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Development of the Seismic Hazard Zoning Maps and Seismic
Building Codes in Georgia (History of Evolution and Critical
Analysis)

Otar Sh. Varazanashvili
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ABSTRACT

This work reviews the published seismic hazard assessments available for Georgia as well as the seismic loads included
in the building code in order to show the state-of-the-art of the seismic hazard assessment studies for the country. The
review includes the history and development of seismic hazard assessments and the adoption of seismic building codes
in Georgia. All the previous studies were analyzed in order to conclude that a new seismic hazard assessment
according to the state-of-the-art is desirable, as well as a change in the hazard description for the actual Georgian
building code.

Keywords: Seismic hazard, seismic zoning, area source model, fault source model, seismic activity, fault slip rates,
seismic code.

1 Introduction

Earthquakes in its destructive effects, fatalities, property damage, take one of the first places among
other disasters. Negative consequences of catastrophic earthquakes may be felt for several decades and
absorb a significant portion of the national income.

Today scientists and engineers have alot of information about earthquakes, where they are most likely
to occur, how deep they originate, and how they affect land. They apply this knowledge to predict where and
with what magnitude the next earthquake might occur and for constructing buildings and installations that
are considered to be the most resistant to strong earthquakes.

An important step towards reducing human losses and damage caused by strong earthquakes is a
reliable seismic hazard zoning, creating seismic norms and the corresponding adequate seismic design. A
solution to these and other problems can provide seismic safety of the country.

Reduction of damage in earthquake-prone areas requires modern building codes that should be
continuously updated to reflect the improvement in our understanding of the physical effects of earthquake
ground shaking on buildings and the increase in the quality and amount of seismological and tectonic
studies, among other factors (Sawires et al., [38]).

Seismic zoning (SZ) is a mapping of a seismic hazard at the national level and is based on the study of
regional seismicity and major active structures. SZ maps are part of the normative documents providing
antiseismic design, land management, economic development, environmental protection and, ultimately, the
seismic safety of the country. SZ allocates the homogeneous areas on a map in terms of selected parameters
of seismic hazard, it estimates the forecasted maximum seismic impacts in the area in terms of macroseismic
intensity, maximum acceleration, etc., the level of which may be exceeded with a given probability over a
given time interval.



It should be noted that the current work does not aim at performing seismic hazard analysis in Georgia
but rather reviews the history of the development and critical analysis of seismic hazard zoning maps and
seismic building codes and main published works regarding this topic.

2 Development of seismic hazard maps in Georgia

Seismic hazard assessment and drawing appropriate zoning maps for Georgia in the past is related
with the works on drawing of seismic zoning maps of the former Soviet Union, the part of which was then
Georgia.

Historical review of the seismic zoning in former Soviet Union and the methods used are described in
many papers (see e.g., Bune et al., [9]; Seismic zoning..., [40]; Mokrushina and Shebalin, [30], [31];
Tsipenyuk, [46]; Gusev, [24]; Gusev, Shumilina, [25]; Ulomov, Shumilina, [47]; ets.).

The first normative map of seismic zoning (Fig. 1) throughout the former Soviet Union (ed. by G.
Gorshkov), including the territory of Georgia was published in 1937 (Gorshkov, [19]), and in 1947 was
released the new edition of this map (Gorshkov, [20]) and in 1949 was approved as normative (Fig. 2). Both
these deterministic seismic zoning maps (SZ-37, SZ-49) in terms of macroseismic intensity were built on the
principle of seismic actualism: where have occurred the last strong earthquakes — they will occur in the
future.

Fig. 1. SZ-37 map for USSR (editor: G. Gorshkov).
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Fig. 2. SZ-49 map for Georgia (editor: G. Gorshkov).

However, in late 40s the foundation of the two-step method had already been laid for estimating
seismic hazard with the elements of the prediction (see e.g., Gorshkov, [20]; Medvedev, [28]; Gubin, [22];
Riznichenko, [36]). According to this concept, in the first stage the potential source zones are allocated, and
in the second — total shakes generated by them on the earth's surface are calculated. With that, these new
methodological approaches have practically not found proper application in all subsequent seismic zoning
(SZ) maps - 1957 (eds. by S. Medvedev, B. Petrushevsky, Fig. 3) (Medvedev, [29]), 1968 (ed. C. Medvedev,
Fig. 4) (Seismic zoning..., [39]) and 1978 (ed. M. Sadovsky, Fig. 5) (Seismic zoning..., [40]). It should be
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noted that in the creation of the last two SZ maps the scientists from the former Soviet republics were
actively involved (Ulomov, Shumilina, [47]).

The map of 1978 introduced the probabilistic characteristics of recurrence shaking for the first time. In
particular indexes 1,2, and 3 near the value of intensity at the same map (e.g., 71, 72, 73) reflect repeatability
of seismic shaking once in 100, 1000, and 10 000 years. However, it made a confusion when using maps and
seismic risk turned out different in different seismic areas (Gusev, [24]).
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Fig. 3. SZ-57 map for Georgia (editors: S. Medvedev, B. Petrushevsky).
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Fig. 4. SZ-68 map for Georgia (authors: Ye. Bius, A. Tskhakaya, M. Rubinshtein)
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Fig. 5. SZ-78 map for Georgia (authors: I. Aivazishvili, E. Jibladze,
V. Papalashvili, M. Rubinshtein).

With the accumulation of new information about earthquakes and development of the methodology SZ
maps periodically have improved, but really they were changed almost after every destructive earthquake,
7



which occurred in zone of SZ map with comparatively lesser predicted intensity. For example, Spitak
destructive earthquake in 1988 (in Armenia) with 1,=10 MSK and Racha destructive earthquake in 1991 (in
Georgia) with 1,=9 MSK emerged on the SZ-78 map in areas with predictable intensity 7, caused the
preparation of a new SZ-91 map for Georgia (ed. M. Aleksidze) (Gotsadze et al., [21]).

SZ-91 map, developed by Georgian scientists (Fig. 6), was the first successful example of the
implementation of the two-step method SZ in Georgia. Here the calculation of seismic hazard in terms of
macroseismic intensity is really implemented on the basis of constructed seismic sources zones (SSZ) and
their parameters. Though this map had some drawbacks: firstly, when editing this small-scale (1:2 500 000)
map, under the influence of the recent cases of Spitak and Racha seismic catastrophes, all the zones of
expected intensity 7 were removed, which undoubtedly affected its detailing; secondly, the hazard zones
were obtained for the events with a mean recurrence of 1000 years, though clear criteria for how this was
done was not described; third, these hazard zones, as on all previous SZ maps, were attributed to the average
ground conditions, which in its turn, introduced additional uncertainty in the map.
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Fig. 6. SZ-91 map for Georgia (authors: O. Varazanashvili, O. Gotsadze, E. Jibladze).

Despite the fact that in the SZ-91 and SZ-78 maps some probabilistic characteristics of shake
recurrence were introduced for the first time, they were almost deterministic (as the previous SZ-37, SZ-49,
SZ-57, SZ-68 maps). These maps do not give an assessment of seismic hazard in terms of probability of
exceedance of a given time interval, the idea of which was most developed in western Europe, the U.S. and
Japan, in the works of Cornell,[13] and other scientists (Algermisser, Perkins, [2]; Bender, Perkins, [5]).

Taking into account this and several other reasons (noted above) a set of SZ-99 maps was built in 1999
for Georgia. The maps included 5%, 2% and 1% probability of exceedance in 50 years (ed. I. Gamkrelidze)
in terms of macroseismic intensity (scale MSK) and peak ground acceleration (PGA) using well known
computer software SEISRISK 111 (Bender, Perkins, [5]). It was agreed, in terms of macroseismic intensity,
to select as normative of the three maps the one that best matched the observed macroseismic data for the
entire historical period (Chelidze et al., [10]). Such was SZ-99 map with 2% probability of exceedance, i.e.
for the event with a mean recurrence of 2475 years and it, along map with 2% in terms of PGA were
presented for approval as a normative (Fig. 7). However, the process of creating new Georgian building
codes was stretched in time and approval of SZ-99 map was also postponed. Only 10 years later in 2009, the
edited version of this map (SZ-09) was accepted as normative (Fig. 8). Editing mainly touched area of the
city Thilisi where in 2002 there was an earthquake (Ms=4.6, 1,=7.5 MSK) with intensity of at 0.5 MSK
higher than it was shown on the SZ-99 map.
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Fig. 7. SZ-99 map for Georgia (authors: T. Chelidze, Z. Javakhishvili et al.)
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Fig. 8. SZ-09 map for Georgia (editors: 1. Gamkrelidze, G. Gabrichidze et al.)

However, further analysis of the SZ-09 map and its comparison with other maps of seismic hazard
assessment for Georgia from the international projects and some new works showed significant
shortcomings of this map. In particular, a comparison of this map with the maps of seismic hazard calculated
in the framework of the project GSHAP (Balassanian et al., [3]), the project EMME,[14] and the work Slejko
et al.,[44] showed significant differences in the results of generalization. SZ-09 map shows lower hazard,
both on MSK intensity and especially on PGA and these differences are even greater when you consider that
the SZ-09 map is built for 2% (average return period of events 2475 years ) probability of exceedance in 50
years and the remaining maps for 10% (average return period of events 475 years) probability of exceedance
in 50 years. In addition, maps from the GSHAP and Slejko et al.,[44] were calculated by the same software
SEISRISK 111. These facts suggest that at the time of calculating maps SZ-99 and SZ-09 serious errors were
made (Varazanashvili et al., [50]). In addition, the hazard zones on these maps (as in all previous SZ maps),
were related to average ground conditions. It became apparent that the present normative seismic hazard map
(SZ-09) of Georgia requires urgent recalculation and it is needed to draw a new SZ map in terms of
maximum acceleration to rocks.

For the completeness of a historical review of seismic hazard mapping for Georgia below are the maps
of seismic hazard (SH), built by individual authors or groups of authors.

Before starting of work on the SZ-78 map, guidelines for seismic zoning were issued (Guidelines...,
[23]), where, as an example, a map of the maximum possible shake of southern European part of the former
USSR was presented. This map, which also includes the territory of Georgia (Fig. 9), was based on the
zones of earthquake source occurrence (ESO) identified through a detailed study of geological,
geomorphological and geophysical structural features of the seismogenic zones. Further to move from zones
of ESO to shake on the surface, were used data on the average radiuses of isoseists (Guidelines..., [23];
Bune et al., [8]). However, despite widespread use of geological, geomorphological and geophysical data,
this deterministic map has turned nonstructural and an obvious tendency to "skip goals" (skip maximum
shake with intensity 9).
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Fig. 9. SH-74 map for Georgia (authors: V. Bune, 1. Kirillova et al.).
7", 8" —areas intensity seven and eight MSK, where the appropriate intensity
shakes in historical time occurred; 77, 8” — areas of intensity seven and eight
MSK with possible manifestation of shakes of appropriate intensity.

In 1995 a paper (Jibladze et al., [26]) was published. It included a SH map for Georgia, built on the
basis of the methodology developed in the theory of seismic shakability by Y. Riznichenko (Seismic
shakeability..., [41]). The map showed the hazard zones in terms of macroseismic intensity (MSK),
indicating in each of them the probability of occurrence in % (or mean return period) 7, 8 and 9 intensity for
waiting time 100 years. Difficult-readability was the main drawback of this map. Fig. 10 shows the map of
hazard zones in terms of macroseismic intensity only for mean return period T=1000 years.
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Fig. 10. SH-95 map (for T=1000 years) for Georgia (authors: E. Jibladze,
N. Butikashvili et al.)

In 1991-1997, based on the new methodology, a set of probability maps SH-97 (10%, 5%, 1%) of
seismic zoning of the Russian Federation and adjacent territory was created. It reflected different degrees of
seismic hazard in terms of macroseismic intensity (scale MSK) for average soil conditions (Ulomov,
Shumilina, [47]). SH-97 maps have indicated a higher seismic hazard than the one assumed before in many
regions of the country and its adjacent areas. However, for the territory of Georgia, this map showed
unrealistically large seismic hazard. In particular, as proven (see Varazanashvili et at., [48]), for twenty
centuries historical observations of shake with an intensity 9 had covered only 16% of the entire territory of
Georgia, where as, for example, on 5% (average return period 1000 years) SH-97 map (Fig. 11) shake with
an intensity 9 cover 97% territory of the country, which makes it impossible to consider this set of maps as a
normative for Georgia.
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Fig. 11. SH-97 map (5%) for Georgia (authors: V. Ulomov, L. Shumilina et al.).

In 1998 the work on a set of probability (40%, 10%, 5%, 2%, 1%) maps SH-98 (Fig. 12) of seismic
hazard for waiting time 50 years in terms of macroseismic intensity (MSK) was completed (Varazanashvili,
[48]). Was used the original method of estimating SH, based on models of seismic source zones (SSZ),
segments of structural seismic activity and isoseists. Analysis of the obtained maps showed the following: a)
The reliability of the results of seismic hazard assessments (both the form and the value of the hazard zones)
is more dependent on the reality degree of the SSZ models and their parameters; b) Allocation of segments
of structural activity along the SSZ according to data of time interval of 100 years does not give an
opportunity to fully reveal the level of seismic activity of SSZ and also solve the problem of calm areas that
reduces the value of predicted seismic hazard. Therefore, in the future, instead of seismic activity we should
adopt the so-called conditional activity, which besides the number of earthquakes also uses data of modern
tectonic movement obtained from GPS network (unfortunately for Georgia full GPS data is not yet
available). The main drawback of this work was that the used method was not formalized and published.
Moreover SH zones of the set maps were attributed to the average soil conditions.
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Fig. 12. SH-98 map (2%) for Georgia (author: O. Varazanashvili).

In 1999, SH-99 map of Georgia was published (Fig. 13). It was based on a study of the block structure
of the lithosphere of the Caucasus and allocation seismogenic faults (Sikharulidze et al., [43]).
Unfortunately, this deterministic SH map for medium soil conditions to a greater extent was committed to

the principle of seismic actualism.

11



40° 41° 42° 43° 44° 45° 46°

! ! ! ! T ! Intensity MSK
50 0 50 100 KM |:| 7
e

s
I

43° RUSSIAN FEDERATION

TURKEY

ar

| ARMENIA | & AZERBAJAN

Fig. 13. SH-99 map for Georgia (authors: D. Sikharulidze, V. Papalashvili et al.).

1 |

The Global Seismic Hazard Assessment Program (GSHAP) was carried out between 1992-1998. The
GSHAP Global Seismic Hazard Map has been compiled by joining the regional maps produced for different
GSHAP regions and test areas. It depicted the global seismic hazard as Peak Ground Acceleration (PGA)
with a 10% chance of exceedance in 50 years, corresponding to a return period of 475 years (Giardini et al.,
[18]).

The GSHAP CAUCAS test area was established with the goal of improving global standards in
seismic hazard assessment in the Caucasus and included the entire territory of Georgia, Armenia,
Azerbaijan, the North Caucasus and Kopetdag. The mapping of probabilistic seismic hazard was
implemented on the basis of areal Seismic Source Zones (SSZ) model, compiled according to the
lineament model of the region. Maximum magnitudes of SSZs were mainly defined by magnitude of a
corresponding seismotectonic structure depending on the magnitude of the strongest earthquake of
that zone. In the seismic hazard assessment, the ground motion attenuation model of Joyner and Boore [27]
was adopted and calculation of accelerations was done using SEISRISK Il by Bender and Perkins
[5], using only the areal homogeneous source zone model. Two seismic hazard maps for rocks and
for the reference 475 years return period and for standard logarithm deviation 0.5 and 0.6 were computed
(Balassanian et al., [3]). Fig. 14 shows the SO-99 Map for Georgia under the GSHAP project (standard
deviation 0.5). As can be seen in Fig. 14, the seismic hazard level in the Greater Caucasus is less than in
southern Georgia, which contradicts the observed historical seismicity. In addition, the use of only one
ground motion attenuation equation reduces the calculated seismic hazard value and precision of their
assessment for the region.
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Fig.14. SH-99 map for Georgia from GSHAP project (authors: D. Giardini, G. Gruntal et al.).

The EMME (Earthquake Model of Middle East) Project was established in 2009 and was active until
2015. 1t was made with the objective of developing a unified framework to evaluate the seismic hazard and
the associated risks in one of the most seismically active and vulnerable regions of the world: the Middle
East and the Caucasus (Erdik et al., [15], [16]). A comparison of the GSHAP seismic hazard map
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(representing a previous generation of regional hazard studies (Giardini et al., [18]) with an adequate EMME
map (Sesetyan et al., [42]) reveals considerable differences and an increased level of detailing in the
resulting seismic hazard distribution on the new generation map. First an enhanced understanding of seismic
activity parameters based on the accumulated data in the recent decades and improvement of hazard
modelling tools induced changes in the hazard estimate levels and distribution throughout the region and
second, an increased level of detail is obtained mainly due to the incorporation of the fault source model in
the EMME maps. Active faults provide a longer recurrence interval for the large earthquakes when slip-rates
are available. On the other hand one drawback of the present model is that, sliding speeds are sometimes
determined very approximately which may result in some cases in hazard levels lower or larger than
anticipated. Given the fact that a fault source model cannot be considered fully complete, it is subject to
further improvement as more data become available.

OpenQuake hazard engine (Pagani et al. [35]) is the PSHA software used for hazard calculation within
the EMME project. The EMME project delivered a reference, homogeneous probabilistic seismic hazard
model for the sub-region under study. Being a reference model implies that it can be different than the
national seismic hazard models, but may serve as a reference and basis for updating national scale hazard
models. Today, the EMME project delivers, fully harmonized datasets and models align with the high-
standards adopted and promoted by Global Earthquake Model - GEM (Sesetyan et al., [42]).

Fig. 15 shows the SH-2014 Map for Georgia constructed within the framework of the EMME project.
To compare the predicted PGA values with the observed seismicity, the epicenters of strong earthquakes
(My> 5) for the entire historical period are plotted on the map. As can be seen on the map, almost all
epicenters of strong earthquakes are located in the PGA>0.25 g zones, which is a good result for predictive
maps and excludes an error such as missing a target.
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Fig.15. SH-2019 map for Georgia from EMME project (authors: L. Danciu, N. Tsereteli et al.).

In 2019, Lawrence Livermore National Laboratory technical report (Onur et al., [33]) was published,
followed by an article (Onur et al., [34]), which outlined the improvements made to the earthquake catalog in
Georgia using legacy data and the new hazard assessment based on this improved dataset. Using these
improvements in the earthquake catalog in conjunction with new research on active tectonics and hazard
analysis concepts, PSHA was conducted to generate new seismic hazard maps for Georgia. PSHA
OpenQuake software was used to calculate the hazard (Pagani et al., [35]). According to the authors of these
works a subset of active faults with relatively reliable data was selected for the PSHA study, and seismic
hazard from the rest of the faults as well as diffuse seismicity were represented using area sources.
Maximum magnitudes were assigned to each source zone based on various considerations. Generally, no
zone was assigned a maximum magnitude lower than Mw 7.2., and for the study of the recurrence
parameters of source zones, preference was given to the non-declustered catalog. Fig. 16 represents the SH-
2020 map for Georgia for the peak ground acceleration with a 10% chance of exceedance in 50 years by
Onur et al.,[33], [34]. The main drawback of this seismic hazard map (like all other hazard maps by Onur et
al.,[33], [34] is that to the west of the meridian passing approximately through the cities of Kutaisi and
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Mestia, the seismic hazard fall sharply compared to other parts of the map. The statement that the PSHA
results in these works generally reflect the change in rate of seismic activity from west to east is wrong. This
is evidenced by the history of the development of SZ in Georgia. In particular, in the first half of the last
century, there was an opinion among the scientific community that seismic activity in Western Georgia is
lower than in Eastern Georgia, and this was reflected in the corresponding maps of SZ (see SZ-37, SZ-49,
SZ-57). Since 1948, after more than ten medium and strong earthquakes with magnitudes Mw 4.5-6.4
occurred within 15 years, the situation changed and this was reflected in subsequent maps of SZ (see SZ-78,
SZ-91, etc.). It turned out that the seismicity of Western Georgia is characterized by earthquake swarms and
temporarily calm areas (especially in the western part of the Greater Caucasus), and not to low activity
compared to the eastern part of the country. This is also evidenced by the historical seismicity (up to 1900)
of Georgia (see EMME [14], Varazanashvili et al. [49], [51]), which apparently was not taken into account
when carrying out PSHA in the above-mentioned works of Onur et al. [33], [34].The improved catalog of
earthquakes in Georgia, which is much talked about in these works, has not been published anywhere and is
not available for analysis.
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Fig.16. SH-2020 map for Georgia (authors: T. Onur, R. Gok et al.).

As mentioned above, the EMME project delivered a homogeneous probabilistic seismic hazard model
for the Middle East and Caucasus sub-region, which may serve as a reference and basis for updating
national scale hazard models. The national, updated, probabilistic seismic hazard model for Georgia was
presented in 2020 by Tsereteli et al. [45], obtained leveraging from the experience in the EMME project.
Input seismic data were homogenised using national data and seismic source models were specified at
national level. Georgia Seismic Hazard Model 2020 (SH-2020) reflects the latest scientific findings, i.e.
principle of stationary seismicity, active faults and uncertainties quantification and updated datasets i.e.
updated earthquake catalogue, revised estimates of the historical catalogue, a homogeneous magnitude scale,
improved fault source models and the area source models (for more details see Tsereteli et al. [45]. The
drawbacks of this hazard model are related to issues that are common for all modern maps of this type. In
particular, a big step forward in the improvement of the PSHA methodology was the use, in conjunction with
seismic activity (giving a short-term picture of activity), the sliding velocity of faults (giving a long-term
picture of activity). They complement each other well. However, future efforts should be made in the
direction of improving estimates the fault slip rates of the region, by incorporating most recent studies. In the
process of updating and homogenizing the earthquake catalog, conversion formulas of different magnitudes
are used, the effects of their use remains to be studied in future efforts. Limited data on strong ground motion
for Georgia and the whole Caucasus have not yet allowed the inclusion of any local model for Georgia in the
Logical Tree scheme of ground motion hazard assessments, so the creation of such a model will be one of
the subjects of future updates. Fig. 17 shows the SH-2020 map for Georgia by Tsereteli et al. [45], the

14



quality of the forecast pattern of the seismic hazard of a region is determined by how adequate it is to the
observed seismicity for the entire historical and modern period. For this, all zones with PGA>0.32 g from
the SO-2020 map (Fig. 17) were compared with the zones with MSK intensity I>8 from the distribution map
of the maximum observed MSK intensity in Georgia (Fig. 18). The results of alignment and comparison of
the corresponding zones showed that 75% of the zone with PGA>0.32 g, 80% -PGA>0.43 g and 90% -
PGA>0.53 cover zones with I>8, which is a good result if we take into account the accuracy of delineation
the boundaries of zones on these maps and testifies to the adequacy of this hazard forecast map.
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Fig.17. SH-2021 map for Georgia (authors: N. Tsereteli, L. Danciu et al.).

Fig. 18 shows a map of the distribution of maximum MSK intensity (7, 8, and 9 points MSK) from
strong earthquake on Georgian territory throughout the historical past. Based on the analysis of these data for
twenty centuries it is possible do several important conclusions:

e The area of the region encompassed by intensity 9 MSK  for each one out of 19 centuries A.D. the
average is ~500 km?, which practically coincides with the total area of intensity 9 MSK of the
well-studied earthquakes of the 20" century. This in its turn means that during 20 centuries only a
few of strong (Ms>6.5, 1>9) seismic events have been missed.

o For the area covered by 8 MSK intensity there is quite a different picture. In particular, for each
one out of 19 centuries the area of this intensity is on average 1.5 times less than the well-
delineated area with an intensity 8 MSK of 20" century, and it means that many historical
earthquakes with such intensity are still not detected.

e The area covered by intensity 7 MSK is the background to the whole territory of Georgia and if we
take into account the results presented in the previous paragraph, a large part of this area must have
intensity 8 MSK.

In addition, on this map, between two large areas of the axial part and the southern slope of the
Greater Caucasus thereis clearly visible seismic gap, which was partially filled in 1991 by the strongest
Racha earthquake with intensity 9 MSK and its strong aftershocks with an intensity 8 MSK (Varazanashvili
et al., [49]).

It should be noted that for Georgia, rigorous statistical validation of probabilistically estimated ground
motion is very difficult to take nowadays due to short observational time of the main input datasets (i.e.
although the instrumental earthquake catalogue covers about 100 years, strong ground motion data have been
recorded only in the last decades, Tsereteli et al., [45]). Therefore, under the conditions of Georgia, the
observed maximum macroseismic field shown in Fig. 18 is practically the only controlling factor for
predictive assessments of seismic hazard.

15



40° 41° 42° 43° 44° 45° 46°

Intensity MSK

43°

4

TURKEY
4f | | | ARMENIA |

Fig. 18. Map of the total maximum MSK intensity distribution in Georgia
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3 Development of building codes in Georgia

The history of the creation of building codes in Georgia is closely related to their development from
the beginning in the Russian Empire (before 1918), and then in the former Soviet Union (1921-1990), a part
of which Georgia was for that time. Since 1991, Georgia has become an independent country and has
intensively been developing its national building codes.

More specifically, we can say that in the first quarter of the 20™" century in the Russian Empire and in
the USSR, the so-called “Established Norm” (Fig. 19), which in modern language is called a collection of
construction resource estimates and which represented the construction technologies of the beginning of the
last century. In 1927-1930, due to obsolescence, the “Established Norm” was replaced by the "Set of
Production Building Codes" drawn up by the USSR Construction Commission (Abramova, [1]). It should be
noted that seismic loads did not appear in both of these collections of normative documents.

Fig. 19. Established Norm of the 1918 issue.

In 1937, the first seismic zoning map of the USSR (SZ-37) was prepared, which was included in the
official normative publication - “Rules for Anti-seismic Construction” (Rules ..., [37]). The next new seismic
zoning map appeared in 1949 (SZ-49), and the first edition of building codes and regulations (SNiP) was put
into effect in 1955 (Building codes ..., [6]). Then, in 1957, after the creation of a new map of seismic zoning
of the USSR (SZ-57), codes appeared: SN 8-57 (Norms and rules ..., [32]) and SNiP 11-A.12-62 (Building
codes ..., [7]) (Fig. 20), in which the intensity of the earthquake in the area or at the construction site was
taken according to the GEOFIAN intensity scale (Barosh, [4]).
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Fig. 20. SNIP 11-A.12-62 of the 1963 issue.

Since seismic zoning maps (SZ) are an integral part of regulatory documents that ensure earthquake-
resistant construction, updated seismic codes were often published after the appearance of new SZ maps, for
example: SZ-68 - SNiP I1-A.12-69 * (Construction norms ..., [11]), SZ-78 - SNiP 11-7-81 * (Construction
norms ..., [12]).1t should be noted that in SNiP I11-A.12-69 * the seismicity of the construction site was
assessed according to the GEOFIAN scale, and in SNiP 11-7-81 * - according to the scale obtained after the
modernization of the GEOFIAN and MSK-64 scales. The first map of the SZ of independent Georgia was
compiled in 1991, but it was included in the structure of the previous codes - SNiP [1-7-81*. Only in 2010 it
became possible to create new seismic codes for Georgia PN 01.01-09 (Georgian building code, ]117]), which
included an edited version of the 1999 SZ-99 map (rather outdated), and seismicity was given using the
macroseismic intensity on the MSK-64 scale and peak ground accelerations. Today there is a need for a new
map of SZ and new seismic code, closest to the European Codes (EC8).

Conclusions

As a result of more than 80 years of research in the field of seismic hazard zoning, the concept of
seismic hazard in Georgia has changed significantly and the level of understanding of the hazard model has
improved radically. This is evidenced by the entire history of the development of seismic zoning, presented
above. Suffice it to say that deterministic assessments in terms of macroseismic intensity for average soil
conditions were taken as the calculated hazard for Georgia in the 30s to the beginning of the 90s, and
probabilistic hazard estimates are now accepted in terms of peak and spectral ground accelerations for rock.

During this period, the concept and configuration of seismic source models changed significantly,
from simple seismically homogeneous are sources to complex “dual” source models: the areal source model
and the fault source model, which successfully complement each other. A big step forward in improving the
hazard assessment methodology was the combined use of seismic activity and fault slip rates, use of a logic
tree scheme in hazard calculations, etc.

As for the ground motion model for Georgia, it was represented by a set of regional or global ground
motion prediction models, selected according to the tectonic zoning scheme, as the limited data on strong
ground motion for Georgia did not allow them to be included in the hazard assessment logical tree as a local
model.

The seismic hazard model and corresponding zoning maps are an integral part of regulatory
documents that ensure earthquake-resistant construction, so updated seismic codes are often published after
the appearance of new seismic zoning maps. Today there is a need for a new normative map of seismic
zoning for Georgia and for new building codes close to the European ones.

Thus, the efforts of researchers in the field of seismology, geology, geophysics and engineering, which
created various models of seismic hazard and the corresponding building codes, analyzed the results of their
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application, studied the properties of earthquake sources and surroundings, as well as the spatial structure of
seismicity, led to great progress in understanding the nature of seismic hazard and earthquake-resistant
construction on the territory of Georgia. It should be admitted that the degree of knowledge of the danger of
Georgian earthquakes is insufficient. Much work remains to be done in order to provide the engineering
community and government agencies with a fully reliable performance of potentially destructive ground
motion.
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ABSTRACT

Two groups of completely different phenomena and consequences can cause natural hazards. Those are dangerous
meteorological processes in the atmosphere and geological processes, which take place on the earth surface and its
crust. However, in spite of very different nature and development conditions of these phenomena, there is quite often a
synergetic liaison between them, which determines the level of activation/reactivation of the given phenomena.

Natural Hazards become more topical in the beginning of XXI century, as the pressure of them on human environment
becomes much heavier. Background of global climate change processes immeasurably increases the risk of
uncontrollable disasters.

Taking into account that the South Caucasus region and especially Georgia, belongs to the regions distinguished
among the world mountainous areas by natural hazards large scale development processes, frequency recurrence, and
negative impact on population and engineering/economic facilities, South Caucasus is recognized as one of the most
vulnerable regions.

Key Words: Natural hazards, landslides, climate change, geology.

Introduction

Natural hazards become more topical in the beginning of XXI century, as the pressure of them on
human environment becomes much heavier. Background of global climate change processes immeasurably
increases the risk of uncontrollable disasters.

Taking into account that the South Caucasus region and especially Georgia, belongs to the regions
distinguished among the world mountainous areas by natural hazards large scale development processes,
frequency recurrence, and negative impact on population and engineering/economic facilities, South
Caucasus is recognized as one of the most vulnerable regions. Besides that, the territory of Georgia is located
within the limits of 7 — 9-point intensity earthquake risk area. The earthquakes are directly connected with
stimulation of landslide-gravitational and debris/mudflow phenomena. Major part of Georgian population,
agricultural lands, roads, oil and gas pipe-lines, hydro-technical and irrigation facilities, electric transmitting
lines, and mountainous tourism facilities periodically endure the attacks of natural phenomena. Georgia hosts
a great variety of morphological and climate conditions - from the humid, subtropical coastlines to highland-
alpine-nival areas; whenever natural disasters strike the country, this usually leads to a great number of
casualties, also due to very populated human settlements all across Georgia [1 - 5] However, the majority of
geo-ecological cataclysms take place in mountain zones, which represent 71% of the country territory and
which are occupied by 20% of population. At the same time, the mountainous zones have enormous potential
in geopolitical and economic development of the country. 2/3 of landslides observed in the country took
place in mountain zones, while debris/mudflows, snow avalanches, rockfalls, rock avalanches took place
almost exclusively in mountains. Economical damage caused by natural hazards, as well as casualty and
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ecological migration in 80% of cases take place in mountain areas followed by devastation of mountain
villages and settlements.

Among the multi-spectral geological processes in Georgia the most impressive phenomena are
gravitational landslides and debris/mudflows, washing out of marine coasts and river banks within the limits
of settlements.

The spatial distribution of landslide and mudflow events over the territory encompasses both the
seaside and the highlands. Out of the 70 municipalities regarded as affected by landslide hazards, 29 are
included in the average-hazard zone (41%) and 35 (50%) in the high-hazard zone. According to recent data
(2011-2018) from 8229 families (Source: Department of Geology of Georgia 2019), as a result of this
monitoring activity, 1545 families were given the recommendation to relocate to safer houses/settlements [6].

Risks of geological phenomena

The geological processes developing in mountain regions are characterized by high heterogeneity.
Origination or re-activation of them depends on integrated interrelation of multi-spectral factors. Study of
development mechanisms of such extremely complex phenomena and determination of that relevant
dominant factor (or a group of factors), which can move the geological environment out from homeostatic
state and triggers origination/re-activation of this or that kind of processes (or groups of processes), would be
impossible without well developed methodology and the well-thought-out systemic approach.

Taking into account that processes are considered as a consequence of interaction of large number of
factors (components) in the open equifinal system, where origination/re-activation of geological processes at
certain stages of their development should be determined as the final (concluding) action of the whole
system. Hence, the assessment of development regularities of contemporary elemental processes and the re-
activation trends in the multi-spectral system of triggering factors, should be based on the basic
determinative factors.

