therefore on the formation and behavior of Es layers. We consider
the same in the simultaneous presence of the zonal and vertical components of the electric field and
the neutral zonal wind in thisregion. In this case, the vertical drift of ions caused by the electric field
(E) and the wind, eguation (4), and therefore the convergence/divergence rate, equation (9), are
determined by the total effect of these parameters and the development of the cases discussed above.

Thus, with the presented theoretical model, we have shown that under the influence of the
horizontal neutral wind, homogeneous electric field, and aso their combined action on the behavior
of ions/electrons, it is possible to form sporadic E(ES) in the lower thermosphere of equatorial regions
(see Figures 2-4). The obtained sporadic E multilayer structure, the influence of the electric field on
it, the lowering and localization of Es layers towards the lower height h<110km regions, as well as
the relatively low density of these layers towards the upper h>120-130km regions are observed
phenomena [27-29].

4. Conclusions

The formation of sporadic E (Es) in the equatorial region by the electric field, zonal wind, as
well astheir joint action ontheionsvertical convergence, was studied theoretically and by appropriate
numerical methods.

1. It was shown that the formation and localization of sporadic E (ES) at the equatoria region,
in analogy to the mid-latitudes [13], can be determined by the height profiles of theion vertical drift

velocity w;, and itsdivergence diw;, = a;\gv . Inthis case, the presence of aminimal negative value

of (diwv,,)min<0 (maximal convergence rate (-diw;,)max>0 ) in the divergence profile, during
which theions converge vertically into the Eslayer, equations (1) and (2), is significantly determined
by the zonal velocity of neutral wind Vv,,,, aswell as by the zonal Ey and vertical Ez components of
the electric field, equation (4).

Thetheoretically predicted formation and localization of Eslayer in the regionswith w;, =0 or
w;, =0, equation (1), as well as ion/electron depletion, when the condition (diw;,) max >0 occurs,

are demonstrated by numerical methods (see Fig. 2 and 3).
2. It is shown that when neutral wind is absent, then in the equatorial region the westward
electricfield Ey>0, aswell asthe upward E, >0 and downward Ez<O0 fields can form an Estype layer
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(see Fig. 2 and 3), even when the field is homogeneous. For the westward E,, = constant >0 (E, =0)
field, the region of convergence development with (—diwv;,,)max« (C,,)max>0, equation (2),
correspondsto the height (about h=121km), where v, =, (Fig. 1b). For theupward E, = constant >0
(e, =0) and downward electric field the region of development of ions vertical convergence with

(—diww,,, ) max oc (-C,,) max > 0is usually above or below by about 0.9H from the region where v,, = o

In the same cases, an upward E, >0 or downward E,<0Ez<0O electric fields can cause
destruction/depletion of the layer at the heights which are 0.9H below (about h=115km) and above
(about h=129 km), respectively, from the region with condition v,, =, .

3. For the eastward E,, = constant >0 (E, -0, V,, =0) electric field in the height region where
vi, =, (h=121km, Fig. 1) the condition (diw,,,)max >0 occurs, the divergence process develops
and theinitial layer is depleted (disrupted). A similar ion divergence condition occurs for downward
electricfield E, <0 inthe area of about 129 km height, whilefor g, >0 the process of ion depletion

develops at about 115 km height and the initial layer is disrupted.
4.In the equatorial region (e.g., 1=0; 7° N, 45° E) only the zonal wind can form the Es layers.
Accordingly, the regions of their formation development ((diwv,,,)min<0, (diwy,,,)min<0) and

localization (w,;,,=0 Or w;,q—>0; w,,, =0 Or w,,, —»0) (Fig. 4), are defined by the magnitude,
direction and vertical shear of wind velocity, equations (8). This is demonstrated for the HWM 14
typical data (Figure 4).

5. In the presence of an electric field (with g, or/and E,components) and zona wind in the
equatorial region (e.g., 1=0, 7 ° N, 45 ° E), the ions drift velocity (w,,,) and their vertical
convergence/divergence condition ((diwy;,,) min <0/ (diwv;,,) max >0) include both the field and the

neutrals factors. Their total effect is manifested in convergence, as well as during the development of
divergent processes. The expression of their joint action is the appearance of an additional Es layer,
the changes in their localization regions (w,;,, =0 or w;,, —0) and densities, as well as their

destruction (depletion) (see Fig. 2), unlike the case with only neutral wind (see Fig. 4).
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3HauveHMe NIEKTPUIECKOro 1moJjisi B GOpMHPOBAHUM CIOpaanYecKux E
(Es) B 3xBaTOpPHAJIBHOM 00J1aCTH

I'. JanakmmBuau, I'. {uxedyauaze, M. Toaya, JI. TopuamBuiu

Pe3rome

AHAJIUTHYECKH U COOTBETCTBYIOIIMMH YHCICHHBIMH METOAAaMH ITOKa3aHO, YTO 00pa30BaHUe U JOKATH3ALU
cnopagnueckux E (Es) B sxBaTOpHaIbHOM 001aCTH MOXKET ONPEAEIIATHCSI BRICOTHRIMU PO(QUIISIMUA CKOPOCTH
BEepPTUKaNBHOTO Jpeiipa WOHOB u ee auBepreHnueid. [lpm STOM cyiecTBOBaHWE MHUHUMAJIHHOTO
OTPHUIATENILHOTO 3HAUYCHHUS (MAaKCHMAIBHOM CKOPOCTH CXOAMMOCTH) B IPOQHIIE PACXOIUMOCTH, KOT1a HOHBI
CXOJISITCSl BEPTHKAIBHO B cioil Es, CyliecTBeHHO ompeenseTcst Kak CKOPOCThIO HEHTPaIbHOTO BETpa, TaK U
30HAJILHOM U BEPTUKAJIIBHON COCTABIISIOIIMMH 3JIEKTPUYECKOTO IT0JIS.

