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Primary Temporal Analysis of Enguri Dam Displacement of
Foundation under Loading

'Ekaterine V. Mepharidze, **Aleksandre 1. Sborshchikovi, *Tamaz L. Chelidze

IM. Nodia Institute of Geophysics of the 1. Javakhishvili Thilisi State University, Georgia
2Business and Technology University, Thilisi, Georgia
ekamep@agmail.com

ABSTRACT

The main aim of our research was the analysis of time distribution characteristics of the Enguri dam foundation
displacement according to the periodic variation (loading) water level in the lake around the Enguri Arch Dam. The
primary temporal analysis was carried out in 1974-1981 period. Modern methods of nonlinear analysis DFA (detrended
fluctuation analysis), and MF-DFA (multifractal detrended fluctuation analysis) were used.

The results of our research are important and from investigation we can conclude that dynamic changes of dam
foundation displacement, assessment of dam behaviour and water level change in the reservoir of the Enguri high dam.
The analysis of the dynamics measures of the Enguri dam displacement shows us the pattern of nonlinear dynamics of
the normal regime with start loading.

Key words: Enguri Dam, displacement, temporal analysis

Introduction

The location of the Enguri Dam was selected based on extensive engineering research. The influence
of the dam and changes in the reservoir's water level on both the structure and the surrounding
environment was studied. Construction began in the last century, and the 271-meter-high Enguri arch
dam is one of the tallest dams of its kind in the world. Since construction began, state-of-the-art
interdisciplinary geodynamic and geophysical monitoring has been organized in the dam area.
Geological studies have documented that a fault branch of a major active fault beneath the Enguri Dam,
the Ingirishi Fault, intersects the right wing of the dam's foundation. The presence of an active (or
potentially active) fault at the foundation of a large dam is known to pose a serious threat to dam safety.
It is logical that monitoring of the fault zone began long before construction of the dam and filling of
the reservoir [1-5]. The main Ingirishi fault (Fig.1, Fig.2) crosses the foundation of the Enguri dam and,
thus, poses a significant hazard to the dam.

The study area effectively serves as a natural large-scale laboratory for examining the effects of tectonic
activity, anthropogenic influences, and environmental factors on fault-zone deformation. The combined
impact of these processes is captured in the time series of fault-zone strain. The observed fault dynamics
clearly reflect the interaction of two principal components: a tectonic strain component, which produces
piecewise linear temporal displacements and is interpreted as the long-term trend, and a secondary component
that generates quasiperiodic oscillations superimposed on this underlying trend.

Strainmeters and demographs are located in the dam body and tunnels, which measure the displacement of
the dam when the water level in the reservoir varies.
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Fig. 1. Satellite image of the Enguri dam and reservoir area, locations of the Ingirishi
fault and crossing the dam foundation.
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Fig. 2. The upper curve shows the variations of water level height at the Enguri lake from 1978 to 2017; the
lower curve shows data from the strain-meter. Data are from 1974 to 2017 versus time. Arrows 1, 2, 3, 4, 5,
6 correspond to the start of 6 periods of fault zone extension, see Table 1 for details. We can see of fault
compaction by approximately 90 microns, as a consequence of a quick, 100-m increase in water level in
1978. The upper horizontal axis shows the number of days after the start of the strainmeter monitoring. The
thin, straight lines show six periods of the fault’s main trend with different extension rates

The data (Fig. 2) also show that the water load reduced the initial displacement rate recorded before the
lake refill, since the total accumulated deformation value in 2017 was only 7000. The decrease in accumulated
deformation is explained by the orientation of deformation caused by the water load, which is favorable for
the compaction of faults.



Table 1. Subdivision in periods of fault zone extension

Number Periods Number of days Tectonic Pattern of lake impounding
of in the period; in component of (man-made component of
periods brackets the strain rate o strain)
same from zero pum/year
day (May 1974)
to the end of a
given period
1 May 1974-Apr 1978 1500 (1500) 230 Before lake impounding
2 May 1978-Jan 1981 1300 (2800) 250 WLinthelakeraisedto100m
3 Feb 1981-May 1985 1400 (4200) 250 Irregular load-unload regime
4 Jun 1985-Sep 2004 7000 (11200) 160 Regular quasi-periodic regime
5 Oct 2004—Feb 2013 3200 (14400) 230 Regular quasi-periodic regime
6 Apr 2013-Mar 2018 2000 (16400) 150 Regular quasi-periodic regime
Methods.

For estimating long-term correlations of the dam strain time series during load-unload of reservoir we used
the methods DFA (detrended fluctuation analysis), and MF-DFA (multifractal detrended fluctuation analysis).

In time-series analysis, detrended fluctuation analysis (DFA) is a technique used to assess the statistical
self-similarity of a system’s components. The DFA scaling exponent encapsulates comprehensive information
about temporal correlations and is particularly effective for identifying long-term correlations in non-stationary
time series. DFA has been widely applied across numerous disciplines, including geophysics, geodynamics,
meteorology, biology, bioinformatics, and economics. This scaling approach yields a straightforward
quantitative measure of a signal’s correlation structure and, compared with many conventional methods, offers
the distinct advantage of reliably detecting long-range correlations in non-stationary data [6-9].

DFA consists of two steps:

(1) the data series B(k) are shifted by the mean B and integrated (cumulatively summed), y(k) =
{-‘=1[B(i) — B], then segmented into windows of various sizes An;

(2) in each segmentation the integrated data is locally fit to a polynomial y ,,, (k) (originally, and typically,
linear) and the mean squared residual F (An) (‘‘fluctuations’”):

P = ARG = 5(0)? |

where N is the total number of data points. Note that F(An) can be considered as the average of the summed
squares of the residual found in the windows. The n-th order polynomial regressor in the DFA family is
denoted as DFAN, with unlabeled DFA often referring to DFAL.

Multifractal detrended fluctuation analysis (MF-DFA) is used to detect variability and uncertainty in empirical
time series data.

MF-DFA is the most effective method for detecting multifractality in time series. It takes the mean of the time
series in each interval as a statistical point, which is then used to calculate volatility functions. It then
determines generalized Hurst exponents based on the power law of the volatility functions. A key advantage
of MF-DFA over other approaches is its ability to detect long-term correlations in non-stationary time series.
The reaserch describes the key steps and formulas underlying the analysis.

The first step of the MF-DFA is to construct the “profile”, Y (j) by integration after subtracting from the time
series, R(i) its average, R:



j
Y(j) = Z(R(i) _R)i=1,..,N.
i=1

The second step of the MF-DFA is to divide the profile Y (j) into N; = int (g) non-overlapping segments of
equal length s.

The exponent h(q) is called a generalized multifractal Hurst exponent and is related to the classical monofractal
Hurst exponent H.

For the MF-DFA analysis we use the generalized Hurst exponent, which has no upper limit and expressed as:

o= { h(q) - for stationary time series
“lh(g)—1 — fornon — stationary time series

The estimation of H represent fundamental base, as we want to know the long-term dependence of a time
series.

Results.

For our primarily research of Enguri dam foundation displacement under compare with water variation the
second period (May 1978-Jan 1981) was investigated (which shows on Fig.2 (arrow 2, 3)).

Nonlinear DFA analysis of Enguri dam foundation displacement data for 1978-1981 was carried out. The
results of DFA analysis of displacement, show the long-range correlation of scaling features, changes in
dynamical structures, and the regularity of the system. DFA analysis was carried out for polynomial fitting
p=2, 3, 4, 5 (see Fig. 3).
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Fig. 3. DFA analysis of Enguri dam foundation displacement for 1978-1981.

From the DFA analysis of Enguri dam data sets, we can see how the structure of the dynamics changes
with increasing polynomial approximation, order is disrupted, and mutual correlation weakens.

Multifractal Detrended Fluctuation Analysis (MF-DFA) of long-term correlations of the power law of non-
stationary Enguri dam foundation displacement data in 1978-1981 was carried out. The variation of the
multifractal characteristics was carried out for polynomial fitting with p=2, 3, 4, 5 (Fig. 4)

Values of Ht, the g-order of generalized multifractal Hurst exponent time signal, were calculated. The local
generalized multifractal exponent (Ht) can now be computed from the local fluctuation of real time series
signal (Fig. 4) estimated as well as the logarithmic function (Ht). From Fig. 4 we can see a non-stability, that
under variation at the orders of scale s =7 and s =17 changed maximum and minimum of Ht, but Ht mode is
constant (mode Ht =~ 1.6). This changes in dynamic structure of time series clearly observed, where the plot



of Ph-probability distribution of Ht and Dh- multifractal spectrum represents the relationship in the form of

parabola and shows an increase in the thresholds at the mode Ht = 1.6.
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MPF-DFA of displacement for (1978-1981)
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Fig. 4. The MF-DFA analysis of the Enguri dam foundation time series displacement in 1978-1981: a) for
polynom =2; b) for polynom =3; c) for polynom =4; d) for polynom =5. Ht: g- generalized multifractal
Hurst exponent time signal. Percent of output variable: Ph - probability distribution of Ht, Dh- multifractal
spectrum.

From Fig.4 we can see the scaling functions Ht, Ph, Dh, which are depend on g-order Hurst exponent. The
g-order Hurst exponent Ht for the time series is multifractal. MF-DFA analysis consists of several steps: to
10



first convert Ht to the g-order mass exponent and thereafter convert signal to the g-order singularity exponent
(Ht) and g-order singularity dimension Dh; The plot of Dh shows us multifractal spectrum.

The initial MF-DFA results indicate that the dynamics of dam foundation displacement began to change
with the onset of reservoir impoundment during the period 1978-1981. This analysis enables an assessment of
the dam’s response to reservoir filling and the influence of this process on foundation displacement, as well as
an evaluation of the associated risk of potential damage

Conclusion.

This article presents a preliminary analysis of Enguri Dam foundation displacement data, during the period
1978-1981. Nonlinear analysis methods DFA and MF-DFA revealed a clear pattern of dam deformation
dynamics. These results are important for studying the behavior of the Enguri Dam. Analysis of the Enguri
Dam displacement time series allows us to establish patterns in nonlinear dynamics under normal conditions
and under water loading. Significant deviations from the multifractal characteristics obtained above should be
analyzed in detail to determine whether the anomaly is significant for dam stability. The results of this study
will form the basis for further research into dam behavior and will help scientists avoid a catastrophe caused
by dam failure and foundation displacement.

References

[1] Chelidze T., Matcharashvili T., Abashidze V., Dovgal N., Mepharidze E., Chelidze L., Time series analysis
of fault strain accumulation around large dam: the case of Enguri dam, greater Caucasus, , NATO Science
for Peace and Security Series C: Environmental Security, Springer, Netherlands, pp.185-204, 2021.

[2] Chelidze T., Matcharashvili T., Mepharidze E., Mebonia L., Kalabegashvili M., Dovgal N., Potential of
nonlinear dynamics tools in the real-time monitoring of large dams: the case of High Enguri Arc Dam,
special topics in dam engineering, IntechOpen: London, UK, pp. 47-68, 2022.

[3] Chelidze T., Matcharashvili T., Mepharidze, E., Dovgal N., Complexity in Geophysical Time Series of
Strain/Fracture at Laboratory and Large Dam Scales, MDPI, Entropy, 25(3), pp. 467-485, 2023.

[4] Chelidze T., Matcharashvili T., Sborshchikovi A.,Mepharidze E., Tepnadze D., Laliashvili L., Analysis of
the relationship between Enguri Large Dam monitoring entropic features, MDPI, Entropy 27(4), p. 413,
2025.

[5] Matcharashvili T., Chelidze T., Zhukova N., Mepharidze E., Shorshchikovi A., Tephnadze D., Laliashvili
L., Dynamical changes of foundation displacements and local seismic activity occurred during construction
of Enguri arch dam. 25th European Meeting of Environmental and Engineering Geophysics, Held at Near
Surface Geoscience Conference and Exhibition 2019, European Association of Geoscientists & Engineers,
Bunnik, Utrecht, The Netherlands, 2019.

[6] Lan T.-H., Gao Z.-Y., Abdalla A. N., Cheng B., Wang S., Detrended fluctuation analysis as a statistical
method to study ion single channel signal. Cell Biology International, 32, pp. 247-252, 2008.

[7] Hurst H. E., Long-term storage capacity of reservoirs, Transactions of the American Society of Civil
Engineers, 116, pp. 770-808, 1951.

[8] Kantelhardt J. W., Koscielny-Bunde E., Rego H. A. A., Havlin S., Bunde A., Detecting long-range
correlation with detrended fluctuation analysis, Physica A, 295, pp. 441-454, 2001.

[9] Kantelhardt J. W., Zschiegner S. A., Koscielny-Bunde E., Havlin S., Bunde A., Stanley H. E., Multifractal
detrended fluctuation analysis of nonstationary time series, Physica A, 316, pp. 87-114, 2002.

11



33306000308 EOML gbaMol 3sdbol LsdoM®3zeols
290055¢0030¢900L 3039030 MHMOMO SB3eoBO

9. 09835604y, 5. LBMOIROIM30, M. FJEr0dg

69bordy

B39b60 330930l F63500 0BbO 0ym gbgmEmol 358beol LsoMIZEPOL Q5SSO IIOL MoM3560
35800l 49Mdgdm Gd530 {yeol mbol 396H0MEYYE0 356M05300L (IGHIOMHMZ0L) EOHML POHMOMO
39b65fogdol dobsliosmgdwgdol sbseoBo. 306390 OHMOMO sbsEobo Rodots 1974-1981
fargdol 39Mm0mEobm3zol. 459mygbgdreo odbs sMsfitx030 965¢0Bol Msbsdgdmgg dgommegdo
DFA (3®9bdm30¢gdmo  Bwd@eEool  sbosgobo) s MF-DFA  (399@ox®od@oww®o
9630093990 Bew)dEHys3o0olL 5bse0Bo).

B3960 330930l 99093990 3603369 M35605 S Fgodergds 2odmygbgde 0dbsl gbgm@mol 3sdberols
0gombozegdo  fywol  @mboll 356MH05300L  @OML  358berols  bLyA0MIZEIOL Q59 YOEYdSTO
0653037960 (33000¢90900L BEAY65 S FMFoMmdOL TGboRsligds.

963796H0L 35850l E065303MO FoO5EHOEGOOL 3561539EHMJOOL 5bs0BO bMEMBo & Mgz0ddo
Lofigolio s E30Mm™M30L J39d 53w9bL sM(HMB030 ObsF03ZOL LBSMU.

153356dm LoBY3gd0: 9baOOL 3500, 259 Y0WYDS, MMM SBsgrobo.

IlepBUYHBIN BPpEMEHHOM AHAJIU3 CMEIIEHUS OCHOBAHUSA IJIOTHHBI
JHIYpHU NIPH Harpy3Ke

E. Menapunse, A. Coopmukos, T. Heanaze

Pe3rome

OcHOBHas 1IeTTh HAIIeTO NCCIIE0BAaHMS 3aKII0Yalach B aHAJHM3E XapaKTePUCTUK BPEMEHHOTO PacIipeleIeHuUs
CMEILEHUSI OCHOBAaHUSI MJIOTHHBI DHI'YPH B 3aBUCMOCTH OT NEPHOANYECKUX U3MEHEHUH (HArpy3KH) YPOBHS
BOJBI B 03€pe BOKPYI' apO4HON IUIOTUHBI DHrypH. IlepBUUHbIM BpeMEHHOH aHANIW3 MPOBOAMICS B MEPUOL
1974-1981 rozxos. Mcronb30Baanuch COBpPEMEHHBIC METO/ABI HeJUHEHHOro anaiausa DFA (merpeHmoBbIi
¢daykryanuonsslii ananu3) ¥ MF-DFA (MynbTrdpakTanbHbIi JeTPEHAOBINA (IIyKTYAllMOHHBIA aHAJIH3).
PesynpTaTel Hamero uccieroBaHUS BaKHbl M Ha MX OCHOBE MOXKHO CHAEJIaTh BBIBOJ O ITUHAMHYECKUX
N3MEHEHUSIX CMEILIEHHsI OCHOBAHUS IUIOTHHBI, OLICHKE MOBEICHUS IUIOTUHBI M U3MEHEHHE YPOBHS BOJbI B
BOJIOXPaHIUTUIIE TUTATHHBI DHTYPH.

AHanu3 OUHAMMYECKHX IOKa3aTesell CMEIIeHHsd IUIOTHMHBI OHIYypH IOKa3bIBaeT HaM 3aKOHOMEPHOCTh
HEJIMHEWHON IWHAMUKH HOPMaJIbHOTO PEXHMMA PH HA4aIbHOW Harpy3Ke.

Ki1ioueBble cJI0Ba: IJI0THHA 9HprI/I, CMCLICHUC, BpeMCHHOfI aHaJIn3
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Seismic Surveys and Seismicity Refinement in Kvibisi Village,
Borjomi District, Considering Local Parameters

Malkhaz G. Gigiberia, Vakhtang G. Arabidze,
Jemal K. Kiria, Nugzar I. Ghlonti

ABSTRACT

To obtain objective information about the engineering-geological properties of rock massifs, it is necessary to conduct a
wide range of studies, including geological, geotechnical, hydrogeological, geophysical and, above all, seismoacoustic
studies. The physical basis of engineering seismic acoustics is the close dependence of the parameters of elastic waves
on the features of the structure, properties and condition of the investigated rock massifs.

This work is devoted to the role of engineering geophysics, particularly seismic, in the construction of significant
structures. As an example, specific projects and methods used for their implementation are given.

Key words: engineering geophysics, seismicity, rock massifs.
Introduction

The works carried out by us included the construction of seismic profiles and refinement of seismicity [1-
15], taking into account local parameters, in Kvibisi village, Borjomi district, within the territory of Borjomi
Plant No. 2.

Experimental Studies: Construction of Soil Seismic Profiles

Seismic profiling (using the refraction method) was conducted, relevant seismogeological cross-sections
were constructed, and the propagation velocities of elastic longitudinal (P-waves) and transverse (S-waves)
were determined. Additionally, the values of the corresponding physical-mechanical parameters were
assessed.

The report presents cross-sections of four seismic profiles with a total length of 276 m, each 69 m long
(Fig. 1.1). Table 1.1 provides the starting and ending coordinates of the seismic profiles in the UTM system,
together with absolute elevations.

Table 1. Starting and ending coordinates of seismic profiles

Nel indicates the first geophone, i.e., the beginning of the profile, while No24 denotes the 24th geophone,
i.e., the end of the profile. H represents absolute elevations.

GPH Ne2 X Y H, m
1-1 368867.43 4636255.37 777
1-24 368875.56 4636200.80 777
2-1 368859.34 4636266.63 777
2-24 368927.52 4636272.03 777
3-1 368929.15 4636270.89 777
3-24 368994.94 4636281.90 778
4-1 368925.21 4636192.11 780
4-24 368993.39 4636197.52 780
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Google Earth

Fig. 1. Study area and schematic layout of seismic profiles.
Geophysical Investigations (Seismic Profiling)

In the study area, seismic profiling was conducted using the refraction wave method, on the basis of
which the propagation velocities of elastic longitudinal and transverse waves were determined, and the
corresponding cross-sections were constructed.

The refraction wave method makes it possible to determine the thicknesses of both near-surface and
deeper layers, as well as the propagation velocities of elastic waves within them. The method is based on
determining the arrival times of longitudinal and transverse wave fronts from an elastic wave source to
geophones arranged along a single line.

The following physical-mechanical parameters were determined:

Table 2.

Vp m/sec Longitudinal wave velocity

Vs m/sec Transverse wave velocity
Vs/Vp Velocity ratio

p gr/cm® Density

U Poisson's ratio

Ed Mpa Young's dynamic modulus
Gd MPa Shear dynamic modulus
Kd Mpa Dynamic modulus of universal compression
D Mpa Total deformation modulus
T Mpa Tensile strength limit

Parameters 1-3 and 5-8 were calculated based on well-established theoretical relationships, while
parameters 4, 9, and 10 were derived using available empirical correlations.

Seismic Profiling Methodology:

Seismic profiling was carried out using 10 Hz geophones spaced at 3-meter intervals. Seismic wave
generation was achieved by striking a special plastic plate with a 10 kg hammer.

The measurements were conducted in both Z-Z and Y-Y orientations. A five-shot point system was used,
which included:

e Two shots at the beginning and end of the profile,

e One shot in the middle of the profile,

e Two shots positioned off the ends of the profile.

Wave registration was performed using a 24-channel engineering seismic station manufactured by
GEOMETRICS. Data processing and interpretation were conducted using the licensed Seislmager
software from the same company.

Subsequently, the recorded data were analyzed, and the corresponding seismic sections were constructed
(see Figs. 2-5).
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Analysis of Conducted Works and Results

Seismic profiling (using the refraction wave method) was conducted in the study area, and corresponding
seismogeological cross-sections were constructed. The propagation velocities of elastic longitudinal (P-
wave) and transverse (S-wave) waves were determined. Additionally, the values of the relevant physical-
mechanical parameters were assessed.

The report presents cross-sections of 4 seismic profiles, each 69 meters in length, with a total length of
276 meters (see Fig. 1.1). Table 1.1 shows the starting and ending coordinates of the seismic profiles in the
UTM system along with absolute elevations.

Based on the values of the geophysical parameters, three distinct layers with different properties were
identified on the seismic profiles. In our assessment, and considering the geological data from the
surrounding areas and the elastic wave velocity values, these correspond to:

e Layer 1 — Clay and clayey soils of varying consistency, occasionally containing hard pebbles,
gravel, and cobble inclusions. The range of longitudinal and transverse wave velocities is: V, = 221-377
m/s; V, = 148-252 m/s. This layer corresponds to layers SGE1 to SGE5 described in the geological
investigation report.

e Layer 2 — Pebbly-gravelly deposits with a firm clay-sand matrix. The range of longitudinal and
transverse wave velocities is: V, = 728-985 m/s; V, = 287-377 m/s.

This layer corresponds to layer SGE6 in the geological investigation report.

e Layer 3 — Weathered and fractured alternation of foliated and thin-bedded argillites and medium-
bedded sandstones. The range of longitudinal and transverse wave velocities is:
V,=up to 2776 m/s; V, = 1364-1423 m/s.

This layer corresponds to layer SGE7 in the geological investigation report.

The resulting seismic cross-sections are shown in Figures 2 through 5, and the relevant physical-
mechanical parameters have been calculated accordingly.
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Fig. 2. Seismic section Nel.
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Fig.3. Seismic section Ne2.
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Fig. 5. Seismic section Ned4

Based on geophysical surveys, soil categories were assessed using the average shear-wave velocity in the
upper 30 meters of the ground (Vs30). Averaged shear-wave velocities were obtained for the study area, and
the corresponding soil categories were determined according to both Georgian national standards and
international standards (IBC2006, Eurocode 8, ASCE?Y). For this area, the average shear-wave velocity in the
upper 30 meters (Vs30) was found to be 382 m/s.

According to the national standards of Georgia, each profile area corresponds to Soil Category I, while
under international standards, the classification is as follows: Eurocode 8 — Class B, IBC2006 and ASCE7 —
Class C.

The detailed velocity values and corresponding soil categories for each profile area are presented in Table
2.

Table 2.
Prof. N Vs30 (m/s) DN 01.01-09 IBC2006 ASCE Eurocode 8
(Georgian (International (American (European
Standard) Standard) Standard) Standard)
1 365 1 D D B
2 401 1 C C B
3 401 1 C C B
4 361 1 D D B
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Clarification of the Seismicity of the Study Area

The seismicity of the construction site was determined using the method of seismic stiffness, which
involves adjusting the seismicity by comparing the acoustic stiffness of the reference soil to that of the
investigated soil. The calculation is performed using the following formulae [2.2, 2.3, 2.4]: I=I0+AI, Where:
I is the adjusted seismic intensity, Io is the intensity of the reference soil, determined by seismic
microzonation, AI is the intensity increment, calculated by the formula:

Al=1.67-1og(V0-p0OVi-pi)+exp(—0.04-h2), Where: Vo and po are the velocity of shear (or longitudinal)
waves and density of the reference soil, V; and p; are the respective values for the investigated soil, h is the
depth of groundwater below the foundation level.

According to the engineering-geological report, groundwater was detected and stabilized in five
geological boreholes:

o Borehole #3 — stabilized at 12.0 m,

e Borehole #4 — 12.2 m,

e Borehole #7 —13.3 m,

e Borehole #9 — 9.3 m,

e Borehole #11 — 13.7 m.

Groundwater was not detected in the remaining boreholes. The average groundwater depth across the
construction site is h = 12.1 m (minimum h = 9.3 m).

Taking these values into account, the intensity increment is calculated as:

Al=1.67-10og[(600+100)-(1750+£50)/((429+64)-(1911461))]+exp(—0.04-9.32) =0.3517+0.1324~0
intensity)

Conclusions

Based on the method of acoustic stiffness used on the construction site, the obtained increment in
seismic intensity is: For reference intensity Io = 8, Al = 0.3517 + 0.1324 (maximum value 0.48 < 0.50), 0
intensity, no full additional intensity grade is added, Final adjusted seismic intensity for the construction
site is 1 = 8.

Using this method, the calculated design horizontal acceleration on the construction site is 0.274 g
(2.688 m/s2).
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CeiicMHUYecKHe UCCIE0OBAHUA U YTOUYHECHUE CEICMUYHOCTH C Y4eTOM
JIOKAJIbHBIX MapamMeTpoB B cesie Knoucu, bop:;komckuii paiion

M. I'urubepus, B. Apadbuaze, /I. Kupua, H. I'iionTn

Pe3rome

Juia momydeHusi 00beKTHBHOIM MH(OPMAIMK O MHXEHEPHO-TEOJIOTUIECKIX CBOWCTBAX CKAJbHBIX MAaCCHBOB
HEOOXOIMMO MPOBEACHHE IIMPOKOr0 KOMIUIEKCAa HCCIEAOBAHUM, BKIIOYAIOMIETO TI'EO0JIOTHYECKHUE,
ICOTEXHUYECKHE, TUAPOreOJIOTHUECKHE, TeoQHU3nYecKue U, Ipexae BCEero, CeMcMOaKyCTHYECKUe
nuccaenoBanus. PU3NYECKON OCHOBOW HMH)KEHEPHOM CEHCMOAKYCTHKHU SIBISIETCSI TECHas 3aBUCUMOCTh
MapaMeTpoB YIPYTHX BOJH OT OCOOEHHOCTEH CTPOEHHSA, CBOMCTB M COCTOSHHSA MCCIETyEeMBIX CKaJbHBIX
MAaCCHBOB.

Hacrosimast pabota mocssimieHa poJid MHXXEHEPHOW reo(u3uKH, B YACTHOCTH CEHCMHUKH, B CTPOUTEJILCTBE
3HAUYUMBIX COOpyXeHuil. B kadecTBe npuMepa MPUBEIEHbI KOHKPETHBIE IPOEKTBI M METOJBI,
HCIIOJIB30BAHHBIE ISl UX PEAIU3ALIMH.