Presumably, there are certain multi-spectral natural factors triggering processes (some authors define
nine different levels [7]), which determine regional and zonal regularities of development of elemental
destructive processes and phenomena. The most important factors among them are geological environment
(lithologic composition, state, features, tectonic activity, and earth crust movement), relief morphology and
its energy potential constant, and the climate, as the unity of meteorological conditions of a given area with
the established regime [8]. The scale of development processes and their activation speed depend on
sensitivity level of landscape-geological environment of a given space.

Climatic conditions, which in geological past played determinative role in modification processes of
the earth surface, as well as in forming of sediments and the landscape-geographic zones, are determining
also current correlation of the development time and space of exo-geological processes and the regime of
development/re-activation.

However, the role of climate in the relief morphogenesis is quite well investigated. Climate related
methodological and theoretical issues are included in a new direction of earth sciences of second half of XX
century — “Climatic geo-morphology”. The role of climate factor in engineering geo-dynamics and in the
development of contemporary geological processes, especially the issues of forecasting of geological
processes in terms of time and space is much less investigated.

Professor A. Shcheko [9,10] who is one of the founders of research methodology on forecasting of
elemental geological processes related to the development and activation trends of exogenous geological
processes regime, includes the climatic conditions into the main group of changeable factors. This problem is
especially important for such complex and vulnerable (in terms of geological processes) mountain regions as
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Caucasus and especially Georgia. All zones starting from sea coastal zone and ending with high mountain-
nival belt, from humid sub-tropical climate to dry arid climate, are represented in the landscape-ecological
environment of Georgia. Each zone is characterized by special type of geological processes, the regime,
intensity, and activation level different in accordance with observation conditions of geological environment.
Meteorological elements able to provoke certain processes (atmospheric precipitations, humidity,
temperature, etc) through deviations from limit values of perennial mean norms can cause changes in the
above-mentioned parameters. At the same time, the more syncretic is geological environment, as the receptor
and synthesizer of atmospheric precipitations, the higher is activation level of the processes in short time
interval.

It should be noted that climate conditions (through increased ‘humidity effect’) stimulate landslide
processes at the slopes which are generally predisposed to such processes and number of which is over 70%
among the total number of landslides of different genesis. Climatic factors have decisive role in
generation/reactivation of mudflow transformations, erosive processes, floods, snow avalanches, etc.

29% of the whole territory of Georgia is subject to water erosion processes that significantly threaten
the environment in general and especially village economy. In 1957-78 the erosive processes damaged
20 000 ha of lands which were excluded from land fund. Area of arable lands by 1980 in Georgia was 673,2
thousand ha, 30,5 % of which were eroded [11]. Soil erosion is especially intensive under the influence of
strong anthropogenic factors in mountain regions with scarce plant coverage. About 150-200 tones of fertile
soil per 1 ha area is washed out annually in such areas. In case of highly intensive downpours, these figures
are increasing up to 300-500 tones per 1 ha, while the soil regeneration processes take centuries in conditions
of optimal climate. In this regard the gravest situation is developed in mountainous areas of Ajara, Svaneti,
Racha-Lechkhumi, Meskheti, Kazbegi, and Dusheti [12].

Intensive washing out of riverbanks can be observed on big rivers (Rioni, Tskhenistskali, Enguri,
Kodori, Mtkvari, Alazani, lori) in valley and foothill zones, where the annual values of washed out areas
fluctuate within 2 — 3,5 m in average. In cases of extreme flooding, this figure increases up to 10 m,
especially in the most vulnerable areas. If we take into account that total length of the riverbanks subject to
intensive washing out is over 1000 km, and the annual wash out value is approximately 1,5 m, then the
annual losses of lands is 150 ha [11].

In lowland areas of Georgia, the washing out of big riverbanks caused by increased water level
usually is followed by flooding of significant areas with all negative consequences. According to historical
data, around 30-35% of population was affected by extremely intensive floods on river Rioni in 1811-1812.
In 1839 water level on this river increased up to 9,6 m, in 1911 —up to 3 m, and in 1922 — up to 2,8. Area of
13 000 ha was flooded in 1982 caused damage of 12 million USA dollars. During the last period, there were
not described such catastrophic floods in Kolkheti lowland, except 1987, when 20 000 ha were flooded, 3,2
000 facilities damaged, 2 000 facilities and 16,5 km of railway destroyed. Total damage was calculated about
300 million dollars [13]. Catastrophic floods were described repeatedly in the past years on river Mtkvari,
Alazani and lower segments of their tributaries (1839, 1956, 1967, 1968, 1972), which caused damage of
several thousands million dollars and took away tens of lives. Some large floods were observed during the
last period (2004-2010) on rivers Rioni, Tskhenistskali, and Alazani. Special kind of water erosion is the
intensive washing of the Georgian Black Sea coast, which periodically damages high valued recreational
areas. From time to time it becomes necessary to provide reconstruction works or moving of highways or
railway. In a number of areas of abrasive segments (Musera, New Athoni, Eshera, Ochamchire, Makhinjauri,
Gonio-Sarpi, etc) the washing out processes caused by storms coincide with significant activation of
landslide processes. By 1980 total area of washed out and degraded coasts was 220 km. In 1967, 1971, and
1978 the direct damage caused by winter storms to Abkhazian coast was estimated up to 27 million dollars
[11]. Expenses for coast protection works conducted in Georgian Black Sea coastal areas in 1961-71 were
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calculated as 45 million dollars, while in 1972-81 — over 81 million dollars. In spite of the measures
undertaken for coast protection purposes, the washing speed is catastrophically high, especially on
Abkhazian coasts, where beach forming solid sediments today are being taken in a very unacceptable way.

However, the most dangerous/strong natural phenomena among geological processes due to their
potential development scale and recurrence frequency, which keep in stress local population and can cause
an irreversible economic damage to the country, are landslides and mudflows. Landslides of all kinds and
mechanisms known in engineering-geodynamics can be developed in Georgia, starting with the simplest type,
deformation of which remains within the aeration zone, and ending by the deep ones (10 meters) of the
volume of million cubic meters. However, according to massive development of the landslide processes and
the activation intervals, the most distinguishable are those landslides, which can be directly provoked by the
regime distribution of atmospheric precipitations. This type of landslides is called climatic (or consistent),
dynamic mechanism of which is determined by consistence of water on the slopes and by ‘humidity effect’.
Changes in ‘consistence’ features of rocks, as well as critical decreasing of resistance to shifting depend on
these parameters. More than 70% of the landslides in Georgia represent this type of landslides and can be
found in all landscape-geo-morphological zones [13, 14].

Large development scale and high recurrence frequency of climatic landslides are the main features
of almost all landslides in western Georgia. Black Sea coastal undulate zone, Saguramo-Tsivgombori slopes,
low mountainous and foothill zone of Shida Kartli, middle segment of river Aragvi basin, and all those areas
of the relief of Georgia in general, the slopes of which have an angle over 8% and are built with clay rocks
highly sensitive to landslide processes and which are able to accept certain amount of atmospheric
precipitation. Dynamics of landslide processes depend on deviation values of atmospheric precipitation in an
intra-annual interval from perennial statistic values of a given landscape-geological environment.

According to analysis of geo-monitoring statistic data, activation or attenuation of landslide
processes, or their temporary stabilization is in direct correlation with syncretism of geological environment.

Regional perennial engineering-geological research conducted at the territory of Georgia and geo-
monitoring data, as well as analysis of regime observation data, show stabilization of exo-geological
processes which directly depend on climatic factors, can be reached when the values of atmospheric
precipitation and humidity within the given period of time (year, season, month, 24 hours) is below the mean
perennial limit value. At the same time, the higher is deficit within the long-time segment, the higher is
safety related to limit risks of geological processes. Together with increasing of precipitations to compare
with statistic norms, the level and risk of activation of elemental processes increase proportionally.

Taking into consideration all mentioned above, according to space-time development of the exo-

geological processes provoked by climatic factors, they can be divided in 5 categories: 1) below the
background (stable); 2) background; 3) stressful; 4) extreme; 5) paroxysmal [14].
In a certain geological environment, where amount of precipitations remains within the limits of perennial
norm (coincides with statistic climatic regime), exo-geological processes, if there are not any other additional
conditions, develop at the background level. In particular, there is a close correlation between dynamics of
climatic landslides and alterations of the precipitation regime. A landslide body ‘sleeping’ in a geological
environment of optimal reception features comes out from homeostatic state.

Annual amount of precipitations increased by 100-200 mm to compare with perennial norm, cause
activation of landslide processes above the background level. Annual precipitations increased by 200-400
mm provoke activation of the landslide processes and enter the stress state. All landslide bodies which
temporarily were in a stable state, as well as new landslides, start activating in those geological environments,
deformation horizons of which are characterized by high sensitivity and synthesizing features. Annual
precipitations increased by 400-600 mm to compare with the perennial mean value activate the processes
entering the extreme stage, when a number of new landslides explode and almost all ‘sleeping’ landslides
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start activating. Research data confirm that according to a certain type of macro-circulation regime in
atmosphere, extreme activation of elemental processes can gain regional character and later can develop at
the global scale. There are number of relevant paradigms in Georgia and in Caucasus in general. For instance,
the extreme explosion of landslide processes in West Georgia in 1967-68 which covered area of up to 300
000 ha, damaged and destroyed up to 20 000 living houses. At that time no such extreme activation of the
elemental processes was observed in East Georgia. However, in 1987-89 the geological catastrophes of
paroxysmal character covered the whole territory of Georgia.

This kind of extreme paroxysms of elemental processes were observed repeatedly all over the
country in 1991-1992 and 2004-2005. Total damage caused by these processes was over 12 billion dollars.
At the same time, we should take into account that the extreme or paroxysmal elemental processes develop
in a very complex way that increases threats to the local population and complicates implementation of the
appropriate management measures.

Analysis of perennial data obtained by engineering-geodynamic research and geo-monitoring
observation at the territory of Georgia confirm that there is an indisputable correlation between extreme
activation of landslide processes and critical deviation from perennial norm of atmospheric precipitations.
This correlation is set through ‘humidification effect’ on slopes vulnerable towards landslide processes and
because of ability of building rocks to receive atmospheric precipitations, and due to their certain geological
features.

During the last period many countries conduct appropriate researches to detect the functional
relationship between atmospheric precipitations and those critical values when the landslide, mudflow, and
erosion processes, as well as the re-activation extremes start developing. For instance, it is determined for
New Zeeland [15], that weak deformation of the slopes takes place in case of daily sum precipitations within
the limits 50-55 mm. Mean deformation is observed in case of 60-90 mm and large-scale landslides start
developing in case of precipitations over 100 mm. For South-East Asia the critical amount of daily
precipitations able to provoke landslides is defined as 100-200 mm [16]. Extreme activation of landslide
processes in this region was observed in July of 1996, when during 24 hours 401 mm of precipitations
provoked 700 new landsides.

According to the Geology Department of the National Environment Agency, in recent years the
guantity and magnitude of landslides and mudflow processes have increased significantly on the territory of
the country (Fig. 1). As of 2020, 20% (729 settlements) of Georgia's populated areas were at high risk of
geological hazards (Fig. 2-3) — [17, 18].

Number of observed Geological Hazards in Georgia (2004-2020)
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Fig. 1. Number of observed Geological Hazards in Georgia [17, 18].
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Fig. 2-3. Number of settlements under Geological hazards [17, 18].

Research data confirm that in geological-climatic conditions of Georgia, the humidification level of
slopes depend not directly on the amount of daily precipitations, but on the prolonged impact of the same
sum amount of precipitations. The exemptions are Mtatusheti low mountainous relief zone of Mtkvari
depression built with extremely not-water-proof rocks of molassic rocks, as well as relief forms built with
flood-plain and silt facieses, the structure of which can be immediately destroyed by contact with water.
Hilly mountainous areas of the Black Sea coastal zone are also characterized by high ability of water
penetration and low structural liaison, which in certain conditions can easily loose sustainability.

However, at the territory of Georgia, the landslides which are activating due to certain deviations in
amounts of precipitations from maximum permissible values, are the most notable by their development
scale. The mentioned deviation has direct effect on humidification level of deformable slopes. Relevant
research data show that the maximum value (50-70%) of ‘humidity effect” which is able to make move this
type of landslides within the limits of deformable horizon is observed in autumn-spring period. It should be
noted also, that in summer period the humidity of potentially movable grounds in West Georgia is decreasing
by 10-16% in average, while in East Georgia this value is increasing up to 22-30%. Parameters of natural
humidity are almost unchangeable below the zone of influence of atmospheric precipitations (below aeration
zone) [19, 20].

Activation of landslide processes in accordance with atmospheric precipitation regime clearly
indicates the correlation regularities: the intervals between atmospheric precipitations able to provoke
landslide processes, fluctuate within 2,5-5 years, while the sequence line between the increase and deficit of
precipitations, which represents one cycle of development of the landslide processes, ranges within 3-8 years.

Conclusion

Three main stages, or periods in the dynamics of landslides can be distinguished with regard to regional
development of landslides:

1) Maximal re-activation period of landslide processes, which is determined by extreme values of
paroxysmal amount of atmospheric precipitations. The intervals between active periods are 4-11 years.

2) Mean activation period of the landslide processes mainly includes intervals of landslide processes
between the periods of intensive activation.

3) Background activation period of landslide processes. Number of landslides of this type of dynamics is
more than the number of landslide processes performed during previous two activation periods. Usually,
the landslide bodies being in this kind of regime, can move to a stress regime, or vice versa, to a
stabilization regime, depending on the development of atmospheric precipitation conditions and the
connected ‘humidification effect’ of relevant slopes. The start point of these processes is the moment
when ‘humidification effect’ of slopes vulnerable towards landslide processes does not correspond with
the values able to start moving. Analysis of statistic data on atmospheric precipitations in Georgia during
last 100 years shows, that the intervals between activation of landslides of the mentioned regime,
fluctuate within diapason of 1-5 years.
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Note

This article was presented in the form of a report at the International Scientific Conference “Natural
Disasters in the 21st Century: Monitoring, Prevention, Mitigation”, Thilisi, December 20-22, 2021.
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Pe3rome

JIBe TpymIbl COBEPIIEHHO Pa3HBIX SBICHUWA W TOCIEICTBHI MOTYT BBI3BATh CTHXHUIHBIE OeICTBUA. DTO
OIMacCHbIE METEOPOJOTHYECKHE TPOIECCH B aTMoc(hepe W TEOIOTHYECKHE IPOIECCHl, MPOUCXOAIINe Ha
3eMHOM TOBEPXHOCTH U e Kope. OaHaKo, HECMOTPSL Ha OYEHBb PA3IUYHYIO0 TPHUPONY W YCIOBHUS Pa3BUTHUS
STUX SIBICHUM, HEPEAKO MEXIYy HUMH CYLIECTBYET CHHEpPreTHYECKas CBSA3b, OINpPEAEIAIoNlas YpPOBEHb
AKTUBAIUH / PEaKTUBAIIMH JAHHBIX SBICHHA.

Cruxuiinsie 0€ICTBUS CTAHOBATCA BCe Oojiee akTyalbHBIMU B Hadasie XXI| Beka, MOCKOIBKY WX JTaBICHHE HA
cpeay oOMTaHUs Yej0BEeKa CTAHOBHMTCS Bce Oosiee cribHBIM. Ha (hoHe rinobanbHBIX MPOIECCOB U3MEHEHUS
KJIMMaTa HEU3MEPHMO BO3PACTaeT PUCK HEKOHTPOIHMPYEMBIX KaTacTpod.

[Ipuaumas Bo BHUMaHue, 9To peruoH HOkHoro Kapkasza, m ocoOeHHO ['py3us, OTHOCSTCS K pEerHOHaM,
BBUICJISIIOIIMMCS  CPEM TOPHBIX TEPPUTOPUH MHpa KPYIMHOMACINTAOHBIMH IPOIECCAMU  Pa3BUTHS
MPUPOJHBIX OMACHOCTEH, MOBTOPSAEMOCTHIO M HETaTUBHBIM BO3JCHCTBHEM Ha HACEJICHHUE U WH)XEHEPHO-
SKOHOMHUYeckHe 00beKThI, FOxHbIN KaBka3 mpu3HaH eUHBIM IIeJIbIM HanOoJee yI3BUMBIX PETHOHOB.
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ABSTRACT

The article contain information about several hydrodynamic anomalies were observed during January 2021 on the
multiparametric monitoring network of M. Nodia institute of Geophysics. Data were analyzed by the special program
which gives possibility to exclude the influence of geological factors by the common value of tidal variations. Was
analyzed reaction of parameters to the earthquake preparation process.

Key words: hydrodynamic anomalies, seismic event precursors.

1. Introduction

It is known that variations of water level represent itself an integrated response of aquifer to different

periodic as well as non-periodic influences, including earthquake related strain generation in the earth crust
[1-2]. Quantitative analysis of impacts of separate components in observed integral dynamics remains one of
the main geophysical problems. It is especially important for non-periodic processes related to the
earthquake generation, taking into account their possible prognostic value [3-4].
Determination of earthquake precursors is a task of global importance. The article deals about detected
anomalies during preparation of average grade earthquake. For this purpose, was developed data of the water
level and atmospheric pressure from the Hydrodynamic monitoring network. Has fixed the
hydrogeodeformation field variation caused by the earthquake preparation process and reflection of the
critical stress in the water level. As a result, have been identified preliminary anomalies and has been
confirmed high sensitivity to the geodynamic processes.

2. Data Analysis

Therefore, were analyzing the value of stress field by hydrodynamical parameters [5-6] variations
during preparation of several earthquake processes on the territory of Caucasus were calculated and
analyzed:

Earthquake in Akhalkalaki area -05.01.2021-25.01.2021 period (Mag=3.4 05.01.2021, Mag=2.9
16.01.2021, Mag=3.0 23.01.2021, Mag=3.2 24.01.2021).

The earthquakes of Akhalkalaki, anomalies were observed on the Chkvishi, Akhalkalaki, Ajameti,
Kobuleti, Oni and Gori boreholes.
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Fig.1. a - Water level, atmospheric pressure and tidal variations at the Chkvishi borehole. Vertical line marks
an earthquake. On abscise axis time is in hours. b- Hydrodynamic Response.
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Fig.2. a - Water level, atmospheric pressure and tidal variations at the Akhalkalaki borehole. Vertical line
marks an earthquake. On abscise axis time is in hours. b- Hydrodynamic Response.
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Fig.3. a - Water level, atmospheric pressure and tidal variations at the Ajameti borehole. Vertical line marks
an earthquake. On abscise axis time is in hours. b- Hydrodynamic Response.
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Fig.4. a - Water level, atmospheric pressure and tidal variations at the Kobuleti borehole. Vertical line marks
an earthquake. On abscise axis time is in hours. b- Hydrodynamic Response.
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Fig.5. a - Water level, atmospheric pressure and tidal variations at the Oni borehole. Vertical line marks an
earthquake. On abscise axis time is in hours. b- Hydrodynamic Response.
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Fig.6. a - Water level, atmospheric pressure and tidal variations at the Gori borehole. Vertical line marks an
earthquake. On abscise axis time is in hours. b- Hydrodynamic Response.
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Fig.7. Geodeformation field changes for period 01-25 January 2021.

3. Conclusion

The information content of hydrodynamic boreholes from the earthquake prognostics point of view
are ascertained. The recorded anomalies coincide with the preparation period for strong
earthquakes. Characteristics of anomalies (amplitude, period, etc) are correlated with earthquake
strength. However, in certain cases, high levels of anomalies are recorded in boreholes located

relatively far from the epicentre.
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Pe3rome
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ABSTRACT

The behavior of two wells located in Georgia is compared: Oni and Nakalakevi. A stable relationship (coupling
coefficient) between the reactions of water in these wells to earthquakes is found. It is indicated that the coupling
coefficients are different for remote and nearby earthquakes.

Key words: coupling coefficient, resonance period, hydrodynamic anomalies, seismic event precursors.

1. Introduction

Well coordinates. Oni well: 42.573° N 43.437° E. Nakalakevi well: 41.424° N 43.317° E.

The distance between the wells is 125 km.

Well parameters. Oni well: length 255 m, screen 70-250 m. Confined sub-artesian aquifer; fractured shale
and basalts. Nakalakevi well: length 600 m, screen 255-367 m. Confined sub-artesian aquifer; fractured
andesite-basalts.

The water level was recorded every 1 minute.

2. Data Analysis

If there is a reaction of water to an earthquake in the Oni and Nakalakevi wells, then:

1. The result of dividing “amplitude of water in Oni” / “amplitude of water in Nakalakevi” is 2.7-2.8
provided: a) remote earthquake (distance >1000 km); b) earthquake depth < 40 km.

2. “Amplitude of water in Oni” / “Amplitude of water in Nakalakevi” is 5.7-6.2 if the earthquake is close
(distance <600 km).

Remote earthquakes

The table and the graph based on it make it possible to assert that under certain conditions the
“amplitude of water in Oni” / “amplitude of water in Nakalakevi” is 2.7-2.8.

7

6 L

Oni, water, cm

o ﬁ 60 km

Fig.1. Amplitude ratio of Nakalakevi & Oni water as a reaction to remote earthquakes in 2020-2021.
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Table 1. Remote earthquakes

Date Magnitude Dislier:]]ce, Diﬁ:h’ Place Nﬁ';f; ﬁk:r\;]i’ waf()err],i ’cm
14/3;’;819 7.5 11876 10 R';'g;’c‘)’n'?gfaNif‘G 0.7 2.15
28/33:/12820 7.7 11013 10 Cuba Region 0.6 2
25/83:/5820 7.5 8094 60 East Kuril Islands 1.55 2.5
02/35:/52520 6.6 1742 10 Crete, Greece 0.8 2.1
23/?;5:/58 20 7.4 12368 10 Oaxaca, Mexico 2.0 59
22lor/2020 7.8 9079 30 | Alaska, Peninsula 1.94 6
19/218:/5220 7.5 9103 40 South of Alaska 1.59 4
30/113:/53 % 7.0 1460 10 IsI[;ﬁgi,caGnriSeece 181 5
11/211:/5321 6.7 4326 10 R“SSig(')';’é‘;?go"a 0.61 1.48
13/0212021 71 4866 60 Nﬁgiﬁ%ggio‘c 0.96 245
04/?5’:/22221 8.1 16123 29 Ke,{{:j‘vd;z ;f;gds 1.97 5.82

Nearby earthquakes

Water response (or lack thereof) to earthquakes in Turkey at a distance <= 600 km from the well.

Conclusion for close earthquakes at a distance of < 600 km

- If the magnitude is M = 5.0-5.5, then there is no reaction of water to earthquakes.

- If the magnitude is M > 6, then the water reaction is observed and Oni / Nakalakevi is 5.73 or 6.12,
which is twice the expected 2.7-2.8.

Remark. In [1, Fig. 1.5], coseismic jumps are noted at a distance from earthquakes < 400 km, if the
magnitude is Mw> 6, as well as their absence at a lower magnitude.
Example 1 (distance < 600 km)

1. 24/01/2020 17:55, M=6.8, D=587 km, H=15 km, Eastern Turkey. Oni/Nakalakevi=5.73.
2. 25/01/2020 16:30, M=5.1, D=599 km, H=7 km, Eastern Turkey. No water reaction.
3. 23/02/2020 05:53, M=5.7, D=346 km, H=10 km, Turkey-Iran Region,

Oni=0.22 cm, Nakalakevi=0.0 cm.
4. 23/02/2020 16:00, M=6.0, D=471 km, H=10 km, Turkey-Iran border,
Oni=3 cm, Nakalakevi=0.49 cm. Oni/Nakalakevi=6.12.
15/06/2020 06:51, M=5.5, D=423 km, H=5 km, Eastern Turkey. No water reaction.
25/06/2020 10:03, M=5.4, D=457 km, H=10 km, Turkey-Iran border. No water reaction.
03/12/2020 05:45, M=5.0, D=529 km, H=14 km, Eastern Turkey. No water reaction.
27112/2020 06:37, M=5.5, D=577 km, H=2 km, Eastern Turkey. No water reaction.

CONo O

Example 2 (distance > 1000 km)

1 26/06/2017 12:28, M=6.3, D=1498 km, Az=254°, H=9 km, Near the Coast of Turkey,
Oni=1.22 cm, Nakalakevi=0.6 cm. Oni/Nakalakevi=1.22/0.6=2.03.

Remark for nearby earthquakes at a distance of < 600 km

When comparing the reaction of wells Oni and Nakalakevi under the condition: distances <= 600 km and
Oni/Nakalakevi> 5.5, note that the well Oni, reacting more strongly, is at the same time further down the
well Nakalakevi per 100 km for earthquakes in Turkey.

36



3. Conclusion
Well resonance period as a possible cause of different well response to remote/nearby earthquakes

Let us calculate the resonance period P of the well, but previously simplify the calculations.

P =
The formula for the resonance frequency of a pendulum is f = = E. Since *£ &~ 0.996 % 1 and period

m A T
1 . . - . .
P = - then numerically (!) resonance period P = 2+/H, where P is measured in seconds and pendulum’s

length H is in meters. For wells H=Hsolid+3/8*Hscreen, [1, p.96].

For well Oni H=138 m, for Nakalakevi H=530 m. Consequently, Oni have a resonance period P=23.5 sec.
and for Nakalakevi P=46 sec.

For comparison, the sensitive well YuZ-5 located in Kamchatka [1] has a resonance period of 44.6 sec.

The length of the period of the incoming wave from remote earthquakes can be 13-30 sec. Nearby
earthquakes have a shorter period of waves. Since the well Oni resonance period is 2 times less than
Nakalakevi, then Oni react more noticeably. This difference sharply manifests itself at short distances from
earthquakes, but affects differently at distant ones.

Remark. The length of the incoming wave’s period was estimated based on the data of the TBLG, Delisi,
Georgia seismic station, given in http://ds.iris.edu/wilber3, Station Monitor.
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Peakuus ckBaxxul ['py3un Ha najnexkue u 0J1M3KHE 3eMJICTPACCHUS.
CxoacrBa u pazandus
I'.H. Ko03eB, .. Meauxkan3ze, T.[xk. /Lxkummenanze

Pe3rome

CpaBHHMBaeTcs TMOBEACHHE ABYX CKBaKHH, pacmojiokeHHBIX B ['pysum: Onm m HakanakeBu. Brrasinena
ycToiunBast cBs3b (KO3(pUIMEHT CBS3M) MEXKIY pEaKIHUsSIMU BOJBI 3TUX CKBXHH HAa 3EMIIETPSCCHUSI.
VYkazbIBaeTCsl, 4TO IS JANbHUX M OJIM3KHUX 3eMJIETpsICeHIH KO3 (UIIMEHTHI CBSI3H pa3HbIe.
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ABSTRACT

Gudauri is a mountain ski resort in Georgia in Kazbegi Municipality, at 2196 m asl on the southern slope of the Central
Caucasian ridge, 120 km from Thilisi. As the number of infrastructural facilities and visitors increases in the resort area,
the existing water supply systems need additional water outputs to ensure a stable water supply of Gudauri in winter
season. This is why, United Water Supply Company of the Ministry of Regional Development and Infrastructure of
Georgia starts to build the drinking water and sewerage systems in Gudauri Settlement. The works envisage the
construction of the drinking water and sewerage infrastructure of modern standards in Gudauri and nearby villages.
Under the Project, within the scope of “Agreement on Hydrogeological Exploration” between Georgian Branch of
China Nuclear Industry 23 Construction Co. Ltd. and Georgian Geophysical Society Ltd., from December of 2020
through May of 2021, a group of scientists accomplished the geophysical and hydrogeological surveys on the territory of
Gudauri to identify the areas of interest in terms of groundwater extraction.

Keywords: electrical survey, vertical electrical sounding (VES), hydrogeology, testing.

1. Introduction

The specific goal of the studies was to identify and isolate the ground aquifers in the study area in
Gudauri. The studies aimed to describe the volcanic rocks of different resistance and, finally, to identify the
areas of concern in view of groundwater extraction.

In order to study the underground structures, the geophysical surveys were accomplished with vertical
electrical sounding (VES) method by using the following geophysical tools: Canadian SARIS and Italian
Earth Resistivity Meter 16GL-N. The studies were based accomplished according to the standard vertical
electrical sounding (VES) methods [1,2].

2. Data and methods
In the course of the initial surveys, one of the prospective sites was selected on the territory of Gudauri,
the “The Panorama District”, to conduct the detailed survey. New 24 VES profiles were provided. Following
the complex terrain, the lengths of the profiles varied from 500 to 1000 m.

During the field works, for each “VES station™, ground resistance was measured along the profile steps
of 15 m, 30 m, etc. The field data were calculated by considering the resistances of different layers and their
bedding depths using IXID and IPI2WIN softwares.

Then, the boreholes were drilled and the logging surveys and pumping works were accomplished on the
alternative locations. The groundwater level was measured at the depth of 87.3 m during the geophysical
surveys of borehole #1. Most likely, the aquifer at this depth has several layers. The test results and
calculated hydrodynamic parameters are discussed in the present article.

3. Results and discussion
Based on the data of 24 VES points of observation, the possible bedding depth and the strength of the
underground water were calculated (Fig. 1,2).
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Gudauri Panorama

Below are the graphs of resistance distribution for ,,G-21”
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Fig. 1. Location of “VES” profiles Fig. 2. Profiles VES G-21 and G

Fig. 3 shows the location of the VES points of observation of the auriferous and ‘dry’ layers.

As per the methodology, it is possible to connect short VES profiles and count the data to make long
profiles. Fifteen lateral and longitudinal profiles were plotted (Fig. 4). Their lengths vary from 500 to 1000 m.
The average distance between the profiles is 250-500 m. A geo-electric section and resistance distribution

image are gained along each profile (Fig. 5).
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Fig. 4. Plan of location of connected profiles
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Fig.5. Profile #15 VES Nos. G-21; GP-2; G-27; G-17; GP-13; GP-11

By counting the values of resistance, the types of soil and water-bearing capacities were determined (Table 2).

Table 2. Values of profile resistance and lithology

ID Lithology From To |Strength X Y z
GP-2| Solil 0 0.75 0.75 |456386 | 4704937 | 2288
Water-resistant sand-loamy soil
0.75 | 4.31 3.56
Water-bearing sand-loamy soil
431 | 247 20.39
Water-resistant sand-loamy soil
24.7 | 146 121.3
Water-bearing sand-loamy soil
146 344 198

By using the obtained results and “Starter” software, the comparative geological sections were
plotted along the geophysical profiles (Fig. 6) to describe the location of the water-bearing horizon in the

study area.

GP2
L)

Legend Title
@ soi
Bl Vvolcanic aguifer
E9 volcanic aquitard

GP-11
L)

60

80

LR LR LRy R LR R RN LARRS LRRS LRR AR

Fig. 6. Profile #5
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As the data of profile #5 (which incorporates short profiles G-21; GP-2; G-17; GP-11) suggest, there
are two aquifers identified: the former, which is the surface water-bearing layer, is found at the depth of 0-20
m, all along the section from the surface, and another underground water-bearing layer is fixed at the depth of
150 m (under point GP-2), varying between 30 and 150 m (for G-17) and 17 and 170 m (for GP-11).

Total of 11 such profiles were plotted. Based on the obtained results, by using “Voxler-4” software,
a 3D model of the study area was developed that established that the aquifers are mostly common in the
“lowland” areas built with old alluvial, delluvial and prolluvial layers and covered with a lava layer.

Following the obtained results, two underground water-bearing horizons may be identified: the
former is developed in the fissure zones of lava layers at the depth of 2-10 m and the latter is developed in the
lava strata of breccias and alluvial-delluvial deposits. Its strength varies between 40 and 60 m. Following the
available studies, the perspective areas were identified where the boreholes may be drilled (VES observation
points GP-5; GP-14; GP-15; GP-16. Fig. 7).

