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The Impact of the Earthquake in Racha on the Enguri Arch Dam and
the Adjacent Area

Jemal K. Kiria, ‘Temur A. Tsaguria, ?Evgeni A. Sakvarelidze,
'Nadezhda D. Dovgali, L ali A. Davitashvili, 2Guram A. Kutelia

IM. Nodia Ingtitute of Geophysics of 1. Javakhishvili Thilis State University, Georgia
2I. Javakhishvili Thilisi Sate University, Georgia

ABSTRACT

Asiswell known, the Enguri Arch Dam, 271.5 meters high, was constructed on the Enguri River in the 1970s. It is built
in a seismically active region with a complex geological structure.

The Enguri Dam’s foundation crosses a branch of the Ingirishi fault, on which geophysical monitoring (using a
deformograph) is conducted. The fault’s edges move with the variation of the water level in the dam reservoir. Strong
earthquakes can also cause displacement of the fault’s edges.

This was the basis for conducting parallel geological, geophysical, geodetic, and other types of monitoring during the
design and construction of the dam, some of which continue to this day

Key words: Enguri Dam, deformograph, geophysical monitoring.

I ntroduction
Tilt-metric and deformographic observations in the lower reach of the dam began in 1970 and are

gtill ongoing. Since 1998, tilt-metric observations have also been conducted on the body of the dam.
Currently, observations are conducted at seven different points on the dam (Fig. 1).

1 12 18 26 38 511 m, I h.
[ 12
[ | L L )
T T
450 m, II h.
L &
T T T O/ 402 m, III h.
[ 1K [ () = I
/ A T P 360 m, IV h.
[ 11 ~ ) A=Y, 15—
N~
// = 310 m, V h.
===} NS, o
8D, nmn U
265 m, VI h.
~Z Ao l—

\l\

/ 315
/ / Tunnel Ne160
<
s/
_A
/| £/
=
(=]
~

T. TILTMETER
w— HYDROSTATICS

/ / == STRAINMETER
/ #

Tunnel Ne183

Tunnel Ne3413

Fig. 1. The layout of the geophysical stations installed on the body and foundation of the Enguri Arch Dam.

As shown in the Fig. 1, the observation points are located at elevations of 360 m, 402 m, and 475 m
in the 12th and 26th sections, as well as at the 402 m elevation in the central 18th section. At each point,
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high-precision €eectrolitical tiltmeters of model 701-2A from an American company are instaled.
On August 20, 2024, a 4-magnitude earthquake occurred in Racha, causing deformation both on the fault and
on the dam.

A branch of the Ingirishi fault crosses the foundation of the Enguri Dam, where geophysica
observations are made using laser instruments with an accuracy of £ 1 micron. The fault edges experience
deformation with changes in the water level of the dam. Earthquakes also cause deformation of the fault
edges.

As shown in Fig. 2, the deformation caused by the earthquake on the fault reaches approximately 80
microns, which is a significant deformation (annual deformation = 120 microns). However, the edges
quickly return to their original state, meaning that no residual deformation remains. Thus, the earthquake-
induced wave caused the fault to shift.
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Fig. 3 shows the deformation caused by the earthquake on the dam, specifically at the 475 m elevation
in section 26. The value of the deformation does not exceed 18 arc-seconds. Similarly to the fault, the

observation point returned to its origina state after some time, indicating no residual deformation here either

In conclusion, we can state that the earthquake in Racha did not cause any significant changes to the
dam or the fault.
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Bausinue 3emiierpsiceHus B Paye Ha apo4HyI0 IVIOTUHY U
npujierauyw reppuropuro B paimone Uurypu I'0C

Jx. Kupua, T. Harypus, E. CakBapeaunse, H. JloBrauu,
JI. Japuramsuiaum, I'. Kyreaua

Pe3rome

Kak u3BectHo, B 70-X rogax mpouuioro Beka Ha pexe MHrypu Oblia IOCTpOEHa apoyHasl IUIOTHHA BBICOTOM
271,5 m. OHa pacnoJio’KeHa B T€OJOTHYECKH CIIOKHOM U CEICMUYECKH aKTHBHOM PETHOHE

OcHoBanne motuHbl MHrypckoit ['DOC mepecekaer pasmom MHTHpH, Ha KOTOPOM IPOBOJUTCS
reopusnueckoe HaOmoaenue (negopmorpad). bepera pazinoma OBHKYTCS B 3aBUCHMOCTH OT M3MEHEHHS
ypoBHs BoAsl B 'OC. Takxke ABM>KeHHs O€peroB MOTYT OBITh BBI3BAHBI CHIIBHBIMH 3€MIICTPSICEHUSMHU.

3TO CcTajg0 OCHOBAaHUEM ISl TOI'O, YTOOBI B IIPOIIECCEe IIPOCKTHUPOBAHUS U CTPOUTEIHCTBA JTAHHOIO 00BEKTA
OJHOBPEMEHHO TMPOBOJIWINCH TE€OJIOTHYECKUE, Teou3ndeckue, TreoAe3ndeckue W JApYrHe BHIBI
HaAOJIOIEHHH, YaCTh KOTOPBIX MPOAOJKAETCS U 1O CEel ICHb.

Kirouesnle ciioBa: motuHa Muarypekoi I'DC, nedopmorpad, reopusndeckuii MOHUTOPHHT .
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Confidence I nterval of Parametersfor Gaussian Statistical Structures
Z-Criteria’s Application

Zurab S. Zerakidze, 2Jemal K. Kiria, ?TengizV. Kiria

'Gori Sate University, Gori, Georgia
2M. Nodia Institute of Geophysics of |. Javakhishvili Tbilis Sate University, Georgia

ABSTRACT

In this paper is proven 100% confidence interval of parameters for Gaussian statistical structuresin Banach

space of measures.
Key words: Gaussian datistical structure, consistent estimators of parameters, Z-criteria, orthogonal structure,
strongly separable structure, confidence interval of parameters.

I ntroduction

Recall that a gtatistical criterion is any measurable mapping from the set all possible samples values
to the set of hypothesis. It is said that an error of h-th kind of the & criterion occurs, if the criterion gjects the
main hypothesis of H;,. The following e, (&) = iy, ({x: 6(x) # h}) is called the probability of an error of the
h-th kind for a given criterion 4.

The notion and corresponding construction of Z-criteria (same "Generalization criterion of Neiman-
Pearson, consistent criterion™) for hypothesis testing were introduced and studied by Z. Zerakidze (see [2-
13)).

We recall some definitions from the works [1-14].

Let (E,S) be ameasurable space. The density of Gaussian law is determined by the equality

. o
(x—a)

. 1 _lea)
flx)=—="e 2

W 2o

Let u be the probability measure given on ([—oo,+oo), L[—oo,+e0)) by the formula
p(A) = [, f(x)dx,A € L[-o0;+00), where L([—oo,+0)) is Lebesgue o-algebra Let {u i€}
be Gaussian measures.

Definition 1. An object {E,S,u,i€l} is cdled an Gaussian statistical structure.
Definition 2. An Gaussian statistical structure {E, S, ,i € I} is called orthogonal if u; and u ; are orthogonal
foreach¥i=j,i €l,j €l

Definition 3. An Gaussian statistical structure {E, 5, u,i € I'}is called weakly separable if there exists

afamily of S‘measurable sets {X,i € I'} such that the relations are fulfilled:

| 1, ifi=
(Vi) (W) €185 € 1) = p;(X) = {ﬂ 12y



Let {u,i €1} be Gaussian measures defined on the measurable space (E,S). For each i €1 we
denote by i; the completion of the measure y;, and by dom (i7;) — the & — algebra of al u; — measurable
subsets of E . We denote §; = ;<;dom (jz; ).

Definition 4. The Gaussian statistical structure {E, 5, u;,i € I} is called strongly separable Gaussian
statistical structure if there exists afamily of S-measurable sets{Z;,i € I} such that the relations are fulfilled

1 pZ)=1vier
2 Ziﬂz_,-Zlﬁ'ﬂ’iij;i,jEf
3 UEE;EE'=E.

Let | be set of parameters and B(I) be a-algebraif subsets of | which contains all finite subsets of I.

Definition 5 . We will say that the Gaussian statistical structure {E, 5,,1;,i € I'} admits a consistent
estimators of parameters if there exists a leat one measurable  mapping
f:(E,5,) = (1,B(I)), suchthat j7; ({x: f(x) = i}) = LVi € 1.

Let H be set of hypotheses and E(H) be g-algebra of subsets of H which contains ale finite subsets
of H.

Definition 6. We will say that the Gaussian statistical structure {E, S,, i, h € H) admits Z-criterion
(same "Generalization Neimana-Pearson,consistent criterion™) for hypothesis testing if there exists at least
one measurable mapping &: (E,S,) — (H, B(H)), such that

An({x:8(x) = h}) =1,Vh € H.

Definition 7. The probability e, (&) = i, ({x: 8(x) = h}) is called the probability of error of hth
kind for the given criterion 4.

Theorem 1. The Gaussian datistical structure {E,S,,ji,h € H} admits a Z-criterion (same

"Generalization Neimana-Pearson, consistent criterion™) for hypothesis testing if and only if this probability

of error of kind isequal to zero for the criterion &.

Proof. Necessity. Since the tatistical structure {E, S, /i h € H} admits a Z-criterion countable
Gaussian statistical structure {E, 5, u;,h € H} admits a Z-criterion for hypothesis testing, there exists a
measurable mapping &: (E,S5;) = (H,B(H), such that ji,({x:6(x)= h})=1,vh €H. Therefore,
ap(8) = pp({x:8(x) # h}) =0,Vhe H.

Sufficiency. Since the probability of any kind is equal to zero, have o, (8) = dx({x:8(x) =
h}) = 0,Vh € H.

On other hand, p{x:[(f(x)=hRUBx)=hR]l= f.{x8(x)=h})=1YheH.
2. Confidence interval for of parameters Gaussian statistical structures in Banach space of measures

Let M® bearead linear space of al aternating finite measureson S.

Definition 8. A linear subset Mz — M iscalled a Banach space of measuresif:



1 The norm on Mz can be defined so that Mg it is Banach space with respect to this norm, and
theinequality Il p + Av [I=]l z || holds for any orthogonal measures i1, v € Mz and real number A4 = 0;

2 If p € Mgand |f(x)| = 1, thenvs(4) = [, F(x)u(dx) € Bg and |lv¢| <l p |I;

3 If v, EMgv, =0, v,(E)<eo,n=12,.. and v, l 0, then for any linear functiona
I* € Mi:lim,, ... I*{v,) = 0, where M}, conjugate to linear space M.

Remark 1. The definition and construction of a Banach space of measures were given by Z .
Zerakidze (see[14]).

Definition 8. Let | be a set of indexes and Mg, is a Banach space for al i £ I. The Banach space

M.E‘ = {XE}EE::XE E MB[_.HE: E IJEEEI "}(rr_" 5 ﬂ} Wlth the norm "XE "E'EI = EEEI "}‘:‘:”a‘-’fB- |S Ca”ajthe dll’eC'[ Sum
I

of Banach space Mg, and is denoted by Mg =5 Mpg,.

Remark 2. Obviously, any Banach space of measures is a Banach space the elements of which are
alternating measures, but not vice versa. The following theorem was proved in [14].

Theorem 2. Let Mz be a Banach space of measures, then there exists the funnily of pairwise
orthogonal probability measures {u ;i € 1}, Card I = 2%°, such that Mg =& Mg, (15,) is Banach space of
elements v of the from

v(B) = | flx)pn(dx),B €5, [ |f(x)|un(dx) < +eo, with the norm

vl )= j |f () | 1t ().

MB;':HB[

We define by F = F(Mg) the set of real function f such that [ f(x)jidx is defined al 75 = Mg.
Theorem 3. Let My =& M. (1;,), Card H < ¢ be the Banach space of measures, E be a complete separable
metric space, 5; = Npeydom (7, ) is a Borel a-algebra on E. In order for the Borel orthogonal Gaussian
statistical structure {E, Sy, jizh € H}, Card H = ¢ to admit Z-criterion (same "Generalization Neimana;
Pearson consistent criterion™) for hypothesis testing in the theory (ZFC)&(MA) it is necessary and sufficient
the correspondence f < hy defined by the

equality | f(x)ix(dx) = (), fin € M5 was one-to-one (here I+ isalinear continuous functional
on Mg, f € F(Mg).

Proof. Necessity. The existence of Z-criterion for hypothesis testing : (E,5,) — (H, B(H)), implies
that i, ({x: 8(x) = h}) = 1,Vh € H. Setting X;, = ({x: 8(x) = h}) = 1,Yh € H we get:

1 gn(X,)=1,Yhe H,

2 Xy Xy = 0 for al different h" and h'' from H;

3 Upeg X, ={x:8(x) EH} =E.

Therefore the Gaussian statistical structure {E, 5, ji,h € H} is strongly separable, hence, there exists

1, ifh=h'

5, - measurable sets {X;,,h € H} such that sz, (X;,7) = {{] =R

10



We put the linear continuous functiona I into correspondence to function by the formula
.lr Ech{:x}gh{:dx} = Ech{ﬁh} = ”.Iu_h ||MB':"-_4?!:"
Let Iy, bealinear continuous functional that correspondence to the function fulx) = fi (), ().

Then for any fiy, € Mg(i5) we have

[ A @)= [ A @) = 1) = 1y

Let ¥, be the set of extensions of a functional that satisfy the condition s = p(x) in those subspace
where they are defined. Lets introduce a partial ordering into, assuming Iy, < I, if f; is defined on alarge
setthan iy and s, = I, where both of them are defined.

Let {15}, _,, be alinear ordered subsid in X, M(j7,) the subspace on which 1, is defined. We
define 1 €U Mg(j3,) setting 1#(u) = I () if p € Mg(j7,). It is obvious that 15 < 1. Since any lineally
ordered subset in ¥, has an upper bound due to the Chorn lemma ¥, contains the maximal element A defined
on some set X' satisfying the condition 4 = p(x) for x £ X'. But X' must coincide with the entire space Mg
because otherwise we could extended A to a wider space by adding as above one more dimension. This

contradicts the maximality of A and, hence X' = Mg. Therefore, the extension of the functiona is defined

everywhere.

Let I be a linear functional that corresponds to the function f(x) = ¥g,(x)lx,(x) € F(Mg).

Thenwe have [ f(x)p(dx) =l u = T, M5(i;,) where

Mg(my)’
B =y [ guoman. Bes,
Sufficiency. If for each f € F(Mg) the integral [ f(x)i,(dx), ¥ i, € Mg, is defined them there

exis a countable subsets I in  H for which [ flopy(dx)y =0, if hélg,

¥ [ |f(x)] 3, (dx) < oo and for any countable subset I © H and for the measure

v(€) = [ [ 9n(0AR(dx) we have [ ¢ Fx)v(dx) = Tnernr) g F(X)gn (¥)F: (d%).

Let the correspondence f — I be calefied the equality J"Ef{:x}_ﬁh{d,x} = Ef{ﬁh]. then for ji,,
fin, € M(iI;) we have [ & fin, (O, (@) = U, () = [ LGOS (0, (d2) =
[ g Frp () foy (), (d0).

Therefore f;,, (x) = fi(x) amost everywhere with respect to the measure jiy,,. Let fﬁh;{x} =0
amost everywhere with respect to g, and ) efmy(fp(dx) <o, If we denoyte now
prle) = Icf&h{:x}ﬁh (dx), the we obtain fgfah{:x}ﬁh’{:dx} = Ef,gh'[ﬁh“} =0,Vh = h' Vi, € Mp(i;,).

Denote by C;, = {x: fz,(x) > 0}. Then p,(C,,) = 0%h = h'. Therefore, there exist §; — measurable

1, ifh=h'
0, ifh=n
11
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{E,5,,fixh € H,cardH = c} is weakly separable. We represent as an inductive sequence {ji;, < w,} where
w, denotesthefirst ordina number of the power of theset H .

We define wy sequence Z;, of parts of the E such that the following relations hold: 1) Z; is Borel
subset of E, Yh<wy;, 2) Z,cX,Vh<wy; 3) Z,NZy,=0 for dl h'=<=w,h="h" 4
Gnl(Z) = 1,¥h < wy.

Suppose that Z,, = X. Suppose that the partial sequence {Z,1 )<y, is dready defined for h < wy.
Itisclear that u*(Uyr=p Z;7) = 0. Thusthere exists a Borel subset y;, of the space E such that the following
relations are valid Uy, v, and u*(y;,) = 0. Assuming that Z;, = X, v, we construct the w;, sequence
{Zp}new, Of digunctive measurable subsets of the space E. Therefore, uj(Z;) = 1,%h <w, and the
Gaussian statistical structure {E, 5,, ji,h € H, cardH = c} is strongly separable because that exists a family
of elements of the g-algebra Sy =Npeg dom () such that 1)
Gn(Z) =1LVheH;2)Zy N Z = 0,Vh' # h;3) Upey Z, = E.

For x € E, we put §(x) = h, where h is the unique hypothesis from the set H for which x € Z;,. The
existence of such a unique hipotez from H can be proved using conditions 2), 3).

Letnow vy € B(H). Then{x:8(x) Ev} = UpeuyZs

It hg € H, then {x:6(x) € ¥} = UpeyZp = Zp, U (UpenZy). On the other hand the validity of the
condition Upey Z, SE—Z,,  implies that i, (Uney—n, Zr)=0. The last equaity yields
Uney—n, 21 € dom (f,,_ ). Sincedom (jz,,, ) is ag-algebra, we deduce that {x: 8(x) € y} € dom (j7,,).