B skBaropuanbHON 001aCTH NMPH MOCTOSIHHOM 3allaJHOM 3JIEKTPHYECKOM MOJIe MaKCHMalbHas CKOPOCTh
BEPTHKAJIbHOW KOHBEPreHIMM HOHOB TIIPUXOAWTCS Ha 0O0NacTb BBICOT, T/l HWOHHO-HEHTpaibHas
CTOJIKHOBUTENbHAA (v;,, ) U HOHHO-LIUKJIOTPOHHA ( ;) 4aCTOTHI paBHbL. B cilydae NOCTOSHHOIO BOCXOASIIETO

HJIN HUCXOJAALICTO JJICKTPUUICCKOI'O MOJIAA 3Ta CKOPOCTh HAXOAUTCA IPUMEPHO Ha 0.9H (1",[[6 H- HeﬁTpaﬂBHaH
H_IKaJ'Ia) BBIIIIC WJIM HIDKE 00IacTu rae v;, =€<Q;, COOTBETCTBEHHO. BepTI/IKaJ'ILHaH KOHBCPICHIIUA HMOHOB,

Pa3BUBAIOIIMXCS B 3TUX 00NACTAX, 1 00pazoBaHue ciost Es MoryT mpoucxouth Ha GoHe ux apeiida BBEpx
niu BHU3. OHa JIOKaNIHU3yeTcs B y3Jie 3TOM CKOpocTH Apeiida nin B 001acTsIX HCUE3HOBEHUS 3TOW CKOPOCTH.
Taxoe npenckazanHoe GpopmupoBaHue U noseaeHue cnoes Es geMoHCTpupyeTcs: YNCIeHHBIMUA METOJaMH.
IToxazaHo BiIMSIHME 30HAIBHOM M BEPTUKAJIBHOM COCTABIAIOLIMX JIEKTPUYECKOTO IOJISA, a TAKKE CKOPOCTH
BETpa, onpe/eNieHHoi no qanaeiM HWM 14, Ha nporecchl pa3BUTHS KOHBEPTEHIIMH/PACXOXKICHUS HOHOB. B
3THX CIIy4asiX Mpouecc COMMKEHUA/PACXOKICHNS HOHOB, HHIYLIUPOBAHHBINA 3JIEKTPHUECKUM TI0JIEM, MOXKET
BIMATH KaK Ha oOpa3oBaHMe, TaK W Ha paspylieHue (uctomieHue) ciosi Es, 00pa3oBaHHOTO HEWTpaIbHBIM
BETPOM, a TaKXKe MOKET 00pa30BHIBATh IOTIOTHUTEIBHBIIN CIIOM.

KioueBbie cioBa: HWkHss TepMmocdepa, djekTpuyeckoe Tone, crnopaandeckoe E (Es), ckopocTb
BEPTUKAIBHOTO Jpeii(a NOHOB, YUCIIEHHBIE METO/IBI.
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TENGIZ TSINTSADZE
Obituary

Hydrometeorological science suffered a great loss. The famous Georgian hydrologist,
academician of the Academy of Engineering Sciences of Geor gia, Knight of the Order of Honor,
Doctor of Technical Sciences, Director of the Institute of Hydrometeorology of the
GeorgianTechnical University

Tengiz Tsintsadze died.

Tengiz Tsintsadze was born on January 21, 1949 in the city of Ozurgeti. In 1978, he graduated from
the Faculty of Geography-Geology of Thilis State University, majoring in terrestrial hydrology. After
successfully graduating from the University, Mr. Tengiz started working as an engineer-hydrologist at the
Institute of Hydrometeorology of the Georgian Academy of Sciences. During 1982-1987 He was the head of
the field experimenta base, since 1987 - the Deputy Director of the Institute in the scientific and industrial
field, and since 2008 he has been the Director of the Institute.

During his work at the field experimental base, he collected very interesting experimental materia
that was the basis for his Candidate's Thesis, which he successfully defended in 1985 on the topic -
"Hydrological method for determining the effectiveness of artificially increasing river runoff by actively
influencing hydrometeorol ogical processes'. It wasanew word inthefield of precipitation artificial regulation.

Mr. Tengiz Tsintsadze has published about 100 scientific works, including monographs. He
contributed greatly to the editing, publication and promotion of the Institute's works and proceedings. Among
them are such fundamental publications as " Climatic and Agroclimatic Atlas of Georgia', " Cadastre of Snow
Avalanches', "Ecological Monitoring”, "Climate of Georgia', "Agrometeorology” and others. He devoted a
lot of time to the personnd policy of the Institute. He promoted the qualification and promotion of young
scientists.

Tengiz Tsintsadze was awarded the Order of Merit, the Gold Meda of the Georgian Technica
University and other awards for hisfruitful scientific and research activities.

The famous scientist, an exemplary citizen, an honest, noble, decent person distinguished by human
gualities hasleft us. How strange lifeis...from now on we have to refer to it as an exile and say goodbye to it.
May the native land resting on the heart of Mr. Tengiz be light.

I nstitute of Hydr ometeor ology
GeorgianTechnical University
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