4. Conclusion

Recommendations given following the exploration and geophysical studies. For the full exposure of
the aquifer and study of the hydrodynamic parameters, the boreholes (approximately 200-meter-deep) are to
be drilled in the strongest “perspective” sites of the study area.
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BoisiB/IeHHe BOJIOHOCHOTO TOPU30HTA MOJA3EeMHbIX BO/I
reopusn4ecCKUMH (3JIEKTPOPA3BEeI0YHbIMHU) METOJAMHU HA NIPUMepe
paiiona I'yiaypu v ero ruiporeoiorudeckoe uzyueHue

I''. Meaukanse, H./{. Bapamamsuiu, H.IL. Xynnaaze, T./I:x. Pazman3e-
bpoxumBuiau, H.A. Kanananze, A.IIl. YankBetanse, T.I' . Uukanze

Pe3rome

I'ynaypu - ropHONBDKHBIN KypopT B ['py3un. OH pacrnonoxkeH B MyHHUunanurere KazOerw, Ha roKHOM
ckione llerrpansaoro Kaskaza, B 120 kM ot TOuwicu u Ha BeicoTe 2196 M Hag ypoBHeM mopst. [1o mepe
YBETIMUCHHS KOJMYECTBa MHOPACTPYKTYPHBIX OOBEKTOB U MOCETUTENEH B KYPOPTHOH 30HE CYIIECTBYIOLIHE
CHCTEMBI BOJOCHAOKEHUS HYXKAAIOTCS B JOTOJHHUTENBHBIX PACX0Aax BOABI Uil 00ecTedeHus] cTaOUIIBHOTO
BogocHaOxeHuss ['ymaypu B 3umHHN mepuon. llostomy OObenuHEHHas KOMITaHWS BOJOCHAOKEHUS
MHUHHCTEPCTBA PETHOHAIBHOIO PAa3BUTHS U HHOPACTPYKTYpH! [ py3un npucTynaer K CTpOMTENbCTBY CUCTEM
MUTHEBOTO BOAOCHAOKEHHSI M KaHAIM3aMK B riocenke ['ynaypu. PaboThl mpenycMaTpuBarOT CTPOUTENBCTBO
COBPEMEHHOH HH(PACTPYKTyphl NMUTHEBOH BOJBI M KaHanu3auuu B ['ymaypu u Onmsnexamumx cenax. B
pamMKax MpoekTa, B paMkax «CoINIalleHHs O THAPOTEOJIOTMYECKHX HCCIECAOBAaHUAX» MEXIy ['py3suHCKUM
¢mmanom China Nuclear Industry 23 Construction Co. Ltd. u I'py3uHckuM reoduszndeckuMm oOmiecTBoM
Ltd., ¢ nexa6pst 2020 roga no maii 2021 roja rpyrma y4eHbIX BBIIOJHUIA TeO(PU3NICCKUE UCCICIOBAHMS U
THIPOTE0JIOTMUECKNE U3BICKAHNS Ha TeppuTopuu ['yaaypu 1 BBISIBICHUS TEPPUTOPHUH, MPENCTABISIOMINX
WHTEpEC C TOUKHU 3pPEHUS JOOBIYM TOA3EMHBIX BOJIL.
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ABSTRACT

Different prospecting methods are used in geophysics. The electrical method of prospecting is one of the major fields of
applied geophysics. Electrical methods can be divided into two types depending on what source is used, natural or
artificial. The first is called natural electric field (NF) methods, and the second is called resistance methods. The vertical
electrical sounding method is one of the main resistance methods used in the study of rock watering. The materials
presented in our paper are obtained in Khelvachauri district (Georgia), by vertical electro-sounding method to study of
rock humidity and research on the possible existence of groundwater at different depths.

Key words: Vertical electrical sounding (VES), resistivity, groundwater

Introduction

If the 19th century was dominated by the acquisition and defence of land (territory) and the 20th century
was dominated by the acquisition and control of oil and energy resources, then the 21st century will be
dominated by the politics of water. Geophysical methods, mainly electroprospecting methods, are used to
search and study groundwater. In electroprospecting (resistance method) is used artificial power source. The
electricity reaches the ground through the power electrodes and the difference between the arised potentials
is measured by the receiving electrodes on the earth surface. If the environment is homogeneous, the resistance
method gives us true conductivity, which will not depend on the configuration of electrodes and the position
of electrodes on the surface of the earth, since the true conductivity is a constant. In electric resistivity imaging
(ERI) electric currents are injected into the ground and the resulting potential differences are measured at the
surface, yielding information about the distribution of electrical resistivity below the surface. Finally, this gives
an indication of the lithological and structural variation of the subsoil (since resistivity depends on sediment
porosity and pore water). In the shallow subsurface, the presence of water controls much of the conductivity
variation. Measurement of resistivity is, in general, a measure of water saturation and connectivity of pore
space. This is because water has a low resistivity and electric current will follow the path of least resistance.
Increasing saturation, increasing salinity of the underground water, increasing porosity of rock (water-filled
voids) and increasing number of fractures (water-filled) all tend to decrease measured resistivity. Increasing
compaction of soils or rock units will expel water and effectively increase resistivity.

In environment AV, and therefore impedance p should be dependent on the configuration and location of
electrodes, as secondary fields influence on the primary field [2]. Therefore, the measured p value in
nonhomogenous environments is called an apparent resistivity and is signed as p a. The coefficient of
reaccount for uneven environment depends on the configuration of electrodes. Different configurations of the
electrodes are used according to the type of problem. In our tasks we used the Schumerberger method. Receiver
MN electrodes are fixed in the center of the device, while the distance between the current AB electrodes
increases gradually [3].

A M N B
Fig.1. Schlumberger method of vertical electrical sounding
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The vertical electrical sounding (VES) method relies on the fact that the greater is the distance between of
current electrodes (AB), deeper penetrating the current, than from more deep layers we receivs information by
measured potential on the electrode.

Electrical resistance table for some of the rocks

The name of the rock Electrical resistivity (ohm. m)
min typical max
clay 5 10 15
loam 10 30 50
sand clay 30 50 80
Water-saturated sands 50 80 200
Sands slightly moist 100 150 500
Dry sands 200 500 10000
Carbonate rocks weakly cracked 500 1000 5000
Intrusive rocks weakly fractured 1000 2000 10000
Bulk 30 50 500
Permafrost rocks of various ice content 500 80000
Ores minerals conductors(in mostly sulphides) 0,001 1-5

As we see from this table [2], the electrical resistance is different for different rocks that allow us to be
more confident about the definition of rocks, the water content in them, and to overcome various geophysical
tasks.

Study region

Groundwater exploration was carried out in Khelvachauri district by means of electric search (vertical
electrical sensing). Khelvachauri municipality is located in the extreme southern part of western Georgia. The
territory of the municipality is a hilly foothill zone. The Adjara basin is bordered by Meskheti from the north,
Shavsheti from the south, Arsiani ridges from the east, and Guria foothills from the west.

According to E. Gamkrelidze tectonic zones, the territory of Khelvachauri municipality includes the
Abastuman-Boshur subzone of the central zone of the Adjara-Trialeti fold system. The tectonic structure of
Adjara is not difficult. Only two large folds are established here, which extend over the entire territory of
Adjara.

Middle geocene volcanic tuff breccias, breccias, tuffs and volcanic formations of various origins are
involved in the geological structure of the municipality. In most cases it is covered with deluvial sediments of
the fourth age, clay-clays and inclusions of various coarse-grained materials, and in the river valleys with
alluvial sediments. VVolcanogenic formations are in most cases chemically depleted and are characterized by
sharply reduced physical-mechanical properties. This circumstance creates a favorable environment for the
development of natural geological processes.

According to the hydrogeological zones of Georgia, the study area is located in the area of the Adjara-
Imereti fissured water pressure system. The following aquifers and complexes are distinguished within it:

1. Aquifer horizon of modern alluvial sediments, which is distributed in the river valleys in the form of strips
of different widths (1-1.5 km). Pebbles predominate in the riverbeds, which in lowland conditions turn into
rock-sandy and loamy; Total capacity ranges from 2 to 15 m; Nutritional sources are atmospheric precipitation,
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filtrates, alluvial, alluvial-deluvial sediments, and downstream water pressure horizons. The use of this
precipitate as drinking water is impossible due to its low quality;

2. The aquifer hopping of the undivided alluvial and Old Quaternary marine sediments is particularly
widespread along the river. On the right bank of Chorokhi - in Kakhaberi lowland. It is represented by pebbles,
clays and sandy compositions. The total precipitation capacity is about 150 m. The lower horizon waters of
this complex are suitable for drinking.

3. The aquifer of the Middle Eocene sedimentary aquifer is lithologically represented by alternating andesitic
and porphyritic lavas, tuff breccias, tuff sandstones, tuffs, argillites and marls; It is fed at the expense of
atmospheric precipitation and river waters and is suitable for drinking.

Results of geophysical survey
It was necessary to investigate the watering of the rocks at different depths in order to subsequently drill

wells to obtain drinking water. Electrical prospecting works were carried out in several villages of
Khelvachauri district (Fig. 2), based on the appeal of the Khelvachauri Municipality City Hall Ltd.
"Khelvachauri Water Channel™ administration.
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Fig.2. Locations in Khelvachauri district where electrical exploration works were carried out

To solve the given task, geophysical surveys were conducted by the method of vertical electric sensing
(VEZ) of the constant current. The method is based on the use of artificially created electromagnetic fields on
the diurnal surface, which allows the lithological differentiation of rocks according to the change in the depth
of the specific electrical resistance (p) of the layers. Due to the specifics of the work, the studies were carried
out with a Schlumberger four-electrode symmetrical unit with a maximum expansion of the feeding electrodes
AB = 500 m, which allowed electrical sensing to be carried out to a depth of 140-150 m. The works were
carried out using an Italian-made electrometric device Earth Resistivity Meter PASI 16GL-N (Fig. 2). Data
processing was done through a certified IPI2WIN program.
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Fig.3. a) Earth Resistivity Meter PASI 16GL-N, b) measurement process.

The research was conducted in Khelvachauri district, at 14 different points, which was distributed in almost
the entire territory of the district. Based on the obtained results, we can form a certain idea about the depth of
groundwater in the area, the thickness of the watered layers, the lithology of the subsurface.

1.The first sounding (Ves-1, Fig. 4.1) was conducted in the village of Zanakidze (Fig. 2, Kh.1). Distribution
of current supply electrodes AB =500 m. A classic type curve is obtained. The first layer with a thickness
of h; =1-1.5mand aresistance p, = 40 - 50 ohm.m-s corresponds to the soil cover. The second layer with
a thickness of h, =~ 30 m and a resistnance p,~ 20 - 22 ohm.m-s should be represented by clay and gravel.
The third powerful layer of with electrical resistance p; =~ 100 - 150 ohm.m-s, correspond to volcanic
formations (breccias, tuff-breccias, tuffs). The aquifer horizon probably starts at the border of the second
and third layers, at a depth of about 30-31 m from the surface.

2.Ves-2 (Fig. 4.2) was made in the village of Sharabidze (Fig. 2, Kh.2), behind Medina. Distribution of power
electrodes AB = 500 m. The first layer with a thickness of h; = 15 - 20 m and with el.resistance p; = 65 -
70 ohm.m, corresponds to slightly watered quaternary deluvial sediments (clayey, coarse-grained
inclusions). This layer is transferred to the Middle Eocene volcanic formations (alternation of andesitic and
porphyritic lavas, argillites, marls). This layer's own electrical resistance p =~ 300 ohm.m. From a depth of
about 120 - 130 m from the surface will be observed a sharp drop in el.resistance, which in some ways
indicates the existence of an aquifer.
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Fig.4. Vertical electrical sounding curves performed in 7 different points in Khelvachauri district: 1.
Zanakidzeebi village, Kh.1, 2. Sharabidzeebi village, behind Medina, Kh.2, 3. Tsinsvla village, Vaneli
district, Kh.3, 4. Sharabidzeebi village, Kh.4, 5. Ganaxleba village, Kh.5, 6. Lower Sameba, Kh.6, 7. Village
Tsinsvla, Kh.7.

3. Ves-3 (Fig. 4.3) was made in the village of Tsinsvla (Fig. 2, Kh.3), in the district of VVaneli. Spreading of
the power electrodes = 500 m. The first layer with a thickness of h, =~ 2.5 - 3 m and a specific el.resistance
p1 =~ 70 ohm corresponds to deluvial precipitation. The second layer with a thickness of h, ~5 -6 mand
the electrical resistance of about 7 - 10 ohms should be represented by clay. The following sequence is
volcanic formations with el.resistance p = 100 - 110 ohm. The aquifer appears to be separated at a depth of
110 - 120 m, but watering may appear in the higher layers.4.

4.  Ves-4 (Fig. 4.4) was made in the village of Sharabidze (Fig. 2, Kh.4). Spreading of current supply
electrodes AB = 400 m. The Ves-4 point is located next to the operating well. The first slightly watered
layer is at a depth of about 15 m. The drinking water horizon is probably located at a depth of about 130-
140 m from the surface and is represented by volcanic formations.

5. Ves-5 (Fig. 4.5) was made in the village Ganaxleba (Fig. 2, Kh.5). Due to the difficult terrain, the
maximum spreading of the electrodes is AB = 300 m. The first 15 - 20 m corresponds to the slightly watered
sediments of the quaternary (gravel, clayey, coarse-grained inclusions), which then move into volcanic
formations. Due to the geometry of the electrode expansion, the probing depth does not exceed 100-110 m.
No signs of watering will be observed at this depth.
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6. Ves-6 (Fig. 4.6) was made in the village Qveda Sameba (Fig. 2, Kh.6). Maximum spreading of power
electrodes AB = 500 m. The first watered horizon corresponding to groundwater (h; =~ 12 - 15 m, p; =20 -
25 ohm) is represented by alluvial sediments (gravel, sand). The potable aquifer may be located at a depth
of approximately 110 - 120 m in the Middle Eocene volcanic rocks (tuff breccias, breccias, sandstones), with
resistance ~ 140 -150 ohm.

7. Ves-7 (Fig. 4.7) was made in the village of Tsinsvla (Fig. 2, Kh.7). Maximum spreading of power electrodes
AB = 500 m. The first aquifer is separated at a depth of 22 - 25 m in alluvial-deluvial sediments of the
quaternary. The drinking water layer is probably located at a depth of about 110-115 m in the Middle Eocene
volcanic rocks.

8. Further research (Ves-8, Fig. 5.1) was conducted in the village of Sharabidzeebi, in the Vaneli district of
Medina (Fig. 2, Kh.8). An HK type curve is obtained. The first layer with a thickness of h; =~ 1 - 1.5 m and
a specific impedance p, = 35 - 50 ohm.m-s corresponds to the soil cover. The second layer with a thickness
of h, = 10-12 m and a specific resistance p, = 25 - 30 ohm.m-s should be represented by clay. Then comes
a powerful layer that matches the pebble with tuff-breccia inserts, with el.resistance p; = 65 - 80 chm.m.
Signs of watering should be observed from 15-20 meters, but to get a sufficient amount of water should be
drilled to a depth of 130-140 meters.

9. Ves-9 (Fig. 5.2) was also made in the village of Sharabidzeebi, near Medina (Fig. 2, Kh.9). An Q-type
curve of specific electrical resistance is obtained. The first watered layer should be located at a depth of 12-
15 m from the surface, in the old Quaternary marine sediments. The second aquifer is probably located at a
depth of 100-120 meters.
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Fig.5. Vertical electrical sounding curves performed in 7 different points in Khelvachauri district: 1.
Sharabidzeebi village, Medinal, Kh.8, 2. Sharabidzeebi village, Medina2, Kh.9, 3. Akhalsheni village,
Kh.10, 4. Akhalsheni village, center, Kh.11, 5. Village Ombolo, Kh.12, 6. Village Gantiadi, Kh.13, 7.

Village Ortabatumi, Kh.14.

. Ves-10 (Fig. 5.3) was made in the village of Akhalsheni, (Fig. 2, Kh.10). The KHK type curve of specific

electrical resistance is obtained. The environment is mainly composed of Middle Eocene volcanic
formations (tuff breccias, andesites, porphyrites). Increased humidity should be observed from 30-35
meters. The main horizon is probably located at a depth of 130-140 meters, but the presence of water at a
depth of 80-90 meters is not ruled out.

Ves-11 (Fig. 5.4) was also made in the village of Akhalsheni, in the center (Fig. 2, Kh.11). An HK type
curve of specific electrical resistance is obtained. Signs of water should appear from a depth of 18-20
meters in the Quaternary sediments (loamy, gravel). The aquifer is likely to be located at a depth of 100—
110 min volcanic rocks.

Ves-12 (Fig. 5.5) was made in the village of Ombolo, (Fig. 2, Kh.12). An KH type curve of specific
electrical resistance is obtained. The first aquifer should be opened from 20-25 m into the quaternary
sediment. The second aquifer is probably located at a depth of 110-120 meters.

Further research (Vez-6, Fig. 3a) was conducted in the village of Gantiadi (Fig. 2, Kh.13). A KH type
curve is obtained. The first aquifer should be opened from 8-10 m into the quaternary sediment. The second
aquifer is probably located at a depth of 75-80 meters.

Vez-7 (Fig. 3b) was made in the village of Ortabatumi (Fig. 2, Kh.14). An KH type curve of specific
electrical resistance is obtained. The first watered layer should be located at a depth of 27-30 m from the
surface, in the old Quaternary marine sediments. The second aquifer is probably located at a depth of 110-
120 meters.

Conclusion

1.

The method of geophysical survey (vertical electrical sensing) was found to be effective for these areas to
solve the given tasks and well reflects the existence of a geological environment with different subsurface
electrical characteristics at the observation points. The reliability of the results is confirmed in some cases
by the drilled wells.

Based on the surveys conducted at all points of observation, the geophysical characteristics of the studied
environments are more or less different from each other. This indicates on the one hand the similarity of
the geological environments here and on the other hand the objectivity of the studies conducted.

Based on the analysis of the obtained results, the presence of humidity increased layers at the observation
points is well expressed. Most of the vertical electrical sounding curves show watered areas. It can be said
that Khelvachauri district is quite rich in groundwater. There are places (for example, the area around
Kakhaberi Valley) where particularly strong watered layers can be assumed. However, it should also be
noted that there are areas where the likelihood of the existence of watered layers is quite low.
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4. The results are quite informative, but it is necessary to continue the work to get a more complete picture of
the deep distribution of groundwater in the region and their possible capacities. Groundwater micro-zoning
through vertical electrical sensing will facilitate the separation of desirable areas for geophysical work.

5. Finally, it should be noted that although the vertical electrical sensing method is a powerful and experienced
method for groundwater exploration, it should also be emphasized that at this stage no method can ensure
the exact amount of water inflow and the degree of its mineralization. Their real determination can only be
done after drilling a well.
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¢ PeKTUBHOCTH BEPTHKAJIBHOIO 3JIEKTPUYECKOI0 30HIMPOBAHUSA B 3a1a4ax
MOMCKA BOJABI B AJUKAPCKOM pernoHe (MyHHIIUNIAIUTET XeJaBadyaypu)

H. JI. BapamamBuim, A.I'. Tapxan-Moypasu, H.5. I'nonTn

Pe3rome

B reodusuke uCHoib3yIOTCS pasHbE MOMCKOBBIE METOIBI. JJEKTPOPa3BeIKa - OJHO M3 BaKHEHIIMX
HaNpaBJICHUH NPUKIATHON TeopHU3UKH. ODNEKTPUYeCKHe METOAbl MOXKHO pa3feiuTh Ha [Ba THUIA B
3aBUCUMOCTH OT TOrO, KaKOH HCTOYHUK HCIIONB3YETCS,, €CTECTBEHHBIM WM MCKYCCTBEHHBIH. IlepBbiid
Ha3bIBACTCSI METOAOM €CTECTBEHHOrO ekTpudeckoro nois (HJ), a BTOpoil - MeTogOoM CONpPOTHBICHUS.
Meroa BEPTUKAIBHOTO 3JIEKTPUYECKOTO 30HAMPOBAHUS - OJUH U3 OCHOBHBIX METOAOB COIPOTUBIIECHUS,
WCTIONB3YEMBIX TPH U3yYeHWH OOBOIHEHHOCTH TOPHBIX MOpOJ. Marepualbl, MpeICTaBICHHBIC B HAIEH
cTaTthe, IONy4YeHbl B XenBauaypckoMm paiione (I'py3us) MeTonoM BEpTHUKAIBHOIO JIEKTPUUYECKOTO
30HIMPOBAHMS C LIEJIBIO U3YUYEHUS BIIAXKHOCTU TOPHBIX ITOPOJL M UCCIIEOBAHUS BO3SMOXKHOCTH CYIIIECTBOBAHUS
MOJ3EMHBIX BOJI Ha Pa3HBIX [NTyOHHAX.
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Prospects for Mitigating the Effects of the Catastrophic Flood on the
Vere River through a Temporary Reservoir
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Manana M. Nikolaishvili

Ivane Javakhishvili Thilisi State University, Mikheil Nodia Institute of Geophysics
ABSTRACT

The river Vere is a typical mountain river with its gorge of more than 40 km length, range of heights up to 1500 m. This
river is considered to be one of the most dangerous rivers in the east Georgia due to its frequent catastrophic
overflows. One of the aims of this paper was to estimate the approximate volume of the temporary water reservoir,
formed between the Tamarashvili Highway and Gabashvili Street during the catastrophic flood in the Vere River Valley
on June 15, 2015. The paper estimates that the temporary water reservoir has a strategic load to manage the
catastrophic flood and its consequences, considering the maximum water consumption of the tunnel leading from
Svanidze Street and the maximum water permeability of the second tunnel and also taking into account the water
flowing from the slopes of temporary water reservoir.

Key word: flooding, water reservoir, water flow rate

Introduction

The catastrophic flood on 13 July, 2015 in the gorge of the river Vere caused many victims and
significant material damage. There is an assumption that the catastrophe was the result of torrential rain.
However, we suppose that besides abundant precipitations, whose intensity, according to atmospheric radar
data, was 70-80 mm, for about 3 hours [1. Banetashvili at all, 2016; 2. Amiranashvili at all, 2018], the flood
was caused by the peculiarities of the artificial closed bed of the river Vere, which manifested itself in a
critical increase in its hydraulic resistance [3. Kereselidze at all,2018; 4.Kereselidze, Chvedelidze,2018].
Exploitation of the river-bed began in 2010 due to construction of a highway in the last part of the gorge,
which in the recent years has been under considerable urban load. The river Vere flows along = 40 km long
gorge and joins the main river Mtkvari. The last section of the river gorge (=5 km) is located in the center of
Thilisi city. The river Vere is characterized with low average yearly water flow rate Q ~ 1m3s~1, though it
is considered as one of the most potentially hazardous rivers in Georgia. Quite often, during heavy floods the
water flow rate increases by two or more orders. Continuous hydrological observations on the river Vere
began from 1962. However, there are quite reliable data on the catastrophic floods, which occurred in the
period between 1890-1960 years. So far, the flood, which occurred on 04.07.1960, was considered as the
heaviest, when during two and a half of an hour h~120 mm precipitation was recorded. During this time, by
rough estimates, the water flow rate in the river-bed in the areas of Thilisi reached enormous value: Q= 320

m33‘1. However, it was later considered that the maximum water flow in Vere did not exceed 260 m3s~1

[5.Kereselidze D. at all, 2011]

Thus, according to the experience obtained after the 13.06.2015 disaster it is obvious that the
problem of a devastating flood, which was a great threat to Thilisi in the past, will be actual in the future as
well. Therefore, it is necessary to create a forecasting model of negative phenomena in emergency situations.
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Fig 2. The exit of the tunnell

Constructive feature. In the 30s of the 20-th century in the areas of Thilisi two tunnels
(underground bridge) were built on the river Vere. The first tunnel was = 108 m (Figl). The old second
tunnel (the old second tunnel is now the third tunnel because a new tunnel was built between the first and the
old second tunnel and which (new tunnel) in our paper is referred to as the tunnel2) with the length of =700
m replaced the last section of the natural river-bed at the area before the confluence of the river Mtkvari. The
highways passed over the tunnels. In 2010 after finishing the highway building some part (=45%) of the
natural river-bed between the inlet of the first tunnel and the river Mtkvari appeared covered due to
construction of the new artificial (covered) river-bed. As a result it was a construction, a new artificial
covered river-bed, consisting of seven tunnels linked to one another with open segments and had the total
length of = 2100 m. After the modernization the earlier constructed first tunnel became =~ 360 m long and the
old second tunnel — =1200 m. After completion of the construction all the tunnels were semiarch type, had
flat concrete basements, compound structure made of reinforced concrete and corrugated steel leaves. It is
clear that such an artificial change radically changed the geometry of the river Vere natural bed and,
consequently, the hydrological parameters of the valley.

It is well known that any project of potentially vulnerable civil object should include complete
assessment of negative consequences of probable disasters. It is natural that such forecasting should have
been made also regarding the closed river-bed. However, as the 13.06.2015 disaster showed, seemingly,
analysis of the operating mode of the closed river-bed in heavy load conditions had not been done.
Supposedly, probability of significant increase of hydraulic resistance in the rather long tunnels with the
corrugated inner surfaces was not considered [6. Schlichting,1974; 7.Landau, Lipschitz,1988; 8. Kereselidze
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,Shergilashvil, 2016]. After the disaster the river-bed was restored in its original form. Only little corrections
were made, namely, walls were built before the two tunnels for guiding the water flow. The inlets of these
tunnels are located at the points of maximum bending of the open section of the artificial river-bed (Fig. 3.
Tunnel 2). The open section of the ~30 m long artificial river-bed before Tunnel 2 (Fig.3) bends to that
extent that the tunnel is practically located perpendicularly to the river flow. Therefore, supposedly, in the
case of increase in the water level the area between the guiding walls will become the problem area of the
closed river-bed (water stagnation zone).In this case the effect of the guiding walls can be transformed in
hydrodynamic funnel effect and it will additionally reduce the water flow rate in the tunnel.

Fig.3. The entrance of the tunnel 2.
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Added to this is the wastewater factor in the area around Kipshidze Street during the 2015 disaster,
which were: Q~ 30 m®g™. [4.Kereselidze at all, 2018]. If we take into account that, according to our rather

strict estimation, the throughput of the closed river-bed on the is significantly less than project (Q~ 260 m*®
sand with about 10% inaccuracy is equal to Q~ 200 m®g? [4.Kereselidze, Khvedelidze,2018], this section

of the Vere river-bed, between the exit of the first tunnel and the entrance of the second tunnel, is a special
danger zone.

One of the aims of this paper was toestimate the approximate volume of the temporary water
reservoir, formed during the flood between Tamarashvili Highway and Gabashvili Street. It should be noted
that the estimated volume of the dam on Svanidze Street in the immediate after math of the disaster was
clearly misrepresented. It is possible that the mistake was made by misinterpreting the effect of a power full
and slide in the vicinity of Akhaldaba, according to which the Vere gorge was blocked. Consequently, a
mound was formed and a large volume of mud mass was accumulated. The dam was then breached, causing
the first tunnel to be closed by flood waters. According to the real picture of the catastrophe, such a thing did
not happen, otherwise the scale of the destruction would have been even more grandiose. Fortunately, the
landslide developed in the last stage of rainfall arrival. In other case, it is obvious that after breaking through
Dam, the floodwaters could be crossed Tamarashvili Highway, which turned into a watershed. Fortunately,
flooding water level could not reach just 1-1.5 meters to Tamarashvili Highway, otherwise it would have
spread to a significant part of the city along with the Vere gorge.

The problem of Kipshidze street section. Thus, in terms of the future danger, we consider the
problem of temporary water reservoir between Tamarashvili Highway and Gabashvili Streets to be
especially topical. We built a computer model of this section of the gorge in case of its overflowing (Fig. 4).
To convincingly calculate the volume of water accumulated in the gorge, we divided this part of the valley,
from the exit of the first tunnel (Fig. 2) to the entrance of the second tunnel (Fig. 3), downstream into 34
parts (Fig. 4).

Tunnell

Fig.4. Temporary water reservoir model to calculate its volume

A scan be seen from Fig.4, in order to calculate the volume of the water reservoir, we need to calculate the
volume of each sector and summarize them.

34
V= 2 V;
i=1
Volume of each sector
Vi=S; h,



Where S; is the surface area of the i-th sector, and h; is the height from the deepest point in the i-th sector to

the water surface. The area and corresponding height of each sector are given in Table 1.

Tablel

Tablel - the area of each sector (S;) and the corresponding different between levels (H;) of the water

reservoir.

Table2

S(i) - m? S(i) - m? H(@) - m H() - m
S1=1119 S18 = 2157 H1=8.0 H18 = 4.2

S2 =959 S19 = 2994 H2=8.0 H19 = 4.0
S3=1042 S20 = 2447 H3=75 H20=3.7
S4=1733 S21 = 2648 H4=75 H21=35
S5 = 1312 S22 = 3731 H5=7.0 H22=3.3
S6 = 1645 S23 = 3930 H6 = 7.0 H23=3.0
S7=1392 S24 = 2868 H7=6.7 H24=2.8

S8 = 867 S25 = 1940 H8 =65 H25 = 2.6
S9 = 1226 S26 = 2062 H9 = 6.2 H26 = 2.4
S10 = 970 S27 = 1190 H10=6.0 H27 = 2.1
S11 = 1240 S28 = 767 H11=5.8 H28 = 1.9
S12 = 1018 S29 = 955 H12 =5.6 H29 = 1.7
S13 =779 S30 = 1211 H13=53 H30 = 1.4
S14 = 859 S31 = 1537 H14=5.1 H31=1.2
S15 = 904 S32 = 1293 H15 = 4.9 H32=1.0
S16 = 1641 S$33 =801 H16 = 4.6 H33=0.8
S17 = 1976 S34 =739 H17 = 4.4 H34=05

Vi) -m? V(i) —m?
V1= 8952 V18 = 9029
V2 =7672 V19 =11848
V3 =17815 V20 = 9124
V4 = 12998 V21 = 9268
V5 = 9184 V22 = 12206
V6 = 11515 V23 = 11958
V7 = 9326 V24 = 8071
V8 = 5611 /25 = 5016
V9 = 7654 \/26 = 4860
V10 = 5834 V27 = 2533
V11 =7174 V28 = 1457
V12 = 5657 V29 = 1596
V13 = 4151 V30 = 1747
V14 = 4381 V31 = 1866
V15 = 4404 V32 = 1275
V16 = 7619 V33 = 606
V17 = 8723 V34 = 391
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Table2 — volume of each sector (V;)
Volume of temporary water reservoir

34
V:ZVi = 221755 m3

=1

According to our calculations, the volume of the temporary water reservoir is equal to about 225,000
m2. In the event of a catastrophic flood, it will take approximately 75 minutes to fill the temporary water
reservoir, roughly calculation. It envisages a reduction in the conductivity of the second tunnel due to the
corrugated walls, a reduction in its cross-section due to a 40 cm concrete cover on the floor and, most

importantly during catastrophic flood, about 50 m*®g* water flow from Kipshidze Street and from opposite

slope. Catastrophic precipitation mayl ast longer, butt his time (75 min) will be sufficient for safety-related
measures.

Conclusion

1. The cross-section of the second tunnel does not envisage runoff from Kipshidze Street. Also, runoff from
the opposite slope should probably be considered. In our estimation, the catastrophic flooding in front
of the second tunnel was significantly due to these factors. It is estimated that the runoff from Kipshidze

Street was Q; ~ (30 — 40) m®g?, which was added to the water consumption from the first tunnel.

2. According to our water reservoir model, it is likely to act as a dempher that can protect the rest of the
river Vere bed from water overflow. For example, if we consider that the water flow in the first and

second tunnels is Q, ~ 225 m>¢?, which is considered as a measure of the flow of June 13, 2015

(Kereselidze, Khvedelidze), in case of runoff Q; ~ 50 m®gfrom the slope, it will take T = 75 min to
fill the spontaneous reservoir. Even if the catastrophic rainfall continues for a longer period of time, it is
likely that this time will be sufficient to implement necessary flood control measures in the lower part
of the Vere Valley.

3. In our opinion, it is an urgent task to build a protective wall along the entire length of Kipshidze slope.
We also note that the small, previously built wall here has already been amortized. It is therefore
necessary to construct the new wall in such a way that the entire slope before the entrance to the second
tunnel was protected.
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I[HepcnekTUBBI CMATYECHUS MOCTACACTBUA KATACTPO(PUIECKOTO
HaBOJHEHMs Ha peke Bepe 3a cueT BpeMEHHOr0 BOAOXPAHUIMIIA

3.A. Kepeceannze, T.B. Kupus, JIx.K. Kupus, H./l. BapamamBuiu,
M.M. HuxkoJanmBuiIn

Pe3rome

Peka Bepe - TunmyHas ropHas peka ¢ IpOTsHKCHHOCTBIO JOIHHEBI OoJiee 40 KHJIOMETPOB € MEPENagoM BBICOT
MOYTH B MOJITOPa KujioMeTpa. M3-3a 4acThix KatacTpohuIeCKHX HAaBOJAHECHUH 3Ta peKa CUMTACTCS OJIHOM M3
cambIxX onacHbIX B BocTounoti ['py3un. OnHa u3 1ieneli JaHHON CTaThU - OIIEHUTh NMPUOIH3UTENBHBIA 00heM
BPEMCHHOH IUIOTHHBI, 00Opa3oBaBIICHC MexAy mocce TamMapallBHIW W YJIHMIIAMH ['a0aliBHIIM BO BPEMS
KaTtacTpo(UIeCKOro HaBoJHEHHs B mosimHe peku Bepe 15 urons 2015 roma. Ha Hamn B3risn, yduTbhiBas
MaKCUMAITBHYIO TIPOIMyCKHYIO CITOCOOHOCTH TOHHES, BEAYIIEro OT yiribl CBaHUA3E U TaKKe, TPUHUMAs BO
BHMMAaHHE MaKCHMAaJIbHYIO BOJONPOHMIIAEMOCTh TaK Ha3bIBAEMOT0 BTOPOTO TYHHeNs peku Bepe, u
YUIUTBIBass TIOTOKH BOJBI, TEKYIIHE CO CKJIOHOB BOJOXPAaHWJIHUINA, BPEMECHHOE BOJIOXPAHWIHIIE HECeT
CTPATETUICCKYIO HATPY3KY 0 YIPABICHUIO KaTaCTPOGUIECKOTO HABOAHCHHS M €TO ITOCIICICTBHA.
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ABSTRACT

A review of scientific studies of the existence of the influence of galactic cosmic rays on cloudiness on Earth and,
accordingly, on climatic fluctuations is given. Corresponding illustrations are presented. Describes the work on this
topic, carried out in the international center CERN (project "CLOUD"). The article examines the research of the last
decades.
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It is known that clouds form in the troposphere, under different conditions of distribution of moisture,
temperature, aerosols. Cosmic rays have a definite influence on these parameters [1]. Consequently, cloud
cover caused by changes in cosmic factors may affect the radiation balance of the Earth’s surface and,
consequently, climate change.