If hg € y, then {x: 3(x) € ¥} = UpepZy = (E — Z,_ ) and we conclude that i, ({x: 8(x) € ¥}) = 0.
Thelast relation implies that {x: §(x) € ¥} € dom (&, ).

We have shown that the map &: (E,5,) — (H, B(H) is a measurable map. Since B(H) contains all
singletons of H we as certain that 7, ({x: 6(x) = h}) = 3,(Z,) = 1,¥h € H.

The following Theorem is proven to Theorem 2.

Theorem 3. Let Mg = @Mg(g;), Card I = ¢ be the Banach space of measures, E be a complete
metric space, §; = ;c;dom (4z;) is a Borel g-algebra on E. In order for the Borel orthogonal Gaussian
statistical structure {E, S;,1;,i €I}, Card I = ¢ to admit consistent estimator of parameters it is necessary
and sufficient that correspondence f < 1 defined by the equality | f(x):(dx) = 1:(3;), ii; € Mg was one-
to-one (have I; isalinear continuous functional on Mg, f € F(Mg).

The following Theorems 1,2,3,4 follows that exponentials Gaussian structures existence consistent

estimator of parameters Z-criterion for hypothesis testing and 100% confidence interval of parameters.
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JloBepuTEJIbHBIN HHTEPBAJ NAPAMETPOB JJIA CTATHCTHYECKHUX
cTpykTyp I'aycca ¢ ucnosib3oBanueM Z-kKpurepust

3. 3epaxkuase, I:x. Kupus, T. Kupus

AHHOTAIUA

B crathe OOBACHSIOTCA OpPTOrOHANIBHBIE, CHab0 pa3fenuMble, pasAeiuMble U CHJIBHO pa3leiiMble
cratucThieckue cTpykrypsl ['aycca. Takxe naroTcs MOsSCHEHHS O BBIHYKIECHHBIX OLIEHKAX MapaMeTpoB U Z-
KPUTEPHHU IS TIPOBEPKH TUIOTE3 O MapaMeTpax CTATUCTHYECKHX CTPYKTYp (aHajoruueH «00oOmEHHOMY
kputeputo Heiimana-IIupcoHay, «BBIHYXIEHHOMY KpuTepuio»). Ha ocHoBe BeposTHOCTHBIX Mep [aycca
MOCTPOEHO MPOCTPAHCTBO PasMEPHOCTEH BHIOOPKM M JTOKAa3aHbl HEOOXOAMMBIE M JOCTATOUHBIE YCIIOBHS
CYIIECTBOBaHUS BEIHYKJCHHBIX OIICHOK MapaMeTpOB U Z-KPUTEPHUS B 3TOM IIPOCTPAHCTBE.

Jst mapaMeTpoB cTaTUCTUYECKUX CTPYKTYp ['aycca moctpoen 100%-ii moBepUTEIHHBIN HHTEPBAI.
KiroueBble cjioBa: rayccoBCKas CTaTHCTHUYECKas CTPYKTYpa, COCTOSITENbHBIE OLIGHKHM IapaMeTpoB, Z-
KpDUTEpUI, OPTOrOHAIBHAS CTPYKTYpa, CHJIBHO pasJieiauMasi CTPYKTypa, [JOBEPUTEIBHBI HWHTEpPBAJ
rapaMeTpoB.
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ABSTRACT

Georadiolocation method has been widely used in many fields with geological content. Important results are obtained
in the solution of many problematic issues of urban engineering, the solution of many tasks has become possible in
archaeogeoradiol ocation.

For archaeological work, it is important to fix and decipher the radio image of the object as a result of the mutual
distance between the target objects and the georadar antenna. During archaeological work, the distance of the target
object is unknown, which distorts or even makes it impossible to fix the radio image of the object. Important information
may not be received.

A radio view of the object is allocated, which embeds the location of the object and exceeds its geometric dimensions
spatially by approximately three times. At the same time, the lower part of the object is connected to the radio image in
general with the so-called feature of antennas. With the content of the diagram of the direction of the electromagnetic
field, that is, it clearly defines and separates the location of the object considered as a secondary radiation antenna.
Thus, it is possible to determine the physical model of the foundation and, therefore, the radio image of the field object
based on the theory of the similarity of geolocation electromagnetic fields. The depth of the model object is clearly
defined by the location of the last horizontal synch axis recorded on the radio face on the radargram, both during
horizontal and vertical georadiolocation exposure.

Keywords: Archaeogeoradiolocation method, radio image, physical modeling, Zond 12-e.

I ntroduction

The Radio Image of an Object with an Elongated, Face-Fragmented, Dielectrically Complex Structure
was Studied Using the Method of Georadar Physical Modeling

The method of georadiolocation has found wide application in many areas of geologica content.
Important results have been obtained in solving many problematic issues of urban development, the solution
of many problems has become possible in archeogeoradiolocation [1-9].

Problem

For archaeological work, it isimportant to record and decipher the radio image of an object as a result
of the mutual arrangement between the target objects and the ground penetrating radar antenna, i.e., to solve
the inverse problem of electrodynamics. In order for the radio image of an object to be fully recognized, the
GPS antennamust be located in the far zone of the target object, i.e. the distance between the antenna and the
object must exceed the wavelength of the radiation. In archaeological work, the distance to the target object
is unknown, so the object can be located both in the near zone and in the middle and far zones relative to the
antenna, which distorts or even makes it impossible to record and recognize the radio image of the object. As
aresult, important information may not be obtained during archaeological GPR work [10,11,12,13].

M ethods and tools

In the sector of applied and experimental geophysics of the Institute of Geophysics, using a device for
georadar physical modeling, studies were conducted to determine the radio features of objects located in the
middle zone. Based on the theory of similarity using three-dimensional scaling coefficients, it is possible to
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calculate the frequency and geometric dimensions for detecting natural target objects and recording their
radio images [2,3,4,5,11,12,13,14,15].

M odel

For archaeological research we have chosen such an important object as a model of a fragment of the
foundation of the wall. The model is made of basalt parallel-faced blocks of irregular shape with a thickness
of about 0.05-0.06m, the average length varies within 0.25-0.35m, the gaps between the blocks are filled
with the materia that makes up the model environment - sand. The model itself is presented in the form
similar to a pardlelepiped with curvature. Its uneven dimensions are on average 0.7x0.3x0.2 m, and the
curvature of the surface varies by 0.05-0.10m.[2,4,14]

Ground penetrating radar from the day surface.

For the sand-covered object, seven parallel profiles were drawn across the foundation-object/wall.
Below is adiagram of the relative position of the longitudinal model object and the ground penetrating radar
profiles.

The ground penetrating radar profiles were drawn using the Zond 12-e ground penetrating radar, a
2GHz receiving and transmitting standard antenna, data search, processing and interpretation were carried
out using the Prizm-2.70 software.[.]

Georadar physical model of a paraleepiped of complex diglectric and fragmentary composition
(Scheme 1).

pr.7

pr.6

pr.5

pr.4

pr.3

pr.2

pr.l [ e ——

Scheme 1.

An object composed of basalt blocks with uneven boundaries, having the shape of a curved
paralelepiped with paralel edges, the spaces between which are filled with sand, which constitutes the
modeling environment, was chosen as a model. The dimensions of the object are approximately
0.7x0.3x0.16m. The object islocated 0.05-0.10m below the air-sand horizontal surface.

The model is placed inside the model area of the sand-containing environment measuring
2.4x1.4x1.4m. With horizontal ground penetrating radar exposure, the profiles are paralel and are spaced
from each other at a distance of 0.12m.

When exposed from a vertical wall, the profiles pass through the surface of the submerged model,
covering only the air-containing space, the second profile covers the part containing the object, and the third
passes through the lower part, where the radio image of the object should be located.
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Fig. 1. Shows the corresponding radargram Prof-1, obtained with the transmitting-receiving antenna of the
ground penetrating radar "Zond 12-€", 2 GHz.

The location of the object of study on the course of profile-1 (Fig. 1) is not marked, therefore its
influence on the radargram is not visible. The radio image of the model object against the background of the
existing lateral anomalies is not clearly readable, but the part of the radio image caused by the “bow-tai” type
of “hole” /model space, wall-wall model/ is poorly distinguishable but easy to read.

um
2. 15 45 LX) 075 (0Se G0 .0
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013 0.25 0.38 0.5 o, 0.7 0. 1 113 1.25
Distance, m

Fig. 2. Shows the corresponding radargram of profile-2, obtained using the receiving and transmitting
antenna of the Zond 12e georadar, 2 GHz.

The location of the object of study along profile-2 is poorly marked (Fig. 2), so its influence on the
radargram is partially visible. The radio image of the model object is not clearly read against the background
of the existing lateral anomalies.

1

Fig. 3. Shows the corresponding Prof-3 radargram obtained using the Zond 12e 2 GHz range ground
penetrating radar transceiver antenna.

The location of the object under study is clearly marked on the Profile-3 course (Fig. 3), so its
influence on the radargram is visible. The radio image of the model object is well readable against the
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background of minimal lateral anomalies. The location of the object is limited from below by the last clear
continuous section of the in-phase axis at distances of 0.9-1.25m and a depth of 0.2m. The object is made of
uneven dabs and is unevenly located, which often happens when working in field conditions with
archaeologica sites. Directly under the object, on the radio image, at a distance of 1.05-1.13m, a spatial area
is observed, decompressed from the in-phase axes, with the center at a depth of 0.25m.

1

o 0.13 0.25 038

Fig. 4. Shows aradargram corresponding to Profile-4, made with areceiving and transmitting antenna of the
Zond 12e 2 GHz georadar.

The location of the object of study is clearly marked on the Profile-4 course (Fig. 4), so its influence
on the radargram is visible. The radio image of the model object is well readable against the background of
minimal lateral anomalies. The location of the object is limited from below by a section of the last clear
continuous in-phase axis at distances of 0.9-1.13m and a depth of 0.2m. The object is made of uneven dabs
and is unevenly located, which often happens when working in field conditions with archaeological sites.
The increase in the depth of the object's radio surface is caused by its curvature. Directly under the object, on
the radio image, a spatial area is visible, decompression from the in-phase axes at a distance of 0.9-1.1m,
with adepth center of 0.27m.

1

Depth, m
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113 1.25
Distance, m

Fig.5. The location of the object under study is clearly marked on the profile-5 course, so its influence on the
radargramisvisible.

The radio image of the model object (Fig.5) iswell readable against the background of minimal lateral
anomalies. The location of the object is limited from below by the last clear continuous section of the in-
phase axis at distances of 1.08-1.25m and a depth of 0.22m. The object is made of uneven dabs and is
unevenly located, which often happens when working in the field with archaeological sites. The increase in
the depth of the object's radio image is caused by its curvature. Directly under the object, on the radio image,
a gpatial region is visible, decompressed and separated from the in-phase axes at distances of 1.15-1.25.1m,
with the center at a depth of 0.29 m.
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Fig. 6. Shows aradargram corresponding to Profile-6, made with a receiving and transmitting antenna of the
Zond 12e 2 GHz georadar.
The location of the research object is weakly manifested during Profile-6 (Fig. 6), so the distorted
radio image partially shows its influence on the radargram. The radio image of the model object is still well
readable againgt the background of lateral anomalies.
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Distance. m

Fig. 7. Shows aradargram corresponding to profile-7, made with a Zond 12e, 2 GHz georadar receiving and
transmitting antenna.

0.25

Depth, m

Along profile-7 (Fig. 7), the location of the research object is less noticeable, so its influence on the
radargram is minimal. The radio image of the model object is weak and less legible against the background
of exigting lateral anomalies.

Fig. 8. Shows five profiles (profiles 3-7), constructed by Voxler 4.
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Fig. 8 shows five profiles (profiles 3-7), constructed by Voxler 4, which sequentially depict the spatial
arrangement of the radio image and their feature in the form of separation of the in-phase axes. Which is
presented in the form of obliquely located in-phase axes, after parallel horizontal in-phase lines, determining
the depth of the object, in accordance with the unevenness of the image of the object.
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Fig. 9. Shows the depth-encompassing radio i maggg}mthe object on the prof-5, outlined with a white line.

The radio image of the object (Fig. 9) is distinguished, which imprints the location of the object and
exceeds its geometric dimensions in space by about three times. In this case, the lower part of the object is
connected with the radio image as a whole by the content of the so-called electromagnetic field pattern,
characteristic of antennas, that is, it clearly defines and separates the location of the object, which is
considered as a secondary radiation antenna. Thus, based on the theory of similarity, the foundation model
and, consequently, georadar electromagnetic fields, it is possible to clearly and unambiguously record the
radio image of afield object in accordance with the numerical calculation using the model coefficients.

H(Depth)m

- =
R A T T

Fig. 10. Shows a spatial 3D radio image constructed using profiles Prof.3-7 (by Surfer 9 software),
depending on the depth of the object relative to the ground penetrating radar antennain the near and middle
ZOnes.
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The presented 3D radio image corresponds to the geometric dimensions of the object location,
composed of fragmentary elements of the "wall foundation" for depths of 0.22-0.25m. The boundaries of the
model location are clearly outlined, and the vertices correspond to the uneven ridges of the object fragments.
The longitudinal size of the minimum area of the object, from which the reflected wave is proportional to the
order of aquarter of the incident wave, was recorded.

The depth of the model object is clearly defined by the position of the last horizontal synphase axis,
recorded at the radio boundary on the radargram. Reflected and refracted electromagnetic rays are recorded
by the radar and the Prizm 2.7 software. The radio image is clearly distinguished on the radargram by three
intensity levels of the electromagnetic wave synphase axes: the first is the upper part of the physical position
of the object itself, the second is a clearly horizontal axis of the last synphase, limiting the location of the
lower part of the object, after which the presence of the upper part of the radio image appears, i.e. the radio
image itself, exceeding the width and depth of the object by about three times. From the lateral side, itisan
isosceles trapezoidal shape.

Composite physical model

Let's consider the same object - a fragmentary model of a foundation, with a clearly defined metal
insert in the surrounding medium of a disk-insert, located 0.3-0.7m away from the foundation model.

The physical model of the study consists of a paralelepiped of uneven curvature (Scheme 2) and a
metal disk with a diameter of 0.4m at a distance of 0.7m from it with a concave cavity of 0.04m. In field
conditions, the model corresponds to the reality of objects similar to a metal hatch near archaeological or
urban devel opment works.
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Scheme 2. Representation of the layout of a composite model of a dielectric parallelepiped and a metal disk.

Fig. 11 shows Prof-1 F+D. The corresponding radargram obtained using the antenna of the Zond 12e
2GHz ground penetrating radar transceiver for the physica model of the foundation+disk. The radargram
corresponds to the ground penetrating radar section with background effects, the presence of model objectsis
not recorded by the radio image.

Fig. 12 shows prof-2 F+D. The corresponding radargram made with the help of the antenna of the
Zond 12e 2GHz ground penetrating radar transceiver for the physical model of the foundation+disk and
spaced from prof.1 at a distance of 0.12m.

The radargram corresponds to the ground penetrating radar section with a partial influence of the
effect of the presence of the model.
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Fig. 11. Prof.1 F+D.
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Fig. 12. Prof.2 F+D
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pr.3.,2GHz L2 4m, 4347 baz. woll,i disc

The corresponding radargram (Fig. 13) made with the help of the antenna of the Zond 12e 2GHz
ground penetrating radar transceiver for the physical model of the foundation+disk and spaced from prof.1 at
adistance of 0.24m.
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The radargram corresponds to the ground penetrating radar section with the radio image of the

foundation model and the influence of the disk.
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Fig. 14. Shgwé prof.3-F+D.

The corresponding radargram (Fig. 14) obtained using the antenna of the Zond 12e 2GHz ground
penetrating radar transceiver for the physical model of foundation + disk and spaced from prof.1 at a distance
of 0.24m. The digital gain option is used when processing the lower side of the radio image on the
radargram. The radargram corresponds to the ground penetrating radar section with the representation of
foundation + disk as a single radio image consisting of a model radio image and a disk radio image. The
constituent radio images are highlighted with white lines. The influence of the void under the disk on its
radio image is reveal ed.
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Fig. 15. Shows prof.4 F+D.

The corresponding radargram (Fig. 15) obtained using the Zond 12e ground penetrating radar
transceiver antenna, 2 GHz for the physical model of foundation + disk and spaced from pr-1 at a distance of
0.48m.

The radargram corresponds to the ground penetrating radar section with strong foundation + disk
influences on the in-phase axes of a single radioimage consisting of the model radicimage of the foundation
and the disk radioimages. The constituent radioimages are highlighted with white lines. The influence of the
void under the disk on its radioimage and the radioimage of the foundation model is clearly visible. The in-
phase axes are sharply curved at distances of 1.13-1.75m. Despite the strong influence in the form of
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curvature, the in-phase axes clearly show the location of both the base of the dielectric wall and the
metal/iron disk on the radargram.
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Fig. 16. Shows prof- 6 F+D. The corresponding radargram obtained using the antenna of the Zond 1262
GHz ground penetrating radar transceiver for the physical model of foundation+disk.

Prof-6 is less informative (Fig. 16), although it accurately reflects the dimensions of the foundation
model.