KiroueBble cjioBa: WHXCHECPHAas reocbmm(a, CeﬁCMHqHOCTB, CKaJIbHbIC MaCCHUBEI.
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ABSTRACT

Obtaining objective information on the engineering and geological properties of rock masses requires a broad range of
studies, including geological, geotechnical, hydrogeological, and geophysical ones. The physical basis of engineering
seismic acoustics is the close relationship between elastic wave parameters and the structural features, properties, and
condition of the rock masses being studied.

This article examines the role of engineering geophysics in the construction of critical structures. Specific projects and
their implementation methods are presented as examples.

Key words: engineering geophysics, seismicity, rock massifs.

Introduction

We conducted a series of works that involved the construction of seismic profiles and clarification of
seismic hazard considering local parameters on the reconstruction site located at llia Chavchavadze Street
#27, in the city of Dusheti.

Experimental Studies: Construction of Soil Seismic Profiles

Seismic profiling was carried out using the refraction wave method [1-13], obtaining data up to a
depth of 30 meters. Additionally, the physical and mechanical parameters of the rocks were assessed based
on the propagation velocities of elastic waves (both longitudinal and shear waves). A seismic profile 38
meters in length was constructed.

Figure 1 shows the study area and the location of the seismic profile. The corresponding start and end
coordinates of the seismic profile, along with the absolute elevations in the WGS-84 coordinate system, are
presented in Table 1.

Table 1. Start and end coordinates of seismic profiles with corresponding absolute heights. 1s indicates the
start of the profile, and 1e indicates the end of the profile.

GPH # X, m Y, m H, m
1s 475165 4659307 887
le 475145 4659275 884
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Fig. 1. Study area and schematic layout of seismic profiles.

Geophysical Investigations (Seismic Profiling)

Seismic profiling using the refraction wave method is one of the key techniques for investigating rock
properties in solving engineering seismological problems. Our main objective was to study the structure of
the given area and to determine the physical-mechanical parameters based on the velocities of longitudinal
(P) and transverse (S) elastic waves.

For this purpose, the field seismic method of refracted waves was selected.
The refraction wave method allows for the determination of the thicknesses of surface and deeper layers, as
well as the velocities of elastic wave propagation within them.

The method is based on determining the arrival times of the first P and S waves from an elastic wave
source to geophones arranged in a straight line. This makes it possible to calculate the velocity of the
longitudinal wave.

Thus, the objective of the investigation was to determine the rock structure down to a depth of 30 meters
and to define the following physical-mechanical parameters within the identified structural elements:

Table 2.

Vp m/sec Longitudinal wave velocity

Vs m/sec Transverse wave velocity
Vs/Vp Velocity ratio

p gr/cm® Density

Ul Poisson's ratio

Ed Mpa Young's dynamic modulus
Gd MPa Shear dynamic modulus
Kd Mpa Dynamic modulus of universal compression
D Mpa Total deformation modulus
T Mpa Tensile strength limit

Note: Parameters 1-3 were obtained through field investigation, parameters 5-8 were calculated based
on known theoretical relationships, while parameters 4, 9, and 10 were derived using available empirical
correlations.

Seismic profiling was conducted using 10 Hz geophones spaced 2 meters apart. Seismic waves were
induced by striking a special plastic plate with a 10 kg hammer. Both geophones and impacts were oriented
along Z-Z and Y-Y axes. A five-shot point system was used, which included two shots at the beginning and
end of the profile, one shot in the middle, and two off-end shots placed at a significant distance from the
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profile. This configuration enabled the acquisition of information down to a depth of 30 meters. Depending
on the type of wave, the orientation of the impact was adjusted.

Wave recordings were made using a 24-channel engineering seismic station, model GEODE,
manufactured by the American company GEOMETRICS. The direction of the impact varied depending on
the wave type. Subsequently, interpretation was carried out using the licensed Seisimager software, also
developed by GEOMETRICS. Seismogram analysis was performed, a geological cross-section was
constructed, and the corresponding physical-mechanical parameters were evaluated.

Seismic profiling using the refraction wave method was carried out in the study area. A 38-meter-long
seismic profile was acquired, providing subsurface information to a depth of 30 meters. Figure 1 shows the
study area and the location of the seismic profile. The starting and ending coordinates of the profile, along
with absolute elevations in the WGS-84 system, are presented in Table 3 below.

Table 3
GPH # X, m Y, m H, m
1s 475165 4659307 887
le 475145 4659275 884

Based on geophysical parameters, different engineering-geological elements (layers) have been
identified, and the distribution of P-wave (VP) and S-wave (VS) velocities within them has been determined.
The corresponding physical-mechanical parameters were also obtained. According to the constructed
geophysical cross-section, three distinct layers are observed based on their physical properties (due to the
lack of detailed engineering-geological information, identification is based on geophysical data and local
visual observations, and is therefore somewhat conditional):

e Layer 1 - Loose material, dry, decompressed,;

e Layer 2 — Clayey, highly decompressed,;

e Layer 3 — Clayey, presumably water-saturated.

Seismic Profile #1

Layer 1 extends from the surface down to a depth of 1.8-2.5 meters with the following seismic
velocities: VP =227 m/s; VS = 142 m/s.

Layer 2 lies beneath Layer 1 and varies in thickness from 0.5 to 7.0 meters. Its seismic velocities are: VP
=691 m/s; VS =318 m/s.

Layer 3, observed down to a depth of 30 meters, is located below Layer 2 and has the following seismic
velocities: VP = 876 m/s; VS = 433 m/s.

8gs
886
884 -
882 -
880 -
878 -
876
874
872
870

Elevation (m)

8es
866
864
862
860
858
856

854

t T T t t T T t T T t t T T t
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 368 38

Distance (m)

Fig. 2. Seismic section Nel.
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Layer N | Parameter Parameter description Values Capacity, m
1 Vp m/sec Longitudinal wave velocity 227
Vs m/sec Transverse wave velocity 142
Vs/Vp Velocity ratio 0.63
p gr/cm”3 Density 1.25
v Poisson's ratio 0.18
Ed Mpa Young's dynamic modulus 60 2
Gd MPa Shear dynamic modulus 25
Dynamic modulus of universal
Kd Mpa compression 308.01
D Mpa Total deformation modulus 0.37
T Mpa Tensile strength limit -
2 Vp m/sec Longitudinal wave velocity 691
Vs m/sec Transverse wave velocity 322
Vs/Vp Velocity ratio 0.47
p gr/cm”3 Density 1.65
M Poisson's ratio 0.36
Ed Mpa Young's dynamic modulus 470 4
Gd MPa Shear dynamic modulus 171
Dynamic modulus of universal
Kd Mpa compression 5600.50
D Mpa Total deformation modulus 10.09
T Mpa Tensile strength limit 2.45
3 Vp m/sec Longitudinal wave velocity 876
Vs m/sec Transverse wave velocity 438
Vs/Vp Velocity ratio 0.50
p gr/cm”3 Density 1.75
U] Poisson's ratio 0.33
Ed Mpa Young's dynamic modulus 900 24
Gd MPa Shear dynamic modulus 336
Dynamic modulus of universal
Kd Mpa compression 8961.87
D Mpa Total deformation modulus 28.56
T Mpa Tensile strength limit 4.80
V30, misec Average transverse wave velocity up . g

to 30 m depth
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Conclusion

Based on geophysical surveys and the average shear-wave velocity in the upper 30 meters of soil
(VS30, which was determined to be 369 m/s for the construction site), the soil categories were determined
according to both Georgian standards and international standards (IBC 2006, Eurocode 8, ASCE 7). It should
be noted that, according to Georgian standards, the soil corresponds to Category Il, while according to
international standards, it was classified as follows: Eurocode 8 — Type B, IBC 2006 and ASCE 7 — Class C.
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53396dm LoEyzgdo: LEobmObOM JgMTBOBO3Is, LYOLWOHMBDS, JEM3s60 Tologgdo.

CeilicMnyecKkue UCCJIETOBAHUS U YTOYHEHHE CEHCMUYHOCTH € YYETOM
JIOKAJIBbHBIX MapaMeTpoB B cesie KBuOucu, bop:xomckuii pailion

M. I'urubepus, B. Apadbuaze, /1. Kupua, H. I'sionTn
Pe3ome

Juig momydenusi 00beKTUBHOM HH(pOpMaIu 00 WHKEHEPHO-TEO0JIOTHIECKIX CBOMCTBAX CKaJbHBIX MacCHBOB
HEOOXOMMO MPOBEJACHNUE MIUPOKOTO KOMITJIEKCA UCCIIE0BAaHMU, BKIIIOUask T€0JIOTHIECKHe, T€OTEXHUIECKHE,
ruaporeoyorndeckue u reopusnyeckue. OU3NUECKOd OCHOBOW WHXKEHEPHOW CEHCMOAKYyCTHKH SIBIISIETCS
TeCHasl CBA3b IMAapaMeTPOB YNPYTHUX BOJIH C OCOOEHHOCTSMH CTPOEHHS, CBOMCTB W COCTOSHHUS M3y4aeMBIX
CKaJbHBIX MAaCCHBOB.

B naHHOIi cTaTbe paccMaTpUBAeTCS POJIb WHXKEHEPHOH Treo(M3WKW B CTPOUTENBCTBE OTBETCTBEHHBIX
coopy>keHul. B kauecTBe mpumepa MpuBeAeM KOHKPETHBIE MTPOEKTHI U METOJIbI UX PEaIU3alUH.

KiroueBble ciioBa: HWHKCHCPHAaA 1"60(1)1/131/11(3,, CCIZCMH‘*IHOCTB, CKaJIbHbIC MaCCHBEI.
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ABSTRACT

The correlation and regression relationship between the intra-annual distribution (%) of the number of landslides (LS)
and the precipitation sums in the month when the landslide occurred and the accumulated sums for the month and 1...11
months before the landslide, P(1)...P(12), respectively, were studied. In particular, it was found that the intra annual
distribution of landslides across the territory of Georgia is rather uneven. The highest number of landslides occurs in
July and September (11.7% and 11.0%, respectively), while the lowest occur in January and November (5.3% and 5.6%,
respectively). A moderate correlation is observed between the intra-annual distribution of LS with the intra-annual
distributions of P(9)...(12). For the pairs LS — P(1) and LS — P(8), the correlation is low. For the remaining cases, the
correlation is negligible. Linear regression equations between the parameters under study are presented.

Key words: natural disasters, landslides, precipitation, correlation and regression analysis.
Introduction

Landslides, as a type of natural disaster, often cause significant damage to the environment in many
countries around the world [1-3], including Georgia [4-10]. In particular, [10] presents the results of a
statistical analysis of data from the Geological Department of the Environmental Agency of Georgia on the
annual number of activated and newly formed landslides (LS) for the period from 1995 to 2024. The number
of landslides varies in the range from 56 to 1360 with an average annual value of 581. The trend in LS values
has the form of a seventh-degree polynomial. In a subsequent study [11], an interval forecast of LS values up
to 2030 was carried out taking into account the periodicity in the observation series. The mean predicted LS
value for 2025-2030 was found to be 1582 + 107, with a 68% confidence interval from 875 + 107 to 2289 +
232.

Landslide activation is caused by many natural and anthropogenic factors, including the influence of
prolonged, intense, or extreme precipitation [12].

In recent years, a number of studies have been conducted in Georgia to identify the short-term (hours,
days, months) [13-16] and long-term (years, climate scale) effects of precipitation on landslide and mudflow
activation [17-20]. These studies used landslide and mudflow data presented in [7, 8], as well as ground-based,
radar, and satellite precipitation data, taking into account their representativeness depending on the distance to
the measurement point. A detailed review of these studies is presented in [21].

In our latest work [22] a detailed statistical analysis of the relationship between monthly and
accumulated multi-month precipitation sums and the number of landslides in 12 regions of Georgia is
presented. Landslide data with a known month and year of activation were used (a total of 788 landslide events
from 1961 to 2022). For the analysis, the precipitation sum for the month of landslide activation (P1) was
determined, as well as the accumulated precipitation sum for the month of activation and for 1 month (P2), 2
months (P3), ..., and 11 months (P12) prior to landslide occurrence.
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Specifically, the following results were obtained. The relationship between average precipitation values
(threshold values) and monthly precipitation duration during the month of landslide activation and before
landslide activation in Georgia and its individual regions was determined. It was found that, overall, in eastern
Georgia (including the Samtskhe-Javakheti region), landslide activation occurs with significantly lower
precipitation sums than in western Georgia. The average P1 values are 76 and 156 mm, respectively, and the
P12 values are 684 and 1588 mm. The linear correlation between the number of landslides and the P1...P12
values across the regions of Georgia is low for P1 and moderate for P2...P12. The sum of precipitation
associated with landslides exceeds the general long-term average monthly precipitation by approximately 16%.
For Georgia as a whole, the dependence of the number of landslides on the P1 and P12 values has the form of
a fifth-order polynomial (sequentially: slight increase — plateau — strong increase). For P1 values, the
precipitation sum plateau, after which a strong increase in the number of landslides begins, covers the range
from 62 to 149 mm, and for P12 — from 914 to 1588 mm (the number of landslides is ~ 108—114).

This work is a continuation of the study [22]. Below are the results of the analysis of the relationship
between the intra-annual distribution of landslide frequency in Georgia and monthly and accumulated multi-
month precipitation sums.

Study area, material and methods

Study area is Georgia.

Data on the number of landslides with a known month of their activation were taken from the catalog
[7]. Period of observation - from 1961 to 2022. Total - 788 landslide cases.

Data National Environmental Agency about monthly sum of atmospheric precipitations for 78
meteorological stations are used. List of meteorological stations, their coordinates and locations in [22] are
presented.

In the proposed work the analysis of data is carried out with the use of the standard statistical analysis
methods [23].

The following designations will be used below: R — coefficient of linear correlation; 1....12 - January ....
December; LS(1)...LS(12) - the ratio of the number of landslides from January to December to their annual
number, %; P(1)...P(12) - the ratio of the sum of precipitation in the month with landslide activation to their
cumulative sum in the month and 1...11 months before the landslide, respectively, %;

The degree of correlation was determined in accordance with [23]: 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).

Results and discussion

Results in Fig. 1-3 are presented.
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Fig. 1. Intra-annual distribution of landslide recurrence in Georgia.

In Fig. 1 intra-annual distribution of landslide recurrence in Georgia is presented. As this figure shows,
the intra annual distribution of landslides across Georgia is quite uneven. The highest number of landslides
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occurs in July and September (11.7% and 11.0%, respectively), while the lowest occur in January and
November (5.3% and 5.6%, respectively).
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Fig. 2. Intra-annual distribution of the recurrence of landslides and P(10) in Georgia.

In Fig. 2 as an example intra-annual distribution of the recurrence of landslides and P(10) in Georgia
is presented. The correlation coefficient between the specified distributions is 0.66 (Fig. 3, moderate
correlation).
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Fig. 3. Linear correlation between the intra-annual distributions of landslides and P(1)...P(12) in Georgia.
Correlation coefficient values from 0.13 to 0.33 are negligible.

Fig. 3 also shows that a moderate correlation is also observed between the intra-annual distribution of
LS with the intra-annual distributions of P(9), P(11), and P(12). For the pairs LS — P(1) and LS — P(1), the
correlation is low. For the remaining cases, the correlation is negligible.

Linear regression equations between the intra-annual distributions of landslides (y) and P(1),
P(8)...(P12), (x), in Georgia are as follows: P(1): y = 0.3753x + 5.2062; P(8): y = 0.9013x + 0.8224; P(9): y =
1.2998x - 2.4986; P(10): y = 1.4601x - 3.8339; P(11):y =1.3305x - 2.754; P(12): y = 1.0938x - 0.7817.

Conclusion
In the near future, as new data accumulates, we plan to refine the results obtained in this study. We also plan

to conduct research assessing the role of various factors (including precipitation) in landslide activation using
artificial intelligence methods in both steady-state and dynamic modes.
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A. AmupanamBuiun, JI. Bpokka, T. Yeaunze, T. Kupua,
. Cananze, T. Hamanamsuiau, H. BapamamBuian

Pe3rome

W3ydena KoppessiliMOHHAs W PErPECCHOHHAS CBS3b MEXIy BHYTPUTOAOBBIM pacrpenenenuem (%)
konmuuecTBa omnoymsHed (LS) W cymMmamMu OCaakoB B MecCsile, KOTJIa MPOH3OIIET OIMOJ3eHb, U
HaAKOIICHHOM cymme 3a mecsan U 1...11 mecsaues mo omomsus, P(1)...P(12), coorBeTcTBeHHO. B
YaCTHOCTH, IIOJIY4YE€HO, YTO BHYTPUIOJ0OBOE paciipeesIeHH e OM0I3HEH 110 I'py3un 10BOIBHO HEPAaBHOMEPHO.
HauOonbiiee KoauMuecTBO OMOA3HEH NPUXOAUTCS Ha Mioib U ceHTA0ph (11.7% 1 11.0% cooTBeTcTBEHHO), a
HauMeEHbIlIee — Ha STHBapb U HOAOPS (5.3% u 5.6% cooTBeTcTBeHHO). HabmomaeTcst ymepeHHast KOppessiys
MEX]y BHYTPHTOJIOBBIM pactpejeneHreM LS u BayTpuronoBeiMu pactpenenerusmu P(9)...(12). s map LS
—P(1) u LS — P(8) xoppesius Hu3Kas. B oCTaNbHBIX Cllydasx KOppEsis He3HaYnTeIbHA. [IpecTaBieHbI
YpaBHEHHS JINHEHHON PErpeccun MEXy UCCIIeLyeMbIMU IapaMeTpaMH.

KawueBbie ciioBa: cTHXHiiHbIE OCACTBHS, OMNOJ3HH, aTMOC(EpHBIE OCagKH, KOPPEISLMOHHBIH H
pErpecCHOHHBIN aHaIN3.
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ABSTRACT

This paper discusses current state and further development of the high-resolution marine regional modeling
and forecasting system for the Georgian sector of the Black Sea and adjacent waters, which has been
developed within the EU international scientific and technical projects ARENA (2003-2006), ECOOP (2007-
2010). Its further expansion with the inclusion of impurity transport models in the system was carried out
within the framework of Shota Rustaveli National Science Foundation grant (2013-2015). This system, based
on a regional numerical model of the Black Sea dynamics and 2-D and 3-D transport models of the impurity,
provides modeling of the main hydrological fields and the spread of oil and other impurities with a spatial
resolution of 1 km. In the case of providing real input data, the system makes it possible to forecast the state
of the sea for several days in advance. Further development of the existing regional modeling system is
related to the development of a very high-resolution modeling subsystem for the Batumi-Poti-Anaklia
nearshore water area and the inclusion of a wind wave forecast model in the subsystem. The purpose of the
very high-resolution modeling subsystem is to specify and make more detailed marine forecast for the
Batumi-Poti-Anaklia coastal waters (with a spatial resolution of 200 m), which are subject to the greatest
anthropogenic load.

Key words: forecasting system, mesoscale eddies, high-resolution model, system of equations, boundary
conditions.

Introduction

According to many experts, recent decades have been characterized by the intensification of human
activity, which has led to a deterioration in the ecological state of the natural environment, including the
hydrosphere. In this regard, the Black Sea is no exception. According to numerous studies the level of
pollution of the Black Sea with oil products, marine litter, plastics and other pollutants is growing [1, 2].
Anthropogenic pressure on marine ecosystems increases sharply in areas of intense technogenic activity.
Intensive use of the coastal and shelf zones of the Black Sea leads to an increase in anthropogenic load and
deterioration of the ecological situation in these zones, to which many marine organisms react sharply [3, 4].

For Georgia, as a Black Sea country, the ecological safety of the coastal zone is especially important,
since the contribution of the Black Sea in terms of the socio-economic situation of the country is very
relevant. The most important part of the Georgian Black Sea sector is the Adjara (Batumi)-Poti-Anaklia
nearshore water area, where economic activity is growing significantly: the flow of tourists is growing every
year, the coastal infrastructure is developing intensively. In the coming years, the Black Sea transport
function is expected to increase since the construction of Anaklia deep-water port is on the agenda.

In conditions of intense anthropogenic load, a very high-resolution coastal modeling and forecasting
system, which provides a timely and detailed forecast of the state of the Georgian nearshore waters by
identifying the pollution zones, acquires significant relevance.

As a result of participation in the EU International scientific and technical projects ARENA (2003-
2006) and ECOOP (2007-2010), M. Nodia Institute of Geophysics developed a regional marine forecasting
system for the southeastern part of the Black Sea, which includes the Georgian sector of the Black Sea and
the adjacent water area. The regional system became one of the components of the Black Sea basin-scale
monitoring and forecasting system. The main core of the regional system - the regional model of the Black
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Sea dynamics (RM-1G) of M. Nodia Institute of Geophysics with 1 km horizontal resolution, was nested in
the basin-scale model of the Black Sea dynamics of Marine Hydrophysical Institute (Sevastopol, Ukraine)
with 5 km horizontal resolution. The RM-IG is based on the solution of the complete system of the ocean
hydrothermodynamic equations with appropriate initial and boundary conditions. 2-D and 3-D numerical
transport models of oil and other impurities based on non-stationary advection-diffusion equations are
coupled with the RM-IG.

Finite-difference methods based on the two-cycle splitting method are used to solve the equations of
the models included in the modeling system [5].

We were able to receive all necessary input data every day required for forecast calculations via the
Internet during 2010-2021, which was provided within the framework of the mentioned EU projects. A
detailed description of the methodology for calculating marine forecasts is presented in [6-8].

In the case of real input data the regional forecasting system makes it possible to calculate a 3-day
forecast of the main hydrophysical fields - current, temperature and salinity with a horizontal resolution of 1
km in the Georgian sector of the Black Sea and in emergency situations to predict zones of pollution and
concentrations of oil and other impurities.

The present paper discusses the further development of a high-resolution marine regional forecasting
system for the Georgian sector of the Black Sea and adjacent waters by developing a very high-resolution
modeling subsystem for the Batumi-Poti-Anaklia nearshore water area. In addition, examples of short-term
forecasting of the main hydrophysical fields and oil slick transport are given to illustrate the functioning of
the existing forecasting system.

Results and discussions

The computer implementation of the RM-IG is carried out on a computational grid that includes 30
vertical computational levels with uneven grid steps (the minimum grid step is 2 m near the sea surface, the
maximum is 100 m). The number of grid nodes on each horizon is 215x 347 with the grid step 1 km. The
time step is equal to 0.5 hours.

Numerous numerical studies conducted on the basis of the RM-IG under the conditions of real
atmospheric forcing showed that the Georgian sector of the Black Sea and the surrounding water area are
characterized by high dynamic activity, where the formation of various mesoscale and submesoscale vortex
structures continuously occurs (i. g. [9-13]).
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Fig.1. Predicted surface current (a), salinity (on z = 50 m) (b) and SST (c) on 13 May 2019,
00:00 GMT. The forecasting time period is 00:00 GMT, 10 — 13 May, 2019.

As an example, in Fig.1 predicted sea surface current, salinity (on the depth of 50 m) and sea
surface temperature (SST) fields are shown at t=72 hours (time is accounted from the initial moment of the
forecast) corresponding to 00:00 GMT, 13 May 2019. The forecasting time period was 00:00 GMT, 10.05.-
13.05 May 2019. In Fig. 1a is clearly shown that the circulation on May 13, 2019 was characterized by the
formation of two main structural elements - an anticyclonic eddy in the southeastern part of the considered
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area and a cyclonic eddy located in the northwest direction from the cyclonic eddy. The formation of some
submesoscale eddies is also observed here.

In Fig.2 geostrophic current field reconstructed using satellite altimeter data is shown for the same
time moment ((http://dvs.net.ru/mp/data/main.shtml). Comparison of the predicted circulation field (Figla)
with the geostrophic current (Fig.2) shows good agreement with each other. Note that the geostrophic
approximation cannot reproduce the submesoscale eddies identified by the model. Comparison of salinity
(Figlb) and circulation fields (Fig.1a) shows a significant contribution of the flow field to the formation of
the distribution of salinity: waters of the central part of the anticyclonic eddy are characterized with
relatively low salinity, while in the central part of cyclonic eddy the salinity is relatively high. This feature of
the salinity distribution depending on the circulation regime is well known from the previous studies [6-7].
From Fig.1c is well visible that waters near the Georgian shoreline were characterized by relatively high
temperature and the temperature decreases away from the shore.
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In Fig.3 predicted surface current fields and oil spill transport are shown, when the forecasting period
was 00:00 GMT, 11-14 Jainuary 2014. In a numerical experiment, a hypothetical emergency oil spill into the
sea occurred at a distance of about 70 km from the coast of Georgia. The oil spill occurred over four hours in
the amount of 10 tons. The oil spill was considered as a point source. It is evident from the Fig.3 that the oil
slick gradually expands and, under the influence of circulation, approaches the Georgian coast.

We consider further development of the regional forecasting system by developing a very high-
resolution modeling subsystem (with a grid step of 200 m) for the Batumi-Poti-Anaklia nearshore area with
sizes of about 54x177 km, which is subject of great anthropogenic load. The modeling subsystem will
become a part of the existing regional modeling and forecasting system. Increasing the resolution of the
numerical model is a very important factor for identifying unstable coastal submesoscale eddies that often
form in this water area. It should be noted that the seabed topography in this area is characterized by the
presence of underwater canyons [14], which are practically impossible to take into account in a model with a
resolution of 1 km. In addition, a very high resolution of the model will allow us to more adequately reflect
the contribution of rivers to coastal processes.

A spectral model of the forecast of the sea surface waves will be developed, which will be included in
the modeling subsystem for the Adjara-Poti-Anaklia adjacent water area.

Fig.4 shows the forecast area, where the forecast is calculated with a spatial resolution of 1 km, and
the Batumi-Poti-Anaklia water area, where the forecast should be calculated with a resolution of 200 m.

1 — Forecast area with spatial
resolution 1 km

2 — Forecast area with spatial
resolution 150-200 m

Fig.4. Regional and coastal forecast areas in the southeastern part of the Black Sea.

Fig. 5 shows the structure of the new advanced version of the marine regional forecasting system after
including a very high resolution modeling subsystem into existing regional forecasting system. As shown in
Fig. 5, the components of a forecasting subsystem will be the following very high-resolution models with
grid step of 200 m :

e A 3-D numerical model of coastal dynamics, which will be nested in the RM-IG with 1 km

resolution.

¢ A 2-D numerical model of oil slick transport.

¢ A 3-D numerical model of spreading of non-conservative impurities.

o Surface gravitational wind wave model.