In the last decade of the twentieth century, during a satellite observation led by Henry Svensmark,
Danish scientists discovered that cloudy areas change with changes in the intensity of cosmic rays.
Svensmark put forward a hypothesis that cosmic rays contribute to the development of low cloud cover and
thus influence the Earth's climate. He later used a special camera to experimentally prove that cosmic rays
ionize water vapor molecules, thereby ensuring the formation of cloud droplets. According to his theory, the
sun's magnetic field (especially during periods of solar activity) deflects galactic cosmic rays and lowers the
ionization potential of clouds. Therefore, the increased magnetic field of the sun can indirectly reduce the
Earth's albedo and cause climate warming [2].

The following four conditions must be met to prove the validity of Svensmark’s theory:

1. The magnetic field of the sun should have a long-term positive trend of change;
2. The flow of galactic cosmic rays should have a long-term negative trend;

3. Cosmic rays should intensively ionize low-tier clouds;

4. Low cloud cover should have a long-term negative trend.

Studies have shown that neither the magnetic field nor its other characteristics of the sun have changed
significantly in the last 30 years [3]. Observations of cosmic ray fluxes have also shown that no significant
change has been observed since the mid-twentieth century. According to Benestad [4], galactic cosmic rays
undergo a change, but not in the direction that explained the increase in temperature on Earth (Fig. 1).
According to studies by American scientist Richard Meweldt [5], the intensity of cosmic rays has increased
by 19% over the last 50 years.
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Fig. 1. Comparison of average annual values of galactic rays taken from the Neutron Monitor database
(bottom chart) with average annual global temperature data (top chart) NOAA NCD.

GCK record values were observed, which should have caused an increase in cloudiness and cooling,
but 2009 and 2010 were the hottest (NASA GISS)

3.2 ' !
- E o 5 %)
O 3.4 Reconstructions ' CLIMAX ~ i% g,
. - “ | T r-f;: 0.4 -
w 36F ! ;" ©
= L : : 5 E
g 3 8 \ : G.z g
Q : o
o= i f 3
o 4.2!'_‘ REALLRY : 4-0.2 5
€, 5 ; ] g
g 44L : 1-04 ¢
© o4 gf | j b2
1850 1900 1950 2000

‘s"ecr Graph from Khivosa & Salanki 2003

Fig. 2. Comparison of cosmic radiation (whole line) recovered before 1952 and observed after 1952 with
global temperature (point) [6].

The flux of cosmic rays varies almost uniformly with respect to temperature between 1970 and 1985
(Fig. 2), although by 2000 the course of these two parameters is quite different from each other and does not
allow us to prove that the cause of the 15% increase in temperature is cosmic rays. In order for the clouds to
be successfully sown with GCR, the following must be performed:

GCR should cause the formation of aerosols; these newly formed aerosols must be large enough to
form condensation nuclei; condensation nuclei must form clouds intensively.
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Fulfillment of the first condition is doubtful. Relevant studies are conducted at CERN. Pierce and
Adams [6] used a model with online microphysics to estimate the growth rate of ionized aerosols and found
that the growth rate is very small and cannot play a significant role in cloud formation, and therefore in
climate change. Numerous studies [7-11] have shown that no statistically significant correlation was found
between the galactic cosmic rays and the four characteristics of the cloud.
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Fig. 3. Comparing the lower tier cloudiness (lower curve) and the intensity of the galactic cosmic rays (upper
curve).

According to Fig. 3, the correlation between cosmic radiation and low tier cloudiness existed only
until 1991, after which the picture was reversed, cloudiness is 6 months behind cosmic radiation, while cloud
formation occurs in a few days.

Analysis of satellite and other terrestrial observations has shown that there are large differences in the
mean time period between low-lying cloudiness and total cloudiness, although artefacts are also present.
Observed low-cloud cover averages suspicion over the average ocean around the world, as cloud cover is
fairly high and reduced solar energy absorption between 1952 and 1997, according to these data. This fact
must have led to a drop in global temperature on Earth, which is not true.

Sloel and Wolfendal [10] studied the effects of cosmic rays on the climate over the last billion years
and found that variations in galactic cosmic rays were small and could not have a significant impact on

Earth's climate.

In addition to the papers mentioned above, there are many other papers that prove that at the turn of
the last centuries, the correlation between cosmic rays and the cloud on Earth was broken. There are
relatively few papers that cite the probable causes of this event. One such paper is presented by a group of
scientists from the Joffe Institute of Physics and Technology in St. Petersburg. The above studies were
performed within the framework of the international project "Satellite Climatology". This paper states:

,» The question of cloud-GCR links remains controversial and requires new studies, both experimental
and theoretical, to evaluate a real contribution of galactic cosmic rays to solar activity influence on the
Earth’s climate [12]. The data presented in this chapter show that possible links between clouds and GCR
variations on the decadal and longer time scales could involve not only direct (microphysical) effects, but
mostly indirect ones mediated by circulation changes. This should be taken into account when considering
long-term GCR effects on the cloudiness state.

The stratospheric polar vortex plays an important role in the formation of long-term impacts GCR on
cloudiness at mid-latitudes (30°-60°). This hurricane controls the confluence of the stratosphere and the
troposphere, which contributes to the GCS influencing extratropical cyclonic activity and, consequently,
cloudiness under strong hurricane conditions.
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This may explain the high correlations between GCR and cloud cover in the 1980s and 1990s, when
there was a strong hurricane period.

The sharp weakening of the polar vortex in 2000 in both the northern and southern hemispheres
changed the nature of the GCR impact on cyclone evolution and led to the disappearance of the correlation
between GCR and “cloud cover*.
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Fig. 4. Temporal variations of the monthly values of cloudiness (LCA) and GCR (FCR) in the northern (a)
and southern (b) hemispheres. A thick line shows the 12-month values of cloudiness.

An interesting opinion was published by Kh. Abdusamatov (I'AA (ITynkoso) PAH), which follows, he
writes [13], that the so-called The Sversmark hypothesis does not take into account the variations of nearly
200 years of solar radiation, and the fact that an increase in GCS flux at a large minimum of solar activity
causes cloud formation and heat energy to be reflected back into space. Because of this, the Earth's heat
balance takes on negative values, i.e. the climate cools down. The authors of the hypothesis do not take into
account the variability of physical processes in the atmosphere - increasing reflection and absorption of heat
energy from the Earth's surface, reflection of solar radiation from the Earth's surface, narrowing of
atmospheric transparency windows and enhancing the thermal effect. These processes compensate for the
cooling.

According to Abdusamatov and his group, the difference in the average global energy balance between
Earth and space during a 2% increase or decrease in low cloud cover is almost zero: E1-E0~0 The potential
increase in cloud cover will practically not cause a change in the average global energy balance between
Earth and space, nor will it affect climate change. The potential increase in cloud cover will have virtually no
change in the average global energy balance between Earth and space, nor will it affect climate change.

As you know, the grandiose CLOUD project is being carried out at CERN. For scientific research, the
project uses a super clean chamber made of super pure materials, in which real atmospheric processes are
simulated - the growth of aerosol particles and their transformation into cloud droplets. Atmospheric
parameters are monitored - gas concentration, ultraviolet radiation, cosmic ray intensity measured by a
proton synchrotron [14].

Despite the fact that aerosol processes are not well understood, from a climatic point of view, it is
possible to assume that 50% of their amount turns into cloud droplets.

Specialists in aerosols and elementary particle physics from 22 research institutes, both in Europe and
the United States, are working on the project.

The data are processed by combining statistics and optimized software, in which elementary particle
physics plays a leading role compared to climate models.

The main goal of the project is to investigate the impact of cosmic rays on climate and cloud cover.
The great uncertainty is not the study of greenhouse gases, but the understanding of how much the number of
aerosols and clouds has increased as a result of human action since the beginning of the industrialization
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period. This raises the question - what part of aerosols is compensated by greenhouse gases? Numerous
experiments are aimed at elucidating the role of aerosols in anthropogenic climate change.

Experiments are carried out under different ionization conditions, which allow quantifying the impact
of GCR on the research processes. Significantly studies on smog generation in megacities Experiments have
shown that ammonia and nitric acid grow newly formed particles 100 times faster than previously known.
The process is interrupted as it takes place in a much polluted atmosphere of cities. The layer where this
happens becomes under the inversion layer.

To assess anthropogenic impacts, the baseline state of the atmosphere is considered to be the era
before industrialization. The fact that biogenic gases form large amounts of aerosols and cloud droplets
suggests that cloudiness and temperature do not differ much between now and before. An important result of
the research is that it has been experimentally established that only trees can form large numbers of
condensing nuclei. Previously it was thought that sulfuric acid was necessary for the formation of aerosols.
Since sulfuric acid was 5 times less in the atmosphere before industrialization, according to climate models,
clouds were also less.

Under the influence of GCR, the rate of production of biogenic particles increases 100 times.
Therefore, before the industrialization period, the atmosphere was more sensitive to cosmic rays than in the
current polluted atmosphere. It turned out that sulfuric acid itself is not a nuclide, it needs ammonia. Before
the CLOUD project, particles were measured, not molecular composition, so the experiments were not pure,
many

The results obtained with CLOUD are used in the models of the so-called IPCC— Intergovernmental
Panel on Climate Change. The project established a link between theory, experimentation and modeling.
Several institutes are working on regional and global aerosol cloud models. New experimental zones should
be developed in the future. The project will last for another 10 years. But, according to the press secretary of
the project, it takes more than 80 years to answer all the questions.

In Georgia studies of the effects on cosmic rays on cloudiness also began recently. In particular, in
the works [14-16] the effects of cosmic radiation on the formation in the atmosphere of the secondary
aerosols, which have an effect on cloudiness, are studied. In the works [17,18] the inter-annual distributions
of cloudless days and cloudless nights in Abastumani Astrophysical Observatory, at various helio-
geophysical conditions, and their coupling with cosmic factors were studied. In the work [19], a study of the
relationship between the annual variations in the intensity of galactic cosmic rays and the variability of
cloudiness and air temperature in Thilisi was carried out according to the data of 1963-1990. In the work [20]
results of the study of the connection between annual variations of intensity of galactic cosmic rays and the
changeability of the total cloudiness, atmospheric precipitation and air temperature in 1966-2015 in Thilisi.
The statistical characteristics of the indicated parameters (trends, random component, linear correlations
between real and random components, etc.) are studied. In particular, it was found that, within the variation
range, the contribution to total cloudiness variability from cosmic ray intensity is 5.3%, and random
components of cosmic ray intensity - 7.4%.

And here is how Jasper Kirkby [21] answers the question; will humanity be able to survive
catastrophic climate change?

“The Earth has undergone much greater natural fluctuations in climate. Earth's climate is
fundamentally stable. The oceans occupy 2/3 of the earth's surface, and the latent heat of their evaporation is
the greatest stabilizer of the climate. The oceans never evaporated and never froze. In addition only 2% of
CO2 is in the atmosphere, the rest is diluted in the ocean. So for several hundred years the amount of CO2 in
the atmosphere will be almost the same as it was before the industrialization period. Some scientists have
suggested that in the current conditions there may be some turning point in the climate, but many things have
happened and life has not disappeared. And in general, the problem of environmental pollution should not be
equated with the problem of climate. It should be considered separately” Advises us to be more optimistic.
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B nanHol cTaThe JaH 0030p psifa HAy4YHBIX paboT, B KOTOPBIX MPE/ICTaBICHBI HCCIIEI0BAHHS CYIIECTBOBAHUS
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ABSTRACT

The interaction of light (photon) and cloud particles according main quantum assumption that system internal energy is
composed by bound microparticles (cluster) under certain conditions can obtain allowed discrete significances has
been discussed in the article. The objective is to calculate the transition probability from one state into another caused
by inner forces or any internal processes. The cluster may be presented as multipole system. The some peculiarities of
microstructure of cloud formations have been discussed using quantum disperse forces or Van-Der-Vaals forces that
are typical for water particles. To obtain the expression for interaction potential the wave functions of basic and exited
states of clusters and dispersion matrix have been introduced describing by virtual photon. It has been turned out that
virtual photon interaction causes potential holes and barriers that are decreased by height and width. The isolated long
wave quant may be the radiation that is generated throughout observed microphysical processes.

Key Words: Water molecule, photon exchange, interaction potential, probability amplitude, wave function.

Introduction

Water is a compound and polar molecule, which is liquid at standard temperature and pressure. It has
the chemical formula H,O, meaning that one molecule of water is composed of two hydrogen atoms and one
oxygen atom. Water is found almost everywhere on earth and is required by all known life. About 70% of
the Earth's surface is covered by water. The important feature of the water molecule is its polar nature. The
water molecule forms an angle with hydrogen atoms at the tips and oxygen at the vertex. Since oxygen has a
higher electronegativity than hydrogen, the side of the molecule with the oxygen atom has a partial negative
charge. Usually the molecule with such charge difference is called a dipole. The charge differences cause
water molecules to be attracted to each other and to other polar molecules. This attraction is known
as hydrogen bonding. This bonding gives water unusual properties. Many studies and experiments with HT
equipments are made to understand water properties [1].

The interaction of light (photon) and cloud particles according main quantum assumption that system
internal energy is composed by bound microparticles (cluster) under certain conditions can obtain allowed
discrete significances has been discussed in the article. The objective is to calculate the transition probability
from one state into another caused by inner forces or any internal processes. The cluster may be presented as
multipole system. The multipole is the system composed by couple opposite charges that have definite
symmetry type. The simplest is the dipole. If the transition is forbidden in dipole approach it may happen in
higher approaches — quadrupole (electric) or magnetic dipole. Their probability is approximately 10° times
less than dipole. To search out transition probability of cluster from basic state into exciting or virtual one
interacting with electromagnetic field the identification of Einstein factors have to be needed [2,3].

The some peculiarities of microstructure of cloud formations have been discussed using quantum
disperse forces or Van-Der-Vaals forces that are typical for water particles. To obtain the expression for
interaction potential the wave functions of basic and exited states of clusters and dispersion matrix have been
introduced describing by virtual photon. It has been turned out that virtual photon interaction causes potential
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holes and barriers that are decreased by height and width. The isolated long wave quant may be the radiation
that is generated throughout observed microphysical processes.

Methods

The water H,O is the molecule everybody knows and life is impossible without it. But for all its
familiarity and import for life, aspects of water's behavior have been hard to understand, including its
transformation in cloud medium.

Meteorology is an extraordinarily interdisciplinary subject, with quantitative links to many of
the applied sciences and now in presented paper cloud medium is discussed using quantum theory.

Microparticles are described using wave function in quantum mechanics. The quantum system state
is considered defined if its wave function (Schrddinger) or ket-vector (Dirac) is given.

The system energy change comes with quantum transportation from one energetic level into another.
If E;>E, than system emits energy equal to Ei-E; and if E;>E; then absorbs. Such transportations happen
while interaction with electromagnetic radiation. Emitted or absorbed photon energy is defined by Bohr
frequency law:

thZ = |E2 - El| (1)

Molecules full energy may be presented by the kinetic energy sum connected with mass center and
by internal energy sum. Molecules energy may be considered as compound from three parts:
1. Electron energy connected with their rotation around nuclei
2. Eos — oscillation energy connected with nuclear vibration towards mass center
3. Erot —rotation energy connected with molecules rotation towards mass center
Diatomic molecule rotates around mass center located on symmetry axis of molecule. Rotation energy is
defined as:

E. =h? & _ BK(K +1) )

rot 21

where I=MR? inertial moment;
B- rotation constant;
K=0, 1, 2, 3 rotation quantum number

IM 1o¢| = VK (K +1)h - impulse momentum of rotation

Vibration energy may be defined as following

Eos =AW, (q+2) — hwox(q +3)? 3)

h . .
where k= % << 1 —is nonharmonic constant.

Characterization of electric terms doesn’t differ from diatomic molecule terms. In molecule nucleus
electic field have no central symmetry thus the full orbital moment haven’t been kept. In diatomic molecule
the electric field has axial symmetry and in this case the component on the axis passing through the nucleus
of orbital momentum has been kept. It is called molecule orbital quantum number and gets discrete values
0,1,2,...

Molecule state is also chracterized by full electron spin S and it has internal quantum number
Q=A+S

The light is considerd as the combination of photons with ka state and —%w , ik impulses. Photon or

molecular system interaction happens by forming or disappearance of light quants. During this process
energy and impulse are keeping. Quantum trasformation is system trasportation from one energetic state into
another. The task is to identify transformation probability from one energetic state into another. Clusters
may be presented as multipole systems. Multipole is the system compound from couple of opposite charges,
obtaining definite symmetry. The simpliest is dipole. If transpostation is prohebitated in dipole approach it
may happen in higher approach — quadropole (electric) or magnetic dipolic.
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Their probability is 10° time less than dipole. To identify transportation probability the Einstein
members have to be defined according clusters properties. Spontaneous and forced motion members may be
identifies.

Quantum transition combination is characterized by Dmn numbers two dimensional unity and is
infinite matrix:

Dy1 Dyy,evi. Dy
D21, D22, Dap
D Do -Dipeee

where D = ejy, Fy,dv
Vv

is dipole transition matrix element

The nondiagonal matrix elements are time functions and corresponds light absorption or emitting by
those frequencies defined from Bohr frequency selection low.
And Einstein members can be defined as for spontaneous and forced transition probabilities:

A, =—mn_(D ) . .
N 3ggmcd © MM/ - spontaneous transition probability

__ =z 2
Brnn = 12qgh? (Dm”) -forced transition probability

Amn is approximately 108 sec !

If some matrix element equals O it is called prohibited then this transition doesn’t happens in dipole
approach and happens in magnetic. If transitions are prohibited or banned for clusters higher energetic level
the lower energetic level is called metastable and clusters life duration is 10~ sec. or more.

If transition is allowed in dipole approach then system life duration is of spontaneous transition
probability order. If transition is banned in dipole approach or D=0 it doesn’t mean that it haven’t happen
generally as cluster has electric quadruple or magnetic dipole moment. If transition is banned for clusters
high energetic level than lower level in electric dipole interactions is called as metastable level. In this
clusters life duration is 10 sec or more. In first quantum transition approach there acts Bohr prohibition
principle. If such transition still happens it would be on the second or higher approach order and probability
will be also less. Such are light scattering in viscous medium, mist, aerosols and etc.

This process on molecular level happens as follows: if outer emitting frequency differs from
absorption frequency energy quant is anyway transmitted to the cluster which transforms into virtual state
with short life period and will be defined from the uncertainty principle. Then it emits same frequency
photon and returns at initial state. | definite conditions cluster may transform into final state from virtual. |
simple case the falling wave is flat and emitted spherical. Energy and impulse are kept as usual except virtual
state, when energy isn’t keeping. For those transitions it is necessary that the electron-photon interaction
matrix element have to be differs from 0.

In definite conditions cluster may transform from virtual into final state that will be differ from
initial. Also emitted photon has different polarization and frequency.

In second approach it is possible the existence of two photon absorption process. After absorbing
photon system transits into virtual state where it absorbs another photon and then transports into stationary
state

In classical mechanics, the possible states of system S are all positive normalised functions
(Distribution function) on the phase space P and possible observables are all real function on P. P is fixed
and uniquely associated with the system alone and forms the basis of this kinematic description. Hence,
transitions between different sets of observables similar to those described above would be impossible in
classical mechanics. They are only enabled in quantum mechanics by the non-objective character of
observables: not only their values cannot be ascribed to microsystem S alone but some of them are not even
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registrable in principle due to external conditions in which S is. It is assumed that the quantum kinematics of
a microsystem is defined mathematically by the possible states represented by all positive normalised (trace
one) operators, and possible observables represented by some self-adjoint operators, on the Hilbert space
associated with the system. Then the transitions of states and observables that go with changes of separation
status cannot be viewed as a part of a dynamical trajectory due to some new version of the dynamics of S,
but as a change of its kinematic description. Thus, although the change of separation status is similar to the
collapse of the wave function (the non-local character included), it is both more radical and better
understood.

On Earth the dimpliest and common is water molecule that has essential significance in existence of
organ and nonorganic life. The most of its properties are preconditioned by the fact that three component
atoms aren’t placed on one line. Negative charge prevailed on oxygen atoms part and positive on hydrogen.
Thus water molecule is electrically polarized. The cloud properties and their stability may be explain from
water molecules properties and characterizing forces that reach maximum for 1micro-meter particles and are
separated from each other on 50km distance

The comparison between the experimental and calculated molecular dipole moments is difficult, as
the experiments are measuring the dipole moment in the vibrational ground state 0, whereas the calculations
are carried out for the equilibrium dipole moment we, and thus we would have to carry out a vibrational
averaging in order to speak of the same quantity. However, there are a few experimental values for we.
However it is estimated as H.O= 1.8473(10) [6,7].

For the total molecular energy, i.e., E in the molecular SchrAodinger equation, there is no
experimental counterpart. and we examine it in order to establish a feeling on the severity of the
approximations involved in the calculation. We should recall that there were a third class of approximations
in addition to the truncation of one- and N-electron spaces: approximations in the molecular Hamiltonian *H
. To investigate the validity of the use of the non-relativistic Hamiltonian, we include the leading-order one-
electron relativistic corrections that include the spin-orbit interaction (SO), mass-velocity (MV), and the
Darwin (Dar) corrections. The leading-order two-electron contributions, such as the two-electron Darwin
contribution and the spin-spin contact interaction, are smaller by at least one order of magnitude. The MV
and Dar corrections are always of opposite sign. The calculation is carried out using the CCSDT model for
the water molecule in the cc-pCVXZ bases, at a CCSD(T)/cc-pCVQZ geometry [6,7].

Total energy [Eh]
CCsSDT HF
Dz -76.24121 -76.02680
TZ -76.33228 -76.05716
QZ -76.35981 -76.06482
5Z -76.36899 -76.06708
Among atoms and molecules acts force that always has attractive character. It is intermolecular
dispersive or Van-Deer-Vaalse force. It is only one of the expressions of electromagnetic force. It acts
among electrically neutral systems such as dipole or quadruple. In dipoles force reduces by r* inverse
proportional and in quadrupole by r®. It is not temperature dependent and it s nature is quantum [8,9]. By
increasing dipole number their interaction increases. But its interaction is limited by the matter that light
speed is finite
For cluster stable and exiting states wave function v =w(x,y,z,t) have been used. Its physical essence
is that it is particle detection probability in dy volume for t time moment.
Probability is defined as

W =[¥(x, Y, z,t)|2 =¥y (4)

¥ is complex conjugated quantity of w .

[[¥(xy,z,t) dv=1- is rationing condition and w function that assure this condition standardized.
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For cluster stable and exiting states wave function w =w(x,y,zt) have been used. Its physical essence
is that it is particle detection probability in dv volume for t time moment.
Probability is defined as

W =[¥(xy,z,t)| =¥"¥

*

¥ is complex conjugated quantity of w .

[[#(xy,z,t) dv=1- is rationing condition and w function that assure this condition standardized.

Generally it is expressed as:

Y(X,Y,z,t)= Iﬂ(p(PX, PP, ,t)exp(i W)%, ©)

Suppose ¢,.¢, are clusters basic and exited states wave functions. Their interaction in lower approach
is descriped by so called scattering matrix

P(X,1) = S(t,t,) (X, t,),

where
S(t,ty) = exp(—i H(t —t,)).

(6)

H is system Hamiltonian. The matrix elements of scattering operator define transition probability
from initial quantum state into another.

Si =—if dFldrzdt¢l* P,U (e, exp(-i(Ey + Ey —Ejp —E ¢ )t),

where EiE+ is clusters basic and final states kinetic energies.

The interaction potential may be connected with averaged scattering matrix that is described by one-
photon resonant exchange Hamiltonian

where d,E are dipole moment and field tension operators. Then for potential the following is
obatained:
U(F) = 35 [doo’a, (@)D, (@,T),
()
Dik
Where is photon Green function and

& =15, 3 |dfl(@, —o—iT ) + (o, + @—iT,) ]
n (8)

is the polarization tensor.
After integration (7) considering (8) the following expression is obtained for potential

U(r) =—§zrn_l|dn|2a)§ exp(—) cos-. 9)

In equation summarization occurs for all levels.

Conclusion
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The century long of theoretical research and the on-going revolution in computer technology have made
guantum mechanics applicable to small molecules, where quantum-mechanical calculations have reached the
accuracy that challenges experimental results. However, limitations of existing quantum mechanical methods
to describe the large molecular systems, that modern molecular science often deals with, is real obstacle to
forth going. The extremely different approaches must be taken to describe such systems [10,11, 12].

Thus one photon resonance exchange creates decreasing potential holes by height and depth. From
this expression may be obtaied solution for isolated long-wave radiation potentials. isolated long-wave
guants may be the radiation which happens when on cluster surface or cristallyne lattice additional molecule
enters or in drop while molecule difussion [12.13].

During cristalization and condensation the some portion of latent heat may be trasformed in
characterized radiation. The transformation energy is distributed between existed and new energetic levels.
They are called as phase radiation and is depended on medium optical properties. The cloud medium may be
imagined as unity of clusters that are on different energetic levels, interacting through energy emition-
absorbtion. According to this Earth surrounding environment is one of possible renewable energy source
[14], the use of which gives chanse on transition into new energy transportation means.
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O HeKOTOPBIX COOOPAKEHUAX B3aUMOACHCTBHSA 00JIaYHBIX YACTUILl U
¢poroHoB

M.P. TaTumiBuIn

Pe3rome

B crarse oOcyxnaercs BzaumoaelcTeue ceera (hoToHa) U 00JaYHBIX YACTHULl B COOTBETCTBHE C OCHOBHBIM
KBAaHTOBBIM IIPEIAIIOJIOKEHUEM O TOM, YTO BHYTPEHHSISI SHEPIHsl CUCTEMbI COCTOUT W3 CBSI3aHHBIX
MHUKpOYacTHLl (KJacTepa), KOTOpble MpPHU ONPEAETCHHBIX YCIOBUSAX MOTYT NPHHUMATh pa3pelleHHbIE
IUCKpEeTHble 3HaueHHs. lleap cocToUT B TOM, YTOOBI paccuuTaTbh BEPOSTHOCTh MEPEXoAa M3 OIHOTO
COCTOSIHUSI B JIDYTO€, BBI3BAHHOC BHYTPEHHUMH CWJIAMH WIH KaKUMH-TH0O BHYTPEHHHMH IPOIECCAMH.
Knacrep MOXHO TIpe/ICTaBUTh KaK MHOTOMONIOCHYIO0 cucTeMy. HekoTopble 0COOEHHOCTH MUKPOCTPYKTYPHBI
o0yiayHbIX 00pa30BaHU OOCYKJAMCh C UCIHOJIB30BAaHUEM KBaHTOBO-IMCIIEPCHBIX CHJI WM cuil Ban-gep-
Baasibca, xapakTepHbIX U1 4acTULl BOAbI. J[JIs MOMy4YEeHUs] BBIPAXKEHHS JJI MOTEHLMaNa B3aUMOJIEHCTBUA
BBEJICHBI BOJHOBBIC (DYHKIIMM OCHOBHOTO ¥ BO30YXKJIEHHOTO COCTOSIHUM KIIACTEPOB M JIUCIEPCHOHHOM
MAaTpHIIbI, ONKCHIBAEMbIE BUPTYalIbHBIM (poToHOM. OKa3aaock, 4TO B3aMMOJEHCTBIE BUPTYalIbHBIX (POTOHOB
BBI3BIBACT MOTEHIMAIBHBIC SIMBI U Oaphepbl, KOTOPbIE YMEHBIIAIOTCS [0 BBICOTE M LIMPHHE. 3011poBaHHbIH
JUIMHHOBOJHOBBIM KBaHT MOXeT OBITh HW3IMyYeHHEM, TEHEPHpPYEeMbIM BO BpeMs HaOII0JaeMBIX
MHUKPO(PHU3NIECKUX TPOLIECCOB.
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ABSTRACT

Based on the data of the last 60 years (1956-2015) of 39 stations of the Georgian Meteorological Network, the nature
of the change in the intensity and recurrence of the mean and extreme values of the meteorological elements was
studied. The mentioned 39 stations were selected in order to optimally take into account the climatic features of the
territory of Georgia. The trends of temperature and precipitation were evaluated. For the indices (35 indices) the
change trends according to the average annual value were studied. The R-based software package ClimPact2 was used
to calculate the sector climate indexes. The R-based software RHtestV4 and RHtests_dlyPrcp4 were used to check the
homogeneity of the discussed time series.

Key Words: Mean and extreme value, average annual value, climatic indices, homogeneity check, warming and cooling
centers.

Introduction

Georgian relief may be characterized by three sharply expressed orographic elements: in north
Caucasus, in south — Georgian south uplands and lowland or intermountain depression located between those
two risings. This one begins from The Black Sea shore by triangular Colchis Lowland and spreads up to
eastern Georgia like narrow strip. Between those two uplands small scaled orographic elements are allocated.
Such complicated relief has definite influence on air masses motion in atmosphere lower layers. Mainly west
and eastern atmospheric processes prevailed over Georgian territory. Due to complex orographic conditions
and influence of the black Sea in Georgia exist most of Earths climatic types, from marine wet subtropical
climate in west Georgia and steppe continental climate in east Georgia up to eternal snow and glaciers in
high mountain zone of Great Caucasus, and 40% of existed landscapes [1]. Thus those climatic zones uphold
the formation of different dangerous hydrometeorological phenomena, namely: hailstone, heavy showers,
flooding, thunderstorm, draughts, sea storms. The economical losses and casualties caused by those
catastrophic events are impressive [2].

Here exist most of Earths climatic types, from marine wet subtropical climate of west Georgia and
steppe continental climate of east Georgia up to eternal snow and glaciers of high mountain zone of Great
Caucasus, and also approximately 40% of observed landscapes. The complexity of the orographic structure
of Georgian territory, along with other physical -geographical factors is the cause of wide variety of climates
and landscapes. There are almost all types of climates observed on the Globe, from the climate of eternal
snows of high mountains and glaciers to steppe continental climate of eastern Georgia and humid climate of
the Black Sea coast subtropical

Current geodynamics and orographic properties of Georgia play an important role in the formation of
various weather patterns. Such complex relief conditions the formation and evolution of various scaled
circulation systems and heterogeneous spatial distribution of meteorological elements. This is verified by the
fact, that precipitation annual distribution has diverse type, with sharply expressed spatial inhomogeneities.
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The local circulation systems developed on the background of synoptical processes play significant role in
the spatial-temporal distribution of weather determining parameters. The study of all those phenomena needs
the processing of long-term observation series of those climatic parameters.

Data and methods

Based on the 39 stations data of the Georgian Meteorological Network of last 60 years (1956-2015),
the change nature of the intensity and recurrence of the mean and extreme values of the meteorological
elements was studied. These 39 stations were selected in order to optimally take into account the climatic
characteristics of the territory of Georgia; the temperature and precipitation change trends, as well as wind
speed was assessed.

Extreme values of climate parameters are more sensitive to climate change than their mean values,
however, medium values often make it impossible to assess socio-economic impacts on different sectors of
climate change. In addition to the mean values of climate parameters, various types of climate characteristics
/ indices (such as heat waves, extremely rainy / rainless periods, etc.) are calculated to assess climate change.,
the calculation methodology of which is developed according to the recommendations of the IPCC and by
which the change regularities of the magnitude, frequency and intensity of extreme climate parameters are
determined.

In order to increase the reliability of the obtained results, these parameters were evaluated by two
methods: for each parameter to detect change trends in 1956-2015 and to assess the statistical reliability of
these trends (Mann-Kendall method) and for two 30-year periods (1956-1985 & 1986-2015) the comparison
of mean / extreme values.

The R-based software package ClimPact2, developed by the IMO Climate Commission's Sector Climate
Index Expert Group (https://github.com/ARCCSS-extremes/climpact2), was used to calculate sectoral
climate indices [3].

R-based software RHtestV4 and RHtests_dlyPrcp4 (http://etccdi.pacificclimate.org/software.shtml)
were used to test the homogeneity of the time series under consideration [4].

Between the two 30-year periods (1956-1985 & 1986-2015), the average annual atmosphere surface layer
temperature in the country has risen almost everywhere, within 1 degree, with an average increase of 0.5°C
in the territory.

The warming process is relatively intense in Samegrelo-Zemo Svaneti, Kakheti and Samtskhe-
Javakheti. The most significant warming was revealed in Dedoplistskaro district.