Based on the above, the radio image of the disk contains additional information about the presence of
adisk cavity and fragmentation of the foundation base.

We can propose “Borrowing” from antenna theory the term “antenna directivity patterns” for the
secondary radiation objects observed on the radargram, which, like the receiving and transmitting ground
penetrating radar antennas, will depend on the exposure of the ground penetrating radar antennas.

Theradargrams obtained during vertical exposure of the ground penetrating radar section.

0 1

prof.1.,2GHz|.L2.4. wert.b,w.id.

Depth, m

0 5 0.25 0.38 b . . . 1 113 1125 1.38
Distance, m

Fig. 17. Prof-1 F+D shows a georadar section of vertical exposure with afoundation model and a metal disk
insert.

The profile (Fig. 17) did not reflect the anomaly, since the receiving and transmitting antenna passed
above the daylight surface.
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Fig. 18. Shows a georadar section, prof.-2 vert., made in vertical exposure with afoundation model and a
metal disk insert.

A georadar section (Fig. 18) obtained by shooting from a vertical plane for a complex physical model
of afoundation + an iron hollow disk is presented.

The radio image presented for the model (Fig. 18) shows a hyperbolic arc of the electromagnetic field
observed in the vertical exposure of the foundation, marked with white lines.

The profile showed an anomaly, since the receiving and transmitting antenna passed below the day
surface, although close to the surface.

1 113 1.25 138 1.5 1.63 1.75
Distance, m

Fig. 19. Shows a ground penetrating radar section of profile 3 vert, in vertical exposure with a V
foundation model and a metal disk insert.

The anomaly was reflected in the profile (Fig. 19) when the receiving and transmitting antenna passed
below the day surface, at adepth of 0.1m.

The radio image obtained for the physical model of a foundation + a hollow iron disk of complex
heterogeneous composition, obtained during irradiation from a vertica plane, is clearly visible at a depth
with the beginning of the object 0.25-0.3m away from the wall containing the host medium and below the
day surface.

An arc in the form of a hyperbola separating the end of the object was clearly reflected. The
dimensions of the object/foundation/body are recorded in the exposure.
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We can offer a three-dimensional representation of the field distribution, made at a phenomenological
level for ground penetrating radar irradiation of an ideal parallelepiped type. We can call this type of field
representation a secondary radiation diagram of an object inserted into the environment, which is an
additional characteristic of the radio image of the object and will give us an idea of the type of object.

Scheme 3.

Theillustration (Scheme 3) shows a schematic representation of the electromagnetic field diagram of
the direction of astylized parallelepiped in the GPR (georadar) field in the in-phase axes of the radio image,
with the exposure of georadar profilein al directions, this time without taking into account lateral effects.

It is interesting to note that with a geometric length of the characteristic scale of 1 m and a model
frequency of 2 GHz, the natural scale at 500 MHz will be 4m. Consequently, in field conditions, the size of
the field parallelepiped will be 0.7x4 = 2.8m, 0.3x4= 1.2m, 0.2x4m = 0.8m, respectively, with an unchanged
permittivity of the environment. We discussed the calculation of scale factors for GPR physical modeling in
the articles.

Conclusion

The depth of the model object is clearly defined by the position of the last horizontal axis of the in-
phase line, recorded on the radio image located on the radargram, both for horizontal and vertical ground
penetrating radar exposure.

The radio image of the parallelepiped in the electromagnetic radiation field of the ground penetrating
radar, recorded by the ground penetrating radar and software, is clearly distinguished on the radargram by
three levels of in-phase axesintensity.

Thefirst isthe upper part of the physical location of the object itself;

The second is a clear horizontal axis of the final in-phase, delimiting the location of the lower part of
the object, above which the presence of the upper part of the object is manifested,;

The third intensity level is the full radio image, exceeding the dimensions of the object several times
both in depth and horizontally and having a shape close to an isosceles trapezoid. Based on the analysis of
the radio images, in the case of 3D ground penetrating radar exposure, we will obtain truncated stylized
CONes.

In general, the radio image of a parallelepiped with a 6-sided georadar exposure corresponds to and
contains the content of the antenna directivity diagram and expresses the directions of the predominant
increase in the electric field intensity, which is presented in the form of an illustrated figure.
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HUcciaenopanue MeToIoM reopajuoIOKaiMOHHOI0 (pM3NYECKOro
MO/IeJIMPOBAHUA PAAN000pPa3a 00bEKTA CIUIOMIHOM, TPAHEHO-
(pparmMeHTApHOM, AMITEKTPUUYECKH CJIOKHON CTPYKTYPbI

. OnpnnaBanze, T. Ueannase, O. SIBosioBckasi

Pe3rome

Jlns apxeoJjormdeckux paboT BakHa (ukcarus W pacmudpoBKa paguoodpaza oO0beKTa B pe3yJibTaTe
B3aMMHOTO PACIIOJIOKEHUS MEXKIY IeJIEBBIMU 00BbEKTaMKM M aHTCHHOW reopajapa, T.e. pelicHue o0paTHON
3aJlauM ANIEKTpoauHaMHUKHU. [l Toro, 4to0bl paguoodpa3 o0bekTa ObLI MOJHOCTHIO PAcliO3HAH, aHTCHHA
GPS nomkna pacrnosaraThCsi B JajibHEH 30HE IIEJEBOr0 00BEKTa, TO €CTh PACCTOSHUE MEXKIY aHTCHHOW U
00BEKTOM JIOJDKHO TPEBBIATH JUIMHY BOJHBI M3Iy4deHHUs. [Ipu apXeoIOTHUecKHX paboTax pacCTOSHUE JI0
LIEJIEBOI0 00BEKTa HEU3BECTHO, IIOITOMY O0BEKT MOXKET HaXOIUThCS, KaK B OJIMXKHEH 30HE, TaK U B CpeIHEH
u )Z[aIILHeﬁ 30HC€ OTHOCHUTCIIbHO aAaHTCHHBI, YTO HCKaAXACT WJIH JaXX€ J€JIa€T HEBO3MOKHBIM (1)I/IKCElIII/IIO u
pacro3HaBaHue paauoOpasa o0ObekTa. B pesynbTare mpH apxeoreopaauoioKalMOHHBIX paboTax BakKHAS
HHPOPMAITUS MOXKET OBITh HE MOJTyUYCHA.

MeTo/1 reoparoIOKaIliy HAIE IMPOKOE IPUMEHEHHE BO MHOTMX 00JIACTSAX IE€OJOTHUYECKOT0 COACPKAHMUS.
BaxkHbie pe3ysIbTaThl MOJIYYEHBI B PEIICHUH MHOTHX MTPOOJIEMHBIX BOITPOCOB TPaIOCTPOUTENIBCTRA, PEICHHE
MHOTHX 33J1a4 CTaJI0 BO3MOXXHBIM B apXCOTeOPaIHOIOKAIIHH.

KiroueBsble ci1oBa: apxeopaauosiokarys, paguoodpas, pusnieckoe Mojenuposanue, Zond 12-e.
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ABSTRACT

During the monitoring of earthquake precursors including extra information as the variations of electromagnetic fields
analysis, it is possible to define earthquakes precursors is very actual and important problem. Connection between the
variation of the geomagnetic field and seismic activities is an essential element of the fundamental problem of
earthquake forecasting. In terms of geodynamic, Georgia is one of the most active regions. The macro structural factor
here is represented by the contact with the Arabian and Eurasian tectonic plates, which in addition to the geological
diversity of the area conditions the high seismicity of mentioned region. The article represents the observations of
following seismic processes such as. geomagnetic field.

Key words. Geomagnetic field, earthquakes precursors.
Introduction

The article contain information about several geomagnetic anomalies were observed on the Dusheti
Geomagnetic Observatory of M. Nodiainstitute of Geophysics.

Dusheti Geomagnetic Observatory is located in Dusheti town (Georgia, Lat 42.052N, Lon44.42E),
AIt900m). It is equipped with modern precise Fluxgate Magnetometer Model LGI and it accomplishes non-
stop registration of X, Y, Z elements. The data includes minute and second records of the field elements. It is
measured with 0,1nT accuracy daily.

M aterials and methods

There was analyzed earthquakes data in region with Lat42.052N and Long44.42E for January-
November of 2024, reported in EM SC: Earthquake research results, magnitude range from 3.5 to 9.0; Minute
data of Geomagnetic fields elements received from Dusheti Geomagnetic observatory or 60 samples per
hour, with 0,1nT accuracy;

During a long period of observation there have been identified individual cases in which Dusheti
station reacted to the earthquake preparation process [1-4].

During the mentioned period (January-November of 2024) several medium earthquakes occurred in
our region (Mag<5).

Results

1. Earthquakein Ambrolauri area-02.01.2024, Mag-4.4.
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2. Earthquakein Oni area-30.03.2024, Mag-4.7
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3. Earthquakein Chkhorotsku area-27.07.2024, Mag-4.0.
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4. Earthquakein Tianeti area-14.10.2024, Mag-4.0.
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5. Earthquakein Black Sea area-14.10.2024, Mag-4.5.
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Conclusion

Variations in geomagnetic parameters are caused by the earth stress. Fig. 1-8 shows, that before
seismic event character of variation changed above ‘“background” value, as indicator of tectonic activity.
During the observed time period were fixed earthquakes with Magnitude 3.5-5 occurred on the territory of
Georgia. Period of “anomalies” varied between 2-5 days. The recorded anomalies coincide with the
preparation period for strong earthquakes. Characteristics of anomalies (amplitude, period, etc) are correlated
with earthguake strength.
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Peakuusi reoOMArHUTHOT'O IMOJIA HA MPOLECC NOATOTOBKHU
3emJjierpsicenuii B I'py3uu

T. Ixummenanse, I'. Meaukanse, I'. Ko03es,
A. YankBeraase, T. MaTunamBuin

Pe3rome

[Ipy MOHHMTOpPHHIE MPEIBECTHHUKOB 3EMIICTPSACCHUH, BKJIOYas MH(GOpPMALMIO B BUAC aHalIM3a Bapualui
SJICKTPOMArHMUTHBIX HOJICI7[, OIIpEaACIICHUC Haubosee HaACKHBIX MNPCABCCTHUKOB 36MH€Tp$1CCHPII71 ABJISICTCA
BeCbMa aKTyaJlbHOW H BaXHOW mpoOmemoil. CBA3p MEXAy BapHalMsIMH TEOMarHUTHOTO TIONS |
CEICMUYECKOW aKTHBHOCTBIO SABJSIETCS CYIIECTBEHHBIM JJIEMEHTOM (YHAAMEHTAJbHOH TpoOIeMBbI
MPOTHO3UPOBaHUs 3emieTpsiceHnid. C TOYKH 3peHUs] TeoIWHaMUKU ['py3us sBIsSETCS OJHUM W3 HauOojee
AKTUBHBIX PETHOHOB. MaKpOCTPYKTYPHBIM (DaKTOpOM 31eCh SBISETCS KOHTakKT ¢ ApaBUHCKON U
EBpasuiickoll TEKTOHMYECKUMH IJIUTAMH, YTO B JOIIOJHEHUE K F€OJIOTHYECKOMY pPa3HOO0Pa3Hi0 TEPPUTOPHH
00yClaBIMBaeT BBICOKYIO CEHCMUYHOCTb YKa3aHHOTO peruoHa. B crtaTee mpeacTaBieHbl HaOMIOAEHHS 3a
I€OMarHUTHBIM T0JIEM, COPOBOKAAIOLINM CECMUYECKHUE MTPOLIECCHI.

KuroueBsble c10Ba: MarHUTHOE 110J1€, IPEABECTHUKH 3€MJIETPSCEHUM.
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ABSTRACT

Within the framework of the SRNSFG FN-19-22022 project ““?Rn mapping and Radon risk assessment in
Georgia”, the authors carried out fieldwork to quantify the *?Rn  distribution in water and soil gas as well
as to ascertain geological factors influencing the 22Rn concentration levels in some geographical areas of
Georgia. On-site ??Rn concentration has been measured in soil gas (68 sampling points) and in various water
sour ces (boreholes and springs, 75 water points, 66- springs, 9 boreholes) using AlphaGUARD PQ2000 PRO
(Saphymo GmbH) Radon monitor. The ??Rn concentration ranged from 0.12 to 73 Bg/L in water and up to
36.9Bgm?insoil gas. All observation sites were marked by GPSposition. The data underwent basi ¢ statistical
analysis and were visualized using various plots. Subsequently, the field data were digitized and integrated
into a GIS system, which highlighted the #?Rn distribution in water and soil gas on the territory of Kvemo
Kartli.

Key words: Rn mapping, soil gas, water, GIS Kvemo Kartli, Georgia

I ntroduction

Following the aims and tasks of the SRNSFG FN-19-22022 project “Radon mapping and Radon risk
assessment in Georgia”, during 2020-2022, the authors carried out fieldwork in order to quantify the ??Rn
distribution, ascertain geological factors influencing the 22Rn concentrations in indoor air, water and soil gas
in different geographical areas of Georgia. With the project Georgia joined the countries that carry out
systematic Radon (??Rn) surveysin indoor air, soil gas and water. In Georgia, ??Rn mapping in soil gas has
included ten regions. 22Rn concentrations obtained in the Kvemo Kartli region are presented and discussed
inthispaper. Of 143 locations, In soil gas, 22Rn concentration was measured in 68 locations and in water in
75 locations with AlphaGUARD monitor. For al observation sites, the geochemical properties have been
characterised, and their coordinates in GPS recorded.

Theworks [10-11, 13-14] present the results of our early studies of 222Rn content in soil gas and water
in various regions of the country.

Geological and lithological data of the study area

Kvemo Kartli, located in the southeastern part of Georgia, is a region distinguished by its diverse
geology and lithology, shaped by tectonic, volcanic, and sedimentary processes. Situated within the tectonic
framework of the Lesser Caucasus, the region exhibits complex geologica characteristics [1-2].

The area is dominated by volcanic rocks, including basalts, andesites, and tuffs, which are remnants
of ancient volcanic activity. Intrusive rocks such as granites and diorites are al so present, formed through deep-
seated magmatic processes. These rocks frequently contain elevated levels of uranium and thorium, whose
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radioactive decay produces ??Rn gas. As aresult, areas with volcanic and intrusive rocks are potential 2?Rn
hotspots.

Sedimentary formations in Kvemo Kartli include limestones, sandstones, shales, and marls. These
rocks typically exhibit lower uranium content than igneous rocks, which reduces their 22Rn -emission
potential. The region aso features conglomerates, indicative of high-energy river activity during their
deposition. Additionally, river valleys and plains in Kvemo Kartli are dominated by quaternary alluvia and
fluvia deposits, consisting of clays, silts, sands, and gravels, reflecting dynamic sedimentary processes.

Soils derived from 22Rn -rich parent rocks, such as volcanic or granitic materials, may contribute to higher
22Rn emissions. Loose and porous soils, such as those from alluvia and fluvial deposits, can facilitate the
upward migration of ?22Rn to the surface.

Kvemo Kartli's tectonic setting includes active faults and fractures, which serve as conduitsfor 222Rn
gas. Areas near fault lines often exhibit elevated 222Rn concentrations due to the migration of gas from deeper
geological layers. Groundwater flow in aquifers can either trap 2?Rn or transport it to the surface. Volcanic
rock aquifers may have higher 2?Rn levels due to dissolved %22Rn in groundwater [3-4].

Homes and buildings located in 222Rn -prone areas, particularly those with poor ventilation and direct contact
with the ground, are at risk of experiencing elevated indoor #2Rn concentrations.

M easur ement methodology
Measurements in Water

Thefield study was carried out by the mobile groups of researchers using an AlphaGUARD PQ 2000
PRO (hereafter “AlphaGUARD monitor”) portable 2Rn monitor based on the measurement principle of the
pulse ionization chamber [2]. The instrument measures 2?Rn concentrationsin air, soil gas aswell asin water.
For water samples, the AquaKIT was used [3], consisting of the following components: AlphaGUARD
monitor, degassing vessel, security vessel and AlphaPUMP [4] (Fig. 1). The components were connected in a
closed circuit, and ??Rn concentration was measured according to the manual’s protocol [5-7]. First, the water
sample was collected from the source in a plastic bottle, which was filled entirely and closed tightly in order
to avoid %2?Rn escape from the sample. Second, the water sample was injected into the degassing vessel. The
AlphaPUMP was turned on for 10 minutes with aflow rate of 0.3 L/min for degassing 22Rn from water to air.
After turning it off, the AlphaGUARD monitor remained on for 20 minutesto carry out the measurements. As
afinal value for determining #?Rn concentration in the sample, the indicated mean value in Bg/m3 on the
monitor screen was taken.

Fig. 1. AquaKIT measurement set-up [6].

The %22Rn activity concentration in the water sample was calculated by equation (1), which considers
the 22Rn quantity diluted by the air within the measurement set-up as well as remains diluted in the watery
phase [8]:
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where:
c_Water = ?22Rn concentration in water sample [Bg/L],
c_Air = 22Rn concentration [Bg/m3] in the air of the circuit,
c_0 =?22Rn concentration before sampling (zero level) [Bg/m3],
V_System = interior volume of the circuit [in our case 1.102 L],
V_Sample =volume of the water sample[in our case 0.1 L],

k = 222Rn distribution coefficient [0.26, since the measurements were performed in the temperature range 10-
30 °C].