The main core of the coastal forecasting subsystem will be a new very high-resolution version of the
sea dynamics model, which will be obtained by adapting the RM-IG to the Adjara-Poti-Anaklia water area
and increasing the spatial resolution from 1 km horizontal grid step to 200 m grid step. At the same time, the
coastal forecasting subsystem will be expanded with the task of forecasting sea surface waves. It is planned
that the wind wave model will be based on the spectral wave energy balance equation. It should be noted that
the well known SWAN (Simulating Waves Nearshore) model in the literature is based on the same equation,
which quite fully describes the formation and transformation of wave motion in coastal areas and is widely
used to calculate wind waves in a number of coastal areas [15-17].
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REGIONAL FORECASTING SUSTEM
FOR THE EASTERNMOST BLACK SEA
WITH 1 KM RESOLUTION

Regional model of
Black Sea dynamics

h

r
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COASTAL FORECASTING SUBSYSTEM
FOR ADJARA-POTI-ANAKLIA WATER AREA
WITH 200 m RESOLUTION

Model of Black Sea coastal
dynamics

A 4

3D model of impurity 2D oil slick
distribution transport model

A

Wind wave model

Fig. 5. The structure of the advanced version of the regional forecasting system.

The operation of the coastal forecasting subsystem will be possible together with the existing regional
system using nesting modeling, which will allow us to calculate not only the forecast of dynamic fields and
the spread and concentration of impurities, but also the height and direction of surface waves with a
resolution of 200 m in Adjara-Poti-Anaklia nearshore zone.

the atmospheric forcing will be specified by the Meteo France regional atmospheric model ALADIN
acting in Romanian Meteorological Organization or by the SKIRON forecasting system (University of
Athens, http://forecast.uoa.gr/).

Conclusion

The paper presents the current state of the regional marine forecasting system for the Georgian sector
of the Black Sea and adjacent water area, which will be developed by creation of a very high-resolution
modeling subsystem for Batumi-Poti-Anaklia water area spatial resolution of 200 m. Modeling of
hydrological processes in the Adjara-Poti-Anaklia coastal area with a very high resolution is an essential
factor for high-precision reproduction of coastal processes.

Thus, a complex regional forecasting system will be created, which will combine the existing regional
forecasting system with a resolution of 1 km and very high-resolution forecasting subsystem with a
resolution of 200 m for the Batumi-Poti-Anaklia coastal zone. The development of this improved regional
forecasting system is of great importance from the point of view of its practical use, since the operation of
such a system will make it possible to provide with marine forecasts such economic sectors, for the full
functioning whose operational information on the state of the Black Sea is required.
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3530 B30l LogdoMomngzgeml igergddo 3oMHmemaomo 39¢rgdols
300906Hgd0LS s 3OMABMBOMIdOL LolBgds s dolo dgdpymdo

256300056935

Q- ©9dBMs830¢0
69bomdy

659MMm3do gobbowrmwos 8530 B30l LodoOmzguml Lgd@memols s d0dgdscg Fywrgdobmazol
05050 35MBI35MI0L BoDBWZsMm MYoMbMwo dMEIE0MGOOLs S 3OHMPbMBOMYdOL LolEgdol
5055006go 9y™domgmds s 999ymdo gobgzoms®mgds, MmIgwoi d9dwdsgzos 93em™m3s3doM0l
LogMHMIMOoLM bsdg3bogHm-3gdbozm®o 3Hmgd@gdol ARENA (2003-2006) s ECOOP (2007-2010)
RO g0do. Jobo F99AMT0 FOBRIMMMYdS 3OMPBMB0MGdOL LoliEgdsdo Jobscmgzdol AosEsbol
9900l BOM30m 2obbmME30gw©s dmms OHLlm3gEol 9Hmzbmwo Lsdgsboghm gmbool
30560l Bobawqddo (2013-2015). gb LobGHYds, OMIYOE IBwYABIOME0s 8530 B30l ObsTOZOL
6930mbM  Gogbgzom  Imgwls s dobsMgzgdol 2-D s 3-D  go@o@sbol  dmgugdby,
MBOHMB3gYmRL JoM0MIO 30EOMEIMA0MMHO 39gdol s B5300Mdols @y bbgs dobstgzgdol
23930390 900L IMOY0©m9dsl 1 30 LOgMEOMO FoMBI35MBOM. Moo T9dsz5¢0 IMbsigdgdom
MBOHMBb3gymBol  gdmbggzsdo,  LobGHgds  Fgbodegdgel bool B30l dAMTsMIMBOOL
3601bmbB0oMYOL  M59m©Yb0odg @Ol FobLmgdom. sOLYdMEO MHYOMbmwwo 3MMAbMBoMYdOL
LobEGQAol  Fgdamdo  A96305MYBS  H35300M9dII0s  35079)F0-BM0-565300L  LobsdoMm
09gdobmz0l doe0sh Fomoeo AsMBg35MdOL IMYo®9gdol J3gbol¢gdol d9dw9dsgzgdslimsb s
J39L0LE 93580 JoMHoLdoIMO B9 MgdOL 3MIMPbMBOMYOOL IMYEOL BsOMZoLMSD. dose0sb sgswo
39MB9350Md0L dMmEYo®mgdol J3gLolBgdol JoBsbos MBOM IGO0 LEBEOZM 3OMYbMBOL
2396bmGEogwgds (200 3 LogzmOE0MO  2oMBY39MOOM)  BIMYIO-BMMO-5653o0l  BobsdoGmm

09agdobmzol, HmAwwgdos Y39esbg o s6MMM3My)bme OEGZ0MMZoL 3560(300056.

1533560m  Bo@ygzgdo:  3OMabmbBol  LobBgds,  I9HBMAsLIBHVOMOM0  AMORIWGd0,  FoMOEO
39MB930Lbs6MH0560 IMYOo, 256EHMMGdsmS LoLEYTs, LsbEBOZMM 30MHMdJdO.

Cucrema MoeJIMPOBAHHS U IPOTHO3UPOBAHMS IMAPOJIOTHYECKHUX
1oJiel B rpy3MHCKHUX BoAaxX YepHOro Mops u ee najibHeilee
pa3BuTHe

. JemeTrpamBuiun

Pesrome

B nannoil paboTte paccMaTpuBaeTCs COBPEMEHHOE COCTOSHHE M JanbHelIee pa3BUTHE CUCTEMbl MOPCKOTO
PETHOHATFHOTO MOJETHPOBAHMS W MPOTHO3MPOBAHUS C BBHICOKHM pa3pemieHreM s TPY3HHCKOTO CEeKTopa
YepHoro Mopsi ¥ NpPUWIETAOMINX BOA, pa3padOTaHHOW B paMKax MEKAYHAPOJHBIX HAyYHO-TEXHHYECKHX
npoektoB EC ARENA (2003-2006), ECOOP (2007-2010). ManbHeiiliee ee paciuimpeHre ¢ BKIOUYCHHEM B
CHCTEMYy TIPOTHO3MPOBAHHSA MOJIeNeld TiepeHoca TpuMece OBIIIO0 OCYIIECTBIEHO B paMKax TpaHTa
HaumonaneHoro nayuyHoro ¢onaa ummenu llora PycraBenmu (2013-2015). [lannHas cucrtemMa Ha OCHOBE
pErMOHANBHON YMCIIEHHOW Mojenu auHaMmuku YepHoro mops u 2-D u 3-D Monenell nmepeHoca mpumecei
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o0ecrieunBacT MOJCIMPOBAHUE OCHOBHBIX T'HJPOJIOTHYECKUX IMOJICH M pacnpocTpaHeHHs HeQTH U JPyTrUxX
MpUMecel ¢ TNPOCTPAHCTBEHHBIM paspemieHneM 1 kM. B ciaywyae mpenocTaBieHUs peasbHBIX BXOJHBIX
JaHHBIX, CUCTEMa IO3BOJISET MPOrHO3UPOBATH COCTOSTHHE MOPS Ha HECKOJBKO CYTOK Blepen. JlampHeiee
pasBUTHE CYLIECTBYIOIICH PErMOHAIBHOM CHCTEMbI IIPOTHO3UPOBAHMS CBSI3aHO C pa3pabOTKON IOACHUCTEMBI
MOJIEJIMPOBAHUSA CBEPXBBICOKO paspemieHus g npubpexHoi axBatopuu barymu-llotn-Anakmmus u
BKJIFOUEHHEM B MOACHCTEMY MOJEIH NMPOTHO3a BOIHOBOTO pexuMa. L{enbro noacucTeMsl MOAETUPOBAHUS CO
CBEPXBBICOKUM pa3pELICHUEM SIBIACTCA YTOUHEHHE U 00Jiee IeTaIbHOE OCYIIECTBIEHHE MOPCKOIO IIPOTHO3a
g puOpexxHbIXx Boa batymu-llotu-AHakmus (¢ mpocTpaHCTBeHHBIM paspemeHueM 200 M), KOTOpbie
MOJBEPKEHBI HAMOOJIbIIEH aHTPOIIOTCHHON Harpy3Ke.

KuroueBble cioBa: cuctemMa MPOrHO3WPOBAHUS, ME30MACIITA0HBIE BUXPH, MOJIENb BHICOKOTO pa3perieHus,
cUCTeMa ypaBHEHU, TPaHUYHBIE yCIOBHUSL.
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ABSTRACT

Assessing flood risk is essential for disaster prevention and land-use planning. This study examines techniques
employed in developed countries to identify areas susceptible to flooding. The evaluation emphasizes hydraulic and
hydrological modeling methods, the combination of Geographic Information Systems (GIS) with remote sensing data,
and the impact of climate change on flood hazard evaluations. The integration of GIS, hydrodynamic modeling, and
remote sensing enhances the precision of risk assessments and fosters sustainable management practices.

Key words: flood hazard, GIS, hydrodynamic modeling, risk assessment.

Introduction. Flooding ranks among the most common natural disasters, leading to significant
human, economic, and environmental damage each year. The World Meteorological Organization (2023)
reports that floods represent nearly 40% of all natural calamities globally. The rise in both the frequency and
severity of flood occurrences is closely associated with climate change, rapid urban sprawl, and
deforestation, which disrupt natural runoff and drainage systems. As a result, accurately identifying and
evaluating areas susceptible to flooding has become a crucial aspect of contemporary hydrological research
and disaster risk management.

In recent decades, there has been considerable advancement in modeling and mapping flood hazards.
Countries with developed economies, including the United States, the United Kingdom, Germany, the
Netherlands, Japan, and Australia, have adopted sophisticated hydrodynamic models, Geographic
Information Systems (GIS), and remote sensing technologies to evaluate and anticipate flood risks [1]. These
technologies enable researchers and policymakers to simulate various flood scenarios, assess water depths
during inundation, and devise strategies for preventive infrastructure.

Conversely, many developing regions still depend on simplified empirical methods and limited
hydrometric data for flood risk assessments. Integrating advanced modeling techniques into national flood
management systems continues to pose a significant challenge. This study seeks to summarize and compare
globally recognized methods for assessing flood-prone areas, with a focus on their relevance to the
circumstances in Azerbaijan and comparable hydrographic environments. This research enhances the
understanding of effective flood risk assessment methods and offers perspectives on tailoring global
experiences to meet local requirements.

Methods and Data. The evaluation of areas vulnerable to flooding utilizes a combination of
hydrological and hydraulic modeling, remote sensing, and Geographic Information Systems (GIS). This
research involved a review and comparison of international methodologies employed in various developed
nations. The analysis was bolstered by secondary data collected from scientific publications, institutional
reports, and publicly available hydrological databases [2].

Hydrological Modeling. Hydrological models replicate rainfall-runoff dynamics to forecast the
volume and timing of surface water flows. Among the most commonly used models, HEC-HMS (Hydrologic
Modeling System) created by the U.S. Army Corps of Engineers is a key model in the United States. In
Australia, the ARR (Australian Rainfall and Runoff) guidelines establish standardized approaches for
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calculating design floods based on regional precipitation information [3]. These models depend on
meteorological inputs, characteristics of the catchment area, and soil infiltration variables.

Hydraulic Modeling. Hydraulic models illustrate the physical dynamics of water movement in rivers
and floodplains. The one-dimensional (1D) and two-dimensional (2D) Saint-Venant equations serve as the
mathematical basis for such models:

0 0A 0 d (Q?

%J’E: 0, a—g+a<%+gAh> = gA(So — Sf)

where Q — discharge, A — flow area, t — time, x — distance, h — water depth, So — bed slope, and S¢ — friction
slope.

Widely used software includes HEC-RAS (USA), MIKE FLOOD (Germany), INFOWORKS ICM
(United Kingdom), and SOBEK (Netherlands). These tools allow simulation of flood propagation,
inundation mapping, and evaluation of protective structures.

GIS and Remote Sensing Integration. The combination of GIS and remote sensing technologies
enhances spatial accuracy in flood risk assessment. LIDAR (Light Detection and Ranging) and satellite-
based Digital Elevation Models (DEM) are frequently used to derive topography and surface characteristics.
By overlaying hydrological results with land-use and population density data, researchers can determine the
potential exposure and vulnerability of flood-prone areas [4, 5].

Data Sources and Limitations. Hydrological and meteorological data were referenced from global
databases such as NOAA, NASA, and the European Space Agency (ESA). The comparative analysis focused
on the methodological frameworks rather than specific field observations. Lack of data and model parameter
uncertainty remain major limitations, especially in developing regions such as the South Caucasus.

Comparative Analysis of International Approaches. Different countries have developed
distinctive frameworks for evaluating and managing flood-prone regions based on their climatic,
topographic, and institutional conditions. Table 1 summarizes the main approaches and tools applied in
selected developed countries.

Table 1. Comparative overview of flood risk assessment methods in developed countries.

Country Main Tools/Models Core Features
USA HEC-RAS, HEC-HMS, FEMA  Integration of hydrological and hydraulic models;
Flood Maps standardized national flood mapping; real-time data
assimilation.
United INFOWORKS ICM, ISIS, Flood = Advanced 2D modeling; focus on urban flooding and
Kingdom Map for Planning climate change impact.

Germany MIKE FLOOD, Hydro_AS-2D  Compliance with EU Floods Directive; probabilistic
hazard mapping.

Netherlands SOBEK, Delft-FEWS Coupled river—coastal flood modeling; integration of
remote sensing and sensor networks.
Japan 2D/3D hydrodynamic models, = Emphasis on short-term flood forecasting; integration of
radar data rainfall radar and real-time telemetry.
Australia TUFLOW, XP-RAFTS, ARR | Designed for flash floods; regionalized rainfall-runoff
Guidelines estimation.

A review of international practices shows that both the United States and the Netherlands operate
highly advanced flood management systems, where real-time hydrological monitoring is closely linked with
hydraulic modeling and public risk communication. In the United Kingdom, flood hazard assessment is
strongly integrated into land-use and spatial planning through the frameworks established by the
Environment Agency. In Germany, the mapping and classification of flood risks are conducted under legally
binding procedures consistent with the European Floods Directive (2007/60/EC). Japan, in turn, places
particular emphasis on the use of modern technologies to strengthen its early warning and forecasting
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capacities. Meanwhile, Australia’s approach is shaped by its predominantly arid climate, focusing on
methods tailored to the modeling of short-duration flash floods in smaller catchments.

Overall, these countries share several common principles:

1. The use of 2D/3D numerical models for hydraulic simulation.

2. GIS-based flood hazard mapping for planning and emergency response.

3. The inclusion of climate change scenarios and probabilistic analysis in flood forecasts.

4. Public access to flood maps and open data portals to enhance community resilience.

These practices form a methodological foundation for countries aiming to improve their flood risk
assessment frameworks. The adaptability of these methods depends on data availability, computational
resources, and institutional coordination.

Discussion. The comparative analysis of international methodologies demonstrates that the
efficiency of flood risk assessment strongly depends on the integration of data, modeling precision, and
institutional coordination. Developed countries apply a combination of hydrological, hydraulic, and
geospatial tools that enable dynamic flood forecasting and high-resolution hazard mapping. These systems
not only improve prediction accuracy but also give a chance to prepare and make awareness for public
beforehand.

Studies have shown that two- and three-dimensional hydrodynamic models such as HEC-RAS,
SOBEK, and MIKE FLOOD are key tools for providing realistic simulations of flow processes in the design
of dams, reservoirs, and early warning systems. However, the reliability of these model results is directly
related to the availability of detailed topographic data (e.g., LiDAR-based DEMs) and continuous
hydrometric observations. The application of GIS technologies allows for a clear description of hazard
zones, the degree of population exposure to risk, and the level of vulnerability of important infrastructure
elements, which supports scientifically based land use decisions [6, 7, 8].

However, existing systems also have certain limitations. In many cases, the hydrological observation
data required for model calibration are insufficient, or the lack of long-term observation series reduces the
accuracy of the results. Also, the application of modeling parameters obtained for one basin to another
creates additional uncertainties. Climate change also complicates this process, as traditional models cannot
always adequately reflect changing rainfall intensity and frequency patterns.

Countries with limited hydrological and topographic data should use a hybrid approach. This means
using statistical and remote-sensing methods along with physically based hydrodynamic modeling to fill in
gaps in the data. Adapting international tools like HEC-RAS and MIKE FLOOD to work in certain areas,
with the help of national GIS databases, could make it much easier to figure out how likely floods are to
happen in those areas. Working with research institutions and platforms that let people share data would also
make the overall flood management framework stronger [9, 10].

Conclusion. A comparative review of global approaches to flood-prone area assessment highlights
the successful practices adopted in several advanced countries, including the United States, the United
Kingdom, Germany, the Netherlands, Japan, and Australia. Findings suggest that integrating hydrological
and hydraulic models with GIS and remote sensing tools greatly improves both the precision and reliability
of flood hazard mapping. The use of two- and three-dimensional hydrodynamic modeling enables more
realistic simulations of water movement, while the incorporation of LiDAR and satellite-derived data ensures
an accurate representation of surface topography.

The comparative analysis highlights that the most successful systems are those supported by
comprehensive data management, real-time monitoring, and institutional cooperation. For Azerbaijan,
especially for the areas along the Kura River, implementing hybrid methods that incorporate international
modeling tools (like HEC-RAS and MIKE FLOOD) along with local GIS data can improve flood risk
assessment capabilities. Utilizing these approaches will aid in sustainable spatial planning, infrastructure
protection, and disaster risk mitigation at the national level.
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MeToabl OlIeHKM TEPPUTOPHIA, MOABEPKEHHBIX HABOAHEHUAM

X. I'yceiinoB, B. AsineB

Pe3rome

OrneHka prcka HaBOJHEGHWN WMeEeT pellaroliee 3HAYCHUE IS MPEIOTBPAIICHUS CTUXUWHBIX OCICTBUN U
TUTAHWPOBAHUS 3€MJIECTIONb30BaHusA. B MaHHOM MCClleZIoBaHUU pAacCMAaTPUBAIOTCS METOJbI, NCTIOIh3yEeMEIE B
Pa3BUTHIX CTpaHax IS BBISIBJICHHUS] TEPPHUTOPHM, IMOABEPKEHHBIX HaBoAHEeHHMSIM. Oco0oe¢ BHHMAaHHE B
OIICHKE YJENSETCS MEeTOJaM THUAPABINYECKOTO W THAPOJIOTMYECKOTO MOJICIHUPOBAHUS, COYETAHUIO
reorpadpuieckux uHGopMarmoHHbIX cucteM (['MC) ¢ mTaHHBIMU AUCTAHIIMOHHOTO 30HANPOBAHUS U BIUSHUIO
M3MEHEHHS KJIMMaTa Ha OICHKY oOmnacHOCTH HaomHeHuH. WHrerpamms ['MC, ruapoamHaMudecKoro
MOJICJIMPOBAHUS U JUCTAHIMOHHOTO 30HUPOBAHUS TOBBIIIAET TOYHOCTh OIEHKH PHCKA U CIIOCOOCTBYET
BHEJIPEHUIO METO0B YCTOMYNBOTO YIIPABICHHS.

KiroueBble cj10Ba: OIMaCHOCTH HaBOZ[HeHI/Iﬁ, FI/IC, THAPOANHAMHUYCCKOC MOACITIUPOBAHUC, OLICHKA PUCKA.
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ABSTRACT

A detailed statistical analysis of the total number of dry months (N) in Eastern Georgia in 1936-2023 using the SPI-3
index < 0 (agricultural drought) and an assessment of the variability of this number until 2045 is presented. Data from
18 meteorological stations on monthly precipitation sums were used. In particular, the following results were obtained.
The features of intra-annual distribution of monthly N values in Eastern Georgia in 1936-2023 (Full period), 1936-
1975 (I period) and 1984-2023 (Il period) were studied. Overall, in the second period compared to the first for all
stations, a trend of increasing aridity was observed in 136 cases (months), decreasing in 65 cases, and remaining
constant in only 15 cases. In other words, the overall trend is toward increasing aridity.

Statistical analysis of N values in spring-autumn period was conducted. In the second period of time compared to the
first, mean N values in spring-autumn period for Paravani, Tsalka, Bolnisi, Sagarejo, Gurjaani, Kvareli, Tianeti,
Pasanauri and Stepantsminda are significant increase (aridity tendency). Only at one station (Lagodekhi) is observed
significant decrease of this difference (wetting tendency). Insignificant variability of the values of N in second period
compared to first are observed at the 8 stations: Gardabani, Thilisi, Dedoplistskaro, Telavi, Gudauri, Gori, Khashuri
and Shovi.

Statistical forecasting of N values in spring-autumn period up to 2045 was carried out. At all stations, except Thilisi,
Lagodekhi and Shovi in 2026-2045 compared to 2004-2023 on average, an increase in drought is expected.

Key words: SPI, atmospheric precipitation, drought risk, climate change, correlation and regression analysis.
Introduction

Drought is a phenomenon of prolonged water shortage, whether atmospheric (below-average
precipitation), surface water, or groundwater. Drought can last for months or years. Atmospheric (or
meteorological) droughts occur when an area receives below-average precipitation over an extended period.
Meteorological droughts typically precede other types of drought. Agricultural droughts affect crop yields or
the ecology of a habitat. Hydrological droughts occur when water reserves in sources such as aquifers, lakes,
and reservoirs fall below the threshold required to support vegetation in the region
[https:/imww.google.com/search?client=opera&qg=3acyxa&sourceid=opera&ie=UTF-8&0e=UTF-8].

Currently, a large number of simple and complex indices for drought research exist [1]. Among
these, one of the most commonly used is the so-called Standardized Precipitation Index (SPI), which the
World Meteorological Organization recommended in 2009 as a starting point for monitoring meteorological
droughts [2]. Calculating this index requires only precipitation information. The SPI is based on the
probability of precipitation on any time scale. The probability of observed precipitation is then converted into
an index. It is used in research and operational settings in more than 70 countries. A dedicated free program
is used to calculate the SPI [3].

The SPI was developed to quantify precipitation deficits over multiple time scales or moving
average windows. Meteorological conditions and soil moisture (in agriculture) respond to precipitation
anomalies on relatively short time scales, such as 1-6 months. River runoff, reservoirs, and groundwater
respond to longer precipitation anomalies, ranging from 6 months to 24 months or more. The SPI index for
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1 or 2 months can be considered for meteorological drought, the SPI for a period of 1 to 6 months for
agricultural drought. The SPI for a period of 6 to 24 months or more is used for the analysis and application
of hydrological droughts [2].

In recent years, a significant number of studies on SPI variations (often in combination with other
indices) have been conducted in various countries worldwide to analyze the above-mentioned drought types
[4-8]. In particular, the review [8] systematically evaluates research on meteorological drought trends in Iran,
focusing on the Standardized Precipitation Index (SPI) and the non-parametric Mann-Kendall (MK) test.
Thirteen relevant articles were analyzed, and SP1 data from 1951 to 2019 were reviewed. The review indicates
that drought severity in Iran has generally increased over the past decades, particularly in arid and semi-arid
regions. Northern Iran and the Caspian Sea region have not experienced significant changes, whereas the
southern, southwestern, southeastern, eastern, and central regions have shown pronounced drought trends.
The drought pattern in Iran is heterogeneous: northern regions display a slow trend with more variable and
less predictable behavior, while the eastern and southern arid regions exhibit an increasing intensity and
duration of drought periods.

Similar work is being carried out in Georgia [9-16], taking into account local climate changes [17-
20]. For example, in our work [15] a detailed analysis of SPI variability for three months (agriculture drought)
in eastern Georgia based on observations at 18 meteorological stations from 1936 to 2023 is presented. Study
area covers 7 regions of eastern Georgia, including its capital - Thilisi. The SPI values for seven categories
was determined for three time periods (1936-2023; 1936-1975, first period; 1984-2023, second period) and
probability of drought recurrence for the same time periods was determined for four categories of SPI.

In particular, it was found that in 1936-2023 that 13 points (Paravani, Tsalka, Bolnisi, Thilisi,
Sagarejo, Gurjaani, Kvareli, Telavi, Tianeti, Pasanauri, Gudauri, Stepantsminda and Khashuri) show a
significant negative linear trend in SPI values. No significant changes in SPI values are observed in 4 points
(Gardabani, Dedoplistskaro, Gori and Shovi). Only one point shows a positive linear trend in SPI values
(Lagodekhi).

The general tendency towards aridity processes for all SPI ranges (a decrease in the difference in
the repetition of SPI values in the range of categories “Extremely Wet” — “Moderately Wet” and an increase
in the difference in this repetition in the range of categories “Moderately Dry” — “Extremely Dry”) in the
second period of time compared to the first is observed on average for eastern Georgia and for the following
points: Paravani, Tsalka, Thilisi, Sagarejo, Tianeti, Pasanauri, Gudauri, Khashuri. Analysis of number of
times in 100 years for different SPI category show that for category “Extreme Dryness” - N (EXxtr) - in 1984-
2023, compared to 1936-1975 only four points (Lagodekhi, Gudauri, Gori, Shovi) had N (Extr) values less
than critical value 2.5. In the remaining points, in the second period, the N (Extr) values were equal to or
exceeded 2.5. The average N (Extr) values in the first period were 2.4, in the second — 3.0 (a general tendency
for extreme drought to increase above the critical value).

In our other work [16] work detailed statistical analysis of the duration of drought periods D
(months) normalized per decade for four SPI-3 categories (agriculture drought; SPI <-1.0, <-1.5,<-2.0 and
<-2.5) in Eastern Georgia based on observations at the same18 meteorological stations during 1936-2023 is
presented. The statistical characteristics of D values in 1936-2023, 1936-1975 and 1984-2023 were
compared. The variability of D values in 1984-2023 compared to 1936-1975 (AD) was assessed. In particular,
it was found that AD values are different at different points. On average, for eastern Georgia, AD values for
all SPI categories, except < -2.5, are increasing (i.e., an increase in the duration of droughts is observed).

This work is a continuation of two previous studies [15,16]. A detailed statistical analysis of the
total number of dry months in Eastern Georgia in 1936-2023 using the SPI-3 index < 0 (agricultural drought)
and an assessment of the variability of this number until 2045 is presented below.

Study area, material and methods

Study area — Eastern Georgia (EGeo), 18 meteorological stations: Paravani (Par), Tsalka (Ts),
Bolnisi (Bol), Gardabani (Gar), Thilisi (Tb), Sagarejo (Sag), Gurjaani (Gur), Dedoplistskaro (Ded),
Lagodekhi (Lag), Kvareli (Kv), Telavi (Tel), Tianeti (Tian), Pasanauri (Pas), Gudauri (Gud), Stepantsminda
(St), Gori (Gori), Khashuri (Kh) and Shovi (Sh). The altitude range of meteorological stations is from 362
(Lag) to 2194 (Gud) m a.s.l. Study area covers 7 regions of Georgia, including its capital - Thilisi. Information
on coordinates and altitudes above sea level of these meteorological stations in [15] is presented.