Discussion

The precipitation regime changes are unstable in time and are also spatially heterogeneous, although
they are still characterized by some regularity. In particular, the annual rainfall in western Georgia is mainly
increased, while in some eastern regions - decreased, although the nature of the change in annual rainfall is
mostly unreliable and there are no obvious trends. Trends were revealed only on a number of curves. Trends
in the change in the average annual rainfall in the West are almost everywhere positive, with the largest
deviation between the two periods (up to 15%) and, consequently, the most stable growth trend was observed
in Poti and Khulo (60-75 mm / 10 years). The only exceptions are significant tendencies of precipitation
decrease (60-120 mm / 10 years) in Guria and high mountains of Adjara (Goderdzi Pass). In the east, the
annual growth is maximal and the corresponding trends are significant in Lagodekhi (17%, 75 mm / 10
years), while the decrease in precipitation is most intense in Tianeti (-18%, 39 mm / 10 years).

The average wind speed change tends seems to be decreased for almost all study stations. The
average wind speed between the two 30-year periods decreases by an average of 1-2 m/ s. Exceptions in this
regard are Kobuleti and Bakhmaro, where the wind speed is unstable, but increases with each passing
season. It should be noted, however, that these trends are based solely on observations prior to 2010. Most of
the trends in average wind speed change across the country are reliable for both annual values and seasonal
average speeds. Only at Thilisi station the trend is not stable in any season of the year, in Zugdidi - in
autumn (September-October) and in Kutaisi - in summer. The picture of the most intense decrease in average
wind speed in the whole area was revealed in Mta-Sabueti and Poti, where the average annual speeds
decrease by 0.5 m/ s every 10 years, and in the east - in Shida Kartli (Gori). Such a decrease in wind speeds
is due to the intense decline detected in the spring of this parameter, most notably in April.
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The number of strong windy days (maximum wind speed >15 m / s, >25 m / s) was selected to

characterize the maximum wind speed regime. Since maximum speed wind data are available only from
1970, the change trends were built on 1970-2015. For the period, while the comparison of the numbers of
strong winds was carried out in 1971-1985, 1986-2000 and 2001-2015for 15-year periods.
Tendencies to decrease the number of strong winds (>15 m / s) are predominant in the West, while in Eastern
Georgia, their frequency will be observed. It is noteworthy that the number of such days is decreasing in
western Georgia - Kutaisi and especially on the western slopes of the Likhi Range (Mta-Sabueti), where
trends were revealed in the summer-autumn seasons, and in the east, in the Mtkvari gorge, a significant
increase is observed. Frequency of strong winds in Gori will be observed in all seasons, while in Thilisi their
annual number increases mainly at the expense of March. The trend changes maximum in Mta-. Sabueti and
Gori and are 1.7 days / 10 years. The frequency of extremely strong winds (=25 m / s) changes with a similar
regularity. In particular, a significant decrease in such days was observed in Kutaisi and Mta-Sabueti, while
the steady increase is observed in Gori, as well as in Poti.

Conclusion

The following may be stated based on the analysis of observation data:

e The average annual temperature has risen everywhere, up to 1 degree.

¢ Warming is taking place in June-October (0.7-1.3 degrees), especially in August (0.9-1.8 degrees).

e  Spring-winter warming is unreliable.

e Cooling trends are also predominant in some months (May, November-December).

o In western Georgia it is mainly conditioned by the increase of night temperatures, and in the east -
by daytime temperatures.

e Annual precipitation is mainly increased in western Georgia, while it is reduced in some eastern
regions.

e The increase in the West is mainly observed in January, in the East - in October-November, while
the decrease is everywhere at the expense of July-September.
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Fig.1. The monthly mean temperature change based on the1956-2015 observation data.

The conducted research gives possibility to conclude regarding precipitation change:
e Annual precipitation is mostly increased in western Georgia, while it is reduced in a number of
eastern regions.
e The increase in the West is mainly observed in January, in the East - in October-November, while
the decrease is everywhere mainly due to July-September.
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Fig.2. Precipitation change based on the1956-2015 observation data.

The linear trends for Poti and Tianeti stations are presented below.

Station: poti [42.08°N, 41.41°E] Station: tianetl [42.06°N, 44.58°E]
Ing: 1995, Anual zum of iy preciptaton - 99 persentie

InS8K 28 MEMMILM SNl MUMBAr Of CONZSEUNE S G357 (NNSR BrETERIESn 1.0

mm

ar trend slope=0.231  Slope error=0.065 . p-value= 0.001

Fig.3. Precipitation linear trends for Poti and Tianeti.

In Samegrelo and Adjara-Guria precipitation tendency has increased character, which is due to the
frequency of heavy rainfall (R95pTOT, R99pTOT r95p, r99p, r30mm, r50mm). In addition, a significant
increase in the maximum daily precipitation (Rx1D, Rx5D) was observed in these areas.

In the south and east of the country, precipitation indices for most stations (especially in Kakheti and
Mtskheta-Mtianeti) indicate precipitation decrease due to the prolonged precipitation periods (CDD). At the
same time, there are increased tendencies in Thilisi, Telavi and Lagodekhi, as well as the increasing number
of cases of extreme rainfall.

Therefore, it is likely that droughts, floods and natural geological processes will increase in frequency.
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Pe3rome

[lo mamnabM 39 cranmmii ['py3uHCKON MeTeoponorudeckoi cetu 3a mociennue 60 mer (1956-2015 rr.)
U3y4YeH XapakTep M3MEHEHHsS WHTEHCHUBHOCTH M IIOBTOPAEMOCTH CPEIHHX M SKCTPEMAaJbHBIX 3HAuYCHHUN
METEOPOJIOTHUECKIX D3JIEMEHTOB. YKazaHHble 39 CTaHIMii BHIOpaHBl C LENBI0 ONTHMAIBHOTO YyUeTa
KIIMMaTHYECKUX 0COOeHHOCTeH Teppuropuu ['py3uu. Beun orieHeHbl TEHACHIIMM W3MEHEHUS TeMIIepaTyphl
1 0caaKoB. [ pacyera KIMMaTHYECKUX MHACKCOB MCIIONIB30BajIcs nporpaMMHbiil maket ClimPact2 Ha 6aze
R. Iporpammuoe obecnieuenne Ha ocHoBe R RHtestV4 u RHtests dlyPrcp4 ncrnonb3oBanoch [Uis MpOBEPKH
OJTHOPOIHOCTH paccMaTpUBAEMOTO BPEMEHHOTO psijia.

77



Journal of the Georgian Geophysical Society, e-ISSN: 2667-9973, p-ISSN: 1512-1127
Physics of Solid Earth, Atmosphere, Ocean and Space Plasma, v. 24(2), 2021, pp. 78 - 91

Changeability of the Meteorological Parameters Associated with
Holiday Climate Index in Different Mountainous Regions of Georgia
in 1956-2015

tAvtandil G. Amiranashvili, 2Liana G. Kartvelishvili, 2Nato B. Kutaladze,
?Lia D. Megrelidze, *Marika R. Tatishvili

IMikheil Nodia Institute of Geophysics of Ivane Javakhishvili Thilisi State University, Thilisi, Georgia
1, M. Alexidze Str., 0160, Thilisi, Georgia, e-mail:avtandilamiranashvili@gmail.com
2National Environmental Agency of Georgia
®Institute of Hydrometeorology of Georgian Technical University, Thilisi, Georgia

ABSTRACT

Statistical data on meteorological parameters associated with the Holiday Climate Index (monthly mean
maximum air temperature, monthly mean relative air humidity, cloud cover, monthly precipitation, wind
speed) in thirteen mountainous regions of Georgia (Bakhmaro, Bakuriani, Borjomi, Goderdzi, Gudauri,
Khaishi, Khulo, Lentekhi, Mestia, Pasanauri, Shovi, Stepantsminda, Tianeti) from 1956 to 2015 are
presented. In particular, the changeability of the indicated meteorological parameters during 1986+2015 in
comparison with 1956+1985 for above enumerated points is studied.

Key Words: Meteorological parameters, Holiday Climate Index.

Introduction

In recent decades, the problem of global climate change has acquired special significance [1,2]. At
the same time, the air temperature and other climatic elements changing has considerable spatial and
temporal inhomogeneities both in the global (Global Land, Global Land of the Northern and Southern
Hemisphere, Zonal territories, etc.) [1-6], and regional scales (even the territory of small countries with
complex terrain) scales [7-9].

This problem is also of great importance in Georgia due to the diversity of climatic regions on its
territory [10-17].

Sustainable development of various spheres of the national economy, including resort and tourism
industry is largely determined by climate change, which is of vital importance.

The resort and tourist potential of the area is especially preconditioned by its bioclimatic conditions.
Therefore, it is important to identify existing and future changes of these conditions under the impact of
climate change.

In particular, information on the changeability of the different simple thermal indices as well as the
Tourism Climate Index (TCI) [18] and the Holiday Climate Index (HCI) [19] in the recent decades in
different countries (including some locations of Georgia) is represented in [8,20-30].

Simple thermal indices include more than one meteorological parameter and consider the combined
action of the air temperature, humidity, wind speed and etc. on the human organism [31-34]. For example, to
determine the monthly mean values of TCI following data are necessary: mean and maximum mean air
temperature, mean and mean minimum relative humidity, precipitation, sunshine duration and wind speed
[18].

Primarily, in the work [35] the investigating results of changeability of the mean monthly values of
meteorological parameters, used to determine TCI values and different simple thermal indices on the two
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regions of Georgia (Adjarian Autonomous Republic and Kakheti) during the period from 1961 through 2010
are presented.

This work is the continuation of the previous research. Results of statistical analysis of meteorological
parameters data associated with the Holiday Climate Index in thirteen mountainous regions of Georgia
(Bakhmaro, Bakuriani, Borjomi, Goderdzi, Gudauri, Khaishi, Khulo, Lentekhi, Mestia, Pasanauri, Shovi,
Stepantsminda, Tianeti) from 1956 to 2015 are presented below.

Study Area, material and methods

The research for thirteen mountainous regions of Georgia (Bakhmaro, Bakuriani, Borjomi, Goderdzi,
Gudauri, Khaishi, Khulo, Lentekhi, Mestia, Pasanauri, Shovi, Stepantsminda, Tianeti) is carried out. Table 1
presents the information on the coordinates and heights of the location of thosel3 meteorological stations
whose data were used in the work.

Table 1. Coordinates and heights of the 13 mountainous meteorological stations in Georgia.

Location (Abbreviation) Latitude, N° Longitude, E° Height, m, a.s.l.
Bakhmaro (Bakh) 42.32 41.85 1926
Bakuriani (Bak) 43,52 41.73 1665
Borjomi (Borj) 43.40 41.83 789
Goderdzi (God) 42.52 41.63 2025
Gudauri (Gud) 44.48 42.47 2194
Khaishi (Kha) 42.18 42.95 730
Khulo (Khu) 42.32 41.65 914
Lentekhi (Lent) 42.73 42.78 760
Mestia (Mest) 42.75 43.05 1441
Pasanauri (Pas) 44.70 42.35 1070
Shovi (Sho) 43.68 42.70 1507
Stepantsminda (Step) 44.65 42.67 1744
Tianeti (Tian) 44.97 42.12 1099

In the work Georgian National Environmental Agency on monthly mean meteorological parameters
data associated with the Holiday Climate Index [19, 36-38] (max air temperature, air relative humidity, total
cloud cover, precipitation sum and wind speed) in the period from 1956 through 2015 are used.

For the data analysis the standard statistical methods of the studies were used [39]. The difference
between the mean values of the meteorological parameters into 1986-2015 and 1956-1985 with the use of
Student's criterion was determined (level of significance not worse than 0.15).

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

relative humidity (%), CC — mean total cloud cover (amount); P - sum precipitation - (mm), V - mean wind
speed (m/sec). ATmax. AV - the difference between the mean values of the meteorological parameters during
1986-2015 and 1956-1985 periods.

Results and discussion
The obtained Results are available on the Tables 2-6 and Fig. 1-10.
Mean max air temperature
The mean annual, half year and monthly min and max air temperature (Tmax) data are presented in
Table 2 and Fig. 1. The range of variability of the mean values of Tmax for the indicated stations is as follows:
Mean Year - from 6.6 °C (Goderdzi) to 16.4 °C (Borjomi); Mean Cold - from 0.0 °C (Goderdzi) to

9.7 °C (Khulo); Mean Warm - from 13.3 °C (Goderdzi) to 23.9 °C (Khaishi); Min - from -11.8 °C
(Goderdzi) to -0.5 °C (Borjomi); Max - from 23.4 °C (Goderdzi) to 35.0 °C (Borjomi).
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Table 2. The mean min, monthly mean, max and mean seasonal values of Tmax (°C) in thirteen locations of
Georgia in 1956-2015.

Location Mean Year Mean Cold Mean Warm Min Max
Bakhmaro 8.6 3.0 14.2 -8.2 24.2
Bakuriani 11.3 5.1 175 -5.7 27.7
Borjomi 16.4 9.4 23.5 -0.5 35.0
Goderdzi 6.6 0.0 13.3 -11.8 23.4
Gudauri 7.8 2.0 13.7 -8.8 25.4
Khaishi 16.3 8.7 23.9 -1.3 33.7
Khulo 15.8 9.7 22.0 -1.6 314
Lentekhi 15.8 7.9 23.7 -1.9 34.5
Mestia 13.4 5.9 20.9 -6.4 30.2
Pasanauri 145 7.4 21.6 -2.9 33.0
Shovi 12.6 5.7 19.5 -5.5 30.8
Stepantsminda 10.6 4.5 16.7 -5.7 27.4

Tianeti 14.4 7.6 21.2 -1.7 31.6
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=Jan  -0.7 1.0 4.5 -4.5 -1.9 2.9 53 21 0.7 2.2 1.0 0.3 31
EFeb -04 1.8 6.4 -3.9 -1.3 6.4 6.3 5.4 29 41 2.9 1.0 42
Mar 2.1 48 10.8 -0.4 15 11.6 9.7 10.2 7.0 8.4 6.0 4.0 8.0
2Apr 7.2 104 169 55 6.2 178 159 169 133 148 121 9.9 14.1
=May 120 152 210 110 109 225 206 219 186 192 173 145 188
Jun 151 186 244 145 152 251 230 250 220 229 206 176 226
=Jul 178 211 273 172 180 269 246 276 253 257 236 202 256
=Aug 181 215 278 174 180 275 253 278 252 256 237 205 252
=Sep 152 180 235 141 142 234 224 232 210 215 194 173 211
=0ct 10.7 13.1 17.8 9.0 9.3 17.7 17.8 17.1 15.3 16.0 14.2 125 15.6
=ENov 5.2 7.5 11.0 25 4.2 9.6 12.0 9.3 7.6 9.5 7.8 7.1 9.7
=Dec 1.0 2.7 5.8 -2.5 0.0 4.2 7.1 3.0 2.0 4.0 2.3 21 51

Fig. 1. Tmax monthly mean values of in thirteen locations of Georgia in 1956-2015.

The intra-annual distribution of Tmax values for all 13 investigations points of Georgia are presented
on Fig. 1. The smallest Tmax values for all points during January are detected. The Tmax greatest values for
Bakhmaro, Bakuriani, Borjomi, Goderdzi, Khaishi, Khulo, Lentekhi, Shovi and Stepantsminda during
August are fixed; for Mestia, Pasanauri and Tianeti — during July, and for Gudauri — during July and August
(Fig. 1).

The information onthe changeability of the ATmax values of in separate points is presented below
(Fig. 2).

The variability of the mean monthly max air temperature is observed for 13 points of Georgia in 69
cases (including 66 cases - an increase and only for 3 cases - a decrease in ATmax values).
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m Bakh 0.8 1.0 -1.1

m Bak 1.1 1.2 1.0 1.9 2.1 2.6 1.8 1.2 1.2 0.8 1.7

Borj 1.3 1.6 1.0 14 1.7 24 15 1.0 1.0 14
u God 0.9 -1.0

Gud 0.9 14 14 1.7 15 1.2 0.9 1.1

Kha 0.8 0.6 1.7 0.9 1.3 0.6
mKhu 0.8 14 0.9

mLent 0.7 14 18 0.8 -1.3 0.8
m Mest 1.0 0.8 0.8 0.9 1.7 0.9 1.0
m Pas 1.1 1.3 14 15 1.2 0.8 1.1
m Sho 1.3 1.2 1.6 1.9 24 19 1.5 1.1 1.7
m Step 0.8 1.3 1.6 14 0.8

Tian 1.2 1.1 14 1.7 11 0.8 0.9

Fig. 2. Difference between the Tmax mean values for 1986-2015 and 1956-1985 in thirteen locations
of Georgia

The variations of the ATmax values in the separate points are the following: Bakhmaro - increase of
the values of ATmax (July, August), decrease (-1.1 °C, December); Bakuriani - increase (February, March,
May-October, mean annual, cold and warm seasons mean); Borjomi - increase (February-April, June-
October, mean annual and warm season mean); Goderdzi - increase (August), decrease (-1.0 °C, November);
Gudauri - increase (March, June-October, mean annual and warm season mean); Khaishi - increase (March,
July-October, warm season mean); Khulo - increase (July-September); Lentekhi - increase (July-September,
warm season mean), decrease (-1.3 °C, November); Mestia - increase (April-September, warm season mean);
Pasanauri - increase (March, June-October, warm season mean); Shovi - increase (April-October, mean
annual and warm season mean); Stepantsminda - increase (June-September, warm season mean); Tianeti -
increase (March, June-October, warm season mean).

Totally, the ATmax values change from -1.3°C (Khulo, November) to 2.6 °C (Baruriani, August),
amplitude - 3.9 °C.

Air mean relative humidity

The mean annual, half year and monthly min and max air relative humidity (RH) data are available
in Table 3 and on Fig. 3.

The range of variability of the RH mean values for the indicated stations is as follows: Mean Year -
from 69.4 % (Stepantsminda) to 86.9 % (Goderdzi); Mean Cold - from 65.7 % (Stepantsminda) to 88.4 %
(Goderdzi); Mean Warm - from 72.2 % (Mestia) to 85.4 (Goderdzi); Min - from 38.2 % (Khulo) to 61.3 %
(Goderdzi); Max - from 91.0 % (Bakhmaro, Bakuriani) to 100 % (Goderdzi, Lentekhi).

The intra-annual distribution of RH values for all indicated investigations points of Georgia are
presented in Fig. 3. The RH smallest values for all points during January are observed (62.8 %,
Stepantsminda). The RH greatest values for Goderdzi (91.1 %) in February are fixed (Fig. 3).
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Table 3. The mean monthly min, mean monthly max and mean seasonal RH (%) values in thirteen locations
of Georgia in 1956-2015.

Location Mean Year Mean Cold Mean Warm Min Max
Bakhmaro 74.1 73.3 74.8 50.0 91.0
Bakuriani 78.4 78.9 78.0 56.0 91.0

Borjomi 77.9 80.4 75.5 55.3 94.2
Goderdzi 86.9 88.4 85.4 61.3 100

Gudauri 74.2 71.4 76.9 47.2 91.7

Khaishi 77.8 81.2 74.4 48.0 97.0

Khulo 71.4 69.8 73.0 38.2 92.0
Lentekhi 80.2 85.2 75.2 48.6 100
Mestia 75.8 79.5 72.2 53.0 97.9
Pasanauri 75.2 75.9 74.5 56.0 92.0
Shovi 78.3 80.0 76.5 57.3 92.6
Stepantsminda 69.4 65.7 73.2 43.0 96.0
Tianeti 80.8 83.1 78.5 61.0 98.7
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mJjan 740 78.8 79.7 90.8 68.6 83.6 70.1 88.6 81.7 76.6 80.3 62.8 83.8
mFeb 740 78.0 78.4 91.1 73.3 79.0 69.5 84.0 77.1 74.7 78.7 66.0 83.2
Mar 73.2 7.7 77.3 90.2 74.2 74.7 68.5 78.7 735 72.3 77.0 67.8 80.8
EApr  69.7 76.9 75.6 83.8 75.0 71.4 65.0 73.8 721 71.1 75.5 70.8 77.8
May 71.0 77.1 76.9 82.6 76.6 72.7 67.8 73.2 70.7 74.6 75.0 72.6 79.2
Jun 764 79.3 76.6 85.0 76.2 74.8 73.7 74.4 71.3 75.3 76.8 74.9 78.3

= Jul 79.4 78.5 73.8 88.4 77.4 75.0 78.6 74.6 71.7 74.9 76.3 75.4 77.3
mAug 774 7.2 72.6 87.8 775 74.2 77.8 75.2 711 74.4 76.2 73.9 77.5
mSep 74.6 78.9 7.4 84.6 79.0 78.2 75.2 79.8 76.1 76.7 79.6 71.4 81.1
mOct 720 79.2 81.4 82.9 74.6 80.6 713 83.4 77.4 77.3 80.1 67.9 83.0
mNov 731 798 830 8.9 697 839 687 869 826 769 815 657 836
mDec 737 800 824 897 678 854 704 896 846 778 826 640 844

Fig. 3. The monthly mean values of relative humidity in thirteen locations of Georgia in 1956-2015.

The changeability of the ARH values of in separate points is presented on the Fig. 4.

The variability of the monthly mean air relative humidity is detected for all investigated points in 86
cases (including 79 cases - an increase and only for 7 cases - a decreaseof ARH values).

The changeability of the ARH values in the separate points is the following: Bakhmaro - increase of
the ARH values (January-June, October-December, mean annual and cold season mean), decrease (-2.5 %,
August); Bakuriani - increase (January, February, April-June, October, December, mean annual, cold and
warm seasons mean); Borjomi - increase (all month and seasons, except July, August and November);
Goderdzi - increase (all month and seasons, except September); Gudauri - increase (January, February, mean
annual and cold season mean); Khaishi - increase (January, March-June, November, December, mean annual
and cold season mean); Khulo - increase (January, June, October, mean annual and cold season mean);
Lentekhi - increase (January, November, cold season mean); Mestia - increase (January, November,
December) decrease (March, April, August, September, mean annual and warm season mean); Pasanauri -
increase (January, February, mean annual and cold season mean); Shovi - increase (January, February,
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October, mean annual and cold season mean), decrease (August and September); Stepantsminda - increase
(all month and seasons, except July, August and September); Tianeti - increase (all month and seasons).
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60 Jan Feb Mar  Apr May Jun Jul Aug  Sep Oct  Nov Dec Year Cold Warm
mBakh 6.6 5.4 4.0 3.8 2.6 1.6 -25 24 3.6 4.6 2.4 4.4
m Bak 2.1 19 2.1 2.1 2.2 2.8 2.0 1.3 1.7 1.0
Borj 5.4 3.9 3.1 4.7 35 2.7 1.6 3.1 2.8 2.6 3.3 1.9
uGod 4.8 35 1.9 4.7 4.1 4.7 3.3 2.9 3.2 3.3 4.7 34 3.6 3.3
Gud 3.8 3.1 1.3 2.1
Kha 4.7 3.1 3.0 2.3 2.1 3.6 3.3 1.8 3.0
mKhu 34 1.9 3.7 14 2.0
mlent 19 2.4 11
mMest 2.3 -45 -2.2 -35 -2.6 2.3 2.1 -1.0 -1.9
m Pas 4.3 3.2 1.3 2.2
m Sho 2.5 2.7 -1.9 -1.9 2.2 0.8 2.0
m Step 7.5 7.6 6.7 7.4 4.7 4.3 6.1 6.4 7.6 5.2 7.0 35

Tian 3.6 4.5 4.2 6.4 5.7 4.6 4.9 5.1 3.6 4.8 4.5 4.4 4.7 4.3 5.1

Fig. 4. Difference between the RH mean values for 1986-2015 and 1956-1985 in thirteen locations of
Georgia

Completely, the ARH values change from -4.5 % (Mestia, March) to 7.6 % (Stepantsminda,
February, December), and the amplitude is 12.1 %.

Total Cloud Cover

The mean annual, half year and monthly min and max total cloud cover amount (CC) data in are
available from Table 4 and Fig. 5.

Table 4. The mean monthly min, mean monthly max and mean seasonal values of total cloud cover amount
in thirteen locations of Georgia in 1956-2015.

Location Mean Year Mean Cold Mean Warm Min Max

Bakhmaro 6.0 6.1 6.0 2.2 9.0
Bakuriani 6.1 6.1 6.1 2.0 9.1
Borjomi 6.2 6.4 6.0 2.3 9.1
Goderdzi 6.8 6.9 6.8 3.0 10
Gudauri 5.4 5.1 5.7 1.8 8.5
Khaishi 55 5.8 5.1 1.6 9.0
Khulo 6.1 6.1 6.0 2.0 9.0
Lentekhi 6.3 6.3 6.3 3.0 9.1
Mestia 6.1 6.3 5.9 2.0 9.1
Pasanauri 5.4 53 5.6 1.8 9.0
Shovi 6.4 6.5 6.4 2.0 10
Stepantsminda 5.4 4.9 5.9 1.8 9.0

Tianeti 5.7 5.8 5.6 2.0 9.0
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The range of variability of the CC mean values for the indicated stations is as follows: Mean Year -
from 5.4 (Gudauri, Pasanauri, Stepantsminda) to 6.8 (Goderdzi); Mean Cold - from 4.9 (Stepantsminda) to
6.9 (Goderdzi); Mean Warm - from 5.1 (Khaishi) to 6.8 (Goderdzi); Min - from 1.6 (Khaishi) to 3.0
(Goderdzi, Lentekhi); Max - from 8.5 (Gudauri) to 10 (Goderdzi, Shovi).

The intra-annual distribution of CC values for all indicated investigations points of Georgia is
presented on Fig. 5 d. The smallest CC values for all points during August are fixed (4.4, Khaishi).

Bakh = Bak Borj God  Gud Kha  Khu Lent Mest Pas Sho Step  Tian

= Jan 6.5 6.4 6.5 7.4 48 6.2 6.2 6.4 6.5 4.9 6.6 4.7 55
mFeb 6.4 6.4 6.6 7.2 53 6.0 6.3 6.7 6.6 55 7.0 51 6.2
Mar 6.4 6.8 6.8 7.3 5.9 6.1 6.2 7.0 6.8 6.2 7.1 5.6 6.5
EApr 6.3 6.9 6.9 7.1 6.5 6.2 6.4 7.2 6.9 6.5 75 6.6 6.6
=May 6.1 6.6 6.7 7.0 6.5 5.6 6.0 6.9 6.6 6.4 71 6.6 6.4
Jun 6.1 6.4 6.2 6.9 5.9 5.3 5.7 6.5 6.4 5.6 6.8 6.2 55
mJul 6.3 6.3 5.9 7.0 55 48 6.3 6.1 54 51 6.0 5.8 5.0
mAug 58 5.4 53 6.4 51 4.4 6.0 5.6 4.9 4.9 53 5.3 49
mSep 52 5.0 5.2 6.1 4.9 45 5.7 5.7 52 49 54 49 5.0
EOct 52 5.4 5.6 6.0 4.9 4.7 5.7 5.6 5.3 5.0 5.7 4.7 53
ENov 58 5.7 6.3 6.7 5.0 5.8 6.0 6.1 6.2 51 6.4 48 57
mDec 6.3 6.0 6.4 7.0 4.9 6.1 6.1 6.2 6.3 5.0 6.5 4.8 54

8.0
7.0
860
5.0

4.0

Fig. 5. Total cloud cover monthly mean values of in thirteen locations of Georgia in 1956-2015.

The CC greatest values for Shovi (7.5) are detected in April (Fig. 5).
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Fig. 6. Difference between the mean values of total cloud cover for 1986-2015 and 1956-1985 in thirteen
locations of Georgia

The ACC values variation in separate points is presented on Fig. 6. The variability of the mean
monthly total cloud cover is detected for 12 investigated points (except Mestia) in 60 cases (including 48
cases - a decrease and for 12 cases - an increase in ACC values).
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The changeability of the ARH values in the separate points is the following: Bakhmaro - decrease of
the ACC values (March, April), increase (October); Bakuriani - decrease (March-May, August, September,
mean annual and warm seasons mean), increase (October); Borjomi - decrease (March, September, mean
annual and warm season mean); Goderdzi - increase (all month and seasons, except February-May,
September and November); Gudauri - decrease (all month and seasons, except January, October and
December); Khaishi - decrease (March, August), increase (October); Khulo - decrease (January, March,
May, mean annual and warm season mean), increase (October); Lentekhi - decrease (July and warm season
mean), increase (October and cold season mean); Mestia — no changes; Pasanauri - decrease (all month and
seasons, except January, October and December); Shovi - decrease (March, May and warm season mean),
increase (October); Stepantsminda - decrease (all month and seasons, except January, April, October-
December); Tianeti - decrease (February-June, mean annual, cold and warm seasons mean), increase
(October).

Atmospheric precipitation sum

The mean monthly annual, half year and monthly min and max P values are available in Table 5 and
Fig. 7.

Table 5. monthly min, monthly max and mean monthly seasonal P (mm) values in thirteen locations of
Georgia in 1956-2015.

Location Mean Year Mean Cold Mean Warm Min Max
Bakhmaro 130 154 107 9.8 554
Bakuriani 70 59 82 0.5 283
Borjomi 55 48 62 15 181
Goderdzi 110 115 104 7.7 361
Gudauri 128 106 151 0 536
Khaishi 102 108 96 1.0 670
Khulo 117 149 84 0.5 628
Lentekhi 107 110 104 1.3 556
Mestia 82 76 88 1.0 284
Pasanauri 82 59 105 0 353
Shovi 98 85 111 34 444
Stepantsminda 62 34 89 0 252
Tianeti 64 42 85 0 277
200
180
160
140
: ‘ ‘|||
80
60
N o D R WO o e
Bakh Bak Borj God Gud Kha Khu Lent Mest Pas Sho Step Tian
®Jjan 155 51 40 113 98 115 155 107 68 48 79 24 31
= Feb 129 54 39 107 101 78 129 90 62 53 70 30 39
Mar 108 67 47 93 132 94 106 111 78 70 93 42 49
= Apr 82 78 59 82 160 100 87 120 86 104 111 85 85
= May 99 109 82 114 185 86 90 101 86 135 119 102 115
Jun 124 108 81 122 168 118 91 116 101 125 127 110 104
mJul 90 74 52 105 154 94 70 97 87 102 109 96 72
mAug 103 61 46 95 132 84 69 106 84 89 103 88 74
= Sep 143 60 51 104 106 98 99 87 81 76 98 55 62
mQOct 181 70 62 133 104 116 161 110 91 72 109 46 57
HNov 179 57 56 124 101 112 174 112 79 58 82 34 44
mDec 172 53 45 124 99 133 170 129 79 53 78 30 33

Fig. 7. Precipitation monthly mean values of in thirteen locations of Georgia in 1956-2015.




The variability range of the P mean values for the indicated stations is as follows: Mean Year - from
55 mm (Borjomi) to 130 mm (Bakhmaro); Mean Cold - from 34 mm (Stepantsminda) to 154 mm (Bakhmaro);
Mean Warm - from 62 mm (Borjomi) to 151 mm (Gudauri); Min - from 0 mm (Gudauri, Pasanauri,
Stepantsminda and Tianeti) to 9.8 mm (Bakhmaro); Max - from 181 mm (Borjomi) to 670 mm (Khaishi).

The intra-annual distribution of P values for all indicated investigations points of Georgia are
presented in Fig. 7. The P smallest values for Stepantsminda during January are observed (24 mm). The P
greatest values for Gudauri (185 mm) in May are observed (Fig. 7).

The changeability data of the AP values in separate points is presented in Fig. 8. The variability of
the atmospheric precipitation monthly mean sum is observed for 11 investigated points (except Bakhmaro,
and Bakuriani) in 25 cases (including for 12 cases - an increase and for 13 cases - a decrease of AP values).

The changeability of the AP values in the separate points is the following: Bakhmaro and Bakuriani
(no changes); Borjomi - decrease (June and December); Goderdzi - decrease (March, April mean annual and
warm season mean); Gudauri - increase (August, October and cold season mean), decrease (September);
Khaishi - increase (April and May); Khulo - increase (January, September, mean annual, cold and warm
seasons mean); Lentekhi - increase (May and June), decrease (September); Mestia — increase (mean annual
and cold season mean); Pasanauri - increase (August, October and cold season mean); Shovi - increase
(October); Stepantsminda - decrease (July, September), increase (October); Tianeti - decrease (March, May-
July, September, mean annual and warm seasons mean).

g 30
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& | | | | I 1 | I |
<0 | 1 |
-10
-20
-30
-40
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year Cold Warm
u Bakh
= Bak
Borj -13 -9
uGod -16 -14 -7 -11
Gud 23 -24 31 14
Kha 22 16
mKhu 54 21 15 18 12
Hlent 18 30 -28
H Mest 5 13
H Pas 20 26 8
uSho 24
m Step -27 -27 12
Tian -12 -40 -30 -28 -25 -13 -25

Fig. 8. Difference between the P mean values during 1986-2015 and 1956-1985 in thirteen locations of
Georgia

Mean wind speed

The mean annual, half year and monthly min and max wind speed (V) data are available in Table 6
and also on Fig. 9.

The range of variability of the V mean values for the indicated stations is as follows: Mean Year -
from 0.3 m/sec (Lentekhi) to 4.8 m/sec (Goderdzi); Mean Cold - from 0.2 m/sec (Lentekhi) to 5.4 m/sec
(Goderdzi); Mean Warm - from 0.4 m/sec (Lentekhi) to 4.2 m/sec (Goderdzi); Min - 0 m/sec (for all stations);
Max - from 2.1 m/sec (Lentekhi) to 10.7 m/sec (Goderdzi).

