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ABSTRACT

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

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

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

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

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

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

58


mailto:mikheil.pipia@tsu.ge

According to this equation, calculations were made of the degree of maximum damage to vineyards, wheat
and corn along the trajectories of hail clouds over the territories of Georgia and Azerbaijan.

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

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

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

For the time series of the measured number of days with hail and HD_11 years, no pronounced peak
in periodicity is observed. For time series HD_3, the periodicity is 14 years, HD_5 — 32 years, HD_7 and
HD_9 — 31 years.

In the period from 2022 to 2050, the range of variability of the average values of the central points of
the forecast for the number of days with hail and the values of their 95% upper level is as follows: HD - from
0.9 t0 3.8, HD_3 - from 1.0 to 3.0, HD_11 — from 1.0 to 1.6. In the period from 2022 to 2085, the range of
variability of the average values of the central points of the forecast for the number of days with hail and the
values of their 95% upper level is as follows: HD_5 - from 0.4 to 3.0, HD_7 - from 0.7 to 1.8, HD_9 - from
0.5t0 3.

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

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

Study area, material and methods

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

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

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

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

The following designations will be used below: Mean — average values; Min — minimal values; Max
- maximal values; St Dev - standard deviation; R — coefficient of linear correlation; Rk - Kendall's rank
correlation coefficient; Rs - Spearmen's rank correlation coefficient; R, — autocorrelation coefficient; Lag = 1,
2...27 years; HD - the number of days with hail in the warm season; Forecast - forecast center point;
67%_Upp...99.99% Upp - 67%...99.99% upper forecast level of HD; Lower forecast level of HD is 0.

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

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

Results

Results in Table 1,2 and Fig. 1-8 are presented.
In Table 1 data about correlation level of the number of days with hail in the warm season in Bolnisi
and Tsalka in 1941-2021 with years are presented.
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Table 1. Correlation of the number of days with hail in the warm season in Bolnisi and Tsalka in

1941-2021 with years.

Location Bolnisi

Parameter R a (R) Rk a(Ry) Rs a(Rs)
Value -0.16 0.2 -0.14 0.074 -0.13 0.233

Location Tsalka

Parameter R o (R) Ry« a(Ry) Rs a(Rs)
Value -0.62 <0.005 -0.44 <0.005 -0.59 <0.005

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

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

The level of autocorrelation in the HD time series in Bolnisi is also lower than in Tsalka (Fig. 1,2).

Bolnisi

—e—Ra —+—95%Ra

- 95%Ra
0.3

0.2
0.1

-0.1
-0.2

-0.3
Lag, Year

Fig. 1. Autocorrelation in time-series of observations on the number of days with hail in the warm season in
Bolnisi from 1941 to 2021.
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Fig. 2. Autocorrelation in time-series of observations on the number of days with hail in the warm season in
Tsalka from 1941 to 2021.
Thus, in Bolnisi, autocorrelation appears only in the fifth lag (Ra = 0.26), while in Tsalka in the first
three lags (R. = 0.62, 0.54 and 0.40, respectively).

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

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

Data on the main peak periodicity values in the HD time series are taken into account when
conducting interval forecasting of the number of days with hail in Bolnisi and Tsalka until 2045 (Fig. 5-8).
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Fig. 5. Time-series of real (1941-2021) and forecasting (2022-2045) values of the number of days with hail
in the warm season in Bolnisi.

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

The five-year average values of the 99.99% upper level of HD forecast points in Bolnisi vary from
7.0to 7.1 (Fig. 6), and in Tsalka — from 7.7 to 8.5 (Fig. 8).

Table 2 compares the actual average HD values in Bolnisi and Tsalka in 1941-2021 and 2002-2021
with their prognostic values in 2026-2045.

62



Table 2. Statistical characteristics of real (1941-2021, 2002-2021) and forecasting (2026-2045) values of the
number of days with hail in the warm season in Bolnisi and Tsalka.

Years 1941-2021 | 2002-2021 2026-2045
Variable Real Real Forecast | 67% Upp | 95% Upp | 99% Upp | 99.99% Upp
Location Bolnisi
Max 6.0 5.0 1.2 2.7 4.3 5.2 7.3
Min 0.0 0.0 0.8 2.3 3.9 4.8 6.9
Mean 1.4 15 1.0 2.5 41 5.0 7.1
StDev 1.3 15 0.1 0.1 0.1 0.1 0.1
Location Tsalka
Max 11 5.0 2.4 4.3 6.2 7.5 10.1
Min 0 0.0 0.0 04 2.4 3.7 6.2
Mean 3.1 2.0 0.8 2.5 45 5.7 8.3
StDev 2.4 1.6 0.7 1.0 1.0 1.0 1.0

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

Conclusion

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

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

zones, which includes four climatic groups according to the Kdppen classification, and conducting HD
interval forecasting for indicated climate zones.
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153356dm  Logyggdo: LbGHoJow®mo Imggbgdo, LYEY390s WIMS M3MEI6Mds, LEIGOLE03WOO
365w 0bH0, M350 ferosbo 0bEIM35w M@0 3HMabrbo.

Bapuauuu 4yuc/ia JHed ¢ rpagoM B Teruioe noayroaue B bojanucu u
Haake B 1941-2021 rr. u ux oxugaeMoe u3MeHeHue 10 2045 r.

M. IInnua, A. AmMupanamsuiau, H. bernapamsuiau, J. JauzdapamBuiiy,
O. BapazanamBuiu

Pe3iome

B pabore mpencraBieHBl pe3yNbTaThl HCCICAOBAHUS OCOOCHHOCTEH BapHWanwii Yuclia JHEH ¢ TpagoM B
tertoe nonyroaue (HD) B Bonuucu u Ianke B 1941-2021 rr. u ux oxugaeMoe u3MmeHeHue ao 2045 r.
M3yyeHna ycTOMYMBOCTE BPEMEHHBIX PSIOB YHCIA JHEW C TPAJOM 4YHCIa B YKa3aHHBIX IMYyHKTaX ITyTeM
OTIpeIIeIICHIsI KOppelsuoHHEIX cBs3eil HD co Bpemenem (nmuHEitHAsT KOPPEISIHS, PaHTOBasl KOPPEISIIUS
Kenpmamna u Crnimpmena). OmpeneneH ypoBeHb aBTOKOppENAIUU Bo BpeMeHHbIX psinax HD B Bomamcu u
[anke. M3ydyeHa mNepuUOAMYHOCTh YKa3aHHBIX BPEMEHHBIX psiioB. IIpoBeneHO  MHTEpBaIbHOE
MIPOTHO3MPOBAHUE YHCIa JHEW ¢ rpagoM B bomaumcen u Ianke mo 2045 T. ¢ y4eToM MEPHOIUYHOCTH BO
BpeMeHHbIX psgax HD.

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