Data of the Georgian National Environment Agency about monthly sum of atmospheric
precipitation in the period from 1936 to 2023 are used. Missing data in the observation series were
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reconstructed using the standard method [21], taking into account representativeness of data from
meteorological stations in Georgia for monthly sum of atmospheric precipitation around of these stations
[22].

SPI was determined using a special program [3] for 3 months (SPI-3, agriculture drought; below —
SPI). The object of the study is the total number of dry months (N) for individual stations in Eastern Georgia
with SPI-3 index values < 0 (agricultural drought) both in terms of their intra-annual distribution (from
January to December) and for the year as a whole, and for the agricultural season (March-November).

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 [21,23,24].

Forecasting the total number of dry months per agricultural season was performed using the AAA version
of the exponential smoothing (ETS) algorithm taking into account the periodicity in the pre-forecast time
series [25].

The total number of dry months (N) was determined for three time periods (1936-2023, full period,;
1936-1975, first (1) period; 1984-2023, second (Il) period). AN - difference between total number of dry
months in 1984-2023 and 1936-1975.

The following designations (in addition to those already indicated) will be used below: Mean —
average values; Min — minimal values; Max - maximal values; Range — Max — Min; St Dev - standard
deviation; C,, - coefficient of variation, %; R — coefficient of linear correlation; R? — coefficient of
determination; Forecast - forecast center point; 68%_Upp and 68%_Low - upper and lower levels of mean
values of studied parameters; o - the level of significance; Kpw — Durbin-Watson statistic; a and b -
coefficients of the linear regression equation a-x + b.

Comparison of mean values of N in two forty-year of time (1984-2023 and 1936-1975) was
produced with the use of Student's criterion with the level of significance a not worse than 0.3.

The degree of correlation was determined in accordance with [23]: 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).

Results and discussion

Results in Fig. 1-8 and Tables 1-4 are presented.

1936-2023

4(1 S
37
33 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Par 48 54 49 45 47 48 43 45 44 47 44 42
Ts 45 42 44 40 46 47 40 45 44 50 44 45
Bol 43 42 43 43 41 43 ) 45 48 45 38 41
Gar 36 44 45 43 41 47 46 48 44 42 41 36
—%—Tb 42 42 42 43 40 47 46 48 44 44 44 42
Sag 37 42 47 42 45 44 50 47 45 45 41 43
——Gur 39 40 44 37 38 45 39 46 40 44 42 45
—=—Ded 40 40 48 45 43 43 43 43 42 et 42 47
Lag 44 42 42 42 44 44 45 46 40 47 49 48
—o—Kv 42 44 39 40 41 43 47 48 43 44 44 43
—m—Tel 44 44 42 40 43 45 45 47 A4 41 45 44
—&—Tian 46 40 49 43 47 46 45 42 43 44 43 42
Pas 48 46 48 43 43 41 41 45 49 46 46 42
Gud 48 45 45 < 45 38 41 42 46 45 B 41
St 45 41 45 45 50 41 39 41 43 42 45 42
Gori 42 38 43 47 50 45 46 42 47 38 46 38
——Kh 43 40 43 45 41 4z 47 42 42 38 40 40
Sh 45 51 43 47 49 36 45 45 43 46 45 45

Fig. 1. Intra annual distribution of monthly N values in Eastern Georgia in 1936-2023.

In Fig. 1 data on intra annual distribution of total number of dry months in Eastern Georgia in 1936-
2023 is presented. As follows from Fig. 1, N values changes from 36 (Gardabani, Jan, Dec; Shovi, Jun) to 54
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(Paravani, Feb). Mean annual values on N in 1936-2023 change from 41.6 (Gurjaani) to 46.3 (Paravani).
Range between monthly values of N changes from 7 (Telavi) to 15 (Shovi).

1936-1975

28

26

24

2
T

16

14

12

10 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
—&—Par 20 20 19 16 16 18 18 21 21 19 18 15
—m—Ts 19 18 16 19 17 22 16 22 16 19 18 23

Bol 17 18 17 20 18 19 18 18 20 18 13 18

Gar 14 19 20 20 21 22 18 19 21 17 17 16
—#—Th 17 15 17 20 22 23 22 22 19 16 18 20
~®—Sag 14 17 19 18 22 18 17 17 17 17 15 18
—+—Gur 16 18 20 17 19 19 16 18 17 20 17 19

Ded 20 19 23 22 19 16 18 19 15 20 19 22
——TLag 18 19 21 21 23 23 23 22 19 22 21 22
—o—Kv 18 19 15 18 20 18 23 21 17 16 15 20
—a—Tel 18 17 17 18 24 20 21 20 23 20 22 22
—&—Tian 18 15 16 17 18 21 17 13 11 11 15 18

Pas 24 21 19 18 18 18 18 22 20 20 20 19

Gud 25 20 21 21 21 20 19 20 20 18 20 19

St 20 17 17 22 24 22 20 18 13 13 12 20

Gori 20 15 20 18 23 23 26 22 20 12 18 18
——Kh 18 15 20 18 18 22 24 20 18 12 14 15

Sh 19 21 21 23 23 21 25 20 19 19 22 21

Fig. 2. Intra annual distribution of monthly N values in Eastern Georgia in 1936-1975.

In Fig. 2 data on intra annual distribution of total number of dry months in Eastern Georgia in 1936-
1975 is presented. From Fig. 2 follows, that N values changes from 11 (Tianeti, Sep, Oct) to 26 (Gori, Jul).
Mean annual values on N in 1936-1975 change from 15.8 (Tianeti) to 21.2 (Lagodekhi, Shovi). Range
between monthly values of N changes from 4 (Gurjaani) to 14 (Gori).

1984-2023

35
30
25
20
15
10

Jan Feb Mar Apr May Jun Jul Aug  Sep Oct  Nov  Dec
—&—Par 25 29 28 24 29 28 23 22 22 25 22 22
—m—Ts 22 21 24 17 26 23 22 21 25 27 22 18

Bol 21 20 21 17 19 21 23 23 23 21 18 16
Gar 17 21 22 19 15 21 24 24 20 22 19 15
—#—Tb 21 24 22 20 14 22 23 23 21 24 21 16
—o—Sag 19 22 24 23 22 26 31 29 26 23 21 19
—+—Gur 19 18 19 19 17 24 20 24 19 20 20 20

——Ded 15 17 20 21 21 23 23 21 24 19 19 19
——Lag 21 18 16 17 19 20 17 18 17 21 24 20
~—Kv 20 21 19 20 19 25 23 25 22 22 25 18
—m—Tel 21 23 20 18 18 25 22 24 18 17 17 16

—&—Tian 24 21 28 24 28 25 28 29 28 28 23 20
Pas 21 21 24 22 22 23 21 20 25 21 22 19
Gud 20 21 19 19 21 18 20 19 22 22 20 18
St 21 20 24 18 21 16 18 21 27 25 28 18

Gori 18 19 18 22 21 18 17 16 21 22 26 18
——Kh 20 22 20 21 19 17 20 20 21 24 23 22
Sh 23 26 20 21 22 14 18 23 22 24 21 21

Fig. 3. Intra annual distribution of monthly N values in Eastern Georgia in 1984-2023.
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In Fig. 3 data on intra annual distribution of total number of dry months in Eastern Georgia in 1984-
2023 is presented. As follows from Fig. 3, N values changes from 14 (Tbiisi, May; Shovi, Jun) to 31
(Sagarejo, Jul). Mean annual values on N in 1984-2023 change from 19.0 (Lagodekhi) to 25.5 (Tianeti).
Range between monthly values of N changes from 4 (Gudauri) to 12 (Sagarejo, Shovi).

IT PER (1984-2023) - 1 PER (1936-1975)

20

15

10

Z s

0

-5

-10

Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov  Dec

~&-Par 5 9 9 8 13 10 5 1 1 6 4 7
Ts 3 3 8 -2 9 1 6 -1 9 8 4 -5
Bol 4 2 4 -3 1 2 5 5 3 3 5 -2
Gar 3 2 2 -1 -6 -1 6 5 -1 5 2 -1
—%—Th 4 9 5 0 -8 -1 1 1 2 8 3 -4
~®-Sag 5 5 5 5 0 8 14 12 9 6 6 1
——Gur 3 0 -1 2 -2 5 4 6 2 0 3 1
——Ded -5 -2 -3 -1 2 7 5 2 9 -1 0 -3
——Lag 3 -1 -5 -4 -4 -3 -6 -4 -2 -1 3 -2
——Kv 2 2 4 2 -1 7 0 4 5 6 10 -2
——Tel 3 6 3 0 -6 5 1 4 -5 -3 =5 -6
—&—Tian 6 6 12 7 10 4 11 16 17 17 8 2
Pas -3 0 5 4 4 5 3 -2 5 1 2 0
Gud -5 1 -2 -2 0 -2 1 -1 2 4 0 -1
St 1 3 7 -4 -3 -6 -2 3 14 12 16 -2
Gori -2 4 -2 4 -2 -5 -9 -6 1 10 8 0
—=Kh 2 7 0 3 1 -5 -4 0 3 12 9 7
Sh 4 5 -1 -2 -1 -7 -7 3 3 5 1 0

Fig. 4. Difference between monthly N values in 1984-2023 and 1936-1975.

In Fig. 4 data on difference between total number of dry months in Eastern Georgia in 1984-2023
and 1936-1975 is presented. As follows from Fig. 4, AN values changes from -9 (Gori, Jul) to 17 (Tianeti,
Sep, Oct). Mean annual values on AN change from -2.2 (Lagodekhi) to 9.7 (Tianeti). It should be noted that
the greatest trend of increasing aridity is observed in Paravani and Tianeti (for all months of the year). For
the remaining stations, the trend of increasing aridity is as follows (in descending order): Sagarejo (11 months
a year); Bolnisi (10); Tsalka and Kvareli (9 each); Thilisi, Gurjaani, Pasanauri and Khashuri (8 each);
Gardabani and Stepantsminda (7 each); Telavi (6); Dedoplistskaro, Gori and Shovi (5 each); Gudauri (4);
Lagodekhi (2 months a year). Overall, for all stations, a trend of increasing aridity was observed in 136 cases
(months), decreasing in 65 cases, and remaining constant in only 15 cases. In other words, the overall trend
is toward increasing aridity.

In Table 1 information on annual and spring-autumn period data on the N values in Georgia in 1936-
2023 is presented.

Table 1. Annual and spring-autumn period data on the N values in Eastern Georgia in 1936-2023.
Share = 100-(Mar-Nov)/Year, %.

Period Loc Year Mar-Nov | Share, % Loc Year Mar-Nov | Share, %
Full 556 412 74.1 518 389 75.1
1 Par 299 223 74.6 Ky 259 200 77.2
I 221 166 75.1 220 163 74.1
-1 78 57 -0.5 39 37 3.1
Full Ts 532 400 75.2 Tel 524 392 74.8
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I 268 207 77.2 239 179 74.9
I 225 165 73.3 242 185 76.4
-1 43 42 3.9 -3 -6 -1.6
Full 516 390 75.6 530 402 75.8
I Bol 243 186 76.5 Tian 306 241 78.8
I 214 161 75.2 190 139 73.2
-1 29 25 1.3 116 102 5.6
Full 513 397 77.4 538 402 74.7
I Gar 239 186 77.8 Pas 261 200 76.6
I 224 175 78.1 237 173 73.0
-1 15 11 -0.3 24 27 3.6
Full 524 398 76.0 524 390 74.4
I Tb 251 190 75.7 Gud 239 180 75.3
I 231 179 77.5 244 180 73.8
-1 20 11 -1.8 -5 0 15
Full 528 406 76.9 519 391 75.3
1 Sag 285 225 78.9 St 257 198 77.0
I 209 160 76.6 218 161 73.9
-1 76 65 24 39 37 3.2
Full 499 375 75.2 522 404 77.4
1 Gur 239 182 76.2 Gori 236 181 76.7
I 216 163 75.5 235 182 77.4
-1 23 19 0.7 1 -1 -0.8
Full 520 393 75.6 503 380 75.5
I Ded 242 191 78.9 Kh 249 185 74.3
I 232 171 73.7 214 166 77.6
-1 10 20 5.2 35 19 -3.3
Full 533 399 74.9 540 399 73.9
I Lag 228 169 74.1 sh 255 185 72.5
I 254 195 76.8 254 193 76.0
-1 -26 -26 -2.6 1 -8 -3.4

As follows from Table 1 annual values of N in 1936-2023 change from 499 (Gurjaani) to 556
(Paravani) with mean value — 524; range — 57. Spring-autumn values of N in 1936-2023 change from 375
(Gurjaani) to 412 (Paravani) with mean value — 396; range — 37. Share spring-autumn values of N from
annual change from 73.9 % (Shovi) to 77.4 % (Gori) with mean value 75.4 %; range — 3.5 %.

Annual values of N in 1936-1975 change from 190 (Tianeti) to 254 (lagodekhi) with mean value —
227; range — 64. Spring-autumn values of N in 1936-1975 change from 139 (Tianeti) to 195 (lagodekhi) with
mean value — 171; range — 56. Share spring-autumn values of N from annual change from 73.0 % (Pasanauri)
to 78.1 % (Gardabani) with mean value 75.4 %; range — 5.1 %.

Annual values of N in 1984-2023 change from 228 (Lagodekhi) to 306 (Tianeti) with mean value —
255; range — 78. Spring-autumn values of N in 1984-2023 change from 169 (Lagodekh) to 241 (Tianeti) with
mean value — 195; range — 72. Share spring-autumn values of N from annual change from 72.5 % (Shovi) to
78.9 % (Dedoplistskaro) with mean value 76.3 %; range — 6.4 %.

Annual values of AN change from -26 (Lagodekhi) to 116 (Tianeti) with mean value — 29; range —
142. Spring-autumn values of AN change from -26 (Lagodekhi) to 102 (Tianeti) with mean value — 24; range
— 128. Difference between of share spring-autumn values of AN from annual in 1984-2023 and 1936-1975
change from -3.4 % (Shovi) to 5.6 % (Tianeti) with mean value 0.9 %; range — 9.0 %.
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Table 2. Statistical characteristics of the N values in spring-autumn period for different locations in Eastern

Georgia in 1936-2023. Rmin = 0.12, 0.=0.25

Per 1936-2023
Loc Max Min Mean StDev | Cy, % a b R Kow
Par 9 0 47 2.5 53.1 | 0.024198 | 3.605016 | 0.25 1.95
Ts 9 0 4.5 2.4 53.4 | 0.021028 | 3.609718 | 0.22 1.89
Bol 9 0 4.4 2.3 51.5 | 0.013015 | 3.852665 | 0.15 1.86
Gar 9 0 4.5 2.4 53.5 0.00085 | 4.47335 0.01 1.87
Th 9 0 4.5 2.3 50.4 | 0.005248 | 4.289185 | 0.06 1.78
Sag 9 0 4.6 2.7 59.1 | 0.028953 | 3.325235 | 0.27 2.21
Gur 9 0 4.3 2.2 51.1 | 0.009184 | 3.852665 | 0.11 2.16
Ded 9 0 45 2.4 540 | 0.010417 | 4.002351 | 0.11 2.09
Lag 9 0 4.5 2.4 52.7 -0.01734 | 5.305643 | 0.19 1.72
Kv 9 0 4.4 2.4 540 | 0.017056 | 3.661442 | 0.18 1.92
Tel 9 0 45 2.3 51.7 | 0.003381 | 4.304075 | 0.04 1.85
Tian 9 0 4.6 2.6 57.6 | 0.054436 | 2.145768 | 0.53 2.09
Pas 9 0 4.6 2.4 53.6 | 0.020394 | 3.660658 | 0.21 1.90
Gud 9 0 4.4 2.5 55.7 | 0.006058 | 4.162226 | 0.06 1.75
St 9 0 4.4 2.5 55.3 0.02153 | 3.48511 0.22 1.82
Gori 9 0 4.6 2.2 48.7 -0.00113 | 4.641066 | 0.01 2.18
Kh 9 0 4.3 2.4 55.5 | 0.010972 | 3.829937 | 0.12 2.47
Sh 9 0 45 2.5 54.1 -0.00103 | 4.579937 | 0.01 2.04
EGeo 8.2 0.8 4.5 1.6 35.1 | 0.013837 | 3.88652 0.22 2.00

In Table 2 statistical characteristics of the N values in spring-autumn period for different locations

in Eastern Georgia in 1936-2023 are presented. In particular, from Table 3 follows, that mean N values
changes from 4.3 (Khashuri) to 4.7 (Pasanauri) with average value (EGeo) — 4.5; range — 0.4. The temporal
variation of N values for individual stations and for eastern Georgia as a whole (averaged across all stations)
is approximated by a linear function (the corresponding Kow values indicate the absence of autocorrelation
in the residuals). A significant positive trend in the average spring-autumn N values is observed for EGeo
and all stations except Gardabani, Thilisi, Telavi, Gudauri, Gori, and Shovi. For Lagodekhi, this trend is
negative. For Gardabani, Gori, and Shovi, there is no trend.

Table 3. Statistical characteristics of the N values in spring-autumn period for different locations in Eastern
Georgia in 1984-2023 and 1936-1975.

Per 1936-1975 1984-2023

Loc Max Min Mean | StDev | Cy, % Max Min Mean | StDev | Cy, %
Par 9 0 4.2 2.4 58.4 9 0 5.6 2.3 40.8
Ts 9 0 4.1 2.1 51.8 9 0 5.2 2.5 49.1
Bol 9 0 4.0 2.5 62.3 9 0 4.7 2.1 44.2
Gar 9 0 4.4 2.6 59.4 9 0 4.7 2.2 48.1
Th 9 0 45 2.5 55.0 9 0 4.8 2.2 46.7
Sag 9 0 4.0 2.6 65.3 9 0 5.6 2.7 47.2
Gur 9 0 4.1 2.2 54.6 9 1 4.6 2.1 45.1
Ded 9 0 4.3 2.4 56.1 8 0 4.8 2.4 50.3
Lag 9 0 49 2.2 44.8 9 0 4.2 2.5 60.3
Kv 9 0 4.1 2.5 61.2 9 1 5.0 2.2 44 .8
Tel 9 0 4.6 2.4 51.7 9 0 4.5 2.2 49.6
Tian 8 0 3.5 2.2 64.5 9 1 6.0 2.4 39.3
Pas 9 0 4.3 2.4 56.5 9 0 5.0 2.5 50.8
Gud 9 0 45 2.5 55.4 9 0 4.5 2.6 57.8
St 9 0 4.0 2.4 60.5 9 1 5.0 2.6 51.7
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Gori 8 0 4.6 2.2 49.0 8 0 4.5 2.3 49.8
Kh 9 0 4.2 2.4 57.6 8 0 4.6 2.4 52.2
Sh 9 0 4.8 2.6 53.7 9 1 4.6 2.3 49.4
EGeo 8.2 0.8 4.3 1.6 38.0 7.4 0.9 4.9 1.5 30.5

Statistical characteristics of the N values in spring-autumn period for different locations in Eastern
Georgia in 1936-1975 and 1984-2023 in Table 3 is presented. As follows from Table 3 mean values of N in
1936-1975 changes from 3.5 (Tianeti) to 4.9 (Lagodekhi) with average value (EGeo) — 4.3; range — 1.4. In
1984-2023 mean N values changes from 4.2 (Lagodekhi) to 6.0 (Tianeti) with average value (EGeo) — 4.9;
range — 1.8.

0.90
0.80
0.70
060
0.50
0.40

0.30 . .
Par Ts Bol Gar Tb Sag Gur Ded Lag Kv Tel Tian Pas Gud St Gori Kh Sh

—+—1936-2023 0.69 0.77 0.66 0.72 0.70 0.76 0.62 0.56 0.56 0.73 0.71 0.74 0.67 0.63 0.52 0.67 0.63 0.44
—8—1984-2023 0.62 0.80 0.58 0.71 0.67 0.71 0.57 0.39 0.54 0.65 0.66 0.69 0.56 057 0.68 0.70 0.58 0.61
——1936-1975 0.72 0.69 0.75 0.77 0.73 079 0.65 0.66 0.61 0.74 0.73 0.80 0.74 0.68 036 0.74 0.66 0.36

Fig. 5. Linear correlation between EGeo and another location on N values in spring-autumn period in 1936-
2023, 1984-2023 and 1936-1975.

Linear correlation between EGeo and another location on N values in spring-autumn period (Fig. 5)
in 1936-2023 change from 0.44 (pair: EGeo+Shovi, low correlation) to 0.77 (pair: EGeo+Tsalka, high
correlation) with average value — 0.65 (moderate correlation), in 1936-1975 — from 0.36 (pair: EGeo+ Shovi,
low correlation) to 0.80 (pair: EGeo-~Tianeti, high correlation ) with average value — 0.68 (moderate
correlation) and in 1984-2023 from 0.39 (pair: EGeo+Dedoplistskaro, low correlation) to 0.80 (pair:
EGeo+Tsalka, high correlation) with average value — 0.63 (moderate correlation).

In general, in the second period of time, compared to the first, the correlation links between the
studied parameters worsened: average values were 0.63 and 0.68, respectively, and high correlation for 10
and 4 pairs, respectively (Fig. 5).

II PER (1984-2023) - I PER (1936-1975)
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Fig. 6. Difference between mean N values in spring-autumn period in 1984-2023 and 1936-1975 in Eastern
Georgia.

As noted above (Fig. 4, Table 3), a trend toward aridity was observed in Eastern Georgia during the
second period compared to the first. This is also clearly evident in Fig. 6 for AN mean values in spring-
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autumn period. As follows from Fig. 6, values of AN changes from -0.7 (Lagodekhi) to 2.6 (Tianeti); for
EGeo AN = 0.7. Insignificant variability of the values of AN are observed at the 8 stations: Gardabani, Thilisi,
Dedoplistskaro, Telavi, Gudauri, Gori, Khashuri and Shovi. Only at one station (Lagodekhi) is observed
significant decrease value of AN (wetting tendency). At the remaining 9 stations: Paravani, Tsalka, Bolnisi,
Sagarejo, Gurjaani, Kvareli, Tianeti, Pasanauri and Stepantsminda are observed significant increase value of
AN (aridity tendency).

Finally, in Fig. 7 and Fig. 8 examples of forecasts of N values in the spring-autumn period 2025-
2045 for Stepantsminda (periodicity — 22 year) and Tianeti (without periodicity) are presented. In Table 4
data about comparison of the real (2004-2023) and forecasted (2026-2045) mean N values in spring-autumn
period in Eastern Georgia is presented.

—o—Real —@—Forecast =—a—068% Low ===068% Upp
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Fig. 7. Forecast of N values in the spring-autumn period 2025-2045 for Stepantsminda (periodicity — 22
year)
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Fig. 8. Forecast of N values in the spring-autumn period 2025-2045 for Tianeti (without periodicity).
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Table 4. Comparison of the real (2004-2023) and forecasted (2026-2045) mean N values in spring-autumn
period in Eastern Georgia.

Period 2004-2023 2026-2045
Location “F’gggr 68%_Low | 68%_Upp F(';"rgggst 68%_Low | 68%_Upp Pe”\‘;g;f'ty'
Paravani 4.8 4.2 5.3 6.1 2.9 9.3 no
Tsalka 5.6 49 6.2 6.9 4.2 9.5 no
Bolnisi 4.2 3.7 4.6 49 2.3 7.5 no
Gardabani 4.0 3.5 4.5 4.7 1.2 8.1 no
Thilisi 4.3 3.7 4.8 35 1.0 6.5 22
Sagarejo 5.4 4.7 6.1 6.8 3.9 9.8 no
Gurjaani 42 3.7 4.6 4.6 2.1 7.2 29
Dedoplistskaro 5.5 4.9 6.0 8.2 5.9 10.5 no
Lagodekhi 3.1 2.7 3.5 2.8 0.2 55 no
Kvareli 4.8 4.2 5.3 5.8 3.0 8.5 no
Telavi 4.1 3.6 4.6 5.1 2.5 1.7 no
Tianeti 6.9 6.3 7.4 8.3 5.9 10.7 no
Pasanauri 50 4.4 5.6 6.7 4.0 9.4 no
Gudauri 4.8 4.1 5.4 6.3 34 9.1 6
Stepantsminda 55 4.9 6.1 6.6 4.1 9.0 22
Gori 4.1 3.6 4.6 45 1.9 7.1 no
Khashuri 4.8 4.2 5.4 5.7 3.3 8.1 no
Shovi 4.8 4.2 5.3 2.5 0.6 5.1 22
EGeo 4.7 4.4 5.1 5.7 3.9 7.6 no

In particular, as follows from Table 4, at all stations, except Thilisi, Lagodekhi and Shovi in 2026-
2045 compared to 2004-2023 on average, an increase in drought is expected.