The intra-annual distribution of V values for all indicated investigations points of Georgia are
presented on Fig. 9. The smallest V values for all points during January and December are observed (0.1
m/sec, Lentekhi). The greatest values of V for Goderdzi (6.1 m/sec) in January are also fixed (Fig. 9).
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Table 6. The monthly mean min, monthly mean max and mean seasonal V (m/s) values in thirteen locations
of Georgia in 1956-2015.

Location Mean Year Mean Cold Mean Warm Min Max
Bakhmaro 1.7 2.2 1.3 5.7
Bakuriani 1.3 1.1 15 5.2
Borjomi 0.7 05 0.8 2.2
Goderdzi 4.8 5.4 4.2 10.7
Gudauri 1.2 1.1 1.2 3.4
Khaishi 0.9 0.7 1.2 3.7
Khulo 1.9 2.0 1.7 0.0 4.0
Lentekhi 0.3 0.2 0.4 2.1
Mestia 0.5 0.3 0.7 2.2
Pasanauri 1.1 1.1 1.2 2.9
Shovi 1.1 1.0 1.1 2.9
Stepantsminda 1.7 1.8 1.6 6.1
Tianeti 1.2 1.2 1.2 4.6
7.0
6.0
o 5.0
£ 40
3.0
2.0
“ |“ 1l Nl H‘ll"“ e 0 “ || I||||‘ il
A TP g Mo ACART e i, O O O CRE 6N
Bakh Bak Borj God Gud Kha Khu Lent Mest Pas Sho Step Tian
mJan 25 1.1 0.6 6.1 1.2 0.6 2.2 0.1 0.3 1.0 0.9 1.9 11
= Feb 2.4 1.2 0.7 6.0 1.2 0.7 2.3 0.2 0.4 1.3 1.1 2.0 1.4
Mar 2.5 1.4 0.7 5.3 1.1 1.0 2.2 0.3 0.6 1.4 1.3 1.9 1.6
= Apr 1.9 1.7 0.7 4.1 1.2 1.1 21 0.3 0.8 1.3 1.2 1.8 15
= May 1.7 1.6 0.8 4.5 1.4 1.2 1.8 0.4 0.8 1.3 1.2 1.7 1.4
Jun 1.3 14 0.8 4.4 1.2 1.2 1.7 0.4 0.7 1.2 1.1 1.5 1.4
mJul 1.0 16 0.8 4.1 1.1 1.3 1.5 0.4 0.6 1.1 1.1 1.4 1.1
mAug 0.9 1.7 0.8 4.2 1.1 1.2 1.5 0.4 0.6 1.0 1.0 1.5 1.0
mSep 1.0 1.2 0.7 4.3 1.1 0.8 1.6 0.3 0.5 1.0 1.1 1.7 11
mQOct 15 0.8 0.5 4.5 1.1 0.6 1.7 0.2 0.3 1.0 1.1 1.7 1.2
= Nov 1.9 0.9 0.4 4.8 1.0 0.5 19 0.2 0.2 0.9 0.9 1.7 1.0
mDec 2.1 1.0 0.4 5.7 1.1 0.5 21 0.1 0.2 0.8 0.9 1.9 1.0

Fig. 9. Wind speed monthly Mean values in thirteen locations of Georgia in 1956-2015.

The changeability of the AV values of in separate points is presented on Fig. 10. The variability of
the monthly mean values of wind speed is detected for all 13 investigated points in 145 cases (including 141
cases - a decrease and only for 4 cases, Bakhmaro - an increase of AV values).

The changeability of the AV values in the separate points is the following: Bakhmaro — increase
(January, March, May and June); all another station, except Shovi — decrease (all months, mean annual, cold
and warm seasons mean); Shovi - decrease (all months, except April, June and October, mean annual, cold
and warm seasons mean).
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Fig. 10. Difference between the V mean values during 1986-2015 and 1956-1985 in thirteen locations of
Georgia

Finally, we note that the greatest changes of all other investigated climatic parameters in 1986-2015
compared to 1956 1985 underwent wind speed, the least - atmospheric precipitation. The reasons for such
changes are the subject of further research for the studied mountain regions of Georgia.

Data of this work are used in [40].

Conclusion

The analysis confirms once again the earlier obtained results and formulated conclusions on the
diversity of climatic conditions of Georgia and their uniqueness. Accordingly, this stimulates the need for the
even more detailed study of climatic and associated bioclimatic conditions and their variability in different
geographic regions of Georgia, both in terms of impact on public health and in terms of development of
various sectors of the national economy of the state, including health resorts - tourism industry.
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Pe3rome

[IpencraBneHbl CTaTHCTUYECKHE JaHHBIE O METEOPOJIOTHYECKHX IapaMeTpax, acCOLMHUPOBAHHBIX C
KIIMMaTHYECKUM  HMHJIEKCOM  OTAbIXa (CpelHeMecsiuHas  MakCHUMallbHas  TeMIleparypa  BO3/AyXa,
cpeAHeMecsyHass OTHOCHUTENbHasi BIaKHOCTb BO3[yXa, OOJIAYHBIM MOKPOB, MecSyHas CyMMa OCaJKOB,
CKOpOCTh BeTpa) B TpHUHAANATH TOpHBIX paiioHax ['pysum I'pysum (baxmapo, bakypumanu, Bopxxomu,
Tonepnszu, I'ynaypu, Xaumm, Xyno, Jleatexu, Mecrtus, [lacanaypu, 1llloBu, Crenanimunna, Tuanetu) B
nepuoa ¢ 1956 mo 2015 rr. B dacTHOCTH, M3y4YeHa M3MEHUMBOCTb YKa3aHHBIX METEOPOJIOIMUECKUX
mapameTpoB B 19862015 rr. mo cpaBHeHHIO ¢ 19561985 IT. 111 MEpEYHCIICHHBIX BHIIIE TYHKTOB.
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ABSTRACT

The long-term monthly average values of Holiday Climate Index (HCI) for 13 mountainous locations of
Georgia (Bakhmaro, Bakuriani, Borjomi, Goderdzi, Gudauri, Khaishi, Khulo, Lentekhi, Mestia, Pasanauri,
Shovi, Stepantsminda, Tianeti) are presented in the article. Detailed analysis of the monthly, seasonal and
annual HCls values over the 60-year period (1956-2015) are carried out. Comparison of HCI and Tourism
Climate Index (TCI) monthly values for three locations (Goderdzi, Khulo and Mestia) based on data from
1961 to 2010 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. Using Mestia as an example, the expected
changes in monthly, seasonal and annual HCI values for 2041-2070 and 2071-2100 year periods has neen
assested.

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

Introduction

The formation and development of the resort and tourism industry is directly depended on the
geographical location, relief, vegetation, weather and climate of the region. Weather and climate are two
main factors that determine the bioclimatic resources of an area. Thus, the study of these resources, which
are necessary for the organization and development of the resort and tourism industry, plays a major role and
requires significant efforts. Past studies have used a lot of climate indices for tourism [1-7]. The most widely
known index, used both in the past and in the present, is the Tourist Climate Index (TCI), proposed by
Mechkovsky [9].

In the south Caucasus countries, monthly value of TCI was calculated in Georgia firstly for Thilisi
[10] and then for many other locations of Caucasus (Armenia, Azerbaijan, North Caucasus etc.) [11-18].

From the recent studies of TCI, in particular, the noteable are the works [19, 20]. The study [19]
presents the first TCI calculations for Zimbabwe, a country relient on outdoor nature-based tourism for
attracting tourists and foreign visitors. The mean annual TCI scores classify Zimbabwe as very good to
excellent by climatic suitability for tourism, with scores spanning 75.5-83 (of a maximum 100) for the
1989-2014 period. Monthly TCI scores categorize four locations in the Lowveld region as having a winter-
peak suitability; the remaining stations have either summer-peak or bimodal shoulder-peaks. This reveals
entire year climatic suitability for tourism in Zimbabwe, and highlights the importance of understanding
seasonal variability per destination to maximize tourist satisfaction. The paper [20] evaluates the climate
comfortability of Argentina as an intangible resource for tourism. The analysis builds on spatial modelling of
the Tourism Climate Index (TCI) calculated for 69 weather stations uniformly distributed throughout the
country. The mean annual TCI in Argentina is 73 indicating “very good” climatic-tourist comfort conditions
for tourism.
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Despite the TCI’s wide application, it has been subject to substantial critiques [21]. The four key
deficiencies of the TCI include: (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 temporal 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 noted limitations of the TCI, a Holiday Climate Index (HCI) was developed
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 the 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”) [21-
25]. In the same works, comparisons between HCI and TCI were made.

Results of comparison of Holiday Climate Index and Tourism Climate Index at some locations of
Georgia and North Caucasus in [26-28] are presented. The article [26] compares the values and categories of
TCI and HCI in Thilisi. The HCI long-term monthly average values for 12 locations of Kakheti (Akhmeta,
Dedoplistskaro, Gombori, Gurjaani, Kvareli, Lagodekhi, Omalo, Sagarejo, Shiraki, Telavi, Tsnori and
Udabno) are presented in [27]. For 6 stations of this region (Dedoplistskaro, Gurjaani, Kvareli, Lagodekhi,
Sagarejo and Telavi) detailed analysis of the monthly, seasonal and annual HClIs values over the 60-year
period (1956-2015) are carried out. Comparison of HCI and Tourism Climate Index (TCI) monthly values
for four points of Kakheti region (Dedoplistskaro, Kvareli, Sagarejo and Telavi) based on data from 1961 to
2010 are carried out. The results of the comparative analysis of the Tourism Climate Index and the Holiday
Climate Index, as well as the ratings of the components of these indices for six points in the North Caucasus
(Kislovodsk, Pyatigorsk, Essentuki, Zheleznovodsk, Teberda and Nalchik) are presented in [28].

In particular, it was found out that there is a high degree of correlation between the values of HCI
and TCI. However, consider that the TCI is calculated for the so-called “average tourist” (regardless of
gender, age, physical condition), the value and category of this index is 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 development of various types of tourism than the TCI [26-28].

Great importance gains the study of variability and prediction of the HCI in relation to the limate
change [29-33].

Using the Holiday Climate Index (HCI: Urban) the research [29] examines the long-term tourism
climate records in Tokyo between 1964 and 2019. Findings suggest greater climatic variability and the
favorability declination of Tokyo’s tourism climatic resources in all three summer months. According to
these findings the adaptation and mitigation strategies are recommended and a Japanocentric tourism climate
index proposed.

The work [30] notes that TCI and HCI are good indicators of the environmental conditions for
leisure activities in 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 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 study [31] is to assess the future HCI performances of urban and beach destinations in the
greater Mediterranean region. For this purpose, HCI scores for the reference (1971-2000) and future (2021-
2050, 2070-2099) periods were computed. HCI: Urban results showed that Canary Islands hold 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. 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 detailed information on the variability of the monthly values of the Holiday Climate Index in
Thilisi in 1956-2015 are presented in [32]. It also presents data on the interval forecast of HCI value
variability in Thilisi for the next few decades.

This study develops the detailed analysis of the monthly, seasonal and annual HClIs values during
60-year period (1956-2015) for 13 mountainous locations of Georgia (Bakhmaro, Bakuriani, Borjomi,
Goderdzi, Gudauri, Khaishi, Khulo, Lentekhi, Mestia, Pasanauri, Shovi, Stepantsminda, Tianeti), and
comparison HCI and TCI of monthly values for three points of Georgia (Goderdzi, Khulo and Mestia) based
on the data from 1961 to 2010. The variability data of HCI in 1986-2015 compared to 1956-1985, and the
trends of HCI in 1956-2015 are also presented. Using Mestia as the example the expected changes of
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monthly, seasonal and annual HCI values of 2041-2070 and 2071-2100 has been assesed. The some results
of this work were used in [33]. A more detailed description of these results is given below.

Study Area, Material and Methods

The study area includes 13 mountainous locations in Georgia - Bakhmaro (Bakh): 42.32° N, 41.85°
E, 1926 m, a.s.l.; Bakuriani (Bak): 43.52° N, 41.73° E, 1665 m; Borjomi (Borj): 43.40° N, 41.83° E, 789 m;
Goderdzi (God): 42.52° N, 41.63° E, 2025 m; Gudauri (Gud): 44.48° N, 42.47° E, 2194 m; Khaishi (Kha):
42.18° N, 42.95° E, 730 m; Khulo (Khu): 42.32° N, 41.65° E, 914 m; Lentekhi (Lent): 42.73° N, 42.78° E,
760 m; Mestia (Mest): 42.75° N, 43.05° E, 1441 m; Pasanauri (Pas): 44.70° N, 42.35° E, 1070 m; Shovi
(Sho): 43.68° N, 42.70° E, 1507 m; Stepantsminda (Step): 44.65° N, 42.67° E, 1744 m; Tianeti (Tian):
44.97° N, 42.12° E, 1099 m. The development of the resort and tourism industry takes place in these

locations, in particular — the mountain and winter tourism. Fig. 1 depicts the map of the arrangement of the
indicated locations.

Georgia

Borjomi S
y N
JBahunam -
i : <
{

Fig.1. Locations of 13 mountainous meteorological stations in Georgia.

In this work the Holiday Climate Index (HCI) is used. The five climatic variables for the HCI

identification are used: air temperature maximum, relative humidity, cloud cover, precipitation and wind
[21].

In the Table 1 rating scheme and HCT’s category are presented.

Table 1. HCI’s Category.

HCI Score Category (Abbreviation) HCI Score Category (Abbreviation)
90+100 Ideal 40+49 Marginal (Marg.)
80+89 Excellent (Excell.) 30+39 Unfavorable (Unf.)
70+79 Very Good (V_Good) 20+29 Very Unfavorable (V_Unf.)
60+69 Good 10+19 Extremely Unfavorable (Ext_Unf.)
50+59 Acceptable (Accept.) 9+-9; -10+-20 Impossible (Impos.)

In this work the monthly mean data of Georgian National Environmental Agency of indicated
meteorological parameters during the period from 1956 through 2015 are used [34]. Based on this data the
HCI monthly average values were calculated. Comparison of monthly HCI and TCI values for three
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locations of Georgia (Goderdzi, Khulo and Mestia) based on the TCI data t from 1961-2010 is performed
[12, 17].

Analysis of the HCI data using the standard statistical analysis methods is carried out [35]. The applied
following designations are listed below: Mean — average values; Min — minimal values; Max - maximal
values; 99% Low and 99% Upp - Low and Upper levels of 99% confidence interval of mean values; R? -
coefficient of determination; R - coefficient of linear correlation; a - level of significance; AHCI - the
difference between the HCI mean values in 1986-2015 (Il period of time) and 1956-1985 (I period of time)
using Student's criterion was determined (level of significance not worse than 0.15). Calculation of expected
changes in monthly, seasonal and annual HCI values in Mestia by 2041-2070 and 2071-2100 conducted in
accordance with the model of expected climate change in Georgia. The expected climate change has been
forecast using Representative Concentration Pathway (RCP) 4.5 scenario that stabilizes radiative forcing at
4.5 WIm2 in the year 2100 without ever exceeding that value. Compared to the A1B scenario used in the
Third National Communication, the RCP4.5 scenario is less severe. Version 4.6.0 of the RegCM Regional
Climate Model has been used to improve the global forecast scale [33].

Results and discussion
Results in Fig. 2-12 and Tables 2-12 and Annexes 1-8 are presented.

1. Basic Information about HCI for 13 Mountainous Regions of Georgia.

The long-term mean HCI real values at 13 locations of Georgia are presented on the Fig. 2.

90
85
80
75
70
65
60
55
50
45
40

HCI_REAL

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec VYear Cold Warm
—o—Bakh 52 53 56 62 67 68 76 7 69 60 53 52 62 54 70
—m—Bak 58 58 59 64 69 78 84 86 80 70 64 60 69 62 77
Borj 60 61 65 73 83 83 77 7 86 78 66 60 72 65 80
—»—God = 47 48 53 57 62 65 72 74 67 60 53 50 59 52 66
Gud 57 56 55 55 58 65 74 75 71 65 60 58 62 59 66
Kha 56 61 66 75 86 81 79 78 86 76 62 56 72 63 81
—+—Khu 56 57 63 71 83 86 82 81 85 71 60 56 71 61 81
—=—Lent 55 57 61 70 82 79 74 74 85 74 61 54 69 60 7
—=—Mest 56 58 60 67 77 83 83 84 84 72 61 58 70 61 79
—o— Pas 62 62 64 69 77 84 81 82 87 75 67 63 73 66 80
—— Sho 57 57 58 63 72 79 83 84 80 70 61 57 68 60 77
—A—Step 63 62 61 63 68 74 83 84 78 72 66 63 70 64 75
Tian 62 61 63 69 78 86 82 84 87 75 67 64 73 65 81

Fig. 2. Mean HCI real values at 13 locations of Georgia.

As it follows from Fig. 2 the HCI mean monthly values change from 47 (Goderdzi, January,
Acceptable) to 87 (Pasanauri, Tianeti September, Excellent). The variability of HCI values for individual
items is as follows: Bakhmato (52, January, December — 77, August), Bakuriani (58, January, February — 86,
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August), Borjomi (60, January, December — 86, September), Gooderdzi (47, January — 74, August), Gudauri
(55, March, April — 75, August), Khaishi (56, January, December — 86, September), Khulo (56, January,
December — 86, June), Lentekhi (54, December — 85, September), Mestia (56, January — 84, August,
September), Pasanauri (62, January, February — 87, September), Shovi (57, January, February, December —
84, August), Stepantsminda (61, March — 84, August), Tianeti (61, February — 87, September).

Table 2. Linear correlation coefficient between separated stations of HCI monthly mean values
(R min=0.58, a=0.04; R max = 1, a = <0.001).

Location | Bakh | Bak | Borj | God | Gud | Kha | Khu | Lent | Mest | Pas | Sho | Step | Tian

Bakh 1 095|081 |098 | 083|084 092 081|095 | 089|096 |09 | 0.90

Bak 0.95 1 079|098 | 094|077 087|078 | 096 | 0.94 | 0.99 | 0.98 | 0.95

Borj 081|079 | 1 0.83 | 0.62 | 098 | 0.96 | 1.00 | 0.93 | 0.94 | 0.86 | 0.70 | 0.93

God 0.98 | 0.98 | 0.83 1 (088 |084|091|082|09 |093|098]| 094 ]| 0.93

Gud 083 | 094 062|088 | 1 | 058|069 | 060|083 |082|090|099 | 0.83

Kha 084 | 077|098 | 084|058 | 1 |097 099 | 091 |09 |085]|0.68 | 0.89

Khu 092 | 087|096 | 091 | 0.69 | 0.97 1 096 | 097 | 096 | 093 | 0.78 | 0.96

Lent 0.81 | 0.78 | 1.00 | 0.82 | 0.60 | 0.99 | 0.96 1 092 | 093]|085| 069 | 091

Mest 095 | 096|093 | 09 | 0.83 | 0.91 | 0.97 | 0.92 1 0.99 | 0.99 | 0.90 | 0.99

Pas 089 | 094|094 | 093] 082|090 | 096 | 093 | 0.99 1 |097 088 | 100

Sho 096 | 099 | 0.86 | 0.98 | 0.90 | 0.85 | 0.93 | 0.85 | 0.99 | 0.97 1 0.96 | 0.97

Step 090 | 098|070 | 094 | 0.99 | 0.68 | 0.78 | 0.69 | 0.90 | 0.88 | 096 | 1 0.89

Tian 0.90 | 0.95 | 0.93 1 083|089 |09 | 091|099 |1.00]|0.97 | 0.89 1

Linear correlation coefficient between separated station of HCI monthly mean values changes as
follows (Table 2) - Bakhmaro: 0.81 (Borjomi, Lentekhi) + 0.98 (Goderdzi); Bakuriani: 0.77 (Khaishi) + 0.99
(Shovi); Borjomi: 0.62 (Gudauri) +~ 1.00 (Lentekhi); Goderdzi: 0.82 (Lentekhi) + 0.98 (Bakhmaro,
Bakuriani, Shovi); Gudauri: 0.58 (Khaishi) + 0.99 (Stepantsminda); Khaishi: 0.58 (Gudauri) + 0.99
(Lentekhi); Khulo: 0.69 (Gudauri) + 0.97 (Khaishi, Mestia); Lentekhi: 0.60 (Gudauri) + 1.00 (Borjomi);
Mestia: 0.83 (Gudauri) + 0.99 (Pasanauri, Shovi, Tianeti); Pasanauri: 0.82 (Gudauri) + 1.00 (Tianeti); Shovi:
0.85 (Khaishi, Lentekhi ) + 0.99 (Mestia); Stepantsminda: 0.68 (Khaishi) + 0.99 (Gudauri); Tianeti: 0.83
(Gudauri) + 1.00 (Pasanauri).

The intra-annual distribution of TCI monthly mean values for 13 locations of Georgia by the ninth
power of polynomial (R? > 0.990) is described. Coefficients of the regression equation of the intra-annual
motion of TCI monthly mean values for these points are presented in Table 3.

Table 3. Coefficients of regression equation of the intra-annual motion of TCI monthly mean values for 13
points of Georgia.

o duation HCI = a-X%+b-X3+c- X +d-X8+e-X°+f-X*+g- X3+h-X?+i-X+j, (X-Month)

coefficients a b c d e f g h i j R2
Bakh 9.76E-05 -0.00591 0.152068 -2.17025 18.76576 -100.966 333.9624 -644.542 648.6272 -201.833 0.994
Bak 1.25E-05 -0.00083 0.022622 -0.33703 2.99689 -16.4553 55.53566 -108.942 110.5176 14.66667 0.999
Borj -0.00021 0.012368 -0.30315 4.098518 -33.4105 168.8146 -524.14 956.8664 -919.932 408 0.997
God 5.85E-05 -0.00348 0.087734 -1.22078 10.23453 -53.0477 167.8676 -307.733 294.3048 -63.5 0.996
Gud 4.86E-05 -0.00279 0.067503 -0.89662 7.144545 -35.1709 106.5046 -190.103 178.4566 -9 0.999
Kha -1.56E-04 0.008875 -0.21273 2.797211 -22.0306 106.7157 -315.115 543.5795 -489.079 229.3333 0.990
Khu -2.43E-04 0.014074 -0.34541 4.688892 -38.5037 196.6584 -619.155 1148.475 -1121.66 485.8333 0.998
Lent -2.48E-04 0.014261 -0.34608 4.627231 -37.256 185.657 -567.677 1019.447 -963.629 414.1667 0.994
Mest -1.27E-04 0.007268 -0.17676 2.371367 -19.1728 95.8908 -293.471 525.3931 -492.671 237.8333 0.999
Pas -0.00023 0.013184 -0.32497 4.435359 -36.6564 188.5303 -597.32 1112.285 -1088.78 479.8333 0.992
Bakh 9.76E-05 -0.00591 0.152068 -2.17025 18.76576 -100.966 333.9624 -644.542 648.6272 -201.833 0.994
Bak 1.25E-05 -0.00083 0.022622 -0.33703 2.99689 -16.4553 55.53566 -108.942 110.5176 14.66667 0.999
Borj -0.00021 0.012368 -0.30315 4.098518 -33.4105 168.8146 -524.14 956.8664 -919.932 408 0.997
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In Table 4the information on the intra-annual distribution types of HCI monthly mean values at 13
locations of Georgia are provided.

As follows from this Table the HCI bimodal distribution type for 6 locations is detected (Borjomi,
Khaishi, Khulo, Lentekhi, Pasanauri, Tianeti). At the same time, the first extremum is observed in May
(Khaishi, Lentekhi), in May-June (Borjomi) and in June (Khulo, Pasanauri, Tianeti). The second extremum
for all points is observed in September. It is notable that all these points are located at the altitude of less than
1100 m above sea level.

For the remaining seven locations, there is the unimodal (or smooth unimodal) type of intra-annual
distribution of HCI values with a maximum in the following months: July-August (Bakhmaro, Gudauri,
Stepantsminda), August (Bakuriani, Goderdzi), June-September (Mestia), July- September (Shovi).
Regarding height, these points are located at an altitude of > 1441 m above sea level.

Table 4. Intra-annual distribution types of HCI monthly mean values at 13 locations of Georgia.

Location Distribution type First extremum (Max) Second extremum
Bakhmaro Unimodal, flat Jul, Aug
Bakuriani Unimodal Aug
Borjomi Bimodal May, Jun Sep
Goderdzi Unimodal Aug
Gudauri Unimodal, flat Jul, Aug
Khaishi Bimodal May Sep
Khulo Bimodal Jun Sep
Lentekhi Bimodal May Sep
Mestia Unimodal, flat Jun-Sep
Pasanauri Bimodal Jun Sep
Shovi Unimodal, flat Jul-Sep
Stepantsminda Unimodal, flat Jul, Aug
Tianeti Bimodal Jun Sep

In Table 5, 6 the categories of HCI monthly mean and seasonal values at 13 locations of Georgia in
cold and warm period are presented.

Table 5. Categories of HCI monthly mean and seasonal values at 13 locations of Georgia in cold period.

Location Jan Feb Mar Oct Nov Dec Cold Year
Bakhmaro Accept. | Accept. | Accept. Good Accept. | Accept. | Accept. Good
Bakuriani Accept. | Accept. | Accept. | V_Good Good Good Good Good

Borjomi Good Good Good V_Good Good Good Good V_Good
Goderdzi Marg. Marg. Accept. Good Accept. | Accept. | Accept. | Accept.

Gudauri Accept. | Accept. | Accept. Good Good Accept. | Accept. Good

Khaishi Accept. Good Good V_Good Good Accept. Good V_Good

Khulo Accept. | Accept. Good V_Good Good Accept. Good V_Good

Lentekhi Accept. | Accept. Good V_Good Good Accept. Good Good

Mestia Accept. | Accept. Good V_Good Good Accept. Good V_Good
Pasanauri Good Good Good V_Good Good Good Good V_Good
Shovi Accept. | Accept. | Accept. | V_Good Good Accept. Good Good
Stepantsminda | Good Good Good V_Good Good Good Good V_Good
Tianeti Good Good Good V_Good Good Good Good V_Good
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As follows from the Table 5 categories of HCI monthly mean and seasonal values at 13 locations of
Georgia in year cold period changes from Marginal to Very Good. In warm period of year categories of HCI
monthly mean and seasonal values changes from Acceptable to Excellent (Table 6).

Table 6. Categories of HCI monthly mean and seasonal values at 13 locations of Georgia in warm period.

Location Apr May Jun Jul Aug Sep Warm
Bakhmaro Good Good Good V_Good V_Good Good V_Good
Bakuriani Good Good V_Good Excell. Excell. Excell. V_Good

Borjomi V_Good Excell. Excell. V_Good V_Good Excell. Excell.
Goderdzi Accept. Good Good V_Good V_Good Good Good

Gudauri Accept. Accept. Good V_Good V_Good V_Good Good

Khaishi V_Good Excell. Excell. V_Good V_Good Excell. Excell.

Khulo V_Good Excell. Excell. Excell. Excell. Excell. Excell.
Lentekhi V_Good Excell. V_Good V_Good V_Good Excell. V_Good
Mestia Good V_Good Excell. Excell. Excell. Excell. V_Good
Pasanauri Good V_Good Excell. Excell. Excell. Excell. Excell.
Shovi Good V_Good V_Good Excell. Excell. Excell. V_Good
Stepantsminda Good Good V_Good Excell. Excell. V_Good V_Good
Tianeti Good V_Good Excell. Excell. Excell. Excell. Excell.

So, as follows from Fig. 2 and Tables 5, 6 in the indicated 13 locations of Georgia there are
favorable bioclimatic conditions for the development of tourism and resorts throughout the year in terms of
climatic timescale.

In Annexes 1-3 the Min and Max values of HCI and these categories at 13 locations of Georgia in
different months and seasons in 1956-2015 are presented. As follows from Annexes values of HCI and these
categories in indicated locations changes from 20 (Goderdzi, January, “Very Unfavorable”) to 100
(Stepantsminda, September, “Ideal”; Khaishi, October, “ldeal”). For separated locations Min and Max
monthly values of HCI and these categories changes as follows (Annexes 1-3).

Bakhmaro: 21 (January, “Very Unfavorable”) + 91 (July-September, “Ideal”); Bakuriani: 46 (May,
“Marginal”) + 95 (August-September, “Ideal™); Borjomi: 48 (February, “Marginal”) + 98 (October, “Ideal”);
Goderdzi: 20 (January, “Very Unfavorable”) + 92 (August, “Ideal”); Gudauri: 26 (January and February,
“Very Unfavorable”) + 98 (July, “Ideal”); Khaishi: 26 (January, “Very Unfavorable”) + 100 (October,
“Ideal”); Khulo: 28 (February, “Very Unfavorable”) + 97 (October, “Ideal”); Lentekhi: 28 (January, “Very
Unfavorable”) + 95 (October, “Ideal”); Mestia: 34 (January, “Unfavorable”) + 95 (September-October,
“ldeal”); Pasanauri: 44 (April, “Marginal”) + 95 (September, “ldeal”); Shovi: 28 (January, “Very
Unfavorable”) + 95 (September, “Ideal”); Stepantsminda: 49 (February and April, “Marginal”) + 100
(September, “Ideal™); Tianeti: 53 (January and April, “Acceptable”) + 95 (September, “Ideal”).

In Annexes 4-6 information about 99% Low and 99%_Upp levels of mean values of HCI and these
categories at 13 locations of Georgia in different months and season in 1956-2015 are presented. As follows
from Annexes 4-6 Lower and Upper levels of 99% confidence interval of mean values of HCI changes from
44 (Marginal) to 89 (Excellent). For separated locations 99%_Low and 99%_Upp confidence interval of
mean values of HCI and these categories changes as follows (Annexes 4-6).

Bakhmaro: 48 (January, “Marginal”) +79 (July-August, “Very Good”); Bakuriani: 57 (January-
February, “Acceptable”) + 87 (August, “Excellent”); Borjomi: 59 (January and December, “Acceptable”) +
88 (September, “Excellent”); Goderdzi: 44 (January, “Marginal™) + 77 (August, “Very Good”); Gudauri: 52
(April, “Acceptable”) + 79 (August, “Very Good”); Khaishi: 53 (December, “Acceptable”) + 88 (May and
September, “Excellent”); Khulo: 53 (January and December, “Acceptable”) + 87 (June and September,
“Excellent”); Lentekhi: 52 (December, “Acceptable”) + 86 (September, “Excellent”); Mestia: 54 (January,
“Acceptable”) + 86 (September, “Excellent”); Pasanauri: 60 (February, “Good”) + 89 (September,
“Excellent”); Shovi: 55 (January, “Acceptable”) + 86 (August, “Excellent”); Stepantsminda: 60 (February
and March, “Good”) + 87 (August, “Excellent”); Tianeti: 60 (February, “Good”) + 89 (September,
“Excellent”).
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2. Vertical Distribution of HCI in the Mountainous Regions of Georgia.

The vertical distribution of the Tourism Climat Index was studied for 21 points in Georgia and 6
points in the North Caucasus within the height range from 3 m (Anaklia) to 2194 m (Gudauri) above sea
level in our early work [14]. Results of the study of the HCI vertical distribution for thirteen mountain
locations in Georgia within the height range from 730 m (Khaishi) to 2194 m (Gudauri) above sea level are
presented below (Table 7 and Fig. 3-5).

Table 7. Regression equations for the relationship between HCI and terrain height.

Month/Season

Regression equation R2 o

Jan HCI1=19.03-H3 - 91.056-H2 + 132.83-H - 0.1852 0.3596 0.030
Feb HCI = -6.362-H? + 13.302-H + 53.093 0.4543 0.011
Mar HCI = -6.624-H + 69.492 0.7689 <0.001
Apr HCI=-11.451-H + 81.671 0.9334 <0.001
May HCI=-16.99-H + 97.245 0.957 <0.001
Jun HCI =22.77-H3- 116.94-H2 + 173.17-H + 6.6863 0.9624 <0.001
Jul HCI = -17.581-H2 + 47.966-H + 50.684 0.7385 <0.001
Aug HCI = -18.958-H2 + 53.137-H+ 47.33 0.7607 <0.001
Sep HCI = 16.765-H3 - 84.553-H2 + 119.68-H + 35.573 0.9181 <0.001
Oct HCI =-9.5626-H + 83.802 0.7359 <0.001
Nov HCI =17.61-H3- 84.639-H2 + 122.3-H + 10.412 0.4244 0.016
Dec HCI =22.014-H? - 105.32-H2 + 155.27x-H- 10.724 0.3763 0.026
Year HCI=9.3544-H3 - 50.088-H2 + 74.751-H + 38.759 0.8247 <0.001
Cold HCI=12.704-H3 - 61.958-H2 + 88.966-H + 24.778 0.53 0.005
Warm HCI =-12.002-H2 + 24.754-H + 67.736 0.9324 <0.001

For different month the form of this distribution is as follows. Inverse linear regression (decrease of
HCI values with increasing altitude H): March, April, May and October; second order polynomial —
February, July, August, and warm season mean; third order polynomial — January, June, September,
November, December, mean annual and cold season mean.