As arule, the measurements followed the sampling with minimum delay. In case of delayed
measurement, equation (2) was applied:

In2
Co=Cxe— At (2)
1/2

where, C_0 isthe value at the moment of sampling, C isthe measured value, t_(1/2) isahalf-life of Czech
Geologica Survey. Praha, Rn, At is the time delay between sampling and measurement.

Measurementsin Soil gas

The ?22Rn concentration measurements in soil gas were performed in the vicinity of every sampled
water source and in the additional points without water sources to obtain dense coverage of the area. For the
measurement, the soil gas exterior probe (STITZ-by Geophysik GCD Leipzig) was used. The closed circuit
was set as follows: soil gas probe, AlphaPUMP, AlphaGUARD monitor and 222Rn progeny filter (Fig. 2d),
following the user manual [8]. The soil gas probe, locked at therivet at the tip, was hammered into the ground
approximately to the depth of 0.7-1.0 m. The AlphaGUARD monitor and AlphaPUMP were set to flow mode
with a 1 min cycle and flow rate of 1 L/min, respectively. The quantity of gas and the filling time of the
ioni zation chamber were assessed with the 1-litre ball oon attached to the air outlet nozzle of the AlphaGUARD
monitor (Fig. 2b). Only the soil gas samples, with an extraction duration of less than 3 min, were measured.
After completing the waiting time of 10 minutes for the decaying of the thoron, the measurement process
continued for 20 min. As a final result, the mean value of the ?*2Rn concentration indicated on the monitor
screen in Bg/m3 was considered.
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Fig. 2. @) Schematic view of soil gas measurement setup [8]; b) Measurement by AlphaGUARD,
AlphaPUMP and 1-L balloon attached to the air outlet nozzle of the AlphaGUARD
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The ?22Rn survey was conducted during favorable environmental conditions, and the days with snow
cover and precipitation were avoided.
All observation sites were marked by GPS position. Results of analyses on 22Rn concentration were

marked on topographic and geological maps. In order to figure out the connection of 2Rn anomalies to
geological and hydro-geological structures, the field data were digitized and transferred into the GIS system.

Data calculation and results

All 143 observation sites were marked by GPS position. Results of analyses on 222Rn concentration
were marked on topographic and geological maps. In order to figure out the connection of 222Rn anomalies
to geologica and hydro-geological structures, the field datawere digitized and transferred into the GIS system
for further analysis (Fig. 3).
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Fig. 3. Location of sampled water and soil gas points on (a) a topographic map and (b) a geologica map [9]
of the ShidaKartli area.

Measured #?Rn concentrations in water and soil gas are provided in Table 1.

Table 1. ?2Rn concentration values of samples water and soil gas points, Kvemo Kartli.

Water : : Rn(w)
N point Water, Soil gas Name of location Rn(G) kBg/m3
Type Bg/L

Bdl Rn_WI/S Ratevani 8.95 6.53
Bd2 mineral Rn WIS Rachisubani 0.81 9.49
Bd3 well Rn_W/S Samtredo 0.37 20.6
Bd4 spring Rn_W/S Savaneti 15.57 121
Bd5 spring Rn WIS Talavari 6.95 8.72
Bd6 Rn WIS Akaurta 7.01 13.2
Bd8 spring Rn_W/S MuSevani 33.76 239
Bd9 spring Rn_W/S Kvemo KveSi 15.10 9

Bd10 spring Rn WIS Tandzia 20.51 11.8
Bdil spring Rn_W/S Bertakari 5.30 16.2
Bd12 spring Rn WIS Tsipori 12.01 31

Bd13 spring Rn_W/S Darbazi 20.20 5.83
Bd14 spring Rn WIS Darbazi 2 0.47 22.1
Bd15 spring Rn_W/S Balicha 15.26 147
Bd18 Rn_S Kazreti 14.3
Bd19 spring Rn WIS Didi Dmanisi 42.60 0.276
Bd20 spring Rn_W/S Boglebi 34.54 27.1
Bd21 well Rn_W/S Gantiadi 2.24 6.02
Bd22 Rn_S lakublo 7.71
Bd24 spring Rn WIS Karabulakhi 9.29 7.52
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Bd28 spring Rn WIS Dagarakhlo 9.98 12.8
Bd29 spring Rn_W/S Dagarakhlo 2 1.09 2.05
Bd30 spring Rn_WI/S Sga 18.70 121
Bd32 spring Rn WIS Kvemo Karabul akhi 8.71 19.7
Bd35 spring Rn_WI/S Kizilgilisa 28.90 19.3
Bd36 Rn WIS Ormasheni 17.76 15.2
Tcl spring Rn_WI/S Koda 8.48 3.53
Tc2 spring Rn WIS Goubani 13.19 27.1
Tc3 spring Rn WIS Borbalo 9.48 7.46
Tc4 spring Rn_W/S Vashlovani 14.74 5.76
Tc5 well Rn WIS AsureTi 8.38 22.3
Tc6 Rn_S EnageTi 22
Tc7 spring Rn WIS Ardisubani 1.56 2.28
Tc8 spring Rn_WI/S Sagrasheni 14.63 8.86
Tcl0 Rn_S TeTritskaro 10.8
TC11 Spring RnW/S Arjevani 0.15 3.86
TC12 spring RnWI/S Cholmani 21.52 4.43
TC13 RnW/S Livadi 5.27 6.3
TC15 spring Rn W/S Tijis 4.48 18
TC16 spring RnW/S Sabechis 6.60 187
TC17 RnS Tsaka 1.95
TC18 spring RnW/S Akhalsofeli 3.19 32
TC19 RnS Sapudzvrebi 29.5
TC20 spring RnW/S Algeti 13.19 11.2
TC21 spring RnW/S Chinchriani 1.78 10.8
TC23 spring RnW/S Shekhvetila 0.56 184
TC24 spring RnWI/S Manglis 51.35 15.6
TC26 spring RnW/S Didi Toneti 0.80 141
TC27 | spring Rn W/S Mokhisi 10.71 1.23
Tc28 spring RnW/S Tskluleti 0.95 541
TC30 | spring RnW/S Vanati 4.64 4.59
TC31 spring RnW/S Shamta 8.30 111
Tc32 spring Rn W/S Orbeti 294 6.45
MAO1 spring RnWI/S Sadakhlo 0.68 23
MAO2 spring Rn W/S Chamchakhi 0.21 172
MAO3 | spring RnW/S At Armenian border 0.12 34
MAO4 | spring Rn W/S Khojorni 33.13 20.5
MAOQ5 spring RnW/S Tsopi 24.07 134
MAO6 spring RnW/S Tseraqi 3.36 10.7
MAOQ7 spring Rn W/S Jankhoshi 8.39 30.1
GAO1 well RnW/S Vakhtangis 1.16 11.6
GAO02 soil RnS Jandara 401
GA05 soil RnS Gardabani 1.76
GAO06 soil RnS Gardabani 2 21.6
GAO07 spring RnWI/S Akhali Rustavi 12.87 5.29
GAO08 spring RnW/S Kumisi 4.68 36.9
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GA10 spring RnW/S Zemo Teleti 1.10 17.9

22Rn in Water

In the Kvemo Kartli Region, ??Rn in water sources was monitored at 75 points (66 spring and 9
borehole) in the period of May-October 2022 using the AlphaGUARD monitor and the AquaKIT, consisting
of the following components: AlphaGUARD monitor, degassing vessel, security vessel and AlphaPUMP [7]
(Fig. 1). The components were connected in a closed circuit, and ?2Rn concentration was measured according
to the manual’s protocol [6].

The ?22Rn activity concentration in the water sample was cal culated by equation (1), which considers
the 22Rn quantity diluted by the air within the measurement set-up as well as remains diluted in the watery
phase [6]. As a rule, the measurements followed the sampling with minimum delay. In case of delayed
measurement, equation (2) was applied.

Although the dataset for our 22Rn concentration data in water is limited, the basic statistical analysis
for the sampled pointsis presented in thetable 2. As noticed, arithmetic mean (AM) and geometric mean (GM)
22Rn concentrations are lower in boreholes than in natural springs. 22Rn concentration for all water points
ranges from 0.12 to 73.50 kBq m-3 with AM of 12.43 kBg m3, The values are in the ranges obtained in our
previous study [10]. One of the main factors contributing to the variation in ?22Rn concentrations is the
influence of anomaloudy high values, which are caused by specific lithological features and the presence of
local radioactive elements along the flow path from recharge to discharge areas. In our case, the ?2?Rn levels
areindicative of the geological characteristics of the water sampling sites. Although ?22Rn concentration values
in water are generaly not idea for detailed statistical analysis, they till offer valuable insights into the
underlying geological and hydrogeological processes.

Table 2. Basic statistics of 2°Rn concentration in water, Kvemo Kartli

222Rn concentration / Bg/L
Type No. Min Max Median AM ASD GM GSD
points
All 75 0.12 73.50 8.71 12.43 13.40 6.04 4.36
Spring 66 0.12 73.50 9.38 12.86 13.44 6.60 4.18
Borehole 9 0.37 32.72 2.24 9.24 13.40 3.15 4.58

Type: Type of water point; No: number of measuring points, AM: arithmetic mean; ASD: arithmetic standard
deviation; GM: geometric mean; GSD: geometric standard deviation; Min: minimum; Max: maximum.

For better visualization of ??Rn concentrations, the values were represented using box plot graphs
(Fig. 4). These graphsrevea that natura springs exhibit higher 222Rn concentrations compared to boreholes.
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Fig. 4. The distribution of %2Rn concentrations in sampled springs and boreholesisillustrated in two ways:
a) Including "outliers' to show the full range of variability. b) Excluding "outliers" to highlight the central
trend and reduce the influence of extreme values.

22Rn in soil gas

Inthe Kvemo Kartli Region, 22Rn in soil gaswas monitored at 68 pointsin the period of May-October
2022 in the vicinity of every sampled water source and in the additional points without water sourcesto obtain
dense coverage of the area, using the AlphaGUARD monitor [2]. The closed gas cycle was set as follows:
probe-AlphaPUM P-AlphaGUARD, including 222Rn progeny filter and water break in accordance with the
user manual [5; 7-8]. The soil gas probe, locked at the rivet at the tip, was hammered into the ground to
approximately a depth of 0.7-1.0 m. The AlphaGUARD and AlphaPUMP were set to flow mode at 1 min
(cycle=1minF) and 1 L min, respectively. The volume of gas and thefilling time of the ionization chamber
were assessed with the 1-L balloon attached to the air outlet nozzle of the AlphaGUARD. Only the soil gas
samples with an extraction duration of less than 3 min were measured. After awaiting time of 10 minutes, for
short-lived radionuclides (thoron) to decay, the activity was measured for 20 min, and the mean value read
was taken as the representative >?Rn concentration. The measuring setup is shown in Fig. 2.

In general, the data on 2Rn concentration in soil gasis not rich because the measurements are more
demanding and complex than those in water and especialy in indoor air [12].

Although the database of our 22Rn concentration in soil gas is modest, the summary statistic of ??Rn
concentration in soil gasis given in Table 3. As noticed, arithmetic mean (AM) and geometric mean (GM)
222Rn concentrations are lower than it is expected in volcanic rocks. 22Rn concentration ranges from 0.28 to
36.90 kBg/m?® with AM of 13.49 kBqg /m?, The values are in the ranges obtained in the previous study [7; 9-
10]. One of the main factors which may cause the differenceis soil permeability. Although volcanic rocks may
have high porosity due to the presence of vesicles, their permeability is often constrained by a lack of
connectivity among them [15-16].

Table 3. Basic statistics of 2Rn concentration in soil gasin volcanic rocks, Kvemo Kartli

222Rn concentration, kBg-m3

No Min Max Median AM ASD GM GSD
68 0.28 36.90 11.15 13.49 11.02 8.65 291
No: number of measuring points;, AM: arithmetic mean; ASD: arithmetic standard deviation; GM: geometric
mean; GSD: geometric standard deviation; Min: minimum; Max: maximum
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Frequency distribution of 222Rn concentration in soil gas, Kvemo Kartli
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Fig. 5. Frequency distribution of 2Rn concentration in soil gas, Kvemo Kartli.

Data, presented on the histogram plot (Fig. 5), show that the most of the measured concentrations, 19
values are 1-6 and 14-14 values are in the range of 6-11 and 16-21 kbg-m=,

Fig. 6 shows acumulative frequency of 222Rn concentrations.
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Fig. 6. Cumulative frequency of 22Rn concentration

As seen from the figure, the values roughly fit a lognormal distribution. The values could be
distinguished into 4 groups. The first group, in the region of >12 kBg m, The 2nd group, in the region of 13-
19 kBg-m3, the third, in the region of 20-27 kBg-m3and the 4™ group 28-37 kBg-m. Due to the wide range
of permeability in volcanic and sedimentary rocks, such a result is expected [15-17], reflecting the areas
geological structure.

Conclusion

From 143 2?Rn measurements carried out and water points within the project Rn mapping and ?Rn
risk assessment in Georgia, in Kvemo Kartli region, 68 were in soil gas and 75 in water point. The arithmetic
means of 13.49 + 11.02 kBg-m~3 was obtained for 22Rn concentration in soil gas and 12.43 + 13.40 Bg/L, in
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water (for springs 12.86 + 13.44 Bg/L and for boreholes 9.24 + 13.40 Bg/L). The valuesin soil gas roughly fit
alognormal distribution. The values could be distinguished into 4 groups. Thefirst group, inthe region of >12
kBqg m, The 2nd group, in the region of 13-19 kBq m™, the third, in the region of 20-27 kBq m*and the 4™
group 28-37 kBg-m3. The dataset for 22Rn concentrations in water and soil gasislimited and provides only a
general overview of Rn levels in the region. Therefore, further exploration of this area is recommended.
Analyzing the existing ??Rn data in water and soil gas, along with indoor air measurements and an evaluation
of site characteristics and geochemical data, will enable a more comprehensive assessment of 222Rn risk to
the population.
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ABSTRACT

Glaciers have always been a potential hazard in the Caucasus region, where mountain canyons are quite densely
populated. The processes associated with global climate change occurring everywhere have greatly exacerbated the
problem of preventing the population from glacial disasters. For example, thereis a sad experience associated with the
collapse of the Kolka glacier, which caused a giant ice mudflow in 2002. A similar disaster should include the glacial
mudflow from the Buba glacier on 9/3/2023, which resulted in a tragedy with numerous victims at the Shovi resort.
Determining the possible place and time of development of such catastrophic events (earthquakes, volcanic eruptions,
large-scale floods) has a very low degree of reliability and is problematic, despite the modern level of scientific
methods of ground and space monitoring. In particular, there is an obvious need for long-term monitoring and
comprehensive diagnostics of the current state of the Caucasus glaciers, taking into account each new experience. It
should be noted that there is a paucity of information that allows us to judge the processes that have occurred on the
Buba glacier over the past decades. Therefore, hardly anyone could imagine a large-scale virtual picture of the spread
of a glacial mudflow along the gorges of the Bubistskali and Dzhandzhakhi rivers, adegquate to what it turned out to be
in reality. At the same time, in the case of a sufficiently complete database of observation results and its correct
analysis, based on the principle of hydrodynamic similarity, there is a possibility of theoretical modeling of probable
parameters of a flood or glacial mudflow in any mountain gorge. For example, in the case of the Caucasus region, one
can use some of the results obtained by numerical modeling of the Dzhankuat and Kolka glaciers. In particular, these
models are quite useful not only for determining probable causes, but also for retrospective analysis of the
consequences of destruction on the Buba glacier. First of all. This concerns the process of propagation of
hydrodynamic waves in a heterogeneous mudflow. For this purpose, records of seismic equipment are also important,
which contain information on the frequency spectrum of acoustic waves generated by the process of destruction on the
Buba glacier. Hydrodynamic waves of various types could have existed in the gorges of the Bubistskali and Chanchakhi
rivers. In the characteristic range of the Froude similarity number, the most probable is the generation of running
rolling waves, the height of which could reach several meters. The appearance of solitary waves (solitons), as well as
the so-called gravity waves, was unlikely, but one cannot exclude the possibility of their generation in those places for
which local conditions were suitable. In the lower, widest section of the Shovi gorge, in the zone of the so-called
cottages, the movement of the mudflow was similar to the movement of the ice mudflow in the Genaldon River gorge
after the collapse of the Kolka glacier in 2002. Despite the huge difference in the initial volumes of mudflows that came
down from the Buba and Kolka glaciers, the deposit of viscoplastic mass in the last sections of its distribution turned
out to be comparable taking into account the spatial scale and the amplitude of the waves in both cases decreased to
heights of 1-3 meters.

Key words. natural disasters, glacier, debris-flow, acoustic waves, viscoplastic.