Conclusion

In the future, it is planned to conduct detailed comprehensive studies of SPI for 1, 3, 6, 9 and 12
months, based on data from 39 meteorological stations in Georgia in 1936-2023.
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CratucTHyecKuil aHAJIM3 001ero KOJIHYeCTBA 3aCyIJINBbBIX MECSLICB
B Bocrounoii I'py3un B nepuog 1936-2023 rr. ¢ ucnoab30BaHueM

nHjaexca SPI-3 <0 u onieHKa H3MEHYHUBOCTH PTOr0 KOJIHMYeCTBA 10
2045 roga

A. AMupanamsuiau, T. Jlaurtamsuiau, O. Xapmuianse,
N. Camxapanze, /I. AMuiaaxsapu

Pesrome
IIpencraBien noapoOHBIN CTATUCTUYECKUH aHaIM3 O0IIero yucia 3acynuinBbix Mecsaues (N) B Bocrounoit
I'py3um B 1936-2023 rT. ¢ ncronp3oBanueM uHIekca SPI-3 < 0 (cenbCkoXo3siCTBEHHAS 3acyXa) U OICHKA
U3MEHUYMBOCTH dTOr0 umcina o 2045 roma. Mcmonb3oBaHbl MaHHEIE ¢ 18 METEOPOIOTHIECKUX CTAHIMHA O
€XEeMeCSIYHBIX CyMMax 0CaJKoB. B yacTHOCTH, ObUIH MOTYYEHBI CIEAYIOLINE PE3YIbTaThI.
UzydeHsl 0cOOEHHOCTH BHYTPUTO0BOTO PacHpeAeIeHus exxeMecsYHbIX 3HaueHnid N B Bocrounoii ['py3un
B 1936-2023 rr. (momuenid mepuoxn), 1936-1975 rr. (I mepuon) u 1984-2023 rr. (II mepuox). B memom, Bo
BTOPOM IIEPUOJE IO CPaBHEHHUIO C TMEPBBIM ISl BCEX CTaHLMWI HaOmoganach TCHIACHUUS K YBEIUYCHUIO
3acynuIMBOCTH B 136 cimywasx (Mecsiax), K YMEHBLICHUIO B 65 cioydasx U K COXPaHEHHIO MOCTOSIHHOTO
3HaYeHUs TOJbKO B 15 ciywasx. pyrumu crnoBamu, oOInas TEHACHIWS HaIpaBlieHA K YBEITHYEHHUIO
3aCyIIINBOCTH.
IlpoBenen craTucTUyecKUil aHanu3 3HaueHH! N B BeCEHHE-OCEHHWH mepuod. Bo BTOpoil mepuoa mo
CpPaBHEHUIO C MEPBBIM CpellHue 3HaueHusi N B BeceHHe-oceHHUI nepuon s [lapaBanu, Hanku, bonnucu,
Carapemxko, 'ypmraann, Kapemu, Tuanern, [lacanaypu n CTemaHIMHHIB 3HAYMMO YBEIMYUBAIOTCS
(TenmeHMA K 3acynmMBOCTH). TonbKo Ha 0fHOM cTaniuH (Jlarogexu) HaOmogaeTcsi 3HaYUMMOE YMEHbILICHHE
ATOW pa3HUIIBI (TEHACHIUS K yBIaXHEeHH0). He3sHaunmast N3MEHYMBOCTh 3HAYeHH N BO BTOPOM TepHOJIe
10 CPaBHEHUIO ¢ TIEPBBIM HaOromaeTcs Ha 8 cranmuax: ['apmadanu, Towmmcn, demnommmctckapo, Temasu,
T'ynaypu, I'opu, Xamypu u losu.
brino npoBeneHo cTaTHCTUUECKOE MPOTHO3UPpOBaHNe 3HaUeHU N B BeceHHe-oceHHuH nepuon 1o 2045 roga.
Ha Bcex cranmusx, 3a uckimouenneM Towmucu, Jlaromexu u LlloBu, B 2026-2045 IT. MO0 CpaBHEHHIO CO
cpenanmu mokazaremsamMu 2004-2023 rr. o)KugaeTcsl yBeITUUeHUE 3aCyXH.

Karwuesbie ciaoBa: unaekc 3zacyxu (SPI), atmocdepHble ocagky, pUCK 3acCyXH, M3MEHEHHE KIHMaTa,
KOPPEJSILUOHHBIA U PETPECCUOHHBIN aHAJIN3.
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ABSTRACT

In Georgia, the Chiatura municipality of the Imereti region is one of the most vulnerable points in terms of
environmental pollution. The main problem of the municipality is the intensification of mining activities (manganese
production). Manganese mining in Chiatura causes great damage to the Kvirila river. Determining the cleanliness of
the river is necessary because the mined ore is washed with the water of the Kvirila river, after which the wastewater
flows into the Kvirila river without treatment and pollutes it.

The following parameters were determined in the water samples taken: physicochemical and hydrochemical
parameters, namely: pH, electrical conductivity, biogenic substances - NOz, NOs, NHs*, PO,*, basic ions,
mineralization, heavy metals: Cu, Zn, Pb, Cd, Ni, Co and the total form of manganese. River Kvirila water samples was
taken background and below the pollution source.

The following conclusions were drawn as a result of the study:

1. According to the pollution index, the water of the Kvirila river downstream of the Andro LLC fell into the “highly
polluting” category, and downstream of the Jruchula LLC - into the “dirty” category, on the basis of which they were
assigned the 5th and 4th classes of water quality, respectively.

2. The Kuvirila river at its background point fell into the “clean” category and was assigned the first class of water
quality.

Keywords: pollution, manganese, Kvirila river, hydrochemical parameters, water quality

Introduction

Chiatura Municipality is located in the northern part of Upper Imereti, in the rever Kvirila Velley.
The main problem of the municipality is the intensification of mining activities (manganese production). Ore
mining is associated with many contradictory issues. On the one hand, it is a source of income and new job
creation, on the other hand, in terms of environmental pollution, it causes significant damage to the
environment and the local population [1-3]. The negative impact of the mining industry is especially
noticeable when developing deposits in an open-pit manner.

Currently, the company "Georgian Manganese" carries out works the extraction of manganese
concentrate by the mining method, but licenses have also been issued to small private companies. There are
about 20 deposits in the municipality, of which 9 are of the mining and 11 are of the open-carries type.
https://socialjustice.org.ge.

Manganese mining in Chiatura has caused significant damage to the hydrographic network there, in
particular the Rgani Gorge and the Kvirila river. In Chiatura Municipality, the Kvirila river flows into a
ravine, so it is not used in the irrigation system, as the location of the villages and the river complicates this
process. At the same time, the Kuvirila river is used for hydromelioration in the villages of Zestaponi, Terjola,
and Baghdati, which causes pollution of agricultural lands.
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In Chiatura, ore processing plants are located on the river bank and use the water of the Kvirila river to
wash ore, as a result of which the river becomes significantly polluted and turns black. The industrial
wastewater generated during the ore washing process contains a large amount of suspended particles, heavy
metals, and manganese compounds and flows into the Kvirila river without treatment.

Research area and methods

The work uses the physicochemical and hydrochemical indicators of the waters of the Kvirila river in
the areas adjacent to the manganese processing plants of Chiatura Municipality.

To solve the set tasks, samples of the Kuvirila river water were taken from the background and
downstream of the pollution source 4 times over a period of 2 years.

The following physicochemical and hydrochemical parameters were determined in the water samples
taken: pH, electrical conductivity, biogenic substances - NO2, NOs", NH,*, PO,*, basic ions, mineralization,
heavy metals: Cu, Zn, Pb, Cd, Ni, Co and the total form of manganese [4].

The analyses were carried out using modern methods and equipment that meet and comply with
European standards, namely:

1. lon Chromatograph-1C-1000; 1SO100304-1:2007

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

3. Plasma-emission spectrometer - ICP-OES; Epa method 200.8;

4. Field portable equipment - Hanna Combo pH/EC/TDS/PPM Tester HI98129;
5. pH-meter - Milwaukee-Mi 150.

According to the recommendations of the Water Framework Directives of the European Union
countries (2000/60/EC), for the classification of surface waters, a water pollution index (S) was calculated,
for the calculation of which at least 6 or 7 hydrochemical indicators are required. In our case, the average
multi-year data of 9 hydrochemical and physicochemical indicators were used in the calculations.

The pollution index was calculated according to Equation 1 [5]:

N .
Ci/MAC
S = - 1),
E W 1)
Where,

Ci - is the concentration of the hydrochemical indicator;
MAC - the maximum permissible concentration of the hydrochemical component;
N - is the number of indicators used in the calculations.

Results

The Chiatura municipality was selected for the study, where the Kvirila river is under anthropogenic
load. The work uses the multi-year database of the National Environment Agency, which fully meets the
requirements proposed by the Framework Directive, as well as the results of research conducted within the
framework of the Shota Rustaveli National Science Foundation grant FR-23-6375.

Among the biogenic compounds, inorganic nitrogen compounds are noteworthy, which can be formed
in water by the decomposition of nitrogen-containing organic compounds, and can also enter surface waters
through atmospheric precipitation, leaching of fertilizers from the soil, and industrial and agricultural-
domestic wastewater. Research on the distribution of nitrogen-containing substances in river waters and
water quality assessment are important in ensuring a safe environment for human health.

Table 1 discusses 12 ingredients, of which only two (ammonium and manganese ions) exceed the
maximum permissible concentration. Fig. 1 shows a graphical representation of manganese values.
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As can be seen from the data, at the Kvirila-Chiatura upper point, all data are within the normal range,
while at the Kvirila-Chiatura lower and Kvirila-Zestafoni lower points, the content of ammonium ions
exceeds the MPC. The manganese content is also high at the Kvirila-Chiatura lower, Kvirila-Zestafoni upper
and lower points. As can be seen from Fig. 1, the ammonium content slightly exceeds the MPC, namely, 1.1
and 1.3 times the MPC. The manganese content is 2.7; 2.5 and 2.5 times the corresponding MPC.

Table 1. Average multi-year data of the Kvirila river
Statistical data of the National Environmental Agency (2020-2024)

Kvirila- Kvirila- | Kvirila- Kvirila-
N Ingredient Chiatura | Chiatura| Zestafoni | Zestafoni | MPC*
Upper Lower Upper Lower
1 | pH 7.58 7.67 7.69 7.72 6.5-8.5
2 | Ammonium, mgN/I 0.331 0.439 0.360 0.486 0.39
3 | Nitrites, mgN/I 0.126 0.111 0.110 0.106 3.3
4 | Nitrates, mgN/I 0.467 0.699 0.611 0.571 45
5 | Phosphates, mg/I 0.049 0.076 0.057 0.061 35
6 | Calcium, mg/l 31.00 40.84 37.43 36.44
7 | Magnesium, mg/I 7.34 8.31 8.20 8.01
8 | Mineralization, mg/I 199.20 257.18 240.71 236.72
9 | Manganese, mg/l 0.0892 0.2725 0.2445 0.2484 0.1
10 | Copper, mg/l 0.0048 0.0062 0.0066 0.0051 1.0
11 | Zinc, mg/l 0.0157 0.0234 0.0216 0.0254 1.0
12 | Lead, mg/l 0.0025 0.0030 0.0031 0.0033 0.03

* - MPC - maximum permissible concentrations according
to Technical Regulations for Surface Water (Decree Ne425
of the Georgian government as of 31" december of 2013, Thilisi) [6]

mg/I Mn
0.3

025 EMn
o uMPC
0.15
0.1
5
0

Kuvirila-Chiatura Kvirila-Chiatura Kvirila-Zestafoni Kvirila-Zestafoni
Upper Lower Upper Lower

Fig. 1. Average multi-year manganese content in the Kvirila river, 2020-2024.

According to our data, out of the 12 ingredients identified, two ingredients stand out with a content
exceeding the MPC - ammonium and the total content of manganese. However, it should be noted that the
content of some elements is close to or exceeds the MPC, but their high content is no longer visible in the
average content. As can be seen from Fig. 2, the content of ammonium ions below Kvirila-LLC “Andro” is
1.2 times higher than the MPC. And the content of manganese is 92.5 times and 37.9 times higher than the
MPC, respectively, which is clearly seen in Fig. 1 and 2. The remaining ingredients are within the norm.
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Tables 1 and 2 provide a list of hydrochemical and physicochemical indicators, from which we
selected 9 components that more or less characterize the water quality of the Kvirila river and which will be
used in the relevant calculations.

Table 2. Average two-year data for the Kvirila river
Results obtained within the framework of the grant (2024-2025) [7]

. Kvirila-below| <Virila-below .o
N Ingredients “ANdro” Ltd "JruLctP:jula" background MPC*
1 | pH 8.0 8.1 7.9 6.5-8.5
2 | Ammonium, mgN/I 0.479 0.361 0.301 0.39
3 | Nitrites, mgN/I 0.341 0.021 0.045 3.3
4 | Nitrates, mgN/I 1.597 0.808 0.945 45
5 | Phosphates, mg/l 0.194 0.132 0.096 3.5
6 | Calcium, mg/l 84.19 43.89 30.89
7 | Magnesium, mg/I 28.11 12.27 10.40
8 | Mineralization, mg/l 928.07 322.68 23458
9 | Manganese, mg/l 9.2536 3.7933 0.1083 0.1
10 | Copper, mg/l 0.0257 0.0190 0.0038 10
11 | Zinc, mg/l 0.0254 0.0277 0.0031 1.0
12 | Lead, mg/l 0.0053 0.0024 0.0012 0.03
* - MPC - maximum permissible concentrations according
to Technical Regulations for Surface Water (Decree N°425
of the Georgian government as of 31" december of 2013, Tbilisi) [6]
mg/| Mn
10
8 H Mn
6 B MPC
4
: .
0
Kvirila-below "Andro" Kvirila-below "Jruchula" Kvirila-background
LLC LLC

Fig. 2. Average two-year manganese content from the bacground of the Kvirila
river and downstream of "Andro" LLC and "Jruchula” LLC, 2024-2025

Based on the results obtained, the classifications of the considered river (i.e. the pollution degree class)
were assessed according to the values given in Table 3, which are proposed by the European Directive.

Table 3. Assessment of water quality classification using pollution indices

Surface water Pollution index Water quality class
Clean 02-1.0 1
Slightly polluted 1.0-2.0 2
Polluted 20-4.0 3
Dirty 4.0-6.0 4
Heavily polluted >6.0 5
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By inserting the values from Tables 1 and 2 into Equation (1), the river pollution index at the
mentioned points was obtained (Table 4 and 5), on the basis of which they were assigned the corresponding
water quality class.

Table 4. Water quality classifications assigned
to the Kvirila River according to pollution indices

River Pollution Water Quality
Index Class
1 | Kvirila-Chiatura Upper 0.3 1
2 | Kuvirila-Chiatura Lower 0.6 1
3 | Kvirila-Zestafoni Upper 0.5 1
4 | Kuvirila-Zestafoni Lower 0.6 1

Table 5. Water quality classifications assigned to the Kvirila river
according to pollution indices at the bakground and downstream
of "Andro" LLC and "Jruchula" LLC

River Pollution Index Water Quality
Class
1| Kuvirila-below "Andro” LLC 10.6 5
2 | Kvirila-below "Jruchula™ LLC 45 4
3| Kvirila-background 0.3 1

According to the data, the Kvirila river was classified as “clean” according to the pollution index and
was assigned the first class of water quality at its background point, while below “Andro” LLC and
“Jruchula” LLC, pollution indices were assigned 10.6 and 4.5, respectively, and at the background point -
0.3. At the mentioned points, the Kvirila river was classified as “highly polluting” below “Andro” LLC, and
as “dirty” below “Jruchula” LLC. On the basis of which they were assigned the corresponding water quality
classes of 5th and 4th.

Conclusion

1. The paper presents the data obtained within the framework of the multi-year (2020-2024) and grant
(2024, 2025) study of the Kvirila river by the National Environmental Agency. Physico-chemical and
hydrochemical indicators were determined in the analyzed water samples;

2. The river pollution index and river water quality were determined (taking into account the Water
Framework Directive-2000/60/EC);

3. It was determined that the Kvirila river was assigned the 1st water quality class in terms of the
pollution index and was classified as “clean” (according to the data of the National Environmental Agency),
which is due to the fact that the observation points were taken below from the pollution sources and the river
self-cleans and, accordingly, low concentrations were recorded,;

4. The Kvirila river downstream of Andro LLC was classified as “highly polluting”, and downstream of
Jruchula LLC as “dirty”. On this basis, they were assigned the corresponding water quality classes 5 and 4,
which is due to the fact that we took samples ~ 50 m from the pollution points, which is why the river cannot
self-clean and high concentrations were recorded. Kvirila, at its bacground, fell into the “clean” category
according to the pollution index and was awarded the first class of water quality.

The research is done with the support of **Shota Rustaveli national scientist faundation™ [Grant
number - FR-23-6375]

This paper was presented at the International Scientific Conference "Study and Sustainable Use of
Natural Ecosystems in the Conditions of Modern Climate Change™ dedicated to the 85th Anniversary of the
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Establishment of the Georgian National Academy of Sciences, which was held on December 11, 2025 at the
Institute of Hydrometeorology of the Georgian State Technical University. The abstract of the article is
published in the T. N137 ISSN 1512 — 0902 https://doi.org/10.36073/1512-0902-2025-137, p. 15, in Georgian
and English.
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Kiaaccupukanuu kayecTsa Boabl peku Kpupuia

JI. MaBanamBuiay, I'. Kyyasa, E. Illyoananse, I'. 'aBapaamsuiu,
3. Puxkanze, M. Tabaranze

Pe3rome

B I'py3un mynununanurer Ynatypa MmepeTckoil o0macTu sBIIsieTCS OAHUM W3 HauboJiee ySI3BUMBIX MECT C
TOYKM 3peHHs 3arps3HeHHs OKpyXKawoouled cpexbl. [maBHas mpobiemMa MyHHIMOATIUTETa —
WHTEHCH(UKAITNS TOPHOMOOBIBAIONICH AESITENFHOCTH (TIPOM3BOACTBO Mapraniia). JloOkida mapranma B
Uuarype HaHOCUT Oosbiion yiep0d peke Keupuna. OnpeneneHue YUCTOTHI PEKH HEOOXOIUMO, MOCKOJIBKY
no0bITas pyJa MpoMbIBaeTca BoAoi peku KBupwuia, mocie yero croyHble BOABI 0€3 OYMCTKU MOIMAAAIOT B
PEKy U 3arps3HAIOT ee.

B ortoOpanHbIX mpobax BOIBI OBLTH OINpPENEeieHbI CIEAYIoNne (U3UKO-XUMHUYECKHE W THIPOXUMHUYECKUE
napaMeTpsl, a uMeHHo: pH, smekrpompoBogHocTh, Guorennsie BemectBa - NO2, NOs, NH,', PO,
OCHOBHBIEC MOHBI, MUHepanu3anus, Tshkensie Metaiuiel: Cu, Zn, Pb, Cd, Ni, Co u o0mas ¢opma maprasia.
[Ipo6st Bozer pexu KBupuia Obuti 0TOOpaHbl HIXKE (POHOBOTO YPOBHS M MICTOYHHKA 3arPSI3HEHMS.
HUccnenosanne nokasaio:

1. Tlo mnpexcy 3arpsisHeHust Boja peku Keupuna Huxe OOO «AHApo» momana B KaTETOPUIO0 «CHIIBHO
3arpsizHEHHAs», a HIWKe OO0 «/xpyxynay - B KaTErOpUIO «3arpsi3HEHHAs», HA OCHOBAaHUM 4YEeTO UM ObLIN
MIPUCBOCHBI 5-i U 4-i KJIacChl KAYeCTBA BOJIBI COOTBETCTBEHHO.

2. Pexa KBupuna B ¢oHOBOI Touke Oblia KIaCCH(PHUUUPOBAHA KaK «YMCTas» W IOJy4YWsa MEpBBIH Kiacc
Ka4yecTBa BOABI.

KuaroueBsble cioBa: 3arpsizHeHue, Maprasell, peka Ksupumna, ruipoxuMHyecKue mapameTpsl, KaueCTBO BOBI.
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Problems of Regional Water-Bodies’ Pollution
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ABSTRACT

Paradoxically, while water is a vital substance on Earth, it remains one of the least studied compounds in nature. Its
complexity poses challenges for scientists, making it difficult to understand fully. Although the chemical composition of
water is stable, its effects on organisms vary depending on environmental conditions.

Going forward, we face significant threats related to water that will require considerable attention. One alarming
concern, recognized globally, is the potential emergence of a widespread issue in our water supply systems and
recreational reservoirs. Labeled by some as the "plague of the 21st century," this problem is linked to the evolving nature
of certain microorganisms—some of the oldest life forms on Earth—but now becoming harmful due to chemical pollution.
Research from the Gamaleya Scientific Research Institute indicates that these microorganisms can develop new,
dangerous strains that show effects over time, functioning like a "slow-acting mine." They produce substances with
carcinogenic, mutagenic, and immunosuppressive properties, notably seen with "blue-green™ algae or cyanobacteria.
This article highlights the critical issue of harmful algal blooms (HABs), particularly in the Thilisi reservoir, predicting
eutrophication in the Zhinvali reservoir due to human activities. Such insights can be applied globally, emphasizing the
urgent need for action to protect our water resources and public health.

The article addresses the issue of harmful algal blooms (HABs), focusing on the production and occurrence of cyan-
bacteria in different water bodies, including the Thilisi reservoir. It predicts that eutrophication will occur in the Zhinvali
reservoir as a result of human activities. This approach can be applied broadly for forecasting similar phenomena in
water bodies around the world.

Keywords: phytoplankton, eutrophycation, biogenic elements, treatment, water body.

Introduction

Anthropogenic eutrophication of water bodies refers to the increase in biogenic substances in aquatic
environments due to human economic activities. This process often leads to excessive growth of
phytoplankton. As this excess biomass decomposes, it can release harmful substances such as hydrogen
sulfide, which can be toxic. Consequently, this may cause the death of aquatic life (zoocenoses) in the water
and render it unsafe for drinking. Additionally, many species of planktonic algae can release toxins during
their life processes.

Due to human activity, the natural evolution of water bodies is being accelerated, alongside the intense
economic development of these bodies and their surrounding catchments. This phenomenon is primarily
caused by the introduction of biogenic elements, such as nitrogen and phosphorus, into water bodies. These
elements often come from wastewater discharged by industrial facilities, urban areas, and agricultural land
through runoff. The excessive presence of biogenic elements results in rapid phytoplankton growth, which
deteriorates water quality and disrupts its gas dynamic[1-3].

The increase in biogenic elements in the upper layers of water leads to a rise in phytoplankton populations
in this area. As a result, water transparency often decreases, and sunlight penetration becomes shallower, which
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can cause underwater plants to die due to insufficient light. Eventually, dead organisms sink to the bottom of
the reservoir, where they undergo decomposition. This anaerobic decomposition occurs in the oxygen-depleted
sediment and produces harmful substances such as phenols and hydrogen sulfide. Consequently, the
eutrophication process can severely impact most species of flora and fauna in the reservoir, significantly
degrading the water's sanitary and hygienic properties. This degradation makes the water unsuitable for
swimming and drinking, as well as for the living conditions of aquatic organisms, leading to a decline in biota's
living conditions, due to which biota die.

Materials and methods

This article briefly examines pollution cases in major regional water bodies, based on research conducted
by a group of authors. It also analyzes the characteristics and findings presented in various scientific papers
and manuscripts.

Results and their discussion

Water pollution originates from various sources. Primarily, it comes from municipal and industrial runoff
in cities. In recent years, these sources have been competing with agricultural runoff from irrigation. For
instance, in the 1980s, approximately 160 cubic kilometers of runoff entered water bodies from the countries
of the former Soviet Union. Out of this, 7 cubic kilometers was untreated, and 9 cubic kilometers was
incompletely purified.

Additionally, water bodies are increasingly affected by pollution from acid rain, which is caused by
industrial emissions into the atmosphere. Changes—whether natural or artificial—in the hydrological regimes
of rivers and lakes also contribute to the deterioration of water quality.

Industrial runoff, particularly from chemical industries, contains a high concentration of phenols. These
compounds not only alter the smell of water but also disrupt the balance of biological processes in the
ecosystems. Recently, the presence of synthetic substances in this runoff has significantly reduced the water’s
ability to naturally purify itself biochemically [4-5].

Every year, more than 500 million tons of nitrogen oxides, 200 million tons of carbon oxides, up to 150
million tons of sulfur dioxide, 200-250 million tons of dust, and 120 million tons of ash enter the atmosphere
from industrial emissions. Air masses carry these particles over long and short distances, which, along the
way, hit the water surface. Gaseous emissions, being diluted with water particles in the atmosphere, return to
the Earth, including water bodies, many hundreds of kilometers from their place of origin, in the form of acid
rain [6-8].

A significant source of water pollution is the wastewater generated by settlements. This communal runoff
includes fecal matter, which contains helminthes eggs that pose risks to human health, as well as disease-
causing microbes and viruses. Additionally, it carries many hazardous compounds from various sources,
including the food industry, motor transport, food services, and medical or pharmaceutical organizations.

Household runoff alone contributes to 42% of the total volume of mineral substances and 58% of organic
substances. Moreover, sediment able and activated substances, along with suspensions, account for 20% of the
runoff, while colloids make up 10% and diluted substances constitute 50% [9-11].

It is noteworthy that more than half of the detergents used by housewives contain such a substance
dangerous to water bodies as sodium tri-polyphosphate (NTF). It’s content in washing powder ranges from
15-40%. When washing, it softens water and improves the washing quality of the powder; it skillfully passes
through all, even the most technologically advanced purification systems. When this detergent enters a water
body, it plays the role of the most active fertilizer [10-12]. Due to its action, the number of algae in reservoirs
increases not by days, but by hours. One gram of NTF stimulates the release of 5-10 kilograms of algae.
Unfortunately, we do not have accurate data on the use of such detergents in Georgia. It is only known that in
1987, 1.5 million tons were used throughout the Soviet Union. Despite the cold and murky water, large and
small rivers of Russia, including the Riv.Volga, “thrived” from such phosphate-containing powder. The poison
of one box of powder slowly but surely affects the environment. If in 1965 there were 50 grams of
microorganisms in one cubic meter of water in the Black Sea, today their number is 20 times higher. Scientists
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attribute this to the influence of NTF. Phosphates also stimulate the growth and development of plankton. The
presence of various substances in water bodies decreases their usefulness as sources for recreation or drinking
water. Unlike municipal runoff, much of the runoff from populated areas, which can cover between 100 to
1000 square kilometers, often goes untreated. As a result, it can contain high levels of oil and organic materials,
which ultimately reach reservoirs during the spring snowmelt and prolonged periods of heavy rain [13-16].

Agricultural activity is one of the major sources of pollution. The primary pollutants found in surface
runoff include soil particles, organic matter, humus, various types of pesticides and fertilizers, and harmful
microorganisms. These contaminants ultimately make their way into rivers and reservoirs. Research shows
that even from slightly sloping areas, 20% of nitrogen fertilizers, 2-5% of phosphorus, and 10-70% of
potassium can be washed away. The amount of toxic chemicals released can range from 1% to 20%. It's
alarming to note that 1 billion tons of animal’s waste are produced by livestock complexes and private farms,
which is comparable to the biogenic pollution caused by a human population of around 300 million[17].

We will no longer focus on the negative impact of other anthropogenic factors on water quality (mineral
extraction, water transport development, recreational industry, timber processing, etc.).

Global warming, along with pollution, has led to excessive eutrophication of water bodies. For example,
global warming has led to water blooms in European lakes. Swiss scientists have found that the growing
explosions of blue-green algae (cyanobacteria), which cause water blooms in European lakes, are associated
with the effects of global warming. The researchers studied data on the temperature regime of Lake Zurich and
the reproduction of the cyanobacterium Lanktothrix rubescens in it and found that over the past 40 years, the
temperature of the surface layer of water in the lake has increased by an average of 0.6 to 1.2 degrees. As a
result, the waters of Lake Zurich began to mix less, causing favorable conditions for more intensive
reproduction of blue-green algae [18].

Phytoplankton serves as an important ecological and biological indicator for evaluating the sanitary,
hygienic, and pollution conditions of reservoirs, as well as addressing large-scale water usage issues. Polluted
river waters promote the growth of phytoplankton, which can lead to algal blooms in reservoirs. This
phenomenon occurs because the water becomes enriched with easily digestible organic substances that
accelerate the growth of bacterioplankton. As a result, oxygen consumption in the water increases, leading to
hypoxic conditions and potentially causing anaerobiosis.

In summary, studying phytoplankton enables an assessment of reservoirs regarding their suitability for
various purposes, their current sanitary, hydrobiological, and ecological status, as well as their future
conditions.