HCI

Fig. 3. Vertical distribution of HCI monthly mean values from October to March.
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As it follows from Fig. 3 in January and February at level of 1500 m HCI values are weakly
dependent on altitude, then there is a slight decrease in their values. In November and December, up to an
altitude of 1100 m, HCI values grow, and then slowly decreases.
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Fig. 4. Vertical distribution of HCI monthly mean from April to September.

In June and September, an increase in HCI values is observed up to an altitude of 1100 m, then a
decrease. In July and August, HCI values grow to an altitude of 1400-1500 m with a further decrease (Fig.
4).
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Fig. 5. Vertical distribution of HCI monthly mean and half-year values.
In the warm half of the year, there is a slight increase in the average HCI values up to an altitude of

1100-1200 m with a further decrease in their values. In the cold half of the year and on average over the year,
the HCI values grow to an altitude of 1100-1200 m, and then they decrease (Fig. 5).

3. Comparison of TCIl and HCI in Goderdzi, Khulo and Mestia in 1961-2010.

Comparison of TCI and HCI values are provided in many investigations [21-25]. In Georgia the
analogous study was conducted for Thilisi [26] and Kakheti region [27], in Russia — for some North
Caucasus locations [28].
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Comparison of TCI and HCI at three location of Georgia (Goderdzi, Khulo and Mestia) in 1961-
2010 is provided below (Fig. 6-9, Table 8).

90

TCI, HCI

Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec Year Cold Warm
—&— God, TCI 19 22 30 40 47 52 60 63 53 41 31 21 40 27 52
—i— God, HCI 47 49 54 58 62 65 72 74 68 60 53 50 59 52 67
~—&— Khu, TCI 31 36 44 58 74 7 78 75 75 59 45 32 57 41 73
—a&— Khu, HCI 56 58 64 72 84 86 82 81 86 72 61 56 71 61 82
—— Mest, TCI 32 37 43 50 67 75 76 76 75 56 41 31 55 40 70
—#— Mest, HCI 56 59 60 66 77 83 82 83 85 72 61 57 70 61 79

Fig. 6. Monthly and seasonal values of HCI and TCI in Goderdzi, Khulo and Mestia.
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Fig. 7. Correlation and regression between monthly values of HCI and TCI in Goderdzi.
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Fig. 8. Correlation and regression between monthly values of HCI and TCI in Khulo.
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Fig. 9. Linear correlation and regression between HCI and TCI in Mestia.

Table 8. Categories of HCI and TCI monthly mean and seasonal values in Goderdzi, Khulo and Mestia.

Location Goderdzi Khulo Mestia
Month/Season TCI HCI TCI HCI TCI TCI
Jan Ext_Unf. Marg. Unf. Accept. unf. Accept.
Feb V_Unf. Marg. Unf. Accept. unf. Accept.
Mar unf. Accept. Marg. Good Marg. Good
Apr Marg. Accept. Accept. V_Good Accept. Good
May Marg. Good V_Good Excell. Good V_Good
Jun Accept. Good V_Good Excell. V_Good Excell.
Jul Good V_ Good V_Good Excell. V_Good Excell.
Aug Good V_ Good V_Good Excell. V_Good Excell.
Sep Accept. Good V_Good Excell. V_Good Excell.
Oct Marg. Good Accept. V_Good Accept. V_Good
Nov unf. Accept. Marg. Good Marg. Good
Dec V_Unf. Accept. Unf. Accept. Unf. Accept.
Year Marg. Accept. Accept. V_Good Accept. V_Good
Cold V_Unf. Accept. Marg. Good Marg. Good
Warm Accept. Good V_Good Excell. V_Good V_Good

In Fig. 6 the HCI and TCI monthly mean and seasonal values of in these locations are presented.

The comparison of the values and categories of the Tourism Climate Index and Holiday Climate
Index (Fig. 6, Table 8) shows that the intra-annual distributions of both indices in Goderdzi and Mestia is
similar and has a unimodal and flat unimodal forms respectively. In Khulo, this distribution is flat unimodal,
for TCI and bimodal for HCI.

The relationship between monthly HCI and TCI values in Goderdzi and Khulo has a second order
polynomial form (Figures 7 and 8). In Khulo, this connection is linear (Fig. 9).

Comparison of TCI and HCI categories shows, that in cold months, season and year HCI categories
on 0-3 step higher than TCI categories (Table 8).

Difference on 3 step in the following cases are observed: TCI_ Ext_Unf. — HCI_Marg., in January
(Goderdzi); TCI_V_Unf. — HCI_ Accept., in December and cold season (Goderdzi).

Difference on 2 step: TCI_ V_Unf. — HCI_Marg., in February (Goderdzi); TCI Unf. — HCI
Accept., in January, February and December (Khulo, Mestia); in March and November (Goderdzi);
TCIl_Marg. — HCI Good, in March (Khulo, Mestia); in May and October (Goderdzi); in November and
cold season (Khulo, Mestia); TCI_ Accept. — HCI_V_Good, in April, October and mean annual (Khulo,
Mestia)
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Difference on 1 step: TCI Marg. — HCI_ Accept., in April and mean annual (Goderdzi); TCI
Accept. — HCI_Good, in June, September and warm season (Goderdzi); TCI  Good—HCI_V_Good, in
May (Mestia), in July and August (Goderdzi); TCI_V_Good— HCI_ Excell., in May (Khulo), from June to
September (Khulo, Mestia), warm season (Khulo).

The same category ”Very Good” for TCI and HCI only in warm season mean in Mestia is observed.

So the valuee and categories of TCI is lower than the HCI ones. In general, on our opinions, at least
in Georgia HCI more adequately determines the bioclimatic state of the environment for the development of
certain types of tourism (mountain tourism, winter tourism, extreme tourism, etc.) than TCI.

4. Changeability of HCI in the Mountainous Regions of Georgia in 1956-2015.

Data on changeability of HCI and its category are presented in Fig. 10-11, Tables 9-11 and Annexes
7-8at the 13 mountainous regions of Georgia in 1956-2015.
On Fig. 10 the information about difference between HCI monthly mean and seasonal values in

1986-2015 and 1956-1985 (AHCI) in 13 locations of Georgia are presented.

6
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6 Bakh Bak Borj God Gud Kha Khu Lent Mest Pas Sho  Step Tian
m Jan -4.0 -3.4 -4.0 -2.4
m Feb 2.1

Mar 14 2.8 2.8 1.8 3.3
= Apr 3.2 4.4 2.6

May 2.9 34 -1.6 -2.9 4.3 3.6
Jun 5.7 -2.9 3.1 -3.9 -5.7 2.1
mJul -3.4 4.4 -3.2 -3.0 -4.2 -3.3 -2.6 -1.8 4.2 -2.9
u Aug 3.3 -4.8 35 -3.8 -3.6 -3.5 -3.7 -4.1 -4.0 35 -4.6
m Sep 6.0 5.3 45 35 55 35
m Oct -4.9
mNov 3.7 -26
m Dec -3.1 -2.9 -15
Year 16 1.7 -1.6 -1.3 -2.7 -2.0 0.7 15 0.7
Cold -1.4 24 23 0.9
Warm 3.1 -1.4 35 -2.4 -1.4 -3.0 -1.6 25

Fig. 10. Difference between HCI monthly mean and seasonal values in 1986-2015 and 1956-1985 in 13
locations of Georgia.

For individual locations, significant values of AHCI and their tendencies (o < 0.15) are observed in
the following months and seasons of the year.

Bakhmaro - increase in August. Bakuriani - increase in March, May, June, September, for mean
annual and warm season mean. Borjomi - increase in March and April, decrease from June to August and for
warm season mean. Goderdzi — decrease in January and for cold season mean. Gudauri — increase from May
to September and for mean annual and warm season mean. Khaishi - decrease from May to August, in
December and for mean annual and warm season mean. Khulo — decrease in January, July, August, for mean
annual and warm season mean. Lentekhi — decrease from May to August, in October, November and for
mean annual, cold and warm seasons mean. Mestia - decrease in January, July, August, November,
December and for mean annual, cold and warm seasons mean. Pasanauri - increase from February to April,
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in September and for mean annual; decrease in July and August. Shovi - decrease in January, July and
August; increase in April May and September. Stepantsminda — increase in March, from June to September
and for mean annual and warm season mean; Tianeti - increase in March, May, September and for for mean
annual and cold season mean; decrease in July, August and December.

In Tables 9 and 10 data on the coefficients of the linear trend (o for R < 0.15) of monthly and

seasonal HCI values for 13 points of Georgia in 1956-2015 are presented.

Table 9. Coefficients of the linear trend of monthly and seasonal HCI values for 13 points of Georgia in
1956-2015 (October-March, average for the year, average in the cold half-year). HCl=a-X+b, (X — year).

Location | Parameter Jan Feb Mar Oct Nov Dec Year Cold

Bakh a
Bakh b

Bak a 0.0546 0.0474

Bak b -49.0 -25.0

Borj a 0.1029 0.0812 0.0425
Borj b -139.6 -83.0 -19.4
God a

God b

Gud a 0.0867 0.0636

Gud b -116.5 -63.9

Kha a -0.0273

Kha b 125.9

Khu a -0.1295 -0.0478

Khu b 328.6 166.0

Lent a -0.1314 -0.0669 -0.0409
Lent b 335.0 2015 141.6
Mest a -0.0846 -0.0446 -0.0487 -0.0508
Mest b 224.1 146.1 166.9 161.7
Pas a 0.0851 0.091 0.0244 0.0383
Pas b -107.1 -116.6 245 -10.5
Sho a

Sho b

Step a 0.0485 0.0366

Step b -34.7 -2.9

Tian a 0.0803 0.0275
Tian b -96.2 10.8

Table 10. Coefficients of the linear trend of monthly and seasonal HCI values for 13 points of Georgia in

1956-2015 (April-September, average in the warm half-year). HCl=a-X+b, (X — year).

Location Parameter Apr May Jun Jul Aug Sep Warm

Bakh a 0.089
Bakh b -100.2

Bak a 0.0785 0.1868 0.1847 0.0815
Bak b -87.0 -293.1 -286.8 -85.3
Borj a 0.0911 -0.1033 -0.1303 -0.1522 -0.0495 -0.0527
Borj b -107.3 287.8 335.4 379.0 184.4 184.4
God a

God b

Gud a 0.1058 0.1155 0.1178 0.1119 0.1372 0.0978
Gud b -152.4 -164.0 -159.9 -146.9 -201.8 -127.9
Kha a -0.1194 -0.0769 -0.0828 -0.0616
Kha b 317.7 231.3 242.9 203.2
Khu a -0.0954 -0.0995 -0.054
Khu b 2716 278.5 188.5
Lent a -0.0627 -0.1671 -0.1291 -0.1097 -0.0928
Lent b 206.8 4104 330.2 291.4 261.4
Mest a -0.0958 -0.12 -0.0467
Mest b 272.9 321.8 172.1
Pas a 0.0965 -0.0844 -0.1006 0.1205

Pas b -122.6 248.6 282.2 -152.1

Sho a 0.0732 0.1916 -0.1178 -0.1628 0.0947

Sho b -82.2 -308.5 316.9 407.2 -108.1

Step a 0.0994 0.0896 0.1542 0.0542
Step b -114.8 -03.8 -227.7 -32.7
Tian a 0.0905 -0.1355 -0.1571 0.0912

Tian b -102.2 351.5 395.8 -94.0
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Fig. 11. Example of linear trend of HCI monthly values in Bakuriani (September) and Lentekhi (June) in
1956-2015
Example of linear trend of HCI monthly values in Bakuriani (September) and Lentekhi (June) in
1956-2015 is presented on Fig 11.
In Table 11 data about changeability of monthly mean and seasonal HCI categories in some research
locations in 1986-2015 compared with 1956-1985 are presented.

Table 11. Changeability of monthly mean and seasonal HCI categories in some investigation locations in
1986-2015 compared with 1956-1985.

HCI HCI HCI HCI
Location Month Category, | Category, | Location Month Category, | Category,
1956-1985 | 1986-2015 1956-1985 | 1986-2015
Bakh Sep Good V_Good Khu Nov Good Accept.
Bak Mar Accept. Good Lent Apr V_Good Good
Bak May Good V_Good Lent Jun Excell. V_Good
Bak Jun V_Good Excell. Lent Nov Good Accept.
Bak Sep V_Good Excell. Lent Cold Good Accept.
Bak Oct V_Good Good Lent Year V_Good Good
Bak Year Good V_Good Mest Mar Good Accept.
Borj Warm Excell. V_Good Mest Year V_Good Good
God Dec Accept. Marg. Mest Warm Excell. V_Good
Gud Sep Good V_Good Pas Apr Good V_Good
Kha Jun Excell. V_Good Sho Sep V_Good Excell.
Kha Jul Excell. V_Good Step Sep V_Good Excell.
Kha Aug Excell. V_Good Step Year Good V_Good
Khu Aug Excell. V_Good Tian Apr Good V_Good

As follows from Table 11, changes in HCI categories occur only by one step downward or an
improvement in its rating. However, these changes do not fall outside the 99% confidence interval of mean
HCI values (Annexes 4-6).

In Annex 7 information about repetition (%) of monthly values of HCI categories at 13 locations of
Georgia in 1956-1985, 1956-2015 and 1986-2015 are presented. In Annex 8 data about number of days in
year of various categories of HCI at 13 locations of Georgia in 1956-1985, 1956-2015 and 1986-2015 are
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presented. As follows from Table 11 and Annexes 7-8 changeability of monthly values of HCI categories
and number of days per year of various categories of HCI for separated locations is as follows.
Bakhmaro

In the period from 1956 to 2015 the highest repeatability of HCI values was in the “Good” category
(29.7% of cases), the lowest - in the “Ideal” category (0.8% of cases). In the second period, compared to the
first in Bakhmaro, there was an increase in the HCI category by one notch in September (“Good” — “Very
Good”).

Repeatability of HCI category “Very Unfavorable” did not change - 1.1% of cases (respectively, 4
days a year), category “Unfavorable” increased from 2.5% to 4.2% of cases (respectively, 9 and 15 days a
year), category ‘“Marginal” decreased from 10.0% to 8.6% of cases (37 and 31 days a year, respectively),
category “Acceptable” decreased from 29.7% to 28.1% of cases (109 and 102 days a year, respectively),
category “Good” increased from 29.4% to 30.0% of cases (108 and 110 days, respectively) per year),
category “Very Good” decreased from 22.5% to 19.2% of cases (82 and 70 days per year, respectively),
category “Excellent” increased from 4.2% to 7.8% of cases (15 and 28 days per year, respectively), category
“Ideal “grew from 0.6% to 1.1% of cases (2 and 4 days a year, respectively).
Bakuriani

In the period from 1956 to 2015 the highest repeatability of HCI values was in the “Good” category
(34.3% of cases), the lowest - in the “Marginal” category (0.8% of cases). In the second period of time,
compared to the first in Bakuriani, climate change led to an increase in HCI categories by one level in March
(“Acceptable” — “Good”), May and on average per year (“Good” — “Very Good”), June and September
(“Very Good” — “Excellent”), decreasing by one notch - in October (“Very Good” — “Good”).

Repeatability of HCI category ‘“Marginal” decreased from 1.1% to 0.6% of cases (4 and 2 days per
year, respectively), category “Acceptable” remained practically unchanged ~23.2% of cases (respectively, 85
days per year), category “Good” decreased from 35.6% to 33.1% of cases (respectively 130 and 121 days a
year), category “Very Good” decreased from 21.7% to 17.2% (respectively 79 and 63 days a year), category
“Excellent” increased from 15.8% to 21.4% of cases (respectively 58 and 78 days a year), the “Ideal”
category increased from 2.8% to 4.4% of cases (10 and 16 days a year, respectively).
Borjomi

Over the entire observation period, the highest repeatability of HCI values was in the “Good”
category (31.0% of cases), the lowest - in the “Marginal” category (0.1% of cases). In the second period of
time, compared to the first in Borjomi, climate change led to an increase in the HCI category by one level
only in the warm half of the year (“Excellent” — “Very Good”).

The repeatability of the HCI category “Marginal” decreased from 0.3% to 0.0% of cases(respectively
1 and 0 days a year), category “Acceptable” increased from 11.4% to 13.3% of cases(respectively 42 and 49
days a year), category “Good” decreased from 32.8% to 29.2% of cases (respectively 120 and 107 days a
year), the “Very Good” category increased from 23.9% to 32.2% of cases (87 and 118 days a year,
respectively), the “Excellent” category decreased from 29.7% to 21.9% of cases ( 109 and 80 days a year
respectively), category “Ideal” increased from 1.9% to 3.3% of cases (7 and 12 days a year, respectively).
Goderdzi

In the period from 1956 to 2015 the highest repeatability of HCI values was in the “Acceptable”
category (38.2% of cases), the lowest - in the “Ideal” category (0.3% of cases). In the second time period,
compared to the first in Goderdzi, climate change led to a decrease in HCI categories by one level only in
December (“Acceptable” — “Marginal”).

The repeatability of HCI category “Very Unfavorable” increased from 0.8% to 1.9% of cases (3 and
7 days per year, respectively), category “Unfavorable” increased from 2.2% to 2.8% of cases (respectively, 8
and 10 days a year), category “Marginal” increased from 11.7% to 12.8% of cases (43 and 47 days a year,
respectively), the “Acceptable” category decreased from 39.4% to 37.2% of cases (144 and 136 days a year,
respectively), the “Good” category decreased from 30.3% to 27.8% of cases (respectively 111 and 101 days
a year), the “Very Good” category decreased from 12.2% to 11.1% of cases (45 and 41 days a year,
respectively), the “Excellent” category increased from 3.3% to 5.8% of cases (12 and 21 days a year,
respectively. ), the “Ideal” category increased from 0.0% to 0.6% of cases (0 and 2 days a year, respectively).
Gudauri

Over the entire observation period, the highest repeatability of HCI values was in the “Good”
category (35.8% of cases), the lowest - in the “Ideal” category (0.1% of cases). In the second period of time,
compared to the first in Gudauri, climate change led to an increase in HCI categories by one level only in
September (“Good” — “Very Good”).
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The repeatability of the HCI category “Very Unfavorable” did not change - 0.3% of cases
(respectively, 1 day per year), category “Unfavorable” decreased from 1.9% to 0.8% of cases (respectively, 7
and 3 days a year), category “Marginal” increased from 6.9% to 8.6% of cases (25 and 31 days per year,
respectively), the “Acceptable” category decreased from 33.3% to 27.8% of cases (122 and 101 days a year,
respectively), category “Good” decreased from 37.2% to 34.4% of cases (136 and 126 days per year),
category “Very Good” increased from 16.9% to 20.0% of cases (respectively 62 and 73 days per year),
category “Excellent” increased from 3.3% to 7.8% of cases (respectively 12 and 28 days per year), category
“Ideal” increased from 0.0% to 0.3% of cases (0 and 1 day per year, respectively).

Khaishi

In the period from 1956 to 2015 the highest repeatability of HCI values was in the “Excellent”
category (29.3% of cases), the lowest - in the “Very Unfavorable” category (0.1% of cases). In the second
period compared to the first in Khaishi, climate change led to a decrease in the HCI category by one notch
only in the summer months, from June to August (“Excellent” — “Very Good”).

The repeatability of the HCI category “Very Unfavorable” increased from 0.0% to 0.3% of cases (0
and 1 day per year, respectively), category “Unfavorable” decreased from 1.1% to 0.6% of cases
(respectively, 4 and 2 days per year), category “Marginal” decreased from 4.2% to 3.1% of cases (15 and 11
days a year, respectively), the ”Acceptable” category increased from 8.9% to 18.3% of cases (32 and 67 days
a year, respectively), the “Good ” category decreased from 27.5% to 22.5% of cases (100 and 82 days a
year), the “Very Good” category increased from 22.8% to 24.7% of cases (83 and 90 days a year,
respectively), the “Excellent” category decreased from 30.8% to 27.8% of cases (113 and 101 days a year,
respectively) , category “Ideal” decreased from 4.7% to 2.8% of cases (17 and 10 days per year,
respectively).

Khulo

In the period from 1956 to 2015 the highest repeatability of HCI values was in the “Excellent”
category (32.1% of cases), the lowest - in the “Very Unfavorable” category (0.3% of cases). In the second
time period compared to the first in Khulo, climate change led to a decrease in the HCI category by one
notch in August (“Excellent” — “Very Good”) and November (“Good” — “Acceptable”).

The repeatability of HCI category “Very Unfavorable” did not change - 0.3% of cases (respectively,
1 day per year), category “Unfavorable” increased from 1.4% to 2.5% of cases (respectively, 5 and 9 days
per year), category “Marginal” increased from 5.3% to 6.9% of cases (19 and 25 days a year, respectively),
the “Acceptable” category decreased from 13.6% to 11.1% of cases (50 and 41 days a year, respectively), the
“Good” category increased from 23.6% to 25.0% of cases (86 and 91 days per year respectively), category
“Very Good” increased from 17.5% to 19.7% of cases (respectively 64 and 72 days a year), the category
“Excellent* decreased from 34.7% to 29.4% of cases (respectively 127 and 108 days a year), the category “
Ideal “grew from 3.6% to 5.0% of cases (13 and 18 days a year, respectively).

Lentekhi

Over the entire observation period, the highest repeatability of HCI values was in the “Very Good”
category (26.5% of cases), the lowest - in the “Very Unfavorable” category (0.1% of cases). In the second
period of time, compared to the first in Lentekhi, climate change led to a decrease in the HCI category by
one level in April and on average per year (“Very Good” — “Good”), June (“Excellent” — “Very Good”),
November and in the cold half of the year ("Good” — “Acceptable”).

The repeatability of the HCI category “Very Unfavorable” increased from 0.0% to 0.3% of cases (0
and 1 day per year, respectively), category “Unfavorable” decreased from 1.9% to 0.8% of cases
(respectively, 7 and 3 days per year), category “Marginal” did not changed - 4.4% of cases (16 days a year,
respectively), the “Acceptable” category increased from 13.3% to 26.1% of cases (49 and 95 days a year,
respectively), the “Good” category decreased from 26.9% to 22.2% of cases (98 and 81 days, respectively
per year), category “Very Good” increased from 25.8% to 27.2% of cases (respectively, 94 and 99 days per
year), category “Excellent” decreased from 25.8% to 18.6% of cases (respectively, 94 and 68 days per year),
category ““ Ideal “decreased from 1.7% to 0.3% of cases (6 and 1 days per year, respectively).

Mestia

In the period from 1956 to 2015 the highest repeatability of HCI values was in the “Excellent”
category (29.3% of cases), the lowest - in the “Unfavorable” category (0.1% of cases). In the second period
of time compared to the first in Mestia, climate change led to a decrease in the HCI category by one level in
March (“Good” — “Acceptable”), on average per year (“Very Good” — “Good”) and in the warm half of
the year (“Excellent” — “Very Good).

107



The repeatability of the HCI category “Unfavorable” increased from 0.0% to 0.3% of cases (0 and 1
day per year, respectively), category “Marginal” increased from 0.6% to 1.4% of cases (respectively, 2 and 5
days per year), category “Acceptable” increased from 21.7% to 30.0% of cases (79 and 110 days a year,
respectively), the “Good” category decreased from 29.4% to 19.7% of cases (108 and 72 days a year,
respectively), the “Very Good” category increased from 13.9% to 19.2% of cases (respectively 51 and 70
days a year), the “Excellent” category decreased from 30.3% to 28.3% of cases (111 and 103 days a year,
respectively), the “Ideal” category decreased from 4.2% to 1.1% of cases (15 and 4 days per year,
respectively).

Pasanauri

In the period from 1956 to 2015 the highest repeatability of HCI values was in the “Good” category
(36.9% of cases), the lowest - in the “Marginal” category (0.7% of cases). In the second time period
compared to the first in Pasanauri, climate change led to an increase in the HCI category by one notch only
in April (“Good” — “Very Good”).

The repeatability of the HCI “Marginal” category decreased from 0.8% to 0.6% of cases (3 and 2
days per year, respectively), the “Acceptable” category decreased from 8.9% to 6.4% of cases (32 and 23
days per year, respectively), the “Good” category did not change - 36.9% of cases (135 days a year),
category “Very Good” increased from 17.2% to 23.6% of cases (respectively 63 and 86 days a year),
category “Excellent” decreased from 31.4% to 25.3% of cases (respectively 115 and 92 days a year), the
“Ideal” category increased from 4.7% to 7.2% of cases (17 and 26 days a year, respectively).

Shovi

Over the entire observation period, the highest repeatability of HCI values was in the “Acceptable”
category (27.1% of cases), the lowest - in the “Very Unfavorable” and “Unfavorable” categories (0.1% of
cases). In the second period of time, compared to the first in Shovi, climate change led to an increase in the
HCI category by one notch only in September (“Very Good” — “Excellent”).

The repeatability of HCI categories “Very Unfavorable” and “Unfavorable” increased from 0.0% to
0.3% of cases (0 and 1 day per year, respectively), category ‘“Marginal” decreased from 2.8% to 1.7% of
cases (10 and 6 days per year, respectively), category “Acceptable” increased from 24.2% to 30.0% of cases
(respectively 88 and 110 days a year), category “Good” decreased from 31.4% to 22.5% of cases
(respectively 115 and 82 days a year), category “Very Good” increased from 16.1 % to 18.3% of cases (59
and 67 days a year, respectively), the “Excellent” category increased from 23.3% to 26.7% of cases (85 and
97 days a year, respectively), the “Ideal” category decreased from 2.2% to 0.3% of cases (respectively 8 and
1 days a year).

Stepantsminda

In the period from 1956 to 2015 the highest repeatability of HCI values was in the “Good” category
(48.2% of cases), the lowest - in the “Marginal” category (0.3% of cases). In the second period of time, as
compared to the first in Stepantsminda, climate change led to an increase in the HCI category by one notch
in September (“Very Good” — “Excellent”) and for the whole year (“Good” — “Very Good”).

The repeatability of the HCI category ‘“Marginal” decreased from 0.6% to 0.0% of cases
(respectively 2 and 0 days per year), category “Acceptable” increased from 9.2% to 10.3% of cases
(respectively, 33 and 38 days per year), category “Good” decreased from 50.6% to 45.8% of cases (185 and
167 days a year, respectively), the “Very Good” category decreased from 24.4% to 23.1% of cases (89 and
84 days a year, respectively), the “Excellent” category increased from 12.8% to 16.4% of cases ( 47 and 60
days a year, respectively), the “Ideal” category increased from 2.5% to 4.4% of cases (9 and 16 days a year,
respectively).

Tianeti

In the period from 1956 to 2015 the highest repeatability of HCI values was in the “Good” category
(34.3% of cases), the lowest - in the “Ideal” category (5.8% of cases). In the second time period compared to
the first in Tianeti, climate change led to an increase in HCI categories by one notch in April (“Good” —
“Very Good”).

The repeatability of the HCI category “Acceptable” decreased from 11.7% to 8.6% of cases (43 and
31 days per year, respectively), category “Good” practically did not change - = 34.3 of cases (respectively,
125 days per year), category “Very Good” increased from 19.7 % to 24.4% of cases (72 and 89 days a year,
respectively), the “Excellent” category decreased from 29.2% to 26.1% of cases (107 and 95 days a year,
respectively), the “Ideal” category increased from 5.0% to 6.7% of cases(18 and 24 days a year).

In 1956-1985, 1956-2015 and 1986-2015, the number of days in the range of HCI categories
“Marginal” - “Ideal” for the studied locations, respectively, is the following: Bakhmaro (352-349-346),
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Goderdzi (354-351-348), Gudauri (357-359-361), Khaishi (361-362-362), Khulo (359-357-355), Lentekhi
(358-360-361), Mestia (365-365-364), Shovi (365-345- 363); Bakuriani, Borjomi, Pasanauri, Stepantsminda
and Tianeti (for all three time periods - by 365 days).

5. Expected Changes of HCI by 2041-2070 and 2071-2100 on the Example of Mestia.

Data about expected changes of HCI and its categories by 2041-2070 and 2071-2100 in Mestia

according [33] in Fig. 12 and Table 12 are presented.

——1986-2015 —#—2041-2070

2071-2100

90

80
_ 75 \ /
© 70
* 65 /\\://

60 ™~ y

55 o v

50 Jan  Feb Mar Apr May Jun Aug Sep Oct Nov Dec Year Cold Warm
——1986-2015 54 58 59 67 77 82 82 8 71 60 56 69 79
—=—2041-2070 59 59 63 65 84 86 77 8 8 60 57 72 80

2071-2100 59 59 64 69 84 77 73 8 8 64 57 71 76

Fig. 12. Average monthly, annual and seasonal values of HCI in Mestia (1986-2015, 2041-2070 and
2071-2100) [33].

Table 12. Average monthly, average annual and seasonal values of HCI category in Mestia (1986-2015,

2041-2070 and 2071-2100) [33].

Month / Period 99% Low 99% Upp 1986-2015 2041-2070 2071-2100
January Accept. Accept. Acceptable Acceptable Acceptable
February Accept. Good Acceptable Acceptable Acceptable

March Accept. Good Acceptable Good Good
April Good Good Good Good Good
May V_Good V_Good Very Good Excellent Excellent
June Excell. Excell. Excellent Excellent Very Good
July Excell. Excell. Excellent Very Good Very Good
August Excell. Excell. Excellent Very Good Very Good
September Excell. Excell. Excellent Excellent Excellent
October Good V_Good Very Good Excellent Excellent
November Accept. Good Good Good Good
December Accept. Accept. Acceptable Acceptable Acceptable
Year Good V_Good Good Very Good Very Good
Cold period Good Good Good Good Good
Warm period V_Good Excell. Very Good Excellent Very Good

A significant change in HCI values and their categories in 2041-2070 and 2071-2100 compared to
the 99% confidence interval of the average HCI values in 1956-2015 is expected in May and October (an
increase in HCI values and a corresponding improvement in its category by one level, “Very Good” —
“Excellent”), as well as in July and August (a decrease in HCI values and a corresponding deterioration in its
category by one notch, “Excellent” — “Very Good”). In June 2071-2100, the HCI category will deteriorate
by one notch, “Excellent” — “Very Good” (Fig. 12, Table 12).

Thus, in Mestia, at least until 2100, it is expected to maintain favorable bioclimatic conditions for
tourism.
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Annexes

Annex 1. Min and Max values of HCI at 13 locations of Georgia in different months and season in 1956-2015.

Parameter Jan Feb Mar | Apr May | Jun Jul Aug Sep Oct Nov Dec Year | Cold | Warm
Bakh_Min 21 22 31 45 45 55 51 59 46 34 29 28 55 44 60
Bakh_Max 67 65 63 73 77 83 91 91 91 79 73 65 68 63 77
Bak_Min 50 48 54 49 46 62 70 70 66 60 47 52 65 57 69
Bak_Max 68 66 65 75 85 91 91 95 95 88 78 70 73 66 83
Borj_Min 55 48 56 60 68 70 68 60 78 64 56 52 68 59 74
Borj_Max 69 73 77 89 93 89 87 87 95 98 78 69 75 71 84
God_Min 20 22 37 43 48 52 50 52 48 46 28 21 54 44 59
God_Max 59 58 60 66 74 82 86 92 89 81 67 60 65 60 72
Gud_Min 26 26 30 30 38 46 42 56 55 42 38 34 56 43 57
Gud_Max 72 66 65 68 71 84 98 89 83 79 76 71 69 65 77
Kha_Min 26 47 45 54 72 62 61 69 65 54 42 30 64 55 70
Kha_Max 65 74 75 89 95 91 87 87 97 100 75 66 78 73 86
Khu_Min 30 28 39 44 66 78 66 68 61 42 36 30 63 50 74
Khu_Max 69 71 73 89 95 95 92 95 93 97 82 70 77 72 86
Lent_Min 28 36 32 48 70 63 59 59 71 57 38 34 62 52 71
Lent_Max 68 70 73 89 91 87 85 83 93 95 75 68 74 70 83
Mest_Min 34 45 45 51 66 59 69 74 68 53 49 51 64 55 73
Mest_Max 70 66 68 81 89 93 91 91 95 95 75 66 74 68 85
Pas_Min 45 45 49 44 57 69 62 71 73 65 58 49 68 58 76
Pas_Max 72 72 74 89 93 93 91 91 95 94 80 72 7 70 86
Sho_Min 28 43 43 49 53 61 71 72 62 48 43 36 63 52 72
Sho_Max 70 68 67 83 87 89 91 91 95 91 75 69 72 69 82
Step_Min 55 49 54 49 59 65 63 63 66 61 57 55 65 60 69
Step_Max 72 70 70 74 79 87 95 96 100 84 80 74 74 68 81
Tian_Min 53 54 54 53 57 68 72 69 73 59 54 56 69 60 7
Tian_Max 72 72 76 89 91 94 91 91 95 92 82 76 7 70 86

Annex 2. Categories of HCI Min and Max values at 13 locations of Georgia in cold period in 1956-2015.