Introduction

There is sufficiently comprehensive information on the dynamics of glaciers in the Central
Caucasus, suitable for modeling glacial processes that lead to the formation of debris flows, which spread
through the riverbeds of mountain rivers, canyons, and mountain valleys. These models are based on two
sources. the analysis of results from field morphological studies of glaciers and the observed changes in the
landscape that occurred after debris flow events on specific glaciers. In the latter case, particular attention is
given to the movement of the rock-ice debris flow, for which hydrodynamic equations are used. Regardless
of its location, such a scheme forms the basis for an analytical or numerical model of glacier dynamics.
Therefore, to some extent, it is universal, though it may have specific dements in particular cases.
Specifically, these are the simulation models for the Djankuat and Kolka glaciers [1,2]. These and similar
models can serve as tools for the retrospective analysis of the causes and outcomes of large-scale destructive
events associated with glaciers in various regions of the Earth. However, their ability to predict the time and
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location of a potential disaster is not only limited but also unlikely. Nevertheless, the results of modeling the
Djankuat glacier, as well as the disaster on the Kolka glacier, may be useful for analyzing the consequences
of the destructive event on the Buba glacier, which caused a catastrophe in the Shovi Gorge. The first model
generalizes data from long-term expeditions to the Djankuat glacier. The analytical basis for both modelsis
the hydrodynamic equations. A quantitative assessment of the geophysical parameters of the Djankuat
glacier was obtained, which, in terms of linear characteristics, is amost identical to the Buba glacier, |ocated
100 km to the southwest. In the second model, a retrospective picture of the spread of a giant ice debris flow
was reconstructed, virtually simulating the catastrophic process on the Kolka glacier in 2002. In particular,
this model simulates the conditions for the generation of giant waves that actually spread through the
Karmadon and Genaldon gorges. The obtained model parameters for the movement of the debris flow were
in agreement with its destructive impact, as determined from satellite and ground-based observations.

The Event on the Buba Glacier

There are two fairly detailed reports on the disaster at the Buba glacier (Figure 1), caused by the
collapse of a glacial debris flow at about 15:03 h on August 3, 2023. The first report was prepared by the
National Environment Agency of Georgia[16], and the second was prepared by Swiss specialists[15]. These
reports were published a few months after the disaster and have a clear structural similarity, as well as
identical main conclusions: the disaster occurred due to the overlap of several natural factors, making it
impossible to accurately predict the timing of the event. Given the practical full aignment of the
methodology and input data used in both reports for the computer simulation of the disaster, the final part of
thiswork will provide an analysis of the main conclusions from the report prepared by the Swiss specialists.

Fig.1. Buba Glacier (photo by D. Svanadze).

A particularly important element related to the discussed disaster is the recording of seismic
oscillations generated by the collapse on the Buba Glacier. Along with the emission of acoustic waves, a
powerful glacial debris flow spread through the gorges of the Bubistkali and Dzhandzhakhi rivers. We have
records from the seismograph of the Seismic Monitoring Service of Georgia, located in the village of Gari
(42°35'12.75"N, 43%27'58.81"E) adjacent to the district center of Oni, as well as data from four stations
located on the northern side of the Caucasus Range, kindly provided by the Seismic Monitoring Service of
the North Caucasus (Figure 2c), where the waves, accompanying the destructive process on the Buba Glacier
was particularly well recorded. Together, these records provide a clear understanding of the nature of the
process that began at about 15:03 h on August 3, 2023 (Figure 2b,c). It is clear that the mechanism for
generating and spreading seismic and acoustic waves in the Earth’s medium is identical. The boundary
between the frequencies of seismic and acoustic waves is somewhat conditional. Specifically, the generation
of acoustic waves is aways accompanied by the process of destruction of ice clusters of any size and shape.
It is accepted that this boundary is near the lower frequencies audible to the human ear. It is believed that
above this threshold, seismic wave packets represent the so-called high-frequency trace, the intensity of
which decreases with distance according to a nonlinear law. Thus, higher-frequency acoustic waves are
formally a continuation of seismic waves. They can be recorded by seismic equipment at distances of up to
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several dozen kilometers from the epicenter of the earthquake [3]. Spectra anaysis of the acoustic radiation
from glacial processes is an effective tool for studying structural formations on glaciers. On glaciers in
various regions, the method of acoustic emission in the frequency range of 15-20 kHz [4] has been used to
diagnose ice movement and ice formation, as well asrockfalls. As aresult of these studies, links between the
acoustic radiation spectrum and the parameters of dynamic changes in glaciers were identified. Generalizing
the results of acoudtic studies obtained from several glaciers provided a quantitative estimate of the impact of
potential mechanical obstacles on the parameters of ice displacement in the glacier bed, when acoustic
effects characteristic of ice destruction were recorded [4,5]. These results demonstrate the effectiveness of
diagnostics using acoustic waves not only in cases of smooth ongoing glacial processes but also in cases of
spontaneously occurring phenomena, which most often lead to glacier destruction. For example, the
recordings in Figure 2b,c, clearly indicate that on the Buba Glacier, with an interval of approximately 3-4
seconds, two destructive events occurred. According to popular opinion, and following the af orementioned
reports, these events are more likely related to the fall of arock mass rather than the breaking of ice from the
glacier's tongue. According to eyewitnesses of the event in the Shovi Gorge, the sound wave was the first
alarming signal. Additionally, according to eyewitnesses, the powerful effect that typically accompanies the
propagation of a shock wave was not fdt. Thus, it can be assumed that rockfall or icefall was one of trigger
for the destruction process on the Buba Glacier [15,16]. A similar mechanism for a glacial mudflow has been
discussed in connection with the Kolka glacier disaster [17]. The paper deals with an 11 m side ice cube, the
so-called energetic reference. Was calculated the volume of a rock avalanche (approximately 40,000 m3),
falling from a height of about 1 km, which is necessary to melt a 0°C reference ice cube, which would give
us about 1300 cubic meters of water [17]. In the case of Shovi, the height is likely much less, so it is almost
certain that there was a theoretical possibility production about of a 10,000 m® water, if (0.5 - 1)10° m® of
rock fall occurred simultaneously, which is not yet clear and maybe could be confirmed by an expedition to
the disaster site. In that case, it can be hypothesized that the catastrophic event started, for example, due to
the rupture of the integrity of the subglacial water reservoir(s) in acertain loca area of the glacier. It islikely
that the size of this area could have increased sharply within avery short time. This circumstance may be one
of the arguments in favour of the hypothesis that, for some reason, whether due to the fall of rock debris or
the break-off of ice from the glacier’s tongue, the subglacial water reservoir(s) were emptied. Therefore, it
may be justified to assume that information about the linear characteristics that define the volume of the
reservoir is present in the acoustic wave frequency spectrum. In thisregard, it is worth noting that the lowest
frequenciesin the infrasound range in the recordings, such as those from the ZEI seismic station, may reflect
the natural mechanical vibrations of the Buba Glacier as a unified elastic body. It is known that the spectrum
of naturd vibrations is related to the linear characteristics of the body, i.e., its size. Typicaly, natura
vibrations occur due to some externa trigger. In the case of glaciers, vibrations can be caused by any
mechanical reason, such as a seismic shock, a snow avalanche, the collapse of rocks, or the breaking of ice.
It is known that in the spectrum of natural mechanical vibrations of an dastic body, the lowest frequency is
dominant, and higher frequencies are overtones (harmonics). Usualy, the spectrum of acoustic radiation
from a vibrating body is discrete, but in the case of complete degeneration, it can become practicaly
continuous. The filling of the spectrum with overtones occurs due to the complex structure and the presence
of cavities or heterogeneous-density formations within the body. Such structural features are present in every
glacier. Accordingly, each glacier should have a characteristic spectrum of its own acoustic radiation. In
calm conditions, this spectrum should primarily reflect the mechanical vibrations of the glacier's interna
structures. However, in the presence of a strong external trigger, the entire glacier may also vibrate.
Therefore, it is clear that, in most cases, the spectrum of natural frequencies will be relatively high-
frequency, as the linear dimensions of even the largest internal heterogeneities of glaciers are typicaly
several times smaller than the size of the glacier. As confirmation of this reasoning, the study [6] provides a
broad set of data that determined the characteristic acoustic radiation interval of the natural mechanical
vibrations of glacial structures: f = 100-300 Hz. It is clear that the process of spontaneous outflow of water
from internal glacier reservoirs must also be accompanied by the emission of acoustic waves in this range.
The main frequency of such wave packets should aso be linked to the characteristic linear size (volume) of
the reservoir.

The lowest frequency in the spectrum of the glacier's natural vibrations should indicate either its slow
movement or the oscillation of the glacier as a single body. This bears some resemblance to the emission of
seismic waves from the elastic zone of an earthquake’s epicenter. Similar to seismic waves, the emission of
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acoustic waves from the hypocenter of an earthquake is a quite common phenomenon. Acoustic waves, in
this case, propagate not only through the Earth’s medium but also through the atmosphere. Therefore, the
emission of acoustic radiation in the frequency range of 20-20,000 Hz is used as an indicator of the intensity
of glacial processes during monitoring [4].

b)

c)
Fig.2. a) Seismic station layout, b) Gari station (Georgia), c) Records of stations in North Ossetia
(Russia) (courtesy of the North Caucasus Seismic Monitoring Survey).
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It is evident that this type of noise effect, which emerged after the destruction on the Buba Glacier,
reached the resort areain the Shovi Gorge. As mentioned earlier, there may have been water reservoirs under
this glacier. Therefore, the delay between two bursts recorded on the seismograms may indicate that there
was a rupture or collapse of two reservoirs, separated by ice partitions. Certainly, this assumption is not
definitive. Indeed, if there was only one water reservoir, its ice wall could have collapsed first to a certain
level. Then, after some delay, the remaining part could have collapsed. In any case, the existence of multiple
subglacial water reservoirsis quite plausible. It islikely that clarity on this issue could be provided either by
direct examination of the glacier or through satellite observation, i.e., if traces of geomorphologica changes
in solid structures are found in the area of the glacier tongue.

Thus, the spectrum of the glacier’s natural mechanical vibrations can be quite rich. Typically, the
texture of aglacier consists of humerous surface and subsurface formations, each with characteristic natural
sizes. To generate vibrations corresponding to these formations, a mechanical trigger is needed. Such
triggers include seismic shocks, rockfalls, and ice blocks breaking off from the glacier. Additionally,
mechanica vibrations—and therefore the emission of acoustic waves—can be triggered by the slow
movement of the entire glacier and small local shocks that sporadically occur in the ice field, similar to ice
floe collisions during ice drift in rivers. These effects can lead to the devel opment of parametric resonance at
acertain natural frequency of the glacier, which would amplify the acoustic emission. As aresult, the surface
density of theice and its plasticity may change in certain areas. Laboratory modeling has also shown that the
periodicity of wave movements related to the glacier’s natural vibrations and its structural components can
manifest as periodic secondary textures in the form of bulges and nodes characteristic of standing waves. In
the case of their formation, structures with changing ice density could negatively affect the stability of the
glacier’s surface layer, especially at its boundary, i.e., where the glacier contacts solid rock [7].

Formula (1) representsthe simplest relationship between the parameter s of the wave.

In the frequency spectrum range, the natural oscillation frequencies of the glacier may include
frequencies corresponding to oscillations of subglacial water reservoirs. Their linear parameters, as well as
the characterigtic sizes of the glacier, are present in the simple expression for the phase velocity of acoustic
waves:

fo=v/d, (1)

where fo . is the fundamental frequency, v - is the speed of sound in the Earth's medium, and d - is the
characterigtic linear size of the glacier or its structure. Specificaly, in the approximation of harmonic
oscillations, al subsequent frequencies in the discrete spectrum of the glacier's natura oscillations can be
considered harmonics of its fundamental frequency. However, the approximation of harmonic oscillations is
an ideal abstraction for a heterogeneous, dispersive solid medium like a glacier. In readlity, the complex form
of any oscillating body leads to the emergence of overtones caused by frequency splitting in the harmonic
series. In the case of a glacier, due to the superposition of multiple frequencies in the vibration spectrum, a
noise background should form, accompanying any glacia process. However, through spectral anaysis of
peak frequencies, it is possible to judge the degree of disruption in the harmonic oscillation series. It is clear
that in a heterogeneous solid medium, particles of rock and ice fragments of different sizes may be present.
Therefore, chaotic scattering and degeneration of acoustic waves will occur, contributing to the saturation of
the noise background accompanying glacier oscillations. A body of arbitrary geometric shape can have
several linear scales. Nevertheless, it can be approximated by some symmetric body. For example, a glacier
can be most simply represented as a rectangular parallelepiped. The natural (free) mechanical oscillations of
a paralelepiped may be axisymmetric, i.e., the frequency spectrum of its oscillations may include two or
three fundamental frequencies, depending on the shape of its cross-section. In redlity, to determine the
frequency spectrum of free oscillations of a body, formula (1) istoo simple. In fact, any elastic homogeneous
body, regardless of its shape, must have a dominant fundamental frequency of its natural mechanical
oscillations. The specific spatial configuration of such a body, assuming small perturbations in its shape,
reflects the nature of the spectrum of its natural oscillations. In this regard, the spectrum of spheroida
oscillations is the simplest, the generation of which occurs with small perturbations of the surface of a
homogeneous elastic sphere, a body that has a single linear scale, its radius. Clearly, in a very rough
approximation, a glacier can only be abstractly approximated as a sphere, for example, based on the
condition of equal volumes. Sometimes, such an approximation can be useful for specific anaysis. For
example, one can use the analytical formula for the discrete spectrum of natural mechanical oscillations fi, of
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an elastic spherical body [8]. It was derived using a physical analogy with the natural hydromechanical
oscillations of aliquid spherical droplet, which occur due to the effect of surface tension of the droplet [9]. It
should be noted that this formula has proven quite effective for modelling the frequency spectrum of natural
mechanical oscillations in the elastic zone of moderate-strength earthquake foci. Along with seismic waves,
acoustic waves are also generated there, whose frequency spectrum is an extension of the spectrum of lower-
frequency acoustic waves:

V 1/2
f = mpq [(n-12)n+2)n}"*, 534 )

where v - is the longitudinal seismic wave speed, and R is the radius of the sphere. The fundamental
oscillation frequency corresponds to n=2.

In the presence of subglacia water reservoirs, as well as cavities and other heterogeneous
formations of various sizes and densities, their natural oscillation frequencies will be present in the general
spectrum of the glacier's acoustic radiation. The low-frequency part of this spectrum should be associated
with the linear characteristics of the glacier as a unified body. Let us demonstrate this with a specific
example and estimate the possible discrepancy in the change of the fundamental frequency of the glacier's
natural oscillations using formulas (1) and (2). Suppose we have a parallelepiped with sides g=2, 103 m,

b=2. 102 m and c¢=102 m. The volume of this parallelepiped is Q= 4. 107 m3. Consequently, the radius of
the equivalent sphere with the same volume is R ~2.1 102m3. A typical value for the longitudinal seismic

wave speed in the Caucasus region is V, =5, 10°m/sec. Therefore, for each side of the parallelepiped, the

frequencies corresponding to formula (1) are: f,, 2.5 Hz, f,o- 25 Hz, f.o= 100 Hz. For the fundamental
frequency of the sphere equivalent to the parallelepiped, from formula (2), we obtain: f,.11 Hz. Thus, using
formula (1), the fundamental frequency of the natural mechanical oscillations of the model glacier variesin
the range /2.5—-100/ Hz, which starts with infrasonic frequencies. This range also includes the fundamental
frequency of the natural oscillations of the virtual equivalent sphere. In the absence of a mechanical trigger,
oscillations of the glacier as a unified body are unlikely. Apparently, for this reason, infrasonic frequencies
are outside the typical range of the glacier’s oscillation frequency spectrum, which was determined through
statistical analysis: f=/100—300/ Hz [6]. For this range, using formula (1) with V, =5 103m/sec, the

average statistical range of linear scale variation is d=/17-50/m. If the reservoirs are approximated as
spheres, i.e., the linear scale is equated with the radius, the limiting volumes of the virtual equivalent
spherical water reservoirs are Q:~500000 m® and Q.~15000 m2. In rough approximation, one can consider
that the first of these values is in satisfactory quantitative agreement with the presumed water volume in the
debris flow that reached the Shovi Gorge. According to unconfirmed estimates, the volume of the debris
mass, in which water accounted for approximately ~20-30 %,: Q~ 1500000 m®. Therefore, if the destruction
on the Buba glacier began after the rupture of a subglacial water reservoir, the dominant frequency in the
spectrum of acoustic waves generated at that time could have been f~100 Hz.

Glaciersof the Central Caucasus arewell studied

The Djankuat glacier has been the object of careful study for several decades. Therefore, it can be
considered a reference for the purpose of identifying general patterns in the dynamic processes occurring on
other glaciers of the Central Caucasus. Analysis of morphological changes occurring on glaciersis obviously
a traditional tool necessary for identifying empirical relationships between glacier parameters and variable
external factors. Undoubtedly, numerical models using observation data can provide a diagnostic picture of
glacial processes. The long-term goa of such models, based on hydrodynamic equations, is such a
gualitative and quantitative interpretation of observation results, which is necessary for real forecasting of
catastrophic events associated with glaciers. Obvioudly, this is preceded by reliable confirmation of cause-
and-effect relationships between various physica factors capable of causing a catastrophic result. An
example is the numerical model of the ice mudflow that came down from the Kolka glacier and caused a
gigantic catastrophe in the Karmadon Gorge and in the Geraldon River Canyon. In particular, this model,
like other similar models, can be useful for analyzing the results of the catastrophic event on the Buba
glacier. For this purpose, information on the dynamics of the Djankuat glacier, which has been the object of
fairly detailed monitoring for a number of years, is also valuable. There is an obvious similarity in the
geophysical characteristics of the Buba and Djankuat glaciers, which are in almost identica climatic
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conditions. However, field observations have not been carried out on the Buba glacier since the Soviet era.
First of al, there are no data on changes in ice thickness that occurred during climate change. At the same
time, thereisfairly complete information on the Djankuat glacier.