Pollution and eutrophication are closely interconnected in their effects on water systems, often causing
one another. This interaction leads to an overload of the ecosystem, disrupts sustainability, reduces beneficial
biological production, and deteriorates water quality. The decay of organisms associated with eutrophication,
often referred to as "bloom," leads to further biological pollution of water bodies. Scientific research has shown
that "bloom" occurs in all types of water bodies [ 19-20].

Eutrophication can be observed in reservoirs and lakes that experience stable hydrological and

hydrodynamic characteristics. For instance, in the United States, algal blooms in Lake Erie, which is over
12,000 years old, began to emerge only in the second half of the 20th century. The significant development
and spread of algae have been noted in various lakes, including those in mountainous regions of Switzerland,
Sweden, and Yakutia, all of which are situated in northern latitudes [21].
It is widely recognized that negative effects in reservoirs begin when algae biomass reaches concentrations
between 500 to 5000 g/m3. An excessive algal bloom indicates the accumulation of organic matter in the water,
which poses a risk of secondary pollution and eutrophication. Furthermore, it is important to note that algae
can accumulate significant amounts of heavy metals, including mercury, iron, copper, zinc, molybdenum, lead,
aluminum, boron, manganese, and cadmium. When these plants die, the heavy metals are released into the
water in their free form.

The Caspian Sea is the largest enclosed body of water on our planet. Its salty waters border five countries,
including Kazakhstan and Russia, and it is rich in natural resources such as oil. What makes the Caspian Sea
unique is its diverse marine life, home to over 120 species, including sturgeon, urchins, wrasses, and many
other animals. The maximum depth of the Caspian Sea reaches 1,025 meters, and it stretches approximately
1,200 kilometers from north to south, earning it the nickname "sea."

However, the ecological state of the Caspian Sea is deteriorating and approaching a catastrophe. Various
industrial waste water is flowing into the sea, leading to the inevitable decline of fish, crustaceans, Caspian
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seals, and other marine inhabitants. Oil slicks are increasingly appearing on the water's surface. Samples taken
from the seabed indicate contamination with hazardous substances, including lead, mercury, cadmium, arsenic,
zinc, nickel, and vanadium. The levels of these pollutants exceed the established safety limits for such bodies
of water by several times. [ 22]

Mingachaur Reservoir, also known as the Mingachevir Sea, is a large reservoir on the Kura River in
northwestern Azerbaijan. It supplies water to the Upper Karabakh and Upper Shirvan channels, and is used for
electricity generation, irrigation water supply, and fishing. The Mingachevir Reservoir is the largest in the
Caucasus, having a length of 70 km, a width of 18 km, a maximum depth of 75 m, an average depth of 26 m,
a maximum volume of 15.73 km3, a shoreline length of 247 km, and an overall area of 605 km2 . The
reservoir's water level is maintained by the dam of the Mingachevir Hydro Power Plant, built near Mount
Bozdag from 1945 to 1953. It is the largest hydroelectric power station in Azerbaijan, with an installed electric
capacity of 401.6 megawatts. Its dam has a length of 1,550 m, a width of 16 m, and a height of 80 m.

In the current period, the eutrophic layer in the reservoir has been deepened. Thus, it is known that during
the formation of the eutrophication process in the Mingechaur reservoir, along with the intensive development
of phytoplankton, the area of their assimilation the eutrophic layer in the reservoir has deepened in recent
times. Research indicates that the eutrophication process in the Mingechaur reservoir has led to significant
phytoplankton growth, which has subsequently expanded and deepened their assimilation area. Over the past
50 years, the continuation of eutrophication in the Mingechaur reservoir has been increasingly noticeable,
especially during the summer months.

It is noteworthy that the primary phytoplankton product in the Mingechaur reservoir has increased 11
times over the past 53 years. Interestingly that the dynamics of the phytoplankton initial primary product of
reproduction by seasons of the year has been preserved, since in previous years the productivity on the entire
area of the reservoir sharply decreased on the right bank. This is due to increased erosion along the coast.
Depending on the seasons of the year, the formation of the primary product - the harvest - continues intensively
in spring, summer, and autumn, except for the winter period.

In modern times, there have been significant changes in the physico-chemical properties of the waters of
the Mingechaur reservoir. For the same reason, the intensity in the process of forming the biological
productivity of the Mingechaur reservoir differs. The Mingechaur reservoir is a typical eutrophic reservoir of
trophic type. It should be noted that in the last 25-30 years reservoirs have been created in the course of the
three main rivers —Kur, Araz, Gabyrra, flowing into the Mingechaur reservoir, and unlike previous years,
biogenic solid sediments are not discharged directly into the basin. However, the average annual amount of
primary organic matter synthesized by phytoplankton in the Mingechaur reservoir is higher than the indicators
defined in the eutrophic type and anthropogenic eutrophication continues without weakening [22].

Sevan’ lake. By the mid-1990s, the water level of Lake Sevan had dropped by about 19 meters,
eutrophication (excessive accumulation of plant nutrients) began, and the concentration of phosphorus,
nitrogen, and other plant nutrients increased. To restore the balance and prevent a catastrophe, the almost 50-
kilometer Arpa-Sevan tunnel was built. In the 1980s, the water level stabilized at about 1,897 meters. As of
July 2021, the lake is located at an altitude of 1,900.75 m above sea level and contains a volume of water of
38 cubic kilometers [23-25].

It was determined that the cause of anthropogenic eutrophication of the lake is the combined action of two
leading factors: restructuring of processes within the reservoir, disruption of the natural dynamic balance in
the "water and sediment" system, and excessive inflow of biogenic substances from the catchment area.
Currently, the water level of the lake is gradually increasing (by 6 m by 2030), however, this increase, like the
previous decrease, is accompanied by water pollution as a result of intensive development of the banks,
pollution of the coastal strip, point and diffuse pollution, and the deterioration of water quality indicators of
the reservoirs - Martuni, Vardenis - leads to periodic "blooming" of the lake, changes in biodiversity, and other
negative consequences.  The main cause of Sevan eutrophication in 2018 was an increase in the number of
algae in the reservoir, which was first observed in 1964 . According to the Ministry of Environmental
Protection, the bloom was caused by wastewater entering the lake, including household and agricultural waste.
Out of 400 business facilities in the coastal areas of the lake, only 14 treat wastewater. Pollutants are salts of
heavy metals and the heavy metals themselves. The problem of pollution of the lake with heavy metals is more
complex. Excessive levels of heavy metal ions have been periodically detected in the lake, such as: V- 5-6
times, Cr- 2 times, Se- 2-3 times, Cu- in some areas 2-3 times, Mg- 1.2-1.4 times [31-33]
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Several environmental factors have significantly contributed to the decline in the ecological condition of
the lake. These include a reduction in water levels, rising temperatures, an increase in cyanobacteria, a decrease
in lake fauna, and the discharge of wastewater from cottages, hotels, restaurants, and residential buildings
along the shore. In many villages and settlements, homes are either not connected to the sewage network or
the networks are poorly maintained.

The unrestricted flow of fecal and domestic wastewater into the rivers that feed into the lake raises serious
concerns about water quality. This is particularly evident in the varying water quality observed in both large
and small rivers at their confluences, especially near populated areas. The findings indicate that water is clean
at its source; however, there is a significant increase in E. coli levels and other pathogenic microorganisms
near the settlements.

Fig. 1. The polluted water surface of Lake Sevan.

A sharp increase in eutrophication levels has been observed in the Aparan and Azati reservoirs. The flow
of the rivers Kasakhi and Gegharot is regulated in the Aparan reservoir, which has a basin area of 7.6 km2. The
Azati reservoir, with a basin area of 3.2 km?, regulates the flow of the Azati River. The average water levels
in these reservoirs are 1835 m and 2620 m, respectively.

Both reservoirs are filled during the flood period. During this time, water losses due to filtration greatly
exceed the design values, resulting in a significant layer of alluvial material being deposited in the central part
of the reservoirs. Eutrophication is primarily linked to the use of nitrogen and phosphorus fertilizers,
phosphorus-containing pesticides, livestock waste, and water from irrigation reservoirs. Additionally, the
water quality is compromised by untreated domestic and industrial wastewater from nearby cities and villages
before the river flow is regulated.

Positive trends are currently being observed in the Lake Sevan biosphere. Measures continue to be taken
to prevent poaching, and activities aimed at boosting the fish population are ongoing. In 2022, the number of
crayfish amounted to 100 tons. The overall increase in the fish population was also influenced by the artificial
reproduction of fries; in May 2023, 130 thousand “Ishkhani” fries - Sevan trout (weight 10 g) were released in
the Karchakhpur district.

Black Sea.Due to its limited connection with the ocean, the Black Sea is very sensitive to anthropogenic
impacts. As a result of human activity, the Black Sea has become one of the most degraded regional seas on
the planet in recent decades. According to a report prepared by the Black Sea Commission, the Black Sea
ecosystem was severely damaged in the 1970s-1980s, when large amounts of biogenic substances were
introduced into the sea by rivers, leading to eutrophication of the sea. These processes were especially
pronounced and intensively expressed on the northwestern coast of the sea, although eutrophication is also
observed on the eastern coastal waters of Georgia.
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Fig. 2. The polluted water surfaces of the northwestern coasts of the Black Sea

The issue concerns the waters of the Ambassador Islands complex under construction, where three rivers
Bartskhana, Kubistskali and Korolistskali, bring various types of pollutants that have caused the rapid
generation, growth, and reproduction of cyan-bacteria [26].

It is noteworthy that phytoplankton in the ecosystem of the Black Sea, Georgia's coast, is quite diverse
and is represented by six main groups of algae: Limestone (Bacillariophyta) 73%, dinoflagellates
(Dinophyta)-57%, green (Chlorophyta)-2-3%, Golden (Chromophyta)-6%, blew-green (Cyanophyta)-16%
and Yellow-green (Xanthophyta)-%5, algae, among which the group of diatoms (Bacillariophyta) stands out
for its species and quantitative superiority.

It is important to note that in certain study areas, such as the River Chorokhi, Batumi, and Supsa, local or
point eutrophication occurs during the warmer months of the year. The aquatic waters of the River Supsa are
particularly noteworthy, as they display a significant presence of blue-green algae (which contain especially
toxic metabolites) and yellow-green algae. Additionally, one of the phagotrophic species of dinoflagellates,
Noctiluca scintillans—commonly known as "sea glow"—dominates the estuaries of the Chorokhi and Supsa
rivers, serving as an indicator of local eutrophication.

The total number of phytoplankton in the Georgian Black Sea coastline usually experiences seasonal
fluctuations and in spring and summer, precisely during the recreational period, it reaches an average of 1400
to 2300 million units/m®, which negatively affects the health of vacationers, and in autumn and winter it varies
from 1000 to 200 million units/m*. According to the Black Sea Strategic Action Plans, in addition to
eutrophication, the causes of environmental degradation in the Black Sea are chemical pollution of water
(including as a result of oil spills), excessive fishing of marine fauna and the invasion of alien species into the
sea [27].

Based on the analysis of the information obtained as a result of monitoring, it can be said that the main
causes of water pollution in the Black Sea region of Georgia are water-using enterprises (especially communal
ones), where a complete technological regime for wastewater treatment has not been implemented or water
treatment facilities are operating inefficiently. Besides, it is also worth noting that 20 European countries
discharge their wastes into the Black Sea, including through the Danube, Prut, and Dnieper rivers, with the
main load falling on its relatively shallow northwestern part, where 65% of all living organisms are conceived,
and the main spawning grounds are located.

The Thilisi reservoir ecology. The reservoir is located in the northeastern part of Thilisi. It has an
elongated shape from northwest to southeast. The length of the coastline is 23.9 km, the surface area is 11.8
km2, the total volume of water is 308 and the usable volume is 155 million cubic meters, respectively; the
average depth is 26.6 m, the maximum - 45 m; the maximum water level is 548 m, and the minimum - 333 m.
The natural inflow of the reservoir is insignificant. The reservoir is supplied with water both from the Zhinvali
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reservoir, with a gravitational flow of Q = 12.5 m%/s, of which 12.0 m*/s is considered the city's water supply,
and 0.5 m¥/s for irrigation of agricultural lands in Samgori, and from the Sioni reservoir, through the Zemo
Samgori main canal, with a water flow of 6 m*/s, of which an average of 2/3 is used for irrigation. The
remaining volume of water accumulated in the reservoir is used for drinking water .

It is worth noting that, according to hydro-chemical characteristics, the surface waters of the Aragvi,
Zhinvali, and Thilisi reservoir basins are suitable for drinking water supply. Nevertheless, it is advisable to
allocate such local areas that are potentially dangerous to any extreme events (damage to sewage systems of
settlements and industrial facilities, failure of treatment plants, etc.), and in the future, due to increased
anthropogenic load, in terms of chemical pollution. In such areas, it is desirable to carry out preventive water
protection measures, which in these cases will create a reliable guarantee of protecting the quality of drinking
water.

The study of samples taken from the reservoir showed that the main algae in the Thilisi reservoir are: 1.
Blue-greens — Cyan-bacteria; 2. Greens - Cylorophyceae; 3. Diatoms - Diatomeae; 4. Desmidiales -
Desmidiales; 5. Pyrophyta - Peridineae; 6. Volvox - Volvocales; 7. Euglenineae. They cover the water surface
and float along the coastline with a width of 15-85 m. Observations conducted in the spring showed that mainly
diatom algae (Melosira, Asterionella, Fragilaria and Naviculaceae) developed and spread, the number of
cells per liter ranged from 40 to 165 thousand units [28].

During the observation, other species of algae were detected, including toxic algae represented by
Anabeana. In spring, their number was 1000-3500 units/I, and in summer the concentration was approximately
doubled, depending on the distance from the water inflow point and the wind direction.

The results of hydrochemical studies showed that the mineralization of the waters of the Aragvi, Zhinvali
and Thilisi reservoirs is below average, the content of biogenic elements is small, and the dichromatic oxidation
is low, which indicates that chemical pollution is insignificant. The concentrations of trace elements are also
low. The values of these indicators do not exceed the maximum permissible concentrations (MPC) provided
for by water supply standards. In most cases, the studied waters belong to ecologically very clean - Class I
waters, and only in terms of the content of phenols and oil products do they belong to Class Il and 111 - clean
and insignificantly polluted waters.

From a sanitary bacteriological point of view, the studied waters often fail to meet the requirements
imposed on the water supply source. For a number of areas, there is a significant excess of coli-index
concentrations over the maximum permissible norm (10,000 units/I). In the upper reaches of the Aragvi River,
above the Zhinvali Reservoir, bacteriological pollution is seasonal, sharply increasing during the summer-
autumn low-water period after rains, and is mainly caused by the washout of fecal pollution from pastures and
livestock farms. The bacteriological pollution of the Zhinvali Reservoir is due to a sharp increase in this type
of pollution in rivers; however, due to the dilution and self-cleaning processes taking place in the reservoir,
the coli-index concentration values are two orders of magnitude lower than the values in the river [29].

Determination of changes in concentrations of biogenic ingredients (nitrogen, phosphorus) in Zhinvali
reservoir

The equation that takes into account the changes in concentrations of various chemical elements in a reservoir
has the following form [5,11]:

Qflout Ctribj ' Qtrib Qflout
C. = Cy; exp|— K )e|+ =22 T2 0 exp |- K. )t
J ‘”exp[ ( w T f) +Qﬂout+KW{ exp[ ( w f) ]}

1)

(1) Here - is the initial concentration of the j-th element in the reservoir, the volume of which is W; kj - non-
conservative (destruction) coefficient; Cuinj- concentration of the j-th ingredient in the effluent Q win; Cj -
concentration of the element that flows out of the reservoir Qout.

We calculate for the following data: C, =0,01mg/l; nitrogenC, =1,75 - mg/l; the flow of the Aragvi
tributary Quin =23.2 m%/s; Pshavi’s Aragvi Quin =20.6 m%s;. The flow for the HPP is Q0w =9.0 m*/s. According
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to the formula (1), we obtain C, = 0,009 mg/I for phosphorus concentration, and C,, =1,52 mg/I for nitrogen

concentration [5,11].
Predicting the level of Zhinvali reservoir’ eutrophication. In case to determine the eutrophication of the
Zhinvali reservoir, it is first necessary to determine the amount of primary products formed as a result of
photosynthetic reactions in the reservoir, i.e., to determine the average annual concentrations of chlorophyli
[chlor.a]. In the case when the ratio of nitrogen and phosphorus in the study waters is N : P >12, we will use
the Dillon and Riegler relationship.
Logio [clor.a]=1,45l0g10 ([P] -1000)1,14
)
And in the case when the ratio of nitrogen and phosphorus is N : P <4, the following relationship
Logio[clor.a]=1,4 logio ([N]- 1000)-1,9
©)

In these relationships, the concentrations of nitrogen and phosphorus are expressed in mg/l, and the
concentration of chlorophyll in mkg/l. which can be used to determine the amount of primary products formed
as a result of photosynthetic reactions in the reservoir, i.e.,to determine the chlorophyll-a average
concentrations, one of the most important indicators of eutrophication. After determining the concentrations
of biogenic substances nitrogen and phosphorus in the reservoir, since these data are essential for assessing the
biomass in the reservoir, it is already possible to predict the level of the reservoir’ eutrophication.

Using this method, the concentration of was determined in the Zhinvali reservoir, which is 2.31 mg / m®.

Cl.,. =0,28P%%, (4)

As for the Thilisi Reservoir, there is a growing trend in bacteriological and biological pollution: the coli-
index value in some cases reached 50,000 units/I. It should be noted that the determining factors of the pollution
of the Thilisi Reservoir are: water and solid sediment entering from the Zhinvali and Samgori canals, which
causes siltation of the Thilisi Reservoir, as a result of which the depths of the reservoir decrease and favorable
conditions are created for the spread of phyto- and zooplankton, which is already noted; use of the reservoir
for recreational purposes - swimming, tourism, fishing, etc., which results in pollution of the surrounding areas
and its washing into the reservoir as a result of rains; as well as the use of the areas surrounding the reservoir
as pastures and watering places for livestock belonging to the population[31].

Of course, there are direct ways to determine phytoplankton biomass directly in the laboratory, but these
measurements are quite difficult, time-consuming, and not very accurate.

It is also worth noting that various economic facilities are located on the territory of the recreational zone
of the Thilisi Reservoir. Despite the fact that they are sewered, as established by a survey of the population, in
a number of cases, when accidents occur in the sewage systems, polluted waters enter the Thilisi Reservoir.
According to the hydrochemical characteristics, the surface waters of the Aragvi, Zhinali and Thilisi Reservoir
basins are suitable for drinking water supply. Nevertheless, it is advisable to allocate such local areas that, in
the event of any extreme event (damage to the sewage systems of settlements and industrial facilities,
malfunction of treatment plants, etc.) and in the future, will be considered potentially dangerous areas in terms
of chemical pollution caused by an increase in anthropogenic load. In such areas, it is desirable to carry out
preventive water protection measures, which in these cases will create a reliable guarantee of protecting the
quality of drinking water. Unfortunately, the Sanitary Supervision Service does not function at all in Georgia
today. Even before its abolition, sanitary doctors had limited rights and could not influence such issues; they
could only identify sources of pollution and could not impose administrative fines.

Conclusion:

Water is one of the natural resources that has been directly linked to human life from the very first
moments, has an incessant connection with it, and uses it quite frequently and extensively throughout its
existence.

Based on comprehensive research, it is essential to develop new approaches to water treatment before and
after water abstraction. This includes creating specialized methods and recommendations for implementation
in the water supply system. We need to establish complex barriers and technologies for water treatment that
will significantly reduce the burden on reservoirs and water treatment plants from various pollutants.
Additionally, this approach could allow for the use of safer disinfectants instead of chlorine, which poses risks
to human health.

Therefore, the main problem related to the quality of river and reservoir waters is the presence of
chlorinated organic compounds, pesticides, and detergent residues in them, which, after disinfection of water
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with chlorine, form dioxins, the analysis of which is very difficult and possible only with special expensive
equipment. It is known that water is chlorinated to destroy harmful microorganisms and preserve the
organoleptic properties of drinking water. As a result, the first organochlorine compounds are formed in the
water, and then, under the influence of soluble oxygen, they form very toxic dioxins, which contribute to the
development of cancerous tumors. Organochlorine compounds containing fluorine, chlorine, and bromine
cause nephritis (kidney disease), hepatitis (liver disease), increase the number of stillbirths and toxicosis during
pregnancy, congenital anomalies, mutagenic defects, weakening of immunity, and disruption of reproductive
function in both men and women. It is precisely due to the subsequent formation of dioxins that mutagenic,
carcinogenic, teratogenic (ugly) properties are manifested in water at concentrations of 5-10 -12 mg/I.

We strongly believe that in order to protect water resources, it is necessary to prohibit the discharge of
untreated runoff into reservoirs, prohibit any activities that negatively affect water quality in water protection
zones, and take various administrative measures; strengthen the self-cleaning processes of reservoirs, improve
and maintain the conditions for the formation of surface and groundwater; pay special attention to the
introduction of methods and technologies for improving the ecological and hygienic state of water in the
direction of cleaning runoff from agricultural fields; find and attract adequate methods for cleaning and
disinfecting drinking water; replace worn-out branches of the network and implement planned flushing
measures; impose strict control and punitive sanctions for excessive water consumption; Tightening control
over the irrational placement of industrial and various agricultural, as well as recreational facilities near water
supply facilities by local government bodies, sanitary-epidemiological and water supply services .This is a
current, unsolved, life-and-death problem for the whole world, to which the government of our country,
healthcare and non-governmental organizations should pay special attention [31-34].

We do not allow the health of our future generation to be encroached upon by the above-mentioned
horrors. A priori, it must be said that preventing the causes of an accident is cheaper than eliminating its
consequences, especially an epidemic.
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IIpo0sieMbI 3arpsi3HEHUS PErHOHAIBHBIX BOJ0EMOB

H. HuBuusanze, U. Makanarus, E. Xaruamsuiau, H. I:xopOenanse, I'. UBanos

Pe3rome

[TapamoxcansHO, HO, HECMOTpPSI Ha TO, YTO BOJA SBJSETCA JKM3HEHHO Ba)XKHBIM BEIIECTBOM Ha 3emile, OHa
OCTaeTCsl OAHUM M3 HaMEHEee W3yYeHHBIX COSAWHEHUH B mpupoze. Ee cliokHOCTb co3maeT mpobiaeMsl s
YYEHBIX, 3aTPyIHss IOJHOE IOHMMAaHHE €€ COCcTaBa. XOTA XMMHYECKHH COCTaB BOIbI CTaOMICH, €e
BO3/IEICTBHE HA OPTaHU3MBI BapbUPYETCS B 3aBUCHMOCTH OT YCIOBUH OKPY’KaIOIIEeH Cpeibl.

B OyaymieM MBI CTOJIKHEMCSl CO 3HAYMTEIBHBIMU YIPO3aMH, CBS3aHHBIMH C BOJOW, KOTOPBIE MOTPEOYIOT
3HAUUTENFHOTO BHUMaHus. OpHAa H3 TPEBOXKHBIX MpoOJeM, TNPH3HAHHBIX BO BCEM MHpE, — 3TO
MOTEHIHAIBHOE BOSHUKHOBEHHUE MIMPOKO PACHPOCTPAHEHHOM MPOOIeMBbl B HAIIUX CUCTEMAX BOJOCHAOKEHHUS
W BOJIOXPaHWINIIAX JJIsl OTAbIXa. DTa Mpo0diieMa, KOTOPYIO HEKOTOPhIEe Ha3bIBatoT «ayMoit XXI| Bekay, cBsi3aHa
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C DBOJTIOLIMOHUPYIOIIEH IPUPOJION OTpeIeIeHHBIX MUKPOOPTaHU3MOB — OJIHUX M3 IPEBHEHIINX POPM KU3HH
Ha 3emiie, — KOTOpbIe TENepb CTAHOBATCS OMACHBIMHU M3-32 XUMUYECKOT'0 3arpsA3HEHUS.

Uccnenosannsa HayuHo-nccinenoBaTenbckoro HHCTHUTyTa WMEHHM ['aManed TOKa3bIBalOT, YTO 3TH
MHKPOOPTraHU3Mbl MOTYT pPa3BUBaTh HOBBIE, OINACHbBIC IITAMMBbI, KOTOpPbIE IHPOSBIIOT CBOM 3 QEKTHl ¢
TEYEHHUEM BpEMEHH, (QYHKIMOHUPYS KaK «MEIUIeHHO JieiicTByromas MuHa». OHU MPOU3BOJAT BEIECTBA C
KaHLEPOTreHHBIMU, MyTareHHBIMU ¥ UMMYHOJETIPECCUBHBIMHI CBOHCTBaMH, YTO OCOOCHHO 3aMETHO y «CHHE-
3€JIEHBIX» BOJOPOCIICH WITH ITnaHO0aKTepHi.

B nanHo#t cTaThe ocBelaeTcs KpuTudeckas mpoOsieMa BpeIHbIX IBeTeHui Boopocieil (BLIB), B wactHOCTH,
B TOMIMCCKOM BOXOXpaHWIHILE, W MPOTHO3HpYETCs 3BTpopuKanusd B JKUHBaIbCKOM BOZOXPaHUIIHIIE
BCJIEJICTBUE JAEATEIILHOCTH YenoBeka. llomyuyeHHble OaHHBIE MOTYT OBITh HPUMEHEHBl B TJI00ANBHOM
Macmrabe, OJYEepKUBas OCTPYI0 HEOOXOAMMOCTh MPHUHATHSA MEp IO 3alUTe HAIIUX BOIHBIX PECYPCOB H
3/I0pOBBS HACEJICHUS.

B crathe paccmaTpuBaercsi mpobieMa BpenHbIX 1BeTeHHi Bopopociueil (BLIB), ynenss ocoboe BHMMaHHE
00pa30BaHUI0O M PACIPOCTPAHCHHUIO IMAHOOAKTEPHH B PA3IMYHBIX BOIOeMaxX, BKIOYas TOwmIHMCcCKoe
Bopoxpanmtuiie. [Iporaosupyercsi, uto B JKMHBaIBCKOM BOJOXPAaHWIHIIE MPOUCXOTUT 3BTpO(pHUKaAINA B
pe3ynbTaTe JAesITeIbHOCTH YeloBeKa. DTOT MOAXO0] MOXKET OBITh IIHPOKO MPUMEHEH JIs IPOTHO3UPOBAHUS
MOJOOHBIX SIBJICHUH B BOJOEMAX 110 BCEMY MUDY.