Parameter Jan Feb Mar Oct Nov Dec Year Cold
Bakh_Min V_Unf. V_Unf. unf. unf. V_Unf. V_Unf. Accept. Marg.
Bakh_Max Good Good Good V_Good V_Good Good Good Good
Bak_Min Accept. Marg. Accept. Good Marg. Accept. Good Accept.
Bak_Max Good Good Good Excell. V_Good V_Good V_Good Good
Borj_Min Accept. Marg. Accept. Good Accept. Accept. Good Accept.
Borj_Max Good V_Good V_Good Ideal V_Good Good V_Good V_Good
God_Min V_Unf. V_Unf. unf. Marg. V_Unf. V_Unf. Accept. Marg.
God_Max Accept. Accept. Good Excell. Good Good Good Good
Gud_Min V_Unf. V_Unf. Unf. Marg. Unf. Unf. Accept. Marg.
Gud_Max V_Good Good Good V_Good V_Good V_Good Good Good
Kha_Min V_Unf. Marg. Marg. Accept. Marg. Unf. Good Accept.
Kha_Max Good V_Good V_Good Ideal V_Good Good V_Good V_Good
Khu_Min Unf. V_Unf. unf. Marg. unf. Unf. Good Accept.
Khu_Max Good V_Good V_Good Ideal Excell. V_Good V_Good V_Good
Lent_Min V_Unf. Unf. Unf. Accept. unf. Unf. Good Accept.
Lent_Max Good V_Good V_Good Ideal V_Good Good V_Good V_Good
Mest_Min unf. Marg. Marg. Accept. Marg. Accept. Good Accept.
Mest_Max V_Good Good Good Ideal V_Good Good V_Good Good
Pas_Min Marg. Marg. Marg. Good Accept. Marg. Good Accept.
Pas_Max V_Good V_Good V_Good Ideal Excell. V_Good V_Good V_Good
Sho_Min V_Unf. Marg. Marg. Marg. Marg. Unf. Good Accept.
Sho_Max V_Good Good Good Ideal V_Good Good V_Good Good
Step_Min Accept. Marg. Accept. Good Accept. Accept. Good Good
Step_Max V_Good V_Good V_Good Excell. Excell. V_Good V_Good Good
Tian_Min Accept. Accept. Accept. Accept. Accept. Accept. Good Good
Tian_Max V_Good V_Good V_Good Ideal Excell. V_Good V_Good V_Good
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Annex 3. Category of HCI Min and Max values at 13 locations of Georgia in warm period in 1956-2015.

Parameter Apr May Jun Jul Aug Sep Warm
Bakh_Min Marg. Marg. Accept. Accept. Accept. Marg. Good
Bakh_Max V_Good V_Good Excell. Ideal Ideal Ideal V_Good
Bak_Min Marg. Marg. Good V_Good V_Good Good Good
Bak_Max V_Good Excell. Ideal Ideal Ideal Ideal Excell.
Borj_Min Good Good V_Good Good Good V_Good V_Good
Borj_Max Excell. Ideal Excell. Excell. Excell. Ideal Excell.
God_Min Marg. Marg. Accept. Accept. Accept. Marg. Accept.
God_Max Good V_Good Excell. Excell. Ideal Excell. V_Good
Gud_Min Unf. Unf. Marg. Marg. Accept. Accept. Accept.
Gud_Max Good V_Good Excell. Ideal Excell. Excell. V_Good
Kha_Min Accept. V_Good Good Good Good Good V_Good
Kha_Max Excell. Ideal Ideal Excell. Excell. Ideal Excell.
Khu_Min Marg. Good V_Good Good Good Good V_Good
Khu_Max Excell. Ideal Ideal Ideal Ideal Ideal Excell.
Lent_Min Marg. V_Good Good Accept. Accept. V_Good V_Good
Lent_Max Excell. Ideal Excell. Excell. Excell. Ideal Excell.
Mest_Min Accept. Good Accept. Good V_Good Good V_Good
Mest_Max Excell. Excell. Ideal Ideal Ideal Ideal Excell.
Pas_Min Marg. Accept. Good Good V_Good V_Good V_Good
Pas_Max Excell. Ideal Ideal Ideal Ideal Ideal Excell.
Sho_Min Marg. Accept. Good V_Good V_Good Good V_Good
Sho_Max Excell. Excell. Excell. Ideal Ideal Ideal Excell.
Step_Min Marg. Accept. Good Good Good Good Good
Step_Max V_Good V_Good Excell. Ideal Ideal Ideal Excell.
Tian_Min Accept. Accept. Good V_Good Good V_Good V_Good
Tian_Max Excell. Ideal Ideal Ideal Ideal Ideal Excell.

Annex 4. Low and Upper levels of 99% confidence interval of HCI mean values at 13 locations of Georgia

in 1956-2015.

Parmeter Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Year | Cold | Warm
Bakh 99% Low | 48 | 49 54 60 65 66 | 74 | 74 66 | 57 49 49 61 53 69
Bakh_99% Upp | 55 | 56 58 63 68 70 [ 79 79 72 | 64 57 54 63 56 71
Bak 99% Low 57 | 57 58 62 67 76 | 82 | 84 77 | 68 62 59 69 61 76
Bak _99% Upp 60 | 60 60 65 71 80 | 8 | 87 83 | 71 66 61 70 62 78
Borj_ 99% Low | 59 | 60 63 71 81 81 | 75 | 75 85 | 76 64 59 72 64 79
Borj_99% Upp 61 | 63 66 76 85 84 | 78 | 79 88 | 80 68 61 73 66 81
God_99% Low | 44 | 46 52 56 60 63 | 69 | 71 65 | 58 50 47 58 51 65
God_99% Upp 50 | 51 55 59 64 67 | 75 | 77 70 | 63 56 52 60 53 67
Gud_99% Low | 55 | 53 53 52 55 63 | 71 | 72 68 | 63 58 56 61 57 65
Gud_99%_Upp 60 | 58 58 57 60 68 | 77 | 79 73 | 67 63 61 63 60 68
Kha_99% Low 54 | 59 64 72 85 79 |77 |7 84 | 73 59 53 71 62 80
Kha_99%_Upp 59 | 63 68 78 88 83 | 80 | 80 88 | 79 65 58 73 64 82
Khu 99% Low | 53 | 54 61 69 81 85 | 81 | 79 83 | 68 56 53 70 59 81
Khu_99% Upp 59 | 60 65 74 85 87 | 84 | 83 87 | 75 64 59 72 62 82
Lent 99% Low | 53 | 54 59 67 81 77 | 72| 72 83 | 71 58 52 68 59 76
Lent 99% Upp | 58 | 59 63 73 84 81 | 76 | 75 86 | 77 64 57 70 62 78
Mest 99% Low | 54 | 57 58 65 75 81 | 81 | 82 82 | 69 59 56 69 60 79
Mest 99% Upp | 58 | 60 61 68 79 85 | 84 | 85 86 | 75 63 59 71 62 80
Pas_99% Low 61 | 60 62 66 75 82 | 79 | 81 8 | 73 66 61 72 65 79
Pas_99%_Upp 64 | 63 66 72 80 86 | 83 | 84 89 | 77 69 64 73 66 81
Sho_99%_Low 55 | 56 57 61 69 77 | 81 | 82 78 | 67 59 56 68 59 76
Sho_99% Upp 59 | 59 60 65 74 8l | 85 | 86 82 | 72 63 59 69 61 78
Step_99% Low | 61 | 60 60 61 66 72 | 80 | 82 76 | 70 65 62 69 64 74
Step_99% Upp 64 | 63 63 64 69 76 | 85 | 87 81 | 73 68 64 70 65 76
Tian 99% Low | 61 | 60 62 67 75 84 | 81 | 82 85 | 73 65 62 73 65 80
Tian_99% Upp | 63 | 63 65 71 80 87 | 84 | 85 89 | 77 69 65 74 66 82
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Annex 5. Category of Low and Upper levels of 99% confidence interval of HCI mean values at 13 locations
of Georgia in cold period in 1956-2015.

Parameter Jan Feb Mar Oct Nov Dec Year Cold
Bakh 99% Low Marg. Marg. Accept. Accept. Marg. Marg. Good Accept.
Bakh _99% Upp Accept. Accept. Accept. Good Accept. Accept. Good Accept.
Bak 99% Low Accept. Accept. Accept. Good Good Accept. Good Good
Bak 99% Upp Good Good Good V_Good Good Good V_Good Good
Borj 99% Low Accept. Good Good V_Good Good Accept. V_Good Good
Borj 99% Upp Good Good Good Excell. Good Good V_Good Good
God 99% Low Marg. Marg. Accept. Accept. Accept. Marg. Accept. Accept.
God 99% Upp Accept. Accept. Accept. Good Accept. Accept. Good Accept.
Gud 99% Low Accept. Accept. Accept. Good Accept. Accept. Good Accept.
Gud 99% Upp Good Accept. Accept. Good Good Good Good Good
Kha_99% Low Accept. Accept. Good V_Good Accept. Accept. V_Good Good
Kha_99% Upp Accept. Good Good V_Good Good Accept. V_Good Good
Khu 99% Low Accept. Accept. Good Good Accept. Accept. V_Good Accept.
Khu 99% Upp Accept. Good Good V_Good Good Accept. V_Good Good
Lent 99% Low Accept. Accept. Accept. V_Good Accept. Accept. Good Accept.
Lent 99% Upp Accept. Accept. Good V_Good Good Accept. V_Good Good
Mest_99% Low Accept. Accept. Accept. Good Accept. Accept. Good Good
Mest_99%_Upp Accept. Good Good V_Good Good Accept. V_Good Good
Pas 99% Low Good Good Good V_Good Good Good V_Good Good
Pas 99% Upp Good Good Good V_Good Good Good V_Good Good
Sho 99% Low Accept. Accept. Accept. Good Accept. Accept. Good Accept.
Sho 99% Upp Accept. Accept. Good V_Good Good Accept. Good Good
Step_99% Low Good Good Good V_Good Good Good Good Good
Step 99% Upp Good Good Good V_Good Good Good V_Good Good
Tian 99% Low Good Good Good V_Good Good Good V_Good Good
Tian_99% Upp Good Good Good V_Good Good Good V_Good Good

Annex 6. Category of Low and Upper levels of 99% confidence interval of HCI mean values at 13 locations
of Georgia in warm period in 1956-2015.

Parameter Apr May Jun Jul Aug Sep Warm
Bakh 99% Low Good Good Good V_Good V_Good Good Good
Bakh _99% Upp Good Good V_Good V_Good V_Good V_Good V_Good
Bak 99% Low Good Good V_Good Excell. Excell. V_Good V_Good
Bak 99% Upp Good V_Good Excell. Excell. Excell. Excell. V_Good
Borj 99% Low V_Good Excell. Excell. V_Good V_Good Excell. V_Good
Borj_99%_Upp V_Good Excell. Excell. V_Good V_Good Excell. Excell.
God 99% Low Accept. Good Good Good V_Good Good Good
God 99% Upp Accept. Good Good V_Good V_Good V_Good Good
Gud 99% Low Accept. Accept. Good V_Good V_Good Good Good
Gud _99% Upp Accept. Good Good V_Good V_Good V_Good Good
Kha 99% Low V_Good Excell. V_Good V_Good V_Good Excell. Excell.
Kha_99% Upp V_Good Excell. Excell. Excell. Excell. Excell. Excell.
Khu 99% Low Good Excell. Excell. Excell. V_Good Excell. Excell.
Khu_99% Upp V_Good Excell. Excell. Excell. Excell. Excell. Excell.
Lent 99% Low Good Excell. V_Good V_Good V_Good Excell. V_Good
Lent_99% _ Upp V_Good Excell. Excell. V_Good V_Good Excell. V_Good
Mest 99% Low Good V_Good Excell. Excell. Excell. Excell. V_Good
Mest_99% Upp Good V_Good Excell. Excell. Excell. Excell. Excell.
Pas 99% Low Good V_Good Excell. V_Good Excell. Excell. V_Good
Pas_99% Upp V_Good Excell. Excell. Excell. Excell. Excell. Excell.
Sho_99%_Low Good Good V_Good Excell. Excell. V_Good V_Good
Sho 99% Upp Good V_Good Excell. Excell. Excell. Excell. V_Good
Step_99% Low Good Good V_Good Excell. Excell. V_Good V_Good
Step_99% Upp Good Good V_Good Excell. Excell. Excell. V_Good
Tian_99% Low Good V_Good Excell. Excell. Excell. Excell. Excell.
Tian_99% Upp V_Good Excell. Excell. Excell. Excell. Excell. Excell.
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Annex 7. Repetition of categories of HCI monthly values at 13 locations of Georgia in 1956-1985, 1956-

2015 and 1986-2915, (%).

Location Year V_Unf. uUnf. Marg. Accept. Good V_Good | Excell. Ideal
Bakh | 1956-1985 | 1.1 2.5 10.0 29.7 29.4 225 4.2 0.6
Bakh | 1956-2015 | 1.1 3.3 9.3 28.9 29.7 20.8 6.0 0.8
Bakh | 1986-2015 | 1.1 4.2 8.6 28.1 30.0 19.2 7.8 1.1
Bak | 1956-1985 | 0.0 0.0 1.1 23.1 35.6 21.7 15.8 2.8
Bak | 1956-2015 | 0.0 0.0 0.8 23.2 34.3 19.4 18.6 3.6
Bak | 1986-2015 | 0.0 0.0 0.6 23.3 33.1 17.2 21.4 4.4
Borj | 1956-1985 | 0.0 0.0 0.3 11.4 32.8 23.9 29.7 1.9
Borj | 1956-2015 | 0.0 0.0 0.1 12.4 31.0 28.1 25.8 2.6
Borj | 1986-2015 | 0.0 0.0 0.0 13.3 29.2 32.2 21.9 33
God 1956-1985 | 0.8 2.2 11.7 39.4 30.3 12.2 33 0.0
God 1956-2015 | 1.4 2.5 12.2 38.3 29.0 11.7 4.6 0.3
God 1986-2015 | 1.9 2.8 12.8 37.2 27.8 11.1 5.8 0.6
Gud | 1956-1985 | 0.3 1.9 6.9 33.3 37.2 16.9 33 0.0
Gud | 1956-2015 | 0.3 1.4 7.8 30.6 35.8 18.5 5.6 0.1
Gud | 1986-2015 | 0.3 0.8 8.6 27.8 34.4 20.0 7.8 0.3
Kha | 1956-1985 | 0.0 1.1 4.2 8.9 27.5 22.8 30.8 4.7
Kha | 1956-2015 | 0.1 0.8 3.6 13.6 25.0 23.8 29.3 3.8
Kha | 1986-2015 | 0.3 0.6 3.1 18.3 22.5 24.7 27.8 2.8
Khu | 1956-1985 | 0.3 1.4 5.3 13.6 23.6 17.5 34.7 3.6
Khu | 19562015 | 0.3 1.9 6.1 12.4 24.3 18.6 32.1 43
Khu | 1986-2015 | 0.3 2.5 6.9 11.1 25.0 19.7 29.4 5.0
Lent | 1956-1985 | 0.0 1.9 4.4 13.3 26.9 25.8 25.8 1.7
Lent | 1956-2015 | 0.1 1.4 4.4 19.7 24.6 26.5 22.2 1.0
Lent | 1986-2015 | 0.3 0.8 4.4 26.1 22.2 27.2 18.6 0.3
Mest | 1956-1985 | 0.0 0.0 0.6 21.7 29.4 13.9 30.3 4.2
Mest | 1956-2015 | 0.0 0.1 1.0 25.8 24.6 16.5 29.3 2.6
Mest | 1986-2015 | 0.0 0.3 1.4 30.0 19.7 19.2 28.3 1.1
Pas 1956-1985 | 0.0 0.0 0.8 8.9 36.9 17.2 31.4 4.7
Pas 1956-2015 | 0.0 0.0 0.7 7.6 36.9 20.4 28.3 6.0
Pas 1986-2015 | 0.0 0.0 0.6 6.4 36.9 23.6 25.3 7.2
Sho 1956-1985 | 0.0 0.0 2.8 24.2 31.4 16.1 23.3 2.2
Sho 1956-2015 | 0.1 0.1 2.2 27.1 26.9 17.2 25.0 1.3
Sho 1986-2015 | 0.3 0.3 1.7 30.0 225 18.3 26.7 0.3
Step | 1956-1985 | 0.0 0.0 0.6 9.2 50.6 24.4 12.8 25
Step 1956-2015 | 0.0 0.0 0.3 9.7 48.2 23.8 14.6 35
Step | 1086-2015 | 0.0 0.0 0.0 10.3 458 23.1 16.4 4.4
Tian | 1956-1985 | 0.0 0.0 0.0 11.7 34.4 19.7 29.2 5.0
Tian | 1956-2015 | 0.0 0.0 0.0 10.1 34.3 22.1 27.6 5.8
Tian | 1986-2015 | 0.0 0.0 0.0 8.6 34.2 24.4 26.1 6.7
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Annex 8. Year day number of HCI various categories at 13 locations of Georgia in 1956-1985, 1956-2015
and 1986-2015.

Location Year V_Unf. Unf. | Marg. | Accept. | Good | V_Good | Excell. | Ideal I\fjggl"
Bakh 1956-1985 4 9 37 109 108 82 15 2 352
Bakh 1956-2015 4 12 34 106 109 76 22 3 349
Bakh 1986-2015 4 15 31 102 110 70 28 4 346

Bak 1956-1985 0 0 4 84 130 79 58 10 365
Bak 1956-2015 0 0 3 85 125 71 68 13 365
Bak 1986-2015 0 0 2 85 121 63 78 16 365
Borj 1956-1985 0 0 1 42 120 87 109 7 365
Borj 1956-2015 0 0 1 45 113 102 94 10 365
Borj 1986-2015 0 0 0 49 107 118 80 12 365
God 1956-1985 3 8 43 144 111 45 12 0 354
God 1956-2015 5 9 45 140 106 43 17 1 351
God 1986-2015 7 10 47 136 101 41 21 2 348
Gud 1956-1985 1 7 25 122 136 62 12 0 357
Gud 1956-2015 1 5 28 112 131 67 20 1 359
Gud 1986-2015 1 3 31 101 126 73 28 1 361
Kha 1956-1985 0 4 15 32 100 83 113 17 361
Kha 1956-2015 1 3 13 50 91 87 107 14 362
Kha 1986-2015 1 2 11 67 82 90 101 10 362
Khu 1956-1985 1 5 19 50 86 64 127 13 359
Khu 1956-2015 1 7 22 45 89 68 117 16 357
Khu 1986-2015 1 9 25 41 91 72 108 18 355
Lent 1956-1985 0 7 16 49 98 94 94 6 358
Lent 1956-2015 1 5 16 72 90 97 81 4 360
Lent 1986-2015 1 3 16 95 81 99 68 1 361
Mest 1956-1985 0 0 2 79 108 51 111 15 365
Mest 1956-2015 0 1 4 94 90 60 107 10 365
Mest 1986-2015 0 1 5 110 72 70 103 4 364
Pas 1956-1985 0 0 3 32 135 63 115 17 365
Pas 1956-2015 0 0 3 28 135 75 103 22 365
Pas 1986-2015 0 0 2 23 135 86 92 26 365
Sho 1956-1985 0 0 10 88 115 59 85 8 365
Sho 1956-2015 1 1 8 99 98 63 91 5 364
Sho 1986-2015 1 1 6 110 82 67 97 1 363
Step 1956-1985 0 0 2 33 185 89 47 9 365
Step 1956-2015 0 0 1 36 176 87 53 13 365
Step 1986-2015 0 0 0 38 167 84 60 16 365
Tian 1956-1985 0 0 0 43 126 72 107 18 365
Tian 1956-2015 0 0 0 37 125 81 101 21 365
Tian 1986-2015 0 0 0 31 125 89 95 24 365

Conclusion

It is planned in future to continue the climatic resources study of various regions of Georgia for
tourism, recreation and treatment (mapping the territory on HCI and TCI, long-term forecasting of HCI and
TCI, determining other modern climatic and bioclimatic indicators for tourism, recreation and treatment,
assessing the adequacy of bioclimatic indicators scales to human health, etc.).
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KiaumaTuyeckuili HHAEKC OTAbIXa B HEKOTOPBIX TOPHBIX PalOHAX
I'py3un

A.Tl'. AmupanamBuwiuy, JI. I'. Kapreesmmsuiau, H.b. Kyrananse,
JI.I. Merpeanaze, M.P. TatumuBuwiu

Pe3rome

[IpencraBnensl AaHHBIE O MHOTOJIETHHX CPEIHEMECSUHBIX 3HAYEHHSIX KIMMATHYECKOTO MHAEKCa OT/AbIXa
(KUO) mus 13 ropueix paitioHoB I'pysun (baxmapo, bakypuann, Bopxomu, I'onepasu, ['ynaypu, Xaumm,
Xymno, Jlenrexu, Mectus, [lacanaypu, llloBu, Crenanimuuna, Tuanetn). IlpoBemeH moapoOHBIN aHATH3
MECSYHBIX, CE30HHBIX WM ronoBbIX 3HaueHWd KMO 3a 60-metrmii mepwon (1956-2015 rr.). IlpoBeneHo
cpaBHeHHEe MecauHblx 3HadueHMH KMO u Knumatnueckoro Wnaekca Typusma it Tpex myHKTOB ['pysum
(I'omepm3u, Xyno u Mectus) o manaeM ¢ 1961 mo 2010 rr. Mzydena nzmenunBocts KMO B 1986-2015 1T
1o cpaBHeHMIO ¢ 1956-1985 rr., a Taxoke uccnegosansl TpeHAs! 3HadueHnH KMO B 1956-2015 rr. Ha npumepe
Mectus clellaHa olieHKa 0XKHJIaeMbIX N3MEHEHHMI MECSYHBIX, CE30HHBIX U rojoBbIx 3HaueHui KO k 2041-
2070 m 2071-2100 rr.
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ABSTRACT

The article considers the resort climatic resources of Imereti. The main climatic characteristics of the Resorts
are determined and a map of the resorts and resort areas of Imereti is developed. The thermal characteristics
of summer and winter are given in accordance with the classification of Kaygorodov. The spa and curative
factors of the main resorts are considered. The physicochemical properties of water, their composition and
medicinal properties are indicated. In article resort climatic resources of Imereti are considered. The
attention that in the world isn't a lot of places where in rather small territory so many various landscapes are
located is focused: from damp subtropics, to the Alpine mountain meadows. It is proved that a relief of
mountain landscapes, the coast of the Black Sea, Mineral water and climate — a natural basis of development
of resort economy of the region.

Keywords: Imereti; climate; spa resort; spa climatic resort; national; local; Tskaltubo; Sairme.

Introduction.

Nature generously endowed Georgia. There are not many places around the world where a relatively
small area has so many diverse landscapes - from humid subtropics to alpine meadows. Georgia is a resort
country. The relief of mountain landscapes, the Black Sea coast, mineral waters form the basis of a wide resort
construction. The basis of the resort factor is its air (climate). Due to the confluence of mountain and sea air,
climatic conditions are distinguished by high spa-healing properties and are used for general healing and
treatment of various diseases [1,3,5,9,10, etc.].

Due to the unusually diverse climatic and balneological resources of different origin and medical use,
more than 100 resorts function in Georgia [1,11-21]. Almost all types of mineral waters are found in Georgia.
There are about 2000 sources. The richness of mineral waters and their diversity makes it possible to
rehabilitation, as well as the treatment and prevention of cardiovascular and nervous ailments, diseases of the
digestive and endocrine systems, musculoskeletal system [1].

The most common are carbon dioxide mineral waters. These waters are used to treat the
gastrointestinal tract, liver, and some urological, neurological, and other diseases. Georgian resort resources
are redistributed in its various regions, including Imereti [2,3]. Imereti is located in the central part of Georgia
(in Western Georgia) at a distance of several tens of kilometers from the Black Sea. Imereti region is rich in
resort-climatic resources. Resorts and resort areas are located in different areas of the region. Each of the resorts
has its own specialization and features of functioning. This article systematizes the resorts of Imereti.

Brief description of problem statement.
Fig. 1 shows a map of the location of resorts and resort areas of Imereti, which shows that Imereti is a
fairly rich region with both resort and climatic resources and resort territories. This creates a sustainable basis

for tourism development.
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Fig. 1. Resort resources of Imereti.

Table 1 presents a list of Imereti resorts with their status (international, state, local), altitude, profile
(balneological, climatic) and basic climate characteristics.

Table 1. Climatic characteristics of the resorts of Imereti [11].

2
= . S I
- Air temperature, °C Absolute g Precipitation, mm "
Resorts (status) Q f—_’ humidity ::; E
o o = °
= o c =
> & =
£ — 5 — c 5 IS -
T g E § | 8§ = s g & | o
> S > = (@)
Tskaltubo (international)| 120 B 5,3 23,3 73 6,4 22,2 4,7 | 1818 | 987 | 831 | 16
Samtredia (local) 25 B 4,7 23,2 76 6,6 22,3 4,7 | 1526 | 746 | 780 | 2,8
Gormagala (local) 200 B 4,7 23,2 74 6,5 22,2 46 | 1526 | 746 | 780 | 4,3
Sairme (state) 950 C-B -0,3 17,4 80 4,8 16,9 | 3,9 | 1165 | 543 | 629 | 1,1
Zekari (local) 650 B 15 | 190 | 77 | 45 | 160 | 40 | 1157 | 550 | 608 | 1,2
Sulori (local) 200 B 3,0 22,0 74 6,5 21,0 4,0 1350 | 650 | 700 2,5
Coursevi (local) 350 B-C 2,6 21,0 72 54 19,2 4,5 2137 1183| 954 | 2,8
Simoneti (state 300 B 25 | 225 | 73 | 61 | 205 | 42 | 1185 | 620 | 565 | 2.2
significance)
Quereti (local) 750 B-C 0,4 22,3 76 5,6 18,8 4,2 904 454 | 450 1,8
Nunisi (local) 920 B -0,3 19,0 75 4,8 17,5 4,3 1185 | 680 | 505 2,0
Note b: Balneological; C-B: Climatic- Balneological; B-C: Balneo-Climatic

To characterize the thermal conditions of summer and winter in the resorts, Kaigorodov [8], developed
the classification presented in Table 2. This classification was successfully used at the Institute of Balneology
and Physiotherapy of Georgia in the medical-climatic classification of resorts [8]. In characterizing the climatic
resources of resorts in the Imereti region, we are also based on this classification.

In accordance with tables 1 and 2, we can conclude that in the resorts of Imereti, winters are mostly mild
and moderately mild, and summers are warm and very warm.
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Table 2. Thermal characteristics of winter and summer according to Kaygorodov [8].

Winter Temperature Summer Temperature
gradation, °C gradation,’C
Tough -38 -31 Moderately cool 10-14
Very cold -31-24 Moderately warm 1418
Cold -24 -17 Warm 18 — 22
Moderately cold -17-10 Very warm 22— 26
Moderately warm -10 -3 Roast 26 -30
Soft 3-4 Very hot 30-34
Very soft 4-10

Consider the main healing factors of resorts

Tskaltubo is a spa resort in Imereti Region, in west-central Georgia. Tskaltubo holds the status of
balneological resort. It is famous for its radon-carbonate mineral springs, whose natural temperature enables
the water to be used without preliminary heating.The resort's focus is on balneotherapy for circulatory,
nervous, musculo-skeletal, gynaecological and skin diseases. Tskaltubo is a resort of international importance
which, functions since 1926. It is rich in unique healing radon-, nitrogen-, chloride-hydrocarbonate-sulfate
water, which has fairly stable physico-chemical properties. Mineral water, with a temperature of 33-35 °C, is
used for baths, inhalations and sprays.

Treatment at the resort is indicated for diseases of the musculoskeletal system, neurological,
cardiovascular and gynecological diseases. The healing season lasts all year round, which, first of all, is
facilitated by the climatic conditions of Tskhaltubo. The healing factor is also the microclimate of karst caves,
which has a good effect on the treatment of hypertension, bronchial asthma, neurosis and other diseases.

Sairme is a balneo-climatic resort of national importance. It is located in Baghdat district, 25 km south-
west of the district center and 55 km south of Kutaisi, on the northern slope of the Meskhet ridge, at an altitude
of 950 m above sea level in the Tsablaritskali gorge. The surrounding slopes are covered with deciduous and
coniferous forests. The average annual temperature is + 8,5 °C. Winter is warm and not snowy. The average
January temperature is -10 C. Summer is moderately warm and moderately humid. The average temperature
in August is +17 °C. The average annual rainfall exceeds 900 mm. The average annual humidity is 75-80%.
In summer, mountain-valley winds are frequent, which provides sufficient ventilation.

Zekari is a local balneological resort located in Baghdat district, 35 km from the regional center, on
the northern slope of the Adzhara-Imereti ridge, at an altitude of 750-780 m above sea level, in the gorge of
the Hanitskali River. Therapeutic indicators: chronic arthritis, gynecological diseases, cardiovascular diseases,
nephritis and functional diseases of the nervous system.

Kvereti is a low-mountain balneoclimatic resort of local importance in the Sachkhere district. Located
at an altitude of 550 m above sea level. It is characterized by moderately warm and mild winters (average
January temperature + 2-3 °C), and warm, moderately humid summers (average July temperature 20 °C). The
amount of average annual precipitation is 1100-1200 mm. The main therapeutic factor of the resort is low-
hydrogen sulfide mineral water, the temperature of which is 16 °C. The diseases of the peripheral nervous
system, joints and gynecological diseases are treated. It functions during the whole year.

Nunisi is a balneo-climatic resort of local importance. Located 25 km from the railway, in the
Kharagaul district at an altitude of 920 m above sea level. The healing factor’s mineral water with weakly
mineralized warm sulfur and its temperature is 27-28 °C and mountain air. It is recommended for the treatment
of the following diseases - skin (neurodermatitis, eczema, psoriasis), motor organs, peripheral nervous
systems, anemia. The season lasts from May to October.

Samtredia is a local balneological resort. Located in the city of Samtredia. Therapeutic indicators:
diseases of the musculoskeletal systems, diseases of the chronically peripheral nervous system, skin ailments
(lesions) and hypertension.

Amagleba is a balneological resort. Located near the Van district off the left bank of the Rioni River.
Insulated mineral waters contain sodium, chlorine, carbon dioxide and flint. Therapeutic indicators: chronic
arthritis.

Sulori is a local balneological resort. Located on the slopes of Adjar-Meskheti ridge, 10 km from Vani.
Sulori mineral waters are similar in chemical composition and physical properties to Tskaltubo mineral waters.
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At the same time, bromine salt was found in the chemical composition of the resort's water, which has a
calming effect on the nervous system. Its best properties are natural radioactivity and natural temperature.
Simoneti is a balneological resort of national importance. Located in Terjol district. Mineral hot water
is characteristic. Therapeutic indicators: diseases of the musculoskeletal system, chronic acute arthritis,
metabolic disorders, cardiovascular diseases.
Kursebi is a balneological resort. Located 23 km from Tkibuli. The main healing factor of the resort
is highly mineralized hydrogen sulfide mineral water, which is used for medicinal purposes in bath of Vani.

Conclusion

Thus, Georgia, however, has not yet fully tapped its potential to promote sustainable tourism in
promising regions, such as Imereti, or transform the economy through investment in tourism and agriculture
supply chains for both export and import substitution. There is also a need for skills development in order to
provide the skilled labor needed for a growing economy and increased productivity. The proposed tourism
development vision for the region envisages developing Imereti as a high quality geo-tourism destination
throughout the year through attracting domestic and international tourists.
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KinumaTnyeckue 0CO0€HHOCTH KypopTa

H.M. bepazeHumBuIu

Pe3rome

B crarbe paccMoTpeHbl KypoOpTHBIE KiauMmaTuueckue pecypebl Mwmeperu. OrnpeneneHbl OCHOBHBIC
KJIMMaTHYECKHe XapaKTePUCTHKU KypOPTOB 1 pa3paboTaHa KapTocxema KypopTOB M KYPOPTHBIX MECTHOCTEH
Nwmepern. Jlama TepmMudeckas XapaKTepUCTHKA JieTa W 3MMbl B COOTBETCTBHHM C KIacCHU(pHUKaIMEH
KaiiropomoBa. PaccmoTpenbl KypopTHbIe U JiedeOHbIe (DaKTOpBI TJIaBHBIX KYpPOPTOB. YKa3aHbl (DU3HMKO-
XUMUYECKHE CBOMCTBA BOJ, MX COCTaB M JiedeOHbIe cBoiicTBa. [Ipupona meapo omapuna ['pysuro. Bo Bcém
MHpE HE TaK MHOTO MECT, T/Ie CPaBHUTEIHHO HA HEOOJBINOW TEPPUTOPHH PACIIOIOKEHO CTOIBKO
Pa3HO00pa3HbBIX JaHIMIA(PTOB — OT BJIIAXKHBIX CYOTPOITMKOB J0 QJIBIUHACKUX BBICOKOTOPHBIX JIyroB. Penbed
TOPHBIX JaHAIMA(TOB, MoOepexkbe UEpHOro MoOpsi, MHUHEpaIbHBIC BOJBI (POPMHUPYIOT OCHOBY HIMPOKOTO
KYpPOPTHOTO CTPOUTEIIbCTBA.
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