It is assumed that the trigger for the rupture of the subglacial water reservoir on the Buba glacier was a
rockfal, Thereis a possibility that the cause of the destruction on the Buba glacier could be a decrease in the
thickness of theice in the manner noted in the upper part of the Djankuat glacier at altitudes of 3000-3100 m,
occurring synchronousy with an increase in the area of ice in the nearest area of the glacier bed. As aresult
of this effect, since this zone is an area of rapid transformation of the pressure field, the local threshold of
glacier stability could decrease. A smilar effect in sea and lake ice, as well as on rivers, leads to the
formation of ice hummocks. Therefore, it cannot be ruled out that a similar phenomenon took place on the
Buba glacier. In this regard, the following questions arise: how rea is the possibility of the formation and
subsequent detachment of a structure similar to an ice hummock from the glacier surface? Was this event
impulsive or was it prepared for a certain time? It is impossible not to assume that something similar has
already happened many times or will happen in the future on other glaciers, including the Buba Glacier. It
seems quite reasonable that the effects of globa climate change on glaciers should be especially active in
their upper part, where the slope of the relief to the horizon is usually steeper than in the lower sections of
the glacier.

Thus, there is a possibility of new destruction on the Buba glacier and a repeated mudflow in the Shovi
gorge. Therefore, the most important task is to control the thickness of the Buba glacier, especidly in its
upper part, which can hardly be done only by satellite observations. For this purpose, the radio sounding
method is especialy convenient, which highlights the internal structures of the glacier. Accurate data on the
thickness of the ice increases the effectiveness of the empirical formulathat determines the magnitude of the
shear stress in the glacier bed using the difference in height between the top and base of the glacier AH [1]

t=0,005+ 1,598AH - 0,435AH?2. (©)]
= : C 4
" Bpgsina )

where h- is the thickness of the ice, 8 - is the coefficient of the cross-sectional shape of the glacier, p - is
the density of theice, g - is the acceleration of gravity, O - is the angle of inclination of the surface to the

horizontal plane, C - isthe coefficient of quantitative correction.
Obviously, the parameters t and a are variable and depend on the specific parameters of the glacier. The

coefficient B depends on the surface friction at the boundary and in the bed of the glacier, i.e. in the area of

contact of the glacier with the enclosing medium. The angle o should be averaged over a segment, the length
of which is approximately an order of magnitude greater than the ice thickness. It is believed that in this
case, model (4) will be in agreement with the approximation of ideal plasticity, the condition of which isthe
minimization of shear stress. From formula (3) it follows that for large glaciers (AH> 1.6 km), the shear
stress is on average T =~ 150 kPa with + 30% error. For medium glaciers, such as Djankuat and Buba, Tt~ 110
kPa. Formulas (3) and (4) are quite useful, although there is a significant error in quantitative estimates. In
any case, they correspond to the general ideas about quasi-stationary processes of glacier parameter changes
over along period of time, comparable to several decades and centuries. A significant error will obvioudy
affect the results of a comparative analysis between new and retrospective data. Probably, this shortcoming
can be corrected within the framework of numerical models, the value of which seems undoubted in the
process of transition from diagnosing the state of glaciers to predicting the time and place of destructive
phenomena.

Glacial flow in the Shovi gorge

Glacia mudflow should be considered either as a heterogeneous liquid or as a water-containing
plastic mass. In both cases, the movement of the medium in a canyon or in an open areais subject to the laws
of hydrodynamics. It is known that, depending on its viscosity, a liquid medium can be classified as a
Newtonian or so-called rheological liquid (for example, Bingham's liquid). Water is a Newtonian fluid, but
the mudflow from the Buba glacier, which is a mixture of water with solid particles and ice fragments, is
considered a suspension that belongs to the class of viscoplastic (pseudo plastic) Bingham fluid with aplastic
viscosity coefficient of: # = /10° - 10! Pas. Such aliquid, unlike water, aways has an initial shear stress
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7o, Which isin the functiona dependence: T = f() on the strain rate: = (Z—i), where ¢ - is the linear strain.

This dependence qualitatively changes from nonlinear to linear with an increase in the parameter 3. During
this process, pseudo plastic viscosity is transformed into dynamic viscosity, i.e. the Bingham fluid acquires
the qualities of an ordinary Newtonian fluid. In this case, the following equation is valid for the shear stress:

T=710+nB ®)

Among the special properties of Bingham fluid that distinguish it from Newtonian fluid, of particular
importance is its ability to maintain its spatia structure after flow deceleration on a solid surface. This state
continues up to a certain point and can be disrupted by the action of some factor, for example, due to an
increase in the angle of inclination of the flow channel to the horizon a. In this case, the force required to
shift the viscoplastic mass must exceed the force of surface friction. Such a medium belongs to the class of
viscoplastic (pseudoplastic) Bingham fluid with a characteristic coefficient of plastic viscosity: #= /10° -
10'% Pas.

According to information received from eyewitnesses of the event, as well as as a result of the
analysis of numerous television programs, the mudflow in the lower part of the Shovi gorge acquired a
viscoplastic character within approximately 20-25 minutes after the collapse on the Buba glacier.
Interestingly, in fact, in the same time interval, a picture of the spread of an ice mudflow after the destruction
of the Kolka glacier developed. This circumstance allows us to imagine the movement of the mudflow in the
Shovi gorge in the image of the movement of the ice-rock mass in its last section in the Genaldon River
gorge. According to the principle of hydrodynamic similarity, these two pictures of the mudflow propagation
could differ only in the quantitative factor. It is known that in the numerical modeling of the movement of a
liquid medium, a standard set of hydrodynamic parameters is used, among which the cornerstone is the
coefficient of dynamic viscosity of the liquid. As indicated above, in the case of a viscoplastic suspension,
the coefficient of dynamic viscosity is transformed into the coefficient of plastic viscosity. In a normal
liquid, its value determines the degree of flow turbulence, i.e. the value of this parameter changes depending
on the flow regime. Consequently, until a mudflow with suspended solid particles retains the qualities of a
normal liquid, the distribution of the solid fraction along the bed of the liquid will largely depend on its
dynamic viscosity. Due to the orographic similarity of the Shovi and Genaldon gorges, despite the huge
difference in the volumes of mudflows, the degree of turbulence in both cases can be considered the same.
Therefore, in these gorges, one can assume a similarity in the distribution of the solid fraction. This process
may also have been influenced by stochastic changes in river beds [10]. Such changes were probably
prepared by the active action of a number of geological, geophysical and climatic factors:

- activity of erosion formations in the river beds, in the gorges of which frequent floods are typical;

- increase in solid sediments incomings of rivers, depending on the geological structure of the gorge,
geophysical properties of rocks and activity of the liquid component of the mudflow;

- change in turbulent characteristics of the mudflow due to surface and deep erosion of the slopes of the
gorge;

- roughness of the river bed and slopes of the gorge, change in its angle of inclination;

- climate change.

Mudflow with variable r heology

The movement of a non-uniform liquid in a gravity field along an inclined channel approximating a
river bed is a physical analogue of the propagation of a mudflow along a mountain gorge. The mathematical
problem of studying various liquid flows is associated with solving the equations of hydrodynamics. One of
the areas is turbulent flows and waves that occur in both ordinary and rheological liquids. The flow of liquid
in channels at sufficiently large angles of inclination can become unstable, as a result of which waves of
various types can arise in the liquid. An important parameter of the waves is their height, which can be
analytically determined, for example, after solving the well-known Burgers equation. However, for a general
idea of the process of propagation of waves that arose in the mudflow in the Shovi gorge, one can use only a
simplified analysis, without using solutions to specific equations. In particular, after the standard
transformation to the dimensionless form of the equation of fluid motion in the channel, two criteria of
hydrodynamic similarity appear: the Reynolds number and the Froude number, which are associated with the
parameters of the fluid flow and the linear characteristics of the channe [12]. The Reynolds number
determines the flow regime, which in case of very strong flow will necessarily be turbulent. In this case, in a
normal fluid, depending on the value of the Froude number, various waves can be generated. In a viscous-
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plastic medium with Bingham rheology, wave motions can be less diverse than in a norma fluid. For
example, in amixing heterogeneous fluid, waves arise due to the development of instability due to a velocity
shift in layers with different densities. Also, due to the restructuring of the flow structure, heterogeneous
layers with large gradients of velocity and density arise in the rheologica fluid. The appearance of such a
texture in a liquid flow makes it possible to simplify the problem of mathematical modeling of waves by
introducing a small parameter. It is the ratio of the channel depth to the wavelength and is the criterion for
the approximation of the so-called shalow water. Although this model significantly simplifies the
hydrodynamic equations, complications associated with the nonlinearity of the waves may arise for a
rheological fluid. Therefore, such wavesin aviscous-plastic fluid are not discussed below.

By means of retrospective analysis it is possible not only qualitatively, but also, to a certain extent,
guantitatively to present a hydrodynamic picture of the propagation of a glacial mudflow along the gorges of
the Bubiskali and Dzhandzhakhi rivers, which together form the Shovi gorge. For example, based on the
tracks in the river beds it is possible to analyze the rheological properties of the water-saturated soil mass,
which forms the basis of the mudflow, which allows estimating the probability of generating various types of
hydrodynamic waves. This goa can also be achieved by estimating the ranges of dimensionless
hydrodynamic numbers in different sections of river beds during the movement of the mudflow mass, which
allows applying the principle of hydrodynamic similarity. In particular, in the case of approximating the
mudflow bed with a rectangular channel, it is possible to use the results of those analytical solutions based
on simplifying assumptions of the shallow water equations. They are valid within certain intervals of change
in the Reynolds and Froude similarity numbers. For example, for large Reynolds numbers, when the fluid is
highly turbulent, the Froude parameter quite simply characterizes the process of changing the flow regime
due to the generation of hydrodynamic waves, the specifics of which are associated with negative effects that
often arise as a result of the propagation of wave disturbances. For example, during the propagation of the
mudflow in the Shovi gorge, so-called rolling hydrodynamic waves could be generated, which could well
have been one of the reasons that determined the catastrophic scale of the glacial mudflow.

In the one-dimensional approximation, at sufficiently large Reynolds numbers, the unsteady shallow water
equations, with turbulent fluid friction at the bottom of an inclined channel, have the form [12,13]

52 M 5ehu)=0, ©)
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where h, u - are the average depth and vel ocity of the fluid; g - is the acceleration of gravity; ¢ - isthe angle
of inclination of the channel; C,, - is the friction coefficient, which is assumed to be constant for simplicity.
The first equation (1) denotes the continuity of the medium, (2) determines the movement of the fluid in an
inclined channel.

After the standard transition to dimensionless variables and parameters, the form of the continuity equation
(6) does not change, but equation (7) takes the form

d d h?
- (hw) + a—x(hu2+7) = ah —u?, (8)

where o= tg¢plC,, - is the only dimensionless parameter that determines the flow. If there is a uniform fluid
flow in a channel with a normal depth ho, then the Froude number of such aflow will be determined by the

parameter o, related to the Froude number: Fr=+/a. In the shallow water approximation, the Froude number
alows us to classify hydrodynamic waves that can be generated at sufficiently large Reynolds numbers,
when the flow is highly turbulent. In particular, in the case of approximating the channel of a mudflow with
arectangular channel, we can use the results of known analytical and numerical solutions obtained for some
types of hydrodynamic waves.

Let us estimate the characteristic intervals of change of the hydrodynamic similarity numbers. Reynolds
number Re=u]°1—d, where Up is the characteristic velocity value, d is the channel width, n is the kinematic
Ug
has been proven that the flow in the channel becomes unstable when Fr>2 (a>4). For example, the
characterigtic velocity of the mudflow and the parameters of the Shovi gorge: uo= /10-20/nvsec, d=/40-60/m,
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ho =/8-10/m, a=5°. For water containing solid particles, n~/1-10/10°m%sec. Therefore, we will have the
following characteristic intervals of change of the indicated dimensionless parameters of hydrodynamic
similarity: Re=/4-12/ 10" and Fr=/1-2.2/. The large vaue of the Reynolds number means that the degree of
flow turbulence in the main part of the Shovi gorge was critically high. Such an effect could probably be
noticeable in the last, widest section of the gorge, where the viscoplastic nature of the mudflow could be
fully revealed. In this place, the movement of the mudflow mass had a complete similarity with the
movement of a viscoplastic medium with a small (=20%) water content. In this regard, the question of the
nature of wave motions, the spectrum of which can be presented based on the results of some solutions of
shallow water equations, as well as on the data of |aboratory experiments, seems interesting [12].
Thus, in the shallow water approximation, the value of the Froude parameter allows us to classify the waves
whose generation is most probable in the case of sufficiently large Reynolds numbers. This means that the
degree of flow turbulence in the main part of the gorge was critically high. It is also likely that the value of
the Froude number in some places of the gorge could go beyond the characteristic interval. For example, due
to loca changes in the depth of the flow or a decrease in its speed. Therefore, the question of the nature of
those wave motions, the spectrum of which can be represented by the results of solving the shallow water
equations and data from laboratory experiments, is of particular interest [12]. In this case, the Froude number
is a determining parameter that can serve as a quantitative criterion distinguishing between different types of
long hydrodynamic waves whose generation is possible in the shallow water approximation [13,14]. Thus,
the probability of generating waves of different types depends on the value of the Froude number:
1) 0.3<Fr< 0.5. Such an interval of the Froude number for the case of a mudflow in the Shovi gorge is
unlikely. It is more typical for a channel of finite depth, along the bottom of which a liquid with a higher
density flows than in the surface layer. It is known that with such a flow structure in an inhomogeneous
liquid, so-called gravity (density) waves can be generated;
2) 0.9<Fr<1.1. According to the Kadomtsev-Petviashvili equation, for such Froude numbers, with a balance
of the influence of linear dispersion, nonlinearity and spatial effects, the generation of solitons (solitary
waves) is possible. The probability of such a balance, as well as the conditions necessary for the generation
of gravity waves, is quite low. Nevertheless, despite the rigidity of the mathematical criteria, the probability
of soliton propagation in the Shovi gorge cannot be completely excluded;
3) Fr<2. In this case, according to the shallow water equations, as a result of the effect of turbulent friction
on the channel bottom, so-called linear rolling waves can be generated. For these waves, the critical valueis
Fr=2, which determines the threshold for the development of linear instability and a noticeable increase in
amplitude;
4) Fr>2. At a sufficiently large Re, a nonlinear stage of increasing flow instability develops. This case
corresponds to a certain critical channel depth, in which a picture of a turbulent flow arises. So-called
depression waves appear in the liquid, as well as rolling waves with hydraulic jumps, which facilitate a
change in the flow regime from subcritical to supercritical. A feature of such wave solutions is the presence
of asmooth section of the wave trgectory, indicating the transition from subcritical to supercritical flow [12]
(sections 2, 1in Fig. 3,a,b).
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Fig. 3. Rolling waves (V.Y u., Lyapidevsky, V.M. Teshukov. Mathematical models of the propagation of
long waves in an inhomogeneous liquid. Novosibirsk, Publishing House SB RAS, 2000, 420 p (in Russian).

5) 2<Fr<6. In a turbulent flow, the effect of modulation of running packets of nonlinear rolling waves,
averaged within certain spatial and temporal scales, may occur. Such a specific wave effect in the Shovi
Gorge could occur in places where there was a sharp increase in the local Froude number.

As an example of what can happen to a wave packet with an increase in the Froude number, we can use the
result of numerical modeling when Fr=5. Fig. 4 corresponds to the theoretical picture of the evolution of a
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packet of modulated rolling waves. They were generated in a flow of inhomogeneous fluid as a result of a
nonlinear increase in small disturbances, the initial amplitude of which was =1% of the normal channel depth
ho [12]. The maximum amplitudes that were recorded in the corresponding laboratory experiment turned out
to be significantly less than the theoretical ones. Nevertheless, the quditative nature of the growth of the
amplitude of the wave packet, which initially had an exponential nature, was confirmed. However, after the
traveling wave has passed a certain distance, the amplitude stops growing. It turned out that for a devel oped

turbulent flow, the average values of the minimum depths satisfy the inequality: X}f—‘” <10, where C,y, isthe
0

friction coefficient. It is believed that small disturbances grow exponentialy along the channel until the wave
reaches the boundary of the hyperbolicity region of the shallow water equation system, after which the wave
amplitude stops growing and the flow becomes quasi-periodic. The bold lines show the distribution of the
average values of the maximum and minimum wave depths along the channel over many periods. Note that
the average values of the minimum wave depth in a developed flow, determined in a laboratory experiment
and as a result of non-stationary numerical calculations, agree well. At the same time, the corresponding
experimental values of the maximum amplitude turned out to be significantly less than the analytically
determined theoretical amplitudes.

Fig. 4. results of numerical calculations on the evolution of arolling wave packet (V.Y u., Lyapidevsky, V.M.
Teshukov. Mathematical models of the propagation of long waves in an inhomogeneous liquid. Novosibirsk,
Publishing House SB RAS, 2000, 420 p (in Russian))

Georgia, Shovi Disaster, Event Analysis. Report Ne14230941, Zolikofen, November 28, 2023, 42 p.