KuaroueBsble cioBa: OUTOMIAHKTOH, SBTPO(UKALIMS, OMOTEHHBIE 3JIEMEHTHI, OUHUCTKA, BOJIOCM.
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ABSTRACT

Abandoned mining areas, especially those areas where heavy metals and radioactive elements were previously
mined, represent one of the most important ecological problems. Chiatura, as the main center of manganese
mining in Georgia, turned out to be a region where heavy metals and radioactive substances caused significant
contamination of soil and water resources. The aim of the study is to analyze, assess and study the
radioecological risks of soil contamination from abandoned mines in Chiatura. The study discusses the
concentration of heavy metals in the soil, including manganese, lead, cadmium and others, as well as the
impact of their potential radioactive contaminants on ecosystems. Modern ecological monitoring methods
were used, including measuring the content of radioactive elements, analyzing soil samples and testing water.
The results showed that the concentration of heavy metals in the territory of the abandoned mines of Chiatura
exceeds safety standards, which directly affects both the ecological state of the soil and the flora and fauna.
The article emphasizes the need to study radioecological risks and effectively respond to them. The study also
includes an analysis of the subsidence of the soils of Kazreti, Zestaponi and Chiatura. These results indicate
an increased risk of radioactive and non-radioactive substances, which requires the implementation of
appropriate ecological remediation measures.

Key words: radioactive elements, radionuclides, soil, radioecological, Georgia
Introduction

The mining industry plays a critical role in soil contamination with lead, zinc, manganese, iron, and copper
ions. Mining activities, product processing, waste management, and atmospheric deposition are major sources
of contamination. These pollutants have a wide range of impacts on soil, water, plants, wildlife, and human
health [1-5].

Chiatura — one of the most important industrial centers of Georgia — has been a major site for the
extraction and processing of manganese for decades. As a result of intensive mining and quarrying activities,
numerous open-pit and underground mines have been created in the region, many of which are currently
abandoned and in a neglected state. Abandoning mines without proper ecological rehabilitation creates
environmental and, in particular, radioecological hazards.Although manganese itself is not a radioactive
element, its deposits often contain natural radionuclides such as uranium, thorium, and potassium-40 [6-8].
The spread of these compounds in the environment can have a significant impact on soil, water resources, and
living organisms.Special attention needs to be paid to studying the content of radionuclides in soil, as it is both
an indicator of environmental pollution and a source of risk transmission for humans and ecosystems.The aim
of this study is to assess the radioecological state of the soil in the areas near the abandoned mines of Chiatura
and analyze the potential risks associated with it. [9-12].

Our study includes a comparative analysis of pollution in the mining and industrial areas of three large
regions: Chiatura, Kazreti, and Zestaponi. Kazreti, Chiatura and Zestaponi are three important technogenically
loaded regions of Georgia, which are polluted by various types of industrial activities. Kazreti is characterized
by intensive open-pit mining of copper-polymetallic ores; Chiatura - by long-term underground mining of
manganese; and Zestaponi - by metallurgical production of ferro-alloys (ferromanganese). These differences
significantly determine the nature and intensity of soil pollution.
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Fig. 1. Long-term underground mining of manganese

Fig. 2. Long-term underground mining of manganese

Kazreti and Zestaponi represent two important industrial-technogenic zones of Georgia, however, the
nature, intensity, and chemical profile of soil contamination are different, which is determined by the type of
production and technological processes. Differences in pollution sources. [14,15].
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Fig. 3. Fig. 4.

Kazret: open-pit mining (copper-polymetallic ores)

Kazret:
» Main sources: open-pit mining (copper-polymetallic ores);
* Tailings;
* Ore enrichment processes.

Zestafoni
» Main source: Metallurgical production of ferroalloys (ferromanganese);
* Atmospheric emissions;
* Technogenic dust deposition. Kazreti
Elevated concentrations of Cu, Zn, Pb, Cd and As are recorded in the soils of the Kazreti mining district,
especially in the vicinity of quarries, waste heaps and ore enrichment facilities. The dominant contaminant is
copper, the content of which often significantly exceeds background values. The presence of cadmium and
arsenic indicates a high level of technogenic impact and increases the ecological risk [16,17].

Fig. 5. Metallurgical production of ferroalloys (ferromanganese) in Zestafoni
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Chiatura

The contamination of Chiatura soils is mainly associated with high concentrations of manganese (Mn), which
is due to the long-term extraction of manganese ores. Additionally, increased contents of lead (Pb), zinc (Zn)
and iron (Fe) are noted [16,17]. The contamination is spatially heterogeneous and is especially high in the
areas adjacent to mines, waste heaps and transport routes.

Air-Soil Relationship in
Mining Areas: Heavy Metals
and Radionuclides

Air Pollution

ZE

Re-entrainment Deposition
Resuspension

: Wet and dry
of contarmnated deposition
particles

Soil
Contammatlon

Fig. 6. Air-Soil Relationship in Mining Areas:Heavy Metals and Radionuclides
Zestafoni

The dominant element in Zestafoni soils is manganese (Mn), accompanied by Pb, Zn, Cr, and Ni. Unlike
Kazreti and Chiatura, pollution here is mainly caused by the deposition of atmospheric dust generated by
metallurgical production, due to which heavy metals are relatively evenly distributed over a wide area. Soil
Chemical and Physical Changes

Kazret soils are often characterized by increased acidity, decreased organic matter content, and structural
degradation, which is associated with acid mining drainage.

In Chiatura soils, structural damage is relatively moderate, although the accumulation of heavy metals occurs
mainly in the upper horizons.

In Zestafoni soils, a tendency to alkalization is observed in some areas, which is due to industrial emissions,
while the physical structure is relatively better preserved.

Overall, Kazreti is characterized by the highest level of pollution in terms of heavy metal concentration and
toxicity (especially Cu and Cd). Chiatura is a region mainly polluted by manganese, with additional impacts
of Pb and Zn. Zestafoni is under relatively less concentrated, but constant and widespread technogenic impact.

Research methodology

The study aims to assess the radioecological state of the soil in the area surrounding the abandoned mines in
Chiatura. For this purpose, a scientific procedure was carried out in several stages:
1. Fieldwork and sampling
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* Soil samples were taken in the immediate vicinity of the abandoned mines and, for comparison, in control
areas located away from them.

» Samples were taken from different depths: surface layer (0—10 cm), middle layer (10-30 cm) and deep layer
(30-50 cm).

* At least three parallel samples were taken at each site to ensure representativeness.

Laboratory Analysis

* Soil samples were dried, ground, and calcined according to standard procedures.

« Gamma-spectrometry with a high-precision detector was used to determine the concentration of radioactive
elements (including ~238U, ~232Th, ~40K).

* In parallel, soil pH, moisture, organic matter content, and granular composition were determined — to enable
an in-depth analysis of the conditions for the spread of contamination.

* The obtained radioactive data were compared with international norms (e.g., UNSCEAR or IAEA limits).

Results and discussion

Analysis of the data obtained as a result of the study showed that in the areas surrounding the abandoned
mines of Chiatura, an increased concentration of natural radionuclides was found in the soil, especially in the
form of ~238U (uranium), ~232Th (thorium) and ~40K (potassium-40). Their average activity levels in some
samples significantly exceeded the background characteristic of Georgia and international safety threshold
levels.

Radionuclide distribution

* 7238U concentrations near abandoned mines ranged from 35-60 Bg/kg, in some cases twice the regional
background.

» 7232Th was found in the range of 40—-70 Bq/kg, especially in areas where the soil is saturated with past
industrial wastewater.

* M40K levels remained largely within normal limits, although locally elevated levels (>500 Bg/kg) were
noted.

Spatial and depth variations

* The intensity of contamination was mostly concentrated within a radius of <500 meters from the shafts
and in the surface layer (0-10 cm).

* The radionuclide content tended to decrease in the lower layers, indicating that the contamination is
superficial and likely spread through atmospheric transport and surface waters. The obtained data were
compared with the radiological normative limits of the IAEA, UNSCEAR and the Ministry of Internal Affairs
of Georgia. It turned out that although some indicators are within the norm, local excesses should be given
attention as areas of long-term radioecological risk. The results of the study showed that in the areas
surrounding the abandoned mines of Chiatura, elevated concentrations of natural radionuclides were found in
the soil, especially in the form of ~238U, ~232Th, and "0K.

The concentration of ~238U near the mines ranged from 35-60 Bg/kg, which in some cases is 2 times
higher than the regional background.

A232Th was recorded in the range of 40-70 Bq/kg, especially in contaminated areas.

~MOK values are generally within the normal range, although local exceedances are noted.

The analysis of the present data of the service has shown that similar surface contamination is observed in
comparison with other former mining sites, for example, as in the study on environmental risks of abandoned
mines in Donbass and Lermontov (Mashusa & Makgae, 2017). Below | provide you with the ecological impact
of the Chiatura mines on the environment and a list of heavy metals that are recorded in the soil according to
scientific studies. The text is written in accordance with the academic style so that you can directly use it in
your work.

Ecological damage to the environment in the Chiatura mining region

The impact on the environment as a result of many years of exploitation of the Chiatura manganese
deposits is complex and multifaceted. The scientific literature identifies several main ecological problems:

1. Soil degradation and pollution
Mining and extraction activities lead to:
* Disruption of soil structure;
* Reduction of the humus layer;
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* Increased chemical pollution.

Dust and waste generated during mining and ore processing accumulate in the soil, leading to the
accumulation of heavy metals.

2. Heavy metal pollution

According to scientific studies, the following heavy metals are most often detected in the soil of the
Chiatura region:

» Manganese (Mn) — the main polluting element, often significantly exceeding the natural background,;

« Iron (Fe) — high concentrations are associated with the mineral composition of the ore;

* Lead (Pb) — a toxic element of technogenic origin;

» Cadmium (Cd) — in small quantities, but with high ecotoxicity;

* Zinc (Zn) — often accompanies manganese ores;

* Copper (Cu) — recorded in areas affected by waste and dust;

* Nickel (Ni) — exceeds background values in some areas;

» Chromium (Cr) — associated with geological structure and technogenic impact.

Studies have highlighted that heavy metal accumulation is particularly high in areas surrounding mines,
waste dumps, and transportation routes.

Comparison of Soil Heavy Metal Contamination

Copper (Cu)
Manganese (Mn)

30 Lead (Pb)
Zinc (Zn)

Cadmium (Cd)

= N N
w o a
L | L

Relative Contamination Index

=
(=]
L

Kazreti Zestaponi Chiatura

Fig. 7. Comparison of Soil Heavy Metal Contaminatyon

3. Impact on aquatic ecosystems

Heavy metals accumulated in the soil as a result of precipitation and erosion processes enter:

 Surface waters;

* Groundwater.

This leads to an increase in water mineralization and disruption of the biochemical balance.

4. Biological damage

According to scientific articles:

* Heavy metals are transferred to vegetation;

* Bioaccumulation occurs in agricultural crops;

* Ecotoxicological impact on ecosystems increases.

5. Secondary air pollution

Dust enriched with metals in the soil is re-entered into the atmosphere by the action of the wind, which:

« Increases the concentration of PM particles;

* Creates constant circulating pollution.

Kazreti has the highest and increasing activity of Cs-137, although the maximum value (15.1 Bg/kg) still
does not exceed the permissible limit. Sr-90 levels exceed other locations and reach a maximum in 2023 —
10.2 Bg/kg, which indicates a higher radioecological load, most likely due to mineral extraction and processing
processes.

Comparative profile of heavy metals in soil

Region Dominant heavy metals
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Kazreti Cu, Zn, Pb, Cd, As, Fe

Zestafoni Mn, Pb, Zn, Cr, Ni, Fe

Kazreti

* High concentrations of copper (Cu) and zinc (Zn);

* Cadmium (Cd) and arsenic (As) are often detected;

* Heavy metals often significantly exceed the background in the immediate vicinity of the quarry and
waste.

Zestaponi

* Manganese (Mn) is dominant;

* Increased chromium (Cr) and nickel (Ni) content is noted;

* Pollution is relatively evenly distributed throughout the city and surrounding area.

[ Low
[ ] Medium
[ High
B Very high

Fig. 8. Schematic map of Georgia showing the relative levels of soil contamination in mining and
industrial regions:

Schematic map of Georgia showing the relative levels of soil contamination in mining and industrial
regions: Chiatura (manganese mining), Zestaponi (ferroalloy production) and Kazreti (RMG — mining and
guarrying activities). The color scale represents the estimated levels of contamination (low—very high) and is
based on literature and environmental sources, rather than on-site geochemical measurements.

Conclusion

The comparative analysis of soil pollution in Kazreti, Chiaturi and Zestaponi conducted within the
framework of the presented study revealed that the level, structure and ecological risks of heavy metal pollution
in the mentioned regions differ significantly depending on the type and intensity of technogenic activity. The
long-term impact of mining and metallurgical processes is one of the main factors of soil quality degradation
in these regions.

The results of the study indicate that soil pollution in the Kazreti mining region is characterized by high
intensity and sharply localized nature. Increased concentrations of copper, zinc and cadmium, especially in the
vicinity of quarries, waste heaps and enrichment plants, create a high ecotoxic risk for both the biological
functioning of the soil and the quality of surface and groundwater. The high mobility of heavy metals and
acidic environmental conditions increase their potential for migration and bioaccumulation, posing a threat to
agricultural lands and the health of the local population.

Soil contamination in the Chiatura region is mainly associated with long-term underground mining of
manganese and historical mining activities. High concentrations of manganese, often exceeding background
values, are the main characteristic of soil contamination in this region. In addition, the increased content of
lead and zinc indicates the complex impact of technogenic processes. The spatial heterogeneity of pollution,
especially in the vicinity of abandoned mines and waste heaps, emphasizes the need for rehabilitation and
constant monitoring.
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Soil contamination in Zestaponi is characterized by a different mechanism and is mainly caused by
atmospheric emissions from the production of ferroalloys. Chronic deposition of manganese, chromium and
nickel leads to uniform accumulation of heavy metals in the upper soil horizons over a wide area. Although
the maximum concentrations of individual metals are in some cases relatively low compared to the data for
Kazreti, the constant and long-term nature of the pollution in Zestaponi creates a long-term ecological risk,
especially in terms of bioaccumulation and air-soil pollution circulation processes.

According to the general assessment, soil pollution in all three regions significantly affects the stability of
ecosystems, soil physicochemical properties and biological activity. The results obtained confirm that a single,
universal environmental approach is not effective and it is necessary to develop management strategies tailored
to the region. For Kazreti, local reclamation and improved waste management are priorities; for Chiaturi —
safe conservation of abandoned mines, introduction of geodynamic and ecological monitoring systems; and
for Zestaponi — control of atmospheric emissions and long-term monitoring of soil quality.

In conclusion, it can be said that heavy metal pollution of soils in the mining and industrial regions of Georgia
is one of the most important environmental challenges. Its effective management requires an interdisciplinary
approach that combines geochemical studies, ecological risk assessment and practical rehabilitation measures.
This study creates a scientific basis for further, more detailed monitoring and development of sustainable
environmental policies.
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CpaBHHTEIbHAA PAAMOIKOJIOIHYECKAs OLCHKA 3arpsA3HEHHs I0YB B
ropaoao0biBaomux paimonax UYnarypa, Kasperu u 3ecranonu,
I'py3us

C. MatunamBuiu, 3. UaHKceJIHaHU

Pe3rome

3a0poleHHbIe TOPHOAOOBIBAIONINE PAaiOHBI, OCOOCHHO Te, TJE paHee JOOBIBAUCH TSKEIBbIE METaIbl U
PaZIMOaKTHUBHBIC AJIIEMEHTBI, PEICTABISIIOT COOOW OFHY M3 BAKHEUIIMX SKOJIOTHYeCKUX mpobieM. Uuarypa,
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KaK TJaBHBIA LEHTp M0O0blYM MapraHma B ['py3um, okaszajach PErHOHOM, T/I€ TsDKENble METajulbl U
paZAMoaKTHUBHBIE BEIIECTBA BBI3BAIM 3HAUMTENBHOE 3arpsi3HEHHE MOYB M BOJHBIX pecypcoB. lLlens
WCCIIEIOBAHNS — MPOAHAIN3HPOBATh, OLUEHUTh U M3YYUTh PaJNO3IKOJIOTMUECKHUE PUCKU 3arpsA3HEHUs IMO0YB
3a0poieHHbIMU IaxTaMu B Ynatype. B nccienoBanun paccMaTpuBaeTcst KOHIEHTpaNUs TSHKEIIBIX METalIoB,
BKJIIOYAas MapraHell, CBUHel, KaJMHUH M JApYyTHe, B IOYBE, a TaKKe BO3ACHCTBHE WX MOTEHIMAIBHBIX
pPagMOaKTUBHBIX 3arpsA3HUTENIEH Ha 3KOCHCTEMBI. MCIONIB30BaMCh COBPEMEHHBIE METOMABI 3KOJIOTHIECKOTO
MOHUTOPHHIA, BKIIIOYas M3MEPEHUE COIACPKAHUS PAJUOAKTHUBHBIX 3JEMEHTOB, aHAJIM3 00pa3LoB MOYBBL U
aHanu3 BOJbl. Pe3ynbTaTel MoKa3any, 9To KOHIEHTPALUS TSKENbIX METAJIOB B paiioHe 3a0pOIIEHHBIX IIaXxT
YunaTypbl IpeBBIIIAET HOPMBI 0€30MACHOCTH, YTO HATIPSIMYIO BIHMAET KaK Ha 9KOJIOTHIECKOE COCTOSIHUE TIOYBEI,
Tak 1 Ha Quopy u ¢ayHy. B cTaThe moguepkuBaeTcst HEOOXOUMOCT U3YUEHUS PAJHOIKOIOTHIECKUX PUCKOB
1 3¢ ($EeKTUBHOTO pearnpoBaHus Ha HUX. lMccienoBaHne TakKe BKIIIOYAET aHAIHW3 OCAZOYHBIX MOPOJ IOYB
Kaspern, 3ecramonn u UYwmarypsl. IlomyueHHble pe3ynpTaThl YKa3bIBalOT Ha MOBBIIIEHHBIM pPHCK
pPanMOaKTUBHBIX M HEPAaIMOAKTHBHBIX BEIIECTB, YTO TpeOyeT BHEAPEHHS COOTBETCTBYIOLIMX Mep IO
9KOJIOTMYECKON peabHInTaluy.

KuioueBble ¢j10Ba: paAroaKTUBHBIC AIEMEHTHI, PATUOHYKIIUIBI, TOYBA, PAAUOIKOIOTHS, [ py3us
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ABSTRACT

This study investigates the fundamental mechanisms of synchronization in nonlinear dynamical systems under external
influences, bridging theoretical analysis with real-world geophysical applications. We first focus on the van der Pol
nonlinear oscillator to explore forced synchronization, employing numerical modeling to analyze how external periodic
forces modify the system's phase and frequency dynamics. A key finding reveals that the introduction of random noise
can, counter-intuitively, contribute to the regulation of complex or chaotic regimes, leading to enhanced stability.
Extending this analysis to the Sun-Earth connection, we utilize the wavelet coherence method to quantitatively assess
the time-frequency coherence between solar parameters (such as the f10.7 index and the IMF B, component) and
terrestrial responses. This analysis successfully detects significant synchronization effects, confirming that the coherent
interaction between these systems is directly responsible for triggering geomagnetic storms. Overall, this work provides
a comprehensive framework for understanding synchronization phenomena, from controlled nonlinear systems to
large-scale astrophysical interactions.

Key words: Synchronization, Van der Pol Oscillator, Wavelet Coherence, Stochastic Resonance, Geomagnetic Storms.
Introduction

Synchronization is a universal organizing principle describing the process by which two or more
interacting dynamical systems operate in a time-coordinated manner. Using numerical modeling, we
proceed to analyze how applied external periodic forces and the introduction of random noise collectively
influence the oscillator’s characteristic phase and frequency behavior. Crucially, we seek to determine the
precise conditions under which noise often seen as a disruptive element can surprisingly contribute to the
regulation of chaotic regimes, thereby inducing stability through stochastic resonance [1-2]. Using humerical
modeling, we analyze how external periodic forces and the introduction of random noise change the
oscillator’s phase and frequency behavior. A key area of focus is determining the conditions under which
noise can surprisingly contribute to the regulation of chaotic regimes, thereby inducing stability through
stochastic resonance.

Beyond laboratory models, synchronization is fundamental to solar-terrestrial coupling the complex
interaction chain through which solar energy influences the Earth’s Geospace environment. To evaluate this
coupling, we employ wavelet coherence, which provides a time-frequency assessment of the interaction
between solar drivers and terrestrial signals. By analyzing specific parameters such as the IMF (B,)
component and the solar flux index F10.7, this study identifies synchronization windows that trigger
geomagnetic storms on Earth, offering a unified framework that links nonlinear oscillator dynamics with
large-scale space-weather phenomena and clarifies how coherent external forcing shapes system-wide
responses.
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Materials and methods

This article briefly considers Causes of geomagnetic storms on Earth in 1960-2025, 27 days apart.
Based on the available study, some characteristics of these cases are analyzed. The averaged data is taken
from several stations on Earth.

The study is processed using proven methods of mathematical statistics, validated statistical and
probability-based methods commonly used in magnetospheric physics and solar—terrestrial research.

Results

The van der Pol oscillator is a prototypical nonlinear self-sustained system characterized by a non-
linear damping regime in the absence of external forcing.
d?x

dx
W—(s—xz)a + w?x=0 €Y)

To analyze the system's dynamics, the Fast Fourier Transform (FFT) is employed, which
decomposes complex signals into simpler frequency components. The first case examined is the unforced
oscillator. As shown in Figure 1, with no external influence, the oscillator oscillates at its natural frequency,
which is clearly represented by the fundamental peak corresponding to the selected frequency data.

1.5 . .

(Fourier coefficient)

o
w
T
1

C

0 Y G | 1
0 1 2 3 4 5

w  (Frequency)

Fig.1. Oscillator without external force. & =1;w=1.5;

When the oscillator is subjected to an external force, the governing equation takes the form:
2
ZTDZC — (e —x? )% + w?x = Asin(Qt) (2)

In this case, the external force is a harmonic excitation. The application of this force yields two
possible outcomes: synchronous and asynchronous regimes.

Asynchronous Regime (Figure 2): Figure 2 shows the frequency spectrum when the amplitude of the
external force is relatively small, insufficient to force the system into synchronization with its frequency. The
result is an asynchronous regime, clearly indicated by the distinct, separate frequency peaks of the external
force and the oscillator's natural frequency. They do not coincide.
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Synchronous Regime (Figure 3): To demonstrate synchronization between the external force and the
oscillator, the amplitude of the external force was increased while keeping the frequency parameter constant.
The increased amplitude successfully induced synchronization, which is evident in the spectrum by the
presence of a single fundamental frequency component (Figure 3), which now matches the frequency of the
external force.

We next observe the van der Pol oscillator when the system is subjected to a random, unpredictable
force, or noise. The equation is modified to include a noise term:

d’x

FTEa (e — x2 )% + w?x = Asin(Qt) + V2bB(t) 3)

As shown previously, a small amplitude external force alone did not establish synchronization
between the oscillator's natural frequency and the forcing frequency. However, the addition of white noise to
the system, even with the small amplitude external force, successfully established the synchronization effect
(Figure 4). This illustrates a key principle related to Stochastic Resonance, where noise aids coherence.
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Fig.4. Synchronization of Van der Pol oscillators under the influence of white noise. €=0,5; b-. ..;
0=1.5; w=1; B=2.5;
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Now let's look at the synchronization effect using the example of Adler's equation [3-4]. If the
parameters included in the Van der Pol equation satisfy the given conditions: w = Q, ¢ > 0,4 « 1, We look
for the solution in the following form: x(t) = R(t)cos(wt+@(t)), where A and ¢ are slowly varying
functions of time, and A, and w, are the amplitude and frequency of the self-oscillation without the external
force. By substituting this solution and performing averaging (or other asymptotic methods), we obtain an
equation for the phase (¢), which is called Adler's equation:

¢=—A4+ %@_Sl’n(q)(t)) @)

Synchronization can be classified as having either a continuous (constant) or intermittent (variable)
character. We examined the phase synchronization behavior in the case of a single external force.
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Fig.5.a. Phase synchronization for the Adler equation. Fig. 5.b. Phase synchronization for the Adler equation.
Phase transitions. £ = 0.1; A=0.032; B =0.02; e = 0.1; 4=0.005; B = 0.007;

Intermittent Phase Synchronization (Figure 5a): Over a specific time interval, the phase remains
constant, followed by a phase slip (a jump). The system then re-establishes a synchronization regime at a
different phase value, and this cycle repeats (Figure 5a).

Continuous Phase Synchronization (Figure 5b): We can also observe a case where phase
synchronization adopts a constant character. With the given parameters, synchronization did not occur over
an initial time interval, but then took on a continuous (constant) character (Figure 5b).

In order to clarify how solar variability imprints itself on Earth’s magnetosphere, we investigated
long-term Sun-terrestrial coupling using multi-decadal records of the Dst geomagnetic index, the solar flux
index F10.7, and the sunspot number R. The purpose of this analysis was to determine whether coherent
structures, synchronization regimes, or phase-locking patterns could explain the emergence and statistical
distribution of geomagnetic disturbances, including storm-time events. Our results show that synchronization
between solar drivers and the geomagnetic response appears at several characteristic scales.

Wavelet coherence reveals a broad, persistent synchronization band near the 11-year solar cycle,
accompanied by intermittent coherence patches around the 27-day rotational period, indicating that both
long-term and recurrent solar features leave detectable signatures in Dst variability. These findings are
supported by the F10.7-Dst scatter distribution, which shows weak but systematic coupling during quiet and
moderate conditions, and by the R-Dst density plot, where most values cluster between 20 and 60 nT,
reflecting the background state of the magnetosphere. Only a small fraction of points extend below Dst <
100 nT, corresponding to intense geomagnetic storms.
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This figure.6 presents the wavelet coherence between the interplanetary magnetic field (IMF) and

the Earth’s magnetic field. The coherence map displays scale-dependent correlations, where high-coherence
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cone of influence and significance contours outline the statistically reliable coherence zones.
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Fig.7. Coherent analysis of sunspot activity and geomagnetic field variations
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This figure.7 shows the wavelet coherence between the sunspot number time series and geomagnetic
field variations. The diagram reveals localized periods of elevated coherence across multiple time scales,
indicating intervals where solar activity and geomagnetic disturbances exhibit synchronized behavior.
Significant coherence patches are delineated by contour boundaries.
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Fig.8. Radio emission from the Sun between 10.7 cm and Dst.

This figure.8 illustrates the coherence between the 10.7-cm solar radio flux and the geomagnetic Dst
index. The coherence plot highlights frequency bands where radio emission variability corresponds to
geomagnetic storm intensity. High-coherence areas, emphasized by significance contours, indicate time—
scale intervals characterized by strong coupling.

Taken together, these results demonstrate that geomagnetic storms emerge precisely when the
magnetosphere transitions into a state of maximal synchronization with the intensified interplanetary
magnetic field. The persistence and phase uniformity within the high-coherence regions are the necessary
and sufficient conditions for efficiently driving the ring current. This finding suggests that forecasting severe
space weather should incorporate not only the amplitude of the solar wind parameters but also the degree of
sustained phase coherence between the driver and the terrestrial response system.