It was noted above that the reports [15,16] use an amost identical structure, with the exception that
the report of the Georgian Nature Agency devotes alot of space to the genera geology and hydrology of the
Caucasus Range, which is hardly not directly related to the disaster in the Shovi Gorge. In these reports, the
Swiss RAMSS simulation program is used to model the hydrodynamic parameters of the glacial mudflow.
Therefore, we consider it sufficient to cite some data and conclusions from [15], which are actually repeated
in [16]. It can only be briefly noted that theseinitial data, as well as the results of modeling the parameters of
ice mudflow movement, are to some extent universal, since they also characterize other glaciers and viscous-
plastic mudflows. It can be considered that the obvious similarity of the hydrodynamic picture in such cases
is the result of the actua identity of the computer programs, which are based on the equations of
hydrodynamics and the input initial conditions and boundary conditions, which is obviously a consequence
of the genera similarity of the orography of mountain canyons and their physical parameters in the Caucasus
and in other mountain systems.

Thus, we consider it convenient to present those extracts from [15] that seem especially important:

Estimation of the event volume from August 2023. “Debris Source Volume, estimation [m’]
Rockfall (release area) ca. 10° m® Upper channel (periglacial area) ca. (0.5 — 1) 10° n® ; Middle flat part
(above tree line) ca. (0.1 - 0.2) 10° m® ; Middle and lower channel (below tree line) ca. (0.5 — 0.8) 10° n? .
Total (2-3) 10° m® .~

Input parameters for RAMMS simulation (August 2023 event). “The volume that reached the valley
is an important input parameter for the debris flow simulation. The parameters for the simulation of the
debris flow due to the slope failure on 3rd August 2023 are described in Table 2: Table 2: Applied
simulation parameters RAMMS for the reconstruction of the August 2023 event. Dry friction coefficient (Mu)
W[-] 0.05 Turbulent friction coefficient (Xi) & [m/s?] 1000; Volume [m?] (1.5 - 2.5) 10° . Density: 1,8 10°
kg/m3 ”
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The estimated volume that reached the valley is about 2 Mio. m®* - max. 3 Mio. m® ", which
corresponds to the volume estimation of NEA. “.The trigger of the event can only be assumed — there are
many uncertainties. But, we assume that the rock mass was "ready to fail" due to the severe weakening of the
previous years. With the high temperatures in summer and the maximum melting rate of fissure ice
(permafrost), the fissures and cavities in the rock were probably filled with water at this time. It is
conceivable that the precipitation on the days before August 3rd, 2023 could have produced a brief
overpressure of water in the right place in the rock, causing the rock massto collapse”.

* According to our (Z. Kereselidze, N. Varamashvili) assessments, the maximum volume that reached valley is
overestimated by about = 50%.

Causality of the Process. “The causality lies in the interplay of the geological disposition (large-scale
tectonic structures, fracturing, strong loosening), the local geomorphology (steep glacier and glacier fore
field with large debris deposits), the long-lasting, recurring high summer temperatures (climate change with
ever higher zero-degree limit in summer and associated strong degradation of permafrost and glacier melt)
and the weather on the day of the event (local and strong precipitation intensity). In the following sections,
the individual influencing factors are explained, and their interplay explored”.

We therefore strongly recommend carrying out a disposition analysis to localize the hotspots for
such processes. “Existing methods (e.g. Swiss methodology) can be used for this purpose. For such an
analysis, the evaluation of satellite data is a must. Only with satellite data localities with active movements
can be evaluated over large areas in an efficient way. Combined with the disposition analysis, the hotspots
in the Georgian Caucasus can be evaluated*. Such an analysis should definitely be carried out in a multi-
stage process. Then, not all localities with a high risk of collapse are critical for the settlement area. Only
with a multi-stage process the areas that are really critical for the settlements can be determined. It hasto be
discussed to test the methodology and adapted to Georgian circumstances in a small test area with high
damage potential .

Conclusion

The analysis of the causes of the collapse of the Buba glacier on 3/9/2023 is an ambiguous task. The
tragic event that took place in the Shovi gorge was prepared by a number of natural phenomena, probably
associated with global climate change. Characteristic signs of this process were noted on the Djankuat
glacier, a supporting glacier for the Central Caucasus, which has a certain similarity with the Buba glacier.
Therefore, it can be assumed that the dynamic changes on these two glaciers occurred, to some extent,
according to asimilar pattern. This assumption alows us to use information on the change in ice thicknessin
the upper part of the Djankuat glacier for extrapolation to the Buba glacier. It cannot be ruled out that this
phenomenon caused the formation of ice hummocks on the surface of the glacier, the shift of which was
facilitated by the intensive melting process. Along with a possible rockfall, the collapse of ice hummocksin
the glacier bed could have triggered the destruction of the intraglacial water reservoir, after which a mudflow
spread in the river beds flowing in the Shovi Gorge. The available information about the collapse on the
Buba Glacier and monitoring of the changes that occurred in the Shovi Gorge require filling with new data
from ground and space observations; In particular, we consider it necessary to check whether the rockfal
process was a one-off event or consisted of separate, spaced out in time events. A ground expedition to the
Buba Glacier can clarify this.
During the propagation of the mudflow in the gorges of the Bubiskali and Chanchakhi rivers, which make up
the Shovi gorge, hydrodynamic waves of various types could have existed. In particular, for the
characteristic range of the Froude hydrodynamic similarity number, the most probable is the generation of
running rolling waves, the height of which could reach several meters. The appearance of solitary waves
(solitons), as well asthe so-called gravity waves, was unlikely, but one cannot exclude the possibility of their
generation in those places where local conditions were suitable. In the lower, widest section of the Shovi
gorge, in the zone of the so-called cottages, the movement of the mudflow mass was similar to the movement
of the ice mudflow in the Genaldon River gorge that came down after the collapse of the Kolka glacier in
2002. Despite the huge difference in the initial volumes of glacial mudflows that came down from the Buba
and Kolka glaciers, the thickness of viscoplastic depositsin the last flat areas of their distribution turned out
to be comparable, taking into account the difference in covered areas. Obvioudy, this is due to the same
nature of the braking of the viscous-plastic mudflow at the stage of itsfinal stop, which isalso indicated by a
decrease in wave amplitudes within /1-3/ m.
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K Bompocy Moe/inpoBaHuA TUHAMHYEKON KAPTHHBI
pacnpoCcTpaHeHUs ceJeBOoro noroka B yueibe lloBu Beaeacreue
oOpymieHusi Ha Jeanuke byoa

3. Kepeceanase, H. BapamamBuin
Pe3rome

JlemHukM Bceraa MPENCTaBIsUIM MOTEHIHMAJIbHYIO OMACHOCTh B peruoHe KaBkaza, rnie TOpHbIE KaHHWOHBI
SIBIISIOTCSL IOCTATOYHO TYCTO HaceleHHbIMHU. llpomecchl, cBsi3aHHBIE C IJI00AIBHBIMH KIMMaTHYECKHUMHU
W3MEHECHUSIMH, TPOUCXOAALIMMHU TTOBCEMECTHO, KpaiiHe o0OoCTpuiaM mpo0ieMy NMpeBEeHIMH HaceleHHs OT
TISUaNbHBIX KaTacTpod. Hampumep, mmeercss medyanbHBIN ONBIT, CBA3aHHBIM C OOpYyIICHHEM JIEAHUKA
Komnka, craBmero npu4nHOM BOSHHKHOBEHUS THTAHTCKOW 10 00beMy NiegoBoit cenu B 2002 roxy. K paspsmy
mo100HO# KaTacTpodbl CIeIyeT OTHECTH CXOI TISIHAEHON cenu ¢ eqanka by6a 9/3/2023 r, B pesynbsraTe
KOTOPOTO MpPOM30ILIa Tpareuss ¢ MHOTOYHCICHHBIMH jkepTBaMu Ha Kypopre LHosu. OmpenencHue
BO3MOXXKHOTO MECTa M BpPEMEHHU pPAa3BUTHS TOJOOHBIX  KaTacTPOPUUECKHX COOBITHU (3EMIIETPICEHHS,
W3BEPKEHHS BYJIKAHOB, MAaclITaOHble HABOJHEHMSA) MMEET BEChbMa HHU3KYI0 CTENEHb JIOCTOBEPHOCTH MU
SBISIETCS. TPOOJIEMHBIM, HECMOTpPST Ha  COBPEMEHHBIH YPOBEHb HAYYHBIX METOJIOB HA3eMHOTO H
KOCMHYECKOT0 MOHHTOpPHHTA. B 4YacTHOCTH, SIBIAETCS OYEBUAHOW HEOOXOIUMOCTH JOJITOCPOYHOTO
MOHUTOPHHIa U BCECTOPOHHEI'O IMarHOCTHPOBAaHUS TEKYIIEro COCTOSIHMA JeAHUKOB KaBkasza, ¢ yuerom
Ka)X1oro HOBOTO ormbITa. CleyeT OTMETHTh CKYIHOCTh WH(POPMAIUii, TTO3BOJISIONINN CyTUTh O TPOLeccax,
MPOTEeKaBIINX Ha jeqHuke byba 3a mocnemnue necsrunetus. [losTomy, Bpsia JU KTO MOT IpPEACTaBUTH
MacIITaOHYIO BUPTYAIbHYIO KapTHHY PacHpOCTPaHEHHUs TISILMANIBHOM Celu Mo yienbsaMm pek byOucukanu u
JxaHmkaxu, aJeKBaTHYIO TOM, Kakoil OHa OKa3ajach B peajJbHOCTH. B TO ke Bpems, B cilydae HalU4dus
JIOCTaTOYHO TIOJIHOW 0a3bl pe3yibTaTOB HAONIOJICHUH M ee KOPPEKTHOIO aHalnu3a, Ha OCHOBE IPHHIUIA
THJIPOIMHAMUYECKOTO TOA00Ms, CYIIECTBYET BO3MOXKHOCTh TEOPETHUYECKOTO MOJICIUPOBAHHS BEPOSTHBIX
napaMeTpoB HABOAHEHHWS WM INIAIUAIbHON cenu B JI0OOM TopHOM Yymienbe. Hampumep, B ciydae
KaBka3ckoro pernoHa MO>KHO BOCIIOJIb30BATHCS HEKOTOPHIMU Pe3yJIbTaTaMH, TIOJIYyUYEeHHBIMHA TIPU TTOMOIIH
YHCJICHHOTO MOJenupoBaHus JnenHukoB Jlkankyar u Komka. B wacTHOocTH, 3T MoOpaenH SIBISIFOTCS
JOCTaTOYHO MOJIE3HBIMU HE TOJILKO ONPEJIEJICHHsI BEPOSTHBIX IPUYMH, a TAK)KE PETPOCHEKTHBHOTO aHAJIN3a,
MOCJIECTBUHN pa3pylieHus Ha Jieanuke byba. B nepByro ouepenp. 3To kacaercs nporecca pacupocTpaHeHUs
THJIPOIMHAMUYECKHUX BOJIH B HEOJHOPOJHOM CEIEBOM IMOTOKe. [l ATOW LIeNIM TaKkKe BayKHBIMH SIBIISIOTCS
3allUCH CEMCMHUYECKOW ammapaTypbl, KOTOPbIE COAEp)KaT MH(POPMAIMIO O CHEKTPE YacTOT aKyCTHUECKHX
BOJIH, TEHEPUPOBAHHBIX  IPOLECCOM paspylleHus Ha jenHuke byba. B ymenssx pek byOucukamu u
YaH4yaxy MOTJIM CYHIECTBOBATh THAPOJAMHAMHYECKHE BOJHBI PAa3IMYHOTO TUMA. B XapakTepHOM Jnamna3oHe
BEIMYMH 4ncia nogodus Opyna Hambosee BEPOSTHBIMU CIIENYeT CUNTATh TEHEPAIHIO OCTYIIMX KaTAIIHXCS
BOJIH, BBICOTA KOTOPBIX MOIJIA JOCTHIaTh HECKOJIBKUX METPOB. [losiBNeHHE yeIUHEHHBIX BOJH (COJIUTOHOB),
a TakXKe T.H. TPAaBUTAI[HOHHBIX BOJH, OBUIO MaJOBEPOATHBIM, OJIHAKO HENIb3S UCKIIIOUUTH BO3MOXHOCTH MX
TeHEpallui B T€X MECTax, JUIsl KOTOPBIX JIOKaJbHBIC YCIOBUS ObuH moaxoasmuMu. Ha HukHeMm, HanboJee
HIIMPOKOM ydacTke ymenbs LloBu, B 30HE T.H. KOTTEIKEH, IBM)KEHHE CEJIEBOW MacChl OBbLIO MOAOOHBIM
JBIDKEHHUIO JIEOBOTO celsd B yiienbe peku ['eHangoH mocne oOpyuenus Ha negnuke Konka B 2002 T.
HecMoTpst Ha OrpOoMHYIO pa3HHITY IEPBOHAYATHHBIX 00BEMOB celieH, ComeAmux ¢ JJeaHnKkoB byba u Konkw,
BBIHOCHI BSI3KOIUIACTUYECKOM Macchl,  Ha TIOCIEAHUX YYacTKax €€ paclpoCTpaHeHMs, OKa3aJicCh
COM3MEPUMBI C YUETOM MPOCTPAHCTBEHHBIX MAcIITa0OB M aMIUIMTYABI BOJIH B 000MX CIy4asx YMEHbIINIACh
110 BBICOT 1-3 metpa.

KioueBbie cjioBa: TpUPOJHBIE KaTacTpodbl, JIEAHUK, CEJIEBbIE TOTOKH, aKyCTHYECKHUE BOJIHBL,
BSI3KOIUIACTHKA.
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ABSTRACT

The global atmosphere can be considered as an open thermodynamic system within which various disturbing factors act.
For example, even in calm atmospheric conditions, orography can cause a violation of the stationary thermal balance
between the Earth and the atmosphere. In general, the formation of vortex structuresin any gaseous or liquid mediumis
stochastically determined. This means that the process of vortex formation isto a certain extent probabilistic. Therefore,
in mathematical modeling of the field of atmospheric gyres, it isrational to exclude randomfactors by identifying specific
contributing conditions. For example, a strong division of the earth's relief contributes to turbulence of air flows on a
regional and local scale. In particular, the process of formation of low-intensity atmospheric vorticesin mountain valleys
can always be considered as a violation of local stability, the cause of which is the unevenness of the temperature field
created at the boundary of different orography and landscapes. Also, the generation of vortices and the process of their
dissipation in the atmosphere can always be considered as a violation of the stability of the environment on certain spatial
scales, which is expressed in the violation of its thermodynamic parameters.

Keywords: atmospheric vortices, thermodynamic parameters, relief, mathematical modeling.

The class of atmospheric vorticeswith spatial scalesthat differ sharply from weak atmospheric
vorticesincludes two phenomena of seemingly similar thermodynamic nature: vortices and tor nadoes.
A vortex is an atmospheric process caused locally by air currents rising from the extremely hot surface of the
Earth, the intensity of whose circulation increases sharply from the periphery of the vortex to its center. The
speed of its rotational motion is quite high, in some cases destructive, reaching severa tens of meters per
second. Traces of dust particles carried away by the vortex from the surface of the Earth show that the
movement of the massinsideit is upward and has the character of alarge-scale screw rotation. Such a process
usually retains aregular form and is more or less amenable to mathematical modeling, unlike another type of
atmospheric phenomena called atornado. The origin of this gigantic atmospheric phenomenon in scale, unlike
an ordinary vortex, occurs in the so-called "Mother" in the cloud, from where the tornado body descends to
the ground in the form of along "tornado". Inside atornado, the air rotates at a particularly high speed, which
can be even an order of magnitude higher than the linear rotation speed characteristic of a normal vortex. A
tornado has a so-called "Eye", a stagnation zone, i.e. a zone of immobility (rest) of the air mass. Unlike a
tornado, the "parent” cloud isthe source of a small storm, which has a spiral structure in space, directed from
the cloud towards the Earth. From an energy point of view, a vortex can be explained as the result of alocal
disturbance of the thermodynamic system of the atmosphere. In this sense, a tornado is incomparably more
powerful and larger than avortex. In this case, we are dealing not with aloca disturbance of the atmosphere,
but with the formation of alarge-scale open thermodynamic system. Perhapsthisiswhy thereis no systematic
theory of atornado as a catastrophic natural phenomenon. For example, it is possible to explain why a group
of vortices of much smaller scales will be observed in the vicinity of the "eye" of atornado. A qualitative
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explanation of this phenomenon is probably possible through laboratory modeling if the phase portrait method
isalso used to interpret the experimental data.

M odeling atmospheric vorticity in a kinematic approximation. It is known that in the atmosphere,
which is a dissipative medium, the dynamics of vorticesis described by the Navier-Stokes equation, the exact
solution of which is usually associated with specia difficulties [1]. In cases where the coefficient of air
viscosity can be neglected, it is permissible to use the Euler equation, which is simpler than the Navier-Stokes
equation, valid for an ideal medium. However, in some cases, due to mathematical complexities, an exact
analytical solution to the Euler equation is also impossible. For example, mathematical modeling of the
interaction of vortices of different sizes, due to the nonlinear nature of this process, is possible only with the
use of certain simplifying assumptions. In particular, in an idea gas medium, this problem can be reduced to
such asimplified scheme of vortex interaction that it gives a qualitative picture of the time development of the
dissipation processin the atmospherein alinear approximation. This goal can be achieved using any kinematic
model of avortex. Such amodel, at a minimum, must satisfy the continuity equation of the medium, which is
one of the conditions for the dynamic possibility of motion. There are various kinematic models, including a
non-uniform rotating flat stationary model, which was used in the problem of the magnetohydrodynamic effect
of rotation of the ionospheric medium in the Earth's polar cusp [2]. Using thismodel, a solenoidal solution was
obtained, which, in addition to the continuity equation, also satisfies the Euler equation.