Conclusion

We initially explored the concept and importance of synchronization through theoretical models.
Specifically, we demonstrated frequency synchronization in the van der Pol model and phase
synchronization in the Adler equation using numerical experiments. Applying this understanding to real-
world data, we used Wavelet Coherence to show a time- and frequency-dependent relationship between solar
activity indices (including sunspot numbers and the 10.7 cm radio flux) and the Earth's magnetic field
(proxied by the Dst index and IMF B, components). The highest period of coherence consistently
corresponds to the phases of solar maxima, confirming that strong solar activity significantly affects the
Earth's magnetosphere. These results confirm that changes in the solar cycle fundamentally determine
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geomagnetic oscillations and demonstrate a close dynamical coupling between the solar magnetic field and
that of the Earth.
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P PeKThl CHHXPOHU3AUN BO B3aMMOJAECHCTBUH CJIOKHBIX
HEJIMHENHBIX CUCTEM

M. Mapruamswiu, O. Xapmuaanze, . 3winmumuanu

Pe3rome

UccnenoBanne mocBslmeHO  (yHIAMEHTAIbHBIM  MEXaHM3MaM  CHHXPOHH3AIlMM B  HEIHMHEHHBIX
TUHAMUYECKHX CHCTeMax II0J BHEIIHAMH BO3IACHCTBUSAMHU, OOBEOMHSS TEOPETUUCCKUN aHaau3 ¢
MPaKTHYECKUMHU TeopU3nYecCKuMH mnpuiokeHussiMu. CHadana BHHMAaHUE YJIENSICTCA HEIUHEHHOMY
ocuwuaTopy BaH aep [loms mist m3ydeHUWs BBIHYKIEHHOW CHHXPOHHM3AIHH; C IIOMOIIBI0 YUCIEHHOTO
MOJICIIMPOBAHUS AHAIM3UPYETCS, KaK BHEIIHWE MEPHOTUICCKUE BO3JCHCTBUS HU3MEHSIOT (ha30BYyI0 U
YaCTOTHYIO JUHAMHKY CUCTeMbl. KiroueBoil pe3ynbTaT MOKa3bIBaeT, YTO BBEACHHE CIy4YallHOro IIyma
MOJKET, BOIIPEKH OXHIAHUSM, CIIOCOOCTBOBATH DPETYIUPOBAHHUIO CIIOKHBIX MM XaOTHYECKUX PEXUMOB,
MOBBIIIAS YCTOUYUBOCTH CUCTEMBL.

Pactmpsii ananmu3 Ha cBsa3b ConHie-3eMiid, Mbl TPUMEHSIEM METOJ BEUBJIET-KOI'€PEHTHOCTH IS
KOJTMYECTBEHHOU OIEHKHA BPEMEHHO-YaCTOTHOM KOTEPEHTHOCTH MEXKIY COTHEUYHBEIMH IapaMeTpaMi (TaKUMH
kak uaAekc F10.7 u cocraBnstomas IMF B,) U 3eMHBIMH OTKJIMKaMH. DTOT aHAJIU3 YCHEIIHO BBISBISET
3HaunMble 3PPEKTH CHHXPOHU3ALNH, TOATBEPIKIAsl, YTO COTJIACOBAHHOE B3aMMOICHCTBHE MEXIY ISTUMH
CHUCTEMaMH HaNpsSMyI0 OTBeYaeT 3a 3alyCK TEeOMAarHuTHBIX Oyps. B memom pabGorta Qopmupyer
KOMILJIEKCHYIO OCHOBY [JIsl IOHUMAHUS SIBICHUM CUHXPOHU3ALKU OT YIPaBISEMbIX HEJIMHEWHBIX CUCTEM 10
KpYIMHOMAacCIITaOHBIX acTPO(PHU3NUECKUX B3aMMOCHCTBUH.

KuaroueBsle ciaoBa: Cunxponuszanus, ocuwyuisitop Ban aep [lons, BeBiIeT-KOrepeHTHOCTh, CTOXaCTHUECKHIMA
pEe30HaHC, TeOMAarHUTHEIE OypH.
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ABSTRACT

Paleomagnetic data demonstrates that the Earth’s dipole magnetic field which shields the planet from solar wind, has
undergone numerous irregular polarity reversals, with an average rate of approximately 5 per Myr. While many theories
exist regarding the cause of these reversals, the most popular linking them to Milankovitch cycles, direct numerical
investigation of the core's dynamo is constrained by the extreme parameter values of the Earth’s outer core.
Consequently, simplified models are essential. One such model is the two-disk Rikitake’s dynamo, which is characterized
by inherent chaotic inversions, unlike the earlier Bullard’s model. Statistical analyses show that the Rikitake’s model,
much like real paleomagnetic data, exhibits a strong deviation from Poisson statistics. In this study, we modified the
Rikitake’s system by introducing an external current i, corresponding to an external magnetic field. This modification
incorporates the hypothesis that the geodynamo is influenced by the weak interstellar magnetic fields found in the Local
Interstellar Cloud. Our results show that when the modified Rikitake’s model is driven by an external current whose
sign changes are synchronized with real paleomagnetic data, the model successfully reproduces the timing of the
geomagnetic reversals, supporting the hypothesis of external control of the geodynamo.

Key words: Earth’s magnetic field, Geodynamo, Reversals, Rikitake’s Model
Introduction

The geomagnetic field is essential in protecting Earth from the harmful solar wind and cosmic
radiation. It primarily has a dipole structure, with its magnetic moment generally aligned with the planet’s
rotation axis [1]. Paleomagnetic data confirms that the axial dipole component of the Earth’s magnetic field
has reversed its polarity many times [2], with these flips occurring in an irregular fashion, shortest interval
between reversals are observed to be ~ 1000 years, while longest ones being million years and more. Averaged
over the last few million years, the mean reversal rate is approximately 5 per Myr [3]. The reversal process
itself shows a notable asymmetry: the field’s decay is slower than its return to the opposite polarity. Data also
indicates a possibility of a correlation between the field intensity and the time interval between successive
reversals [4,5].

The magnetohydrodynamic (MHD) dynamo hypothesis, while still containing unresolved aspects, is
the generally accepted theory for the generation of the Earth's magnetic field. The Earth’s core consists of a
solid inner core and a liquid outer core. The outer core is an electrically conducting fluid, and the convective
motion of this liquid metal, creating circular electric currents, drives the dynamo action. The resulting field is
predominantly a dipole, with its axis closely aligned with the Earth's axis of rotation. However, to initiate this
field generation process, an initial magnetic field is required. Potential sources for this initial field include the
gyromagnetic effect, where a rotating body spontaneously develops magnetization along its rotation axis or,
alternatively, the influence of the external solar or interstellar magnetic fields.
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The random nature of the reversals is attributed to the fact that, given the parameters of the Earth's
core, the geodynamo operates close to an instability regime. In this state, a minor external perturbation can
cause a transition from a stable to a chaotic regime (leading to reversals). In the same way, a small,
deterministic external influence can also lead to the suppression of the chaotic regime, forcing a transition back
to a stable mode, a key method in the control of chaotic systems.

Numerical simulations of the geodynamo face significant difficulty because they cannot accurately
match the extreme fluid parameters of the Earth’s outer core, such as a magnetic Prandtl number ~ 107> [1].
Consequently, simplified models are often used to explore the mechanisms of field reversals.

Statistical analysis of the paleomagnetic data provides key insights into the geodynamo's behavior.
Sorriso-Valvo et al. [6] showed that the sequence of polarity reversals strongly deviates from simple Poisson
statistics. This deviation is attributed to temporal clustering, suggesting the presence of long-range correlations
and memory effects in the underlying process. Consolini and De Michelis [7] offered evidence that these
reversals may be a stochastic resonance phenomenon, identifying connections between reversal residence
times and the Earth's orbital eccentricity variation (~ 0.1 Myr). There is also more evidence given from data
linking geomagnetic reversals to other Milankovitch cycles [8]. There are experiments like “DRESDYN”
aiming to investigate precession as a source of dynamo action [9].

Runcorn demonstrated that an internal vortex magnetic field is generated within the Earth's core during
its rotation. Furthermore, he showed that the MHD equations theoretically permit the inversion of the core's
magnetic moment, providing the first mathematical proof of magnetic field reversal [10]. The first physical
realization of this problem, however, was provided by Rikitake. The two-disk Rikitake model is a well-known
system used to investigate reversals because it inherently produces chaotic reversals. Statistical work [6] has
demonstrated that the Rikitake model’s reversal sequence also shows strong evidence of clustering, mirroring
the non-Poissonian behavior of real data. Our work presents results showing that the Rikitake’s model can
reproduce real reversal data patterns when an external driver is applied to the system during these reversals.

Rikitake two disc model

Bullard [11] established a single-disk model in 1955, which was based on Faraday's effect, where a
moving conductive disk created a magnetic field. Although it was possible to record changes in the magnetic
field in Bullard's model, magnetic reversals were not observed in this model. Tsuneji Rikitake [12], however,
developed Bullard's idea in 1957 and hypothesized that each convective cell in the liquid core could be
represented by a solid conductive disk. His model is a two-disk system where the disks rotate within the
magnetic field created by the current flowing in the other disk . It is characterized by inherent chaotic polarity
inversions, mimicking real paleomagnetic data.

By considering Faraday's Law and Kirchhoff's Voltage Law, we obtain a system of differential
equations:

dl,

Ly = —Rili + DM, D
dl
L,—2 = —R,I, + Q,NI, ()
dt
dn
1~ =G~ ML, 3)
dn
C, d—tz =G, — NI, (4)

Where I; and I, denote the current passing through the first and second conductors, and w; and w, are
the angular velocities of the disks. L represents the inductance. R is the resistance, and M is the mutual
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inductance. C; and C, are the moments of inertia of the disks, and G; and G, are the torques acting on them.
For simplicity:
L1:L25L, R1:R2§R, M:N, CIZCZEC, GlszzG
To simplify the numerical calculations and reduce the number of parameters, we transition to
dimensionless variables:

G G GL GL cL
11 = Mll, Iz = Mlz, “Ql = mel, ‘Ql = C_M(Ul, t = G_MT

Thus, equations (1), (2), (3), and (4), using dimensionless variables, are written in the form of the
following system of differential equations:

diy , .
g —Hi + w1l
dip . b
) dr Hlz T Waly
dw; .. ®)
o T lTub
dw, ..
S

Where u = R ’L
LMG

According to Cook and Roberts [13] (1990), the Rikitake’s system is characterized by two distinct
time scales 7, = % ("mechanical time scale") and 7, = % ("electromagnetic diffusion time™), The
dimensionless time is denoted by 7.

The electromagnetic diffusion time, 7., can be interpreted as the decay time of the magnetic field in
the core. It is given by the formula - 7, = % [14], where L is the characteristic scale of the outer core ~

2000 km and magnetic diffusivity v,, ~ 2 m?/s [1], based on these typical 7, can be estimated as ~
10* years.
Cook and Roberts [13] treat the mechanical time scale, t,,, as a time required for the slow Alfven

waves crossing the core, and they give formula u = TT—’" ~ 1073 — 10 for earth.

e

For our research we take values of 7, = 10% u = 1 and therefore the dimensionless time unit is

equivalenttot = /7,7, = 10* years.
Result of (5) for a certain set of parameters are shown in Fig. 1.

0.0 50.0 100.0 150.0 200.0 250.0 300.0

t
Fig. 1. Result of Rikitake’s system for parameters -y =1, i; =1, i, = -1, w; =0, w, =1
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New System

Now we want to study the behavior of the system when some external factor an external magnetic

field acts on it. The effect of the external factor is expressed by the induced current i. The modified system
will take the following form:

(diy . , .

E = —uiy + wq(iz + ip)

di, )+ (i + i)

— = —ui w- (i i

dz ut; 2l 0 )

< dwq _
o = 1kt i)
dw, ; .

\ 2 1= (i +ip) i

Here i, is determined by the external magnetic field. The Earth and the Solar System are constantly
moving through the galaxy, where many types of magnetic fields are encountered. It is possible that the
external magnetic field acting on our system is the interstellar magnetic field found within the Local Interstellar
Cloud. In order to estimate characteristic values for the induced current, iy, and the system currents, i; and i,
we must use Ohm's Law. Ohm's Law states that current density, j, is proportional to the product of
conductivity, a, velocity, v, and magnetic field, B, i.e., j o« ovB, Since the current i is proportional to the
current density, j, a reasonable estimate requires using the characteristic values for conductivity, velocity, and
magnetic field strength for both the Earth’s outer core and the interstellar medium. For the Earth’s inner core
these parameters are:

o, ~ 10 —10% [s71][15], wv; ~ 1072 cm/s [16], B;~2.5-10 Gauss [17]

In the interstellar medium conductivity is given by the formula [18] :
0~6.5 X 106T3/2571 ()

And the temperature, T ~ 103 — 10*K [19], therefore for the interstellar medium:
o, ~ 65-10° - 65-10%2 [s71], v, ~ 2.5-10% cm/s[20], B;~ 107> Gauss [2]
We found thatj_—1~1 — 102, and currents, i, and i;, may differ by one or two orders of magnitude

0
Results

We conducted numerical calculations on the modified system for individual i, - s. For a constant i,
we found that after a certain amount of time, the currents stabilize at a constant value. If the magnitude of the
external current is smaller, it takes a longer time to stabilize at the constant value. If the i, signal represents a
rectangular wave, the numerical calculations show that inversions in the system occur in correspondence with
the rectangular wave (Fig.2, b). We obtain a similar result when adding a sinusoidal signal as well (Fig. 2, a).

Besides well-known functions, we chose to incorporate a signal corresponding to the geomagnetic
field reversals themselves to investigate the system's response. Panel (b) in Fig 3. displays the polarity reversals
for the last 3.5 Myr, while Panel (a) presents the results from the modified Rikitake’s system. In this modified
model, the external current i, is represented by a rectangular signal that switches polarity in accordance with
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the real geomagnetic reversal data [2]. The signal is defined with a constant amplitude of +1 and includes
additive weak white noise, simulating a realistic external perturbation. The results clearly demonstrate that the
modified model changes sign at approximately the same moments in time as the actual paleomagnetic
observations.

3.0 4
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0.0 I(N) 0 J(M) ] ((l(l 0 1()() 0 l)l) 0 li(") 0 1()() 0 N()() 0

Fig. 2 Response of the modified Rikitake’s system with parameters u =1, i; = 1, i, = =1, w; = 0, w, = 1. Panel (a)
presents the system's behavior when the external current i, is a sinusoidal signal, and Panel (b) displays the results
obtained using a rectangular signal for i,.
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-1.5
Time, Myr (10° years)

Fig. 3 Simulation results of the modified Rikitake’s dynamo and comparison with paleomagnetic data. The system is
driven by a external current (rectangular signal) whose polarity is dictated by the real reversal record, potentially
mimicking the effect of the interstellar magnetic field. Panel (a) shows the output of the modified Rikitake’s system.
Panel (b) displays the paleomagnetic reversal data, where the gray areas indicate the current (normal) polarity of the
Earth's magnetic field, and the white areas showcase reversed polarity.
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Conclusions

In this article, we investigated the Rikitake’s two-disk dynamo model, which is frequently utilized to
describe the Earth's magnetic field dynamics. Unlike the classical version of the model, we explored a modified
Rikitake’s system by introducing an external parameter: an external current i,.

Following the estimation of the characteristic order of this external parameter, we subjected the system
to various forms of iy, and observed its subsequent behavior. The application of a constant external current
drove the system's internal currents toward a stable, constant value. Conversely, the introduction of a sinusoidal
or rectangular wave induced polarity inversions within the system that synchronized with the changes in the
external current.

Beyond using standard mathematical functions, we introduced an external current that directly
correspons to the time series of known geomagnetic field reversals [2]. The result demonstrated that the
system’s polarity inversions occurred in agreement with the paleomagnetic data. This suggests that if the
interstellar magnetic field in space changes according to a specific rule, it can significantly influence the
geodynamo's behavior and potentially control the timing of magnetic field reversals.

Overall, we conclude that by modifying the Rikitake’s model and incorporating an external factor, it
is possible to control and synchronize the inversions within the system. This hypothesis that the geodynamo
may be controlled by the Local Interstellar Cloud's magnetic fields opens up an interesting question for future
research, that needs further theoretical analysis and numerical investigation.
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KoHTpoJib HHBEepCHIT MATHUTHOTO 1MO0JIsl 3eMJIA ¢ IOMOLIbI0 MO/IeJIU
Puxkurakmu

O. Xapmmaanze, JI. Hyaykuase, JI. Kesya, /1. 3unnumuann

Pe3rome

[TaneoMarHuTHBIE NaHHBIE NEMOHCTPUPYIOT, YTO AUIOIBHOE MAarHUTHOE IO0J€ 3eMJIM, KOTOPOE 3alHIIacT
IIJJAHETY OT COJIHEYHOIO BETpa, NPETEPHENO MHOIOYMCIICHHBIE HEPETYJSIPHbIE MHBEPCUM IOJSIPHOCTH CO
CpEeIHEH 4aCTOTOM OKOJIO 5 UHBEPCHUI Ha MUJUIUOH JIET. XOTS CYIECTBYET MHOXKECTBO TEOPUNA OTHOCUTENBHO
MIPUYMH 3TUX UHBEPCHH, caMasi MOIMyJISIpHas U3 KOTOPBIX CBSI3BIBAET UX C BHEIIIHUM BO3/IEHCTBUEM, HAIIPUMED,
C IMKJIaMH MMUIIaHKOBHYA, MPAMOE YHUCIEHHOE WCCIECNOBAaHUE AMHAMO-TIpOLecCa B SIAPE OTPaHUYEHO
9KCTpEeMaJIbHBIMHU 3HAUEHUSIMH MapaMeTpoB BHeIIHero sapa 3emiu. Clie0BaTeNbHO, YIPOIIEHHBIE MOAETH
HMMEIOT BakHOE 3HaueHHne. OTHOM M3 TaKUX MOJIENIEH SIBJIAETCS IBYXIMCKOBOE IMHAMO PUkHuTaku , KOTOpoe, B
oTn4ue oT Oonee paHHel Monenu bynnapnaa, xapakrepusyercss BHyTPEHHUMH XaOTHYECKUMHU NHBEPCHSMHU.
CraTHCTHYEeCKHIl aHaTU3 TOKAa3bIBAET, YTO MOAENb PHKHTaKkW, Kak W peajbHbIe MaJeOMarHuTHBIE JaHHEIE,
JEMOHCTPUPYET CUIBHOE OTKIOHeHHE OT cratuctuku Ilyaccoma. B pgaHHOM HccnegoBaHMM — Mbl
MOIU(GHULIUPOBAIN cUcTeMy PUKHUTaku, BBEsl BHEIIHUN TOK [y, COOTBETCTBYIOIIMH BHEIIHEMY MAarHUTHOMY
moio. JTa Moav(UKanyg BKIIOYAE€T THIIOTE3Y O TOM, YTO Ha F€0JWHAMO BIHAIOT Ca0ble MEK3BE3IHBIE
MarHuTHbIE NOJIs, OOHapY KeHHbIE B JIokabHOM Mex3Be3/1HOM obiake. Hamu pe3ynbTaTsl HOKa3bIBaloT, YTO
KorJa MOJU(HUIUPOBaHHAS MOJENb PHUKHTAaKH YHpaBiIsgeTcsl BHEIIHUM TOKOM, CMEHA 3HaKa KOTOPOTrO
CHHXPOHU3MPOBaHAa C PEAJbHBIMH MAJCOMATHUTHBIMYU AAHHBIMH, MOJEIb YCIEIIHO BOCIPOU3BOAUT BpEMs
FEOMArHUTHBIX UHBEPCHIL, UTO MOATBEPKAAET TUIIOTE3Y O BHEIIHEM MOYJIMPOBAHUU ['€OAUHAMO.

KurwoueBble ciioBa: MaruutHoe noje 3emMiu, reoJuHaMo, MHBEPCUM MarHUTHOTO TOJIs, MOJieNIb Pukuraku
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ABSTRACT

Information about the 18Uinternational Scientific Conference “Modern problems in Geophysics”, which was held on
November 6-8, 2025 at Ivane Javakhishvili Thilisi State University is presented.

Key words: Earth and its envelopes, geophysical processes, complex geophysical monitoring, natural disasters, earth
ecology, mitigation, promoting sustainable development.

Introduction

On November 6-8, 2025, the 1st International Scientific Conference “Modern Problems of Geophysics”
organized by the M. Nodia Institute of Geophysics was held at Ivane Javakhishvili Thbilisi State University.
Scientists of the relevant fields from Georgia, Armenia, Azerbaijan, ltaly, Germany, Slovenia, the Chechen
Republic, Belarus, and others participated in the conference. Scientists presented the results of new
researches. Scientific problems arising from the conference topic were discussed.

The aim of the conference was to present the results of research in the field of complex geophysical
monitoring in Georgia and other countries (history, modern problems, assistance to sustainable development
of countries) at the plenary session (oral\poster\video). As well as presentation of reports selected by the
scientific committee and their discussion at plenary, sectional sessions and in the form of poster reports.

The target group was Georgian and foreign scientific, educational, governmental and non-governmental
organizations, which have direct contact with the theme of the conference (universities, research institutes,
educational organizations, structures of emergency situations, etc.).

The conference participants were given certificates. A book (1st International Scientific Conference
“Modern problems in Geophysics”. Proceedings, ISBN 978-9941-36-434-1, ISSN 3088-4349, Thilisi, Georgia,
November 6-8, 2025. Publish House of lv. Javakhishvili Thilisi State University, Thilisi, 2025) of conference
materials (papers) was published in printed and electronic form.

The collection of conference materials and all of its separate articles is available on the website of the
National Scientific Library: http://openlibrary.ge/handle/123456789/10715

Goal of the Conference

» Discovering the potential scientists in the field of complex geophysical monitoring;

» Establishing and strengthening connections of scientists;

* Defining the prospects for the development of scientific research;

* ldentify opportunities for improving the scientific-educational field of secondary and higher
education institutions in relation to the issues of the conference;

« Strengthening international scientific cooperation on conference topics;

» To acquaint the world scientific community, governmental structures, other interested organizations
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and individuals with the current state of the problems related to the fields of complex geophysical
monitoring.

Conference Organizers

The conference was organized by:

« Ivane Javakhishvil Thilisi State University, Mikheil Nodia Institute of Geophysics;
» Georgian Technical University, Institute of Hydrometeorology;

* Georgian Geophysical Association.

Scientific Committee and Editorial Board

Tamaz Chelidze: Academician, Chairman of the Scientific Committee, Editor-in-Chief;  Nodar
Varamashvili, Jemal Kiria: Co-Chairmans of the Scientific Committee - TSU, M. Nodia Institute of
Geophysics, Georgia; Nana Bolashvili: Co-Chairman of the Scientific Committee — TSU, Vakhushti
Bagrationi Institute of Geography, Georgia; Mikheil Pipia: Co-Chairman of the Scientific Committee —
GTU, Institute of Hydrometeorology, Georgia; Avtandil Amiranashvili (Deputy Editor-in-Chief); Aliev
Vugar - CEO & Founder, International Event Organizer Company AMIR Technical Services Azerbaijan,
Azerbaijan; Davitashvili Magda - |. Gogebashvili Telavi State University, Telavi, Georgia; Forizs Istvan-
Institute for Geological and Geochemical Research, Hungary; Ghlonti Nugzar, Melikadze George - TSU,
M. Nodia Institute of Geophysics, Georgia; Japaridze Nino - Thilisi State Medical University, Georgia;
Kartvelishvili Liana - National Environmental Agency, Georgia; Khazaradze Ketevan - Georgian State
Teaching University of Physical Education and Sport, Georgia; Nazaretyan Sergey- Regional Survey for
Seismic Protection, Ministry of Internal Affairs of the Republic of Armenia, Armenia; Rustioni Laura,
Pappaccogli Gianluca - University of Salento, Italy; Tatishvili Marika, Meladze Maia- GTU, Institute of
Hydrometeorology, Georgia; Varazanashvili Otar - TSU, M. Nodia Institute of Geophysics, Georgia;
Vaupoti¢ Janja— Jozef Stefan Institute, Slovenia.

Organizing Committee

Ekaterine Mepharidze, Chairman of Organizing Committee; Manana Nikolaishvili: Deputy Chairman of
Organizing Committee; Irma Glonti, Aleksandre Sborshchikovi, Thea Gventsadze, Sophiko Matiashvili,
Dimitri Amilakhvari, Dimitri Tepnadze, Levan Laliashvili — TSU , M. Nodia Institute of Geophysics,
Georgia; Nino Taniashvili - Georgian Geophysical Association, Georgia; Nazibrola Beglarashvili, - GTU,
Institute of Hydrometeorology, Georgia; Inga Janelidze — Georgian Technical University, Georgia.

Conference Themes — All problems of the complex geophysical monitoring in Georgia and other
countries.

Expected Results

» Promoting historical and modern achievements in the field of complex geophysical monitoring;

To acquaint the world community with the current state of the problems related to the complex geophysical

monitoring;

» Enhance international cooperation for the scientific and practical application of modern achievements

related to the conference topics;

Assess the social and economic risks associated with the conference topics and identify opportunities for

joint action to prevent these risks;

» Assess opportunities to expand the use of complex geophysical monitoring to support sustainable
development of countries;

« Identify opportunities to improve the scientific-educational base of secondary and higher education
institutions in the field of complex geophysical monitoring.

- The conference was opened by the deputy rector of Ivane Javakhishvili Thilisi State University
Nino Gvenetadze, chairman of the scientific committee academician Tamaz Chelidze, co-
chairman of the scientific committee, deputy director of Mikheil Nodia Institute of Geophysics,
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TSU, Nugzar Ghlonti and co-chairman of the scientific committee, director of Institute of
Hydrometeorology, GTU, Mikheil Pipia. Speakers made a general overview about the modern
problems of the complex geophysical monitoring in Georgia and wished the conference
participants fruitful work.

« A total of 73 oral and posters presentations at the conference (see References) were considered
and published.

« The proceedings of this conference as a whole, as well as its individual works, are published and
posted on the portal of the M. Nodia Institute of Geophysics, which are included in the
international electronic library data base DSpace, indexed in Google Scholar and Publish or
Perish.

« According to the results of the conference, a decision was made, in which the achievements and
gaps in the directions of the complex geophysical monitoring in Georgia and other countries are
discussed. Future meetings have been planned.

Photos from Conference
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Congratulations to Vugar Aliyev on His 70th Birthday!

Dear Vugar!

M. Nodia Institute of Geophysics of 1. Javakhishvili Thilisi State University
warmly congratulates you on your 70th birthday.

Your work as the founder and CEO of AMIR Technical Services Company, co-
author of scientific discovery in the field of semiconductor physics and technology,
laureate of various prizes and awards, author and co-author of numerous patents,
monographs and scientific articles, main organizer and sponsor of the next 7™
Eurasian Conference “RISK-2025", indexed in Scopus, as well as the editor-in-chief
of the newly created international journal “International Journal of Sustainability
and Risk Control”, an exemplary colleague, friend and family man, is well known to
your family, friends and a wide circle of the scientific community.

We wish you happiness, health, long life, and success for the benefit of the
development of science and the expansion and strengthening of scientific ties
between scientists from different countries.
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