Inhomogeneous rotation, in addition to the curvilinear movement of liquid or gaseous medium,
also implies the possibility of developing certain types of hydrodynamic instability. This factor is a
particularly important point in terms of the problem of the generation of atmospheric whirlwinds and their
dissipation. Therefore, we believe that the flat model mentioned above will be useful, especially since thereis
a possibility of its correct transformation into a spatial model, taking into account the effect of the
compressibility of the environment. However, in order to satisfy the dynamic criterion of the possibility of
movement, it is necessary to introduce additional simplifying restrictions, which, in our opinion, cannot have
aqualitative impact on the content of the transformed model. According to the first constraint, the density of
the atmospheric medium is only afunction of time. The second limitation concerns the vertical component of
the spatial atmospheric vorticity velocity, which, according to the assumption, depends only on the coordinate
of the corresponding direction. Taking into account these additiona conditions, the equation of continuity in
cylindrical coordinates will have the form

9 00T 10V LoV _
6t+p(r or +r6<p +az)_0’ (l)

where p- thedensity, 1;.,V,, , V; - velocity components.

Thus, the spatia transformation of a plane kinematic model of inhomogeneous rotation has the form

V. = %uo (L) (cosp + sing), V, =u, (RLO) (cosp — sing),

Ro

_to
V= (=) p=poem’ @

where u, - isthe characteristic linear velocity of the vortex, R, - isthe characteristic radius of the vortex,
h, -isthecharacteristic height of the vortex. z- momentary direction of rotation axis.
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Fig. 1. Scheme of flat vortex decomposition normalizedto u,

The first two members of the model (2) : V. :%u0 (RL) (cose + sing) and Vo, =
0

U (RL) (cosgp — sing), Determinethe non-uniform nature of rotation. A flat vortex isunstable, which means
0

that its decay givesriseto achain of vortices[3]. Based on the principle of hydrodynamic similarity, the chain
links abtained through the decomposition of the initial vortex are schematically easy to imagine. In the static
approach, the gyral chain forms an abstract cone in space, the axis of which can be directed anywhere (Fig. 2).
In dynamics, asaresult of the interaction of secondary eddies with different linear scales, generated dueto the
inevitable bifurcation of multiple eddies constituting the turbulent field, a permanent change of the turbulent
field should take place in the atmosphere. Therefore, the physical task requires that the model (2) is only
linearly approximated and qualitatively corresponds to the hydrodynamic picture of the transformation of the
gyrefield in time. Nevertheless, such a scheme of atmospheric vortex breakdown, which isvisuaized in Fig.
2, isquite useful. Such a process corresponds to a sequence of unstable and short-lived but equilibrium states.
At the same time, it qualitatively quite convincingly presents the mechanism causing local disturbance of the
temperature field and other thermodynamic parameters of the atmosphere as a result of the dissipation of
eddies.

Fig. 2. Visudization of the spatial model of non-uniform rotation.
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Atmospheric eddiestransport massand energy. Therefore, in the process of their disintegration
and mixing, the level of heterogeneity of the environment changes, which becomes the reason for the
creation of new eddies. We do not touch on the details of this process, we consider it necessary to note that
the stability of the air mass, that is, the threshold of the turbulization processis considered to be the criterion:

oP
o <C£ , Where P is atmospheric pressure, Cp is the specific heat capacity of air. According to this
1%
criterion, in the case of a 100 m high mountain, atemperature drop < 1° is enough to maintain the stability of
the atmosphere. Otherwise, convection begins, which usualy occurs during strong heating of the earth's
surface by the sun. It is natural that the final result of the convective movement should be such mixing of the

air mass as to eliminate the temperature gradient.

The presence of free atmospheric vorticesin aturbulent medium is excluded. Naturally, in most cases
their interaction takes place, which, generally speaking, will beanonlinear processthat cannot be characterized
by simple merging. The interaction between vortices, relatively nonlinear, is easier to imagine in a linear
approximation, when the combination of vorticesin space creates such structures, the shape of whichissimilar
to aring. For example, such an ideawas formulated by V. Artsukovsky, a well-known adherent of the theory
of physical ether, according to whose hypothesis vortex rings can be considered as moving formations in a
viscous compressible gas, which is given an impulse by an air stream. Although the concept of ether is
considered erroneous, since it essentialy contradicts quantum mechanics, we beieve that within the
framework of Artsukovsky'sideait is possible to consider the interaction of simple vortex rings, when there
isonly toroidal rotation, when avortex ring in the form of atube rotates around its axis of symmetry. Under
the conditions of such an assumption, the interaction between vortex rings is possible only in the following
cases [4]:

1. Rings rotating in the opposite direction are close to each other and have a common imaginary axis;
2. Onering pulls the other, i.e. the speed of the first exceeds the speed of the second;
3. Therings move in opposite directions along the imaginary axis,

4. Rings move parallél, or their trgjectories of movement cross close.

0O
@ @
Fig. 3. Vortex rings moving in the forward direction.
Inthefirst case, if theringsrotating in the opposite direction are very close, the loading forces will act
between them (Fig. 3). At fairly large distances, the same displacement effect occurs, but in this casethereason
istherings own rotation. In the second case, when onering touches another, or ringswith acommon imaginary

axis moving in the same direction come into contact, mutual penetration is possible between them, when the
rear ring passes the front. . Then this process is repeated, that is, it is possible to change the sequence of rings

multiple times (Fig. 4).

Fig. 4. Alternation of gyral rings.

In thethird case, which refersto the gyro rings moving in the opposite direction, the following options
are possible: 1. The rings are not calibrated (arbitrary size), general case; 2. Rings are not calibrated, private
case; 3. Therings are calibrated.
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Fig. 5. Interaction of converging gyral rings.

In general, if the rings are not calibrated, a smaller ring passes into alarger one, or one ring expands,
asin the case of one ring passing into another. In this case, the ring whose rotation speed is | ess expands once.
After passing through each other, the rings move in different directions. In the special case, when therings are
not calibrated, then in the case of a certain balance of forces, it is possible to establish an equilibrium state in
the vortex field, at this time, the small ring remains stationary inside the large one, and the air jet formed in
the free space between the rings may act like ajet engine, which drives the pair of vortex rings about the axis
of symmetry. along. The result of the collision of rings with the same size depends on the speed of their
convergence. If the rings have gathered enough speed, it is possible to deform them (flatten or expand in the
plane of contact), or multiple disintegration into small-sized whirling rings. If the counter-rotating calibrated
rings with a single axis accidentally come into contact slowly, a thrust force associated with the toroidal
rotation of the vortex elements can be induced. This effect will cause the rings to move apart. Such a situation
is unstable, because any external influence will disturb the equilibrium picture between the initial gyral rings.
Naturally, if the rings move in parallel or cross each other in any way, it is possible to rotate them so that one
of the above cases is realized. Also, it should be noted that it is permissible to have gyratory rings which, in
addition to being toroidal, can aso rotate with respect to the diameter of the ring. In such a case, their
interaction with other rings will be non-linear and will no longer be subject to simple determinism.

Thus, thelinear approximation provides a sufficient representation of the dynamic processtaking place
in the turbulent field, the main dement of which is the breakup of eddies and the interaction between them. In
particular, such a process should take place in the atmosphere of a narrow mountain valey during its
spontaneous disturbance, whichislikely to accompany the inversion of the direction of the horizontal velocity
in the atmosphere in the valley or above it. The question is: How realistic is the formation of gyral rings, for
example, during aninversion event in anarrow mountain valley? It isimpossibleto give an unequivocal answer
to this question, however, formally, model (2) alows such a possibility. Imagine a turbulent field in which a
vortex rotating in any direction and oriented in any direction moves. It should be noted that the kinetic model
of non-uniform rotation does not rule out that in the process of disintegration of the main vortex, such vortices
will be formed, which will not have hydrodynamic similarity with the initial vortex. This means that such
vortices can have a constant direction of rotation, which will facilitate their unification in a closed ring. The
characteristic radius of these vortices will be smaller than the radius of the original vortex. In the process of
forming a vortex ring, it is completely permissible to connect the vortexes rotating in the same direction in
such away that each of them maintains the orientation of its axis of rotation. In thisway, agyratory chain with
a truly curvilinear axis of symmetry can be formed, which can be locked and take the form of a ring.
Presumably, such rings, in contrast to whirligigs with non-uniform rotation, will be quite stable. Therefore,
eddies with a constant direction of rotation can be considered as the fina stage of the transformation of the
turbulent field, followed by the complete dissipation of stochastic disturbance energy. The existence of such
an effect can be assumed at the qualitative level, which can become the reason for a sharp change in the local
meteorological regime as aresult of the development of an inversion event in the atmosphere.

In any place on Earth, during calm weather, the atmosphere regularly circulates under the
influence of convection. In mountainous terrain, the dynamics of the atmosphere are particularly affected by
changesin the meteorological regime and the vertical convection currents associated with them. However, this
picture may change due to a sharp change in the meteorological regime as aresult of the generation of vortex
structures in the air. However, it is known that in narrow mountain valleys, even in cam atmospheric
conditions, such a spontaneous disturbance of the atmospheric circulation may occur, the occurrence of which
isassociated with impul sive changes in the gradient of atmospheric temperature. The existence of such afactor
is determined by the unevenness of solar radiation on the slopes of a narrow valley, which, together with the
geographical position of the valley, may be associated with seasonal and orographic factors, as well as with
the mobility of the valley slopes. In some cases, the cause of a spontaneous violation of the hydrodynamic
pattern of atmospheric mass movement may be instability caused by the inversion of the direction of the
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horizontal component of the air velocity in the valley, which is associated with the spontaneous generation of
atmospheric vortices. The interaction of these vortices in the atmosphere leads to the dissipation of
hydrodynamic energy, which causes nonlinear phenomena to develop, the analysis of which is a complex
physical problem. However, it is permissible to consider the process of vortex interaction in a linear
approximation, which gives a qualitatively correct idea, for example, of the event of spontaneous disruption
of the local atmospheric regime of a narrow mountain valley. It is here that an irregular therma mechanism
can be stochastically activated, the action of which will lead to the convective movement of air masses
surrounding the ridge that surrounds the valley. This phenomenon has the nature of an atmospheric
disturbance, since the convective velocity vector changes its direction at a certain height (inversion
phenomenon). Prandtl's theoretical model is known, which analytically determines the vertical profile of the
horizontal convection velocity coefficient [5] in the approximation of a hydrodynamic boundary layer, which
is unstable, since it has a maximum at a certain height, i.e., it has a critical point. Physically, this means that
hydrodynamic instability of Rayleigh-Jones or Kelvin-Helmholtz may develop in this place. Therefore, there
is a high probability of the formation of atmospheric vortices in this area. Their decay will lead to the
transformation of the energy of hydrodynamic disturbances into disturbance of the atmospheric temperature
field, which will entail an impulsive change in the local meteorological regime in the canyon. For example,
this phenomenon may be dangerous for those who like to fly in narrow mountain valleys on individual aircraft
(hang gliders, paragliders).

By means of ingenious mathematical transformations, in the approximation of a weakly turbulent
atmosphere, where the coefficients of temperature transfer and kinematic viscosity can be considered equal to
each other, Prandtl connected the boundary layer formed on a valley dope with the perturbation of the
temperature field. In particular, he showed that the temperature 0 in the free atmosphere increases linearly with
the height, and the surface of the ridge slope introduces a small 0 perturbation into the temperature field, after
which the keystone equation of the Prandtl model was obtained

0*0’'(n) . gBBsin?x ., _
on4 + V2 e (n) - Ol (3)

where n is the height calculated from the canyon slope, B is the air temperature expansion coefficient, B =
congt is the vertical temperature gradient, v is the air kinematic viscosity coefficient.
Based on physical considerations, Prandtl used only one of the four possible solutions of equation (3)

8" =0, exp (-%)cos % (4)

which met the following boundary conditions [4. Khrigian]
8'=0'y,, whenn=0; 0 =0, when n=oo, (5)

Theimage (4) includes a characteristic vertical scale, the height corresponding to the maximum of the
convection speed, which depends on the environmental parameters

4 4v2

L= | — . (6)

gBB sin?«

Disturbance of the temperature field aong the dope of the canyon leads to the convective movement of the
air mass, the speed of which is determined by the formula

V= e'o\/% exp (-D)sin T . ™

Theimage (7) gives avertical profile of the convective movement speed, which has an inversion point
(level) in which the speed changes direction (Fig. 6). This place can be imagined as an abstraction of a
tangential discontinuity surface, on which there is such a speed shift, which in aliquid (gas) environment is a
prerequisite for the development of Kelvin-Helmholtz or Rayleigh-Taylor hydrodynamic instability. Figure 6
shows the vertical profile of the convection speed for atypical set of atmospheric parameters. In addition to
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the inversion point, the profile also contains the inflection point (Vmax), in which the development of
hydrodynamic instability and the generation of atmospheric vortices are also possible. Thus, in the Prandtl
model, the height of the velocity maximum (n_(m )=Ln/4) and the height of the inversion level corresponding
to the first minimum of the trigonometric function (n_(m )= nL) are clearly defined.

In the paper [6] it was shown that the use of only one private solution of equation (3) limitsthe possibility
of the Prandtl model. The operation of the principle of synergy is generaly characteristic of atmospheric
processes. Therefore, it would be fair to consider the time-varying effect of the boundaryconditions in the
physical picture of the generation of turbulence-inducing eddies in the valley atmosphere. Often, such an
approach is used to solve long-term prognostic meteorological problems. Variation of boundary conditionsis
expected to be useful for quantitative correction as well. During modeling of short-term local atmospheric
processes. Therefore, within the framework of the Prandtl model, it is permissible to use another pair of
boundary conditions, different from (4)

0'=6';,, whenn=0; 6 = oo, when N = oo, (8

These boundary conditions are satisfied by the particular solution of the equation (3), which aso includes the
inversion effect and (4) differs from the image only by the sign of the power of the exponential multiplier

6" =8’ exp ()cos , (9

which also correspondsto the vel ocity image, which was obtai ned by using adifferent model of thetemperature
field change, which formaly alows for an unlimited increase in temperature with height [5].

V= —0' \/% exp (%)sin% . (10)

In this case, the velocity inversion event will occur at atitude n,, = 3%”.

Fig. 6. Convection speed profile and atmospheric eddies

Thus, the vertical profile of the convection velocity in the atmosphere of the valley may have acritical
point (points), wherethe probability of the devel opment of Kelvin-Helmholtz hydrodynamic instability ishigh.
At thistime, the generation of atmospheric eddies will take place, which can be broken up and interacted in a
linear approximation according to the scheme presented in the first part of this paper. This leads to the
transformation of mechanical energy into thermal energy and disturbance of the atmospheric temperaturefield.
This factor may contribute to the disturbance of the locally balanced, but unstable, thermodynamic state and
the change of the meteorological regimeinthevalley. The characteristic time duration of this event will depend
on theintensity of the temperature field disturbance. In case of strong turbulence, this process can be strongly
non-linear. In particular, it is possible that disturbance of the temperaturefield in the area of velocity inversion
causes the so-called "dynamo-effect”, i.e. impulsive strengthening of turbulence. Since the generation of a
chain of eddiesin alimited spacein a certain direction is possible, the structure of the temperature field in the
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area of velocity inversion should probably be non-uniform and asymmetric. There is a solution to a similar
mathematical problem, but for an object of a different spatial scale. In this work, which deals with the
asymmetry of the temperature field in the polar cusp region of the Earth, the kinetic model of inhomogeneous
rotation was also used [7].

There are many examplesin nature of the transition from ordered motion to chaotic motion, the spatial
scale of which varies from molecular to gigantic. Abstractly speaking, amost all of them have the same initia
scenario, the ideol ogical source of which isthe Landau model and itsfurther devel opment, the so-called Ruel-
Taken Model. According to these scenarios, the transition from the phase of laminar hydrodynamic motion to
the turbulent (chaotic) phase occurs through the so-called infinite cascade of Hofi bifurcations. For example,
in the case of an atmospheric vortex (blizzard, tornado), this process means that the intensity of turbulent
pulsations generated in the vortex region, i.e. the power of the discrete frequency spectrum generated by the
infinite sequence of Hof bifurcations, as aresult of cascade doubling, expands, gradually becomes continuous
and approachesacertain limit. At theinitial stage of this process, the power of the frequency spectrum, growing
like an avalanche, gradually decreases, which in some specific case, for example, for an atmospheric vortex,
means the end of the process of its scattering. Unlike the Landau model, in the Ruelle-Tanken model the
transition from the initial regular (laminar) maotion to chaos occurs much faster due to a special factor, the so-
called "strange attractor". In the problem of flow around smooth surfaces by alaminarly moving liquid, the
presence of thisfactor isassociated with the peculiarity of the analytical solution of the Navier-Stokes equation
in the region of the critical point. The phase space provides an adequate representation of the specifics of the
flow at the critical point and the mathematical complexities arising from it, with the help of which the behavior
of the circles of the laminar flow in the region of the critical point is visualized. It is here that the integral
surface is formed, onto which various topological variants of the special behavior (aspirations) of the circles
of the laminar flow are projected. The physical reason for such diversity is the formation of reverse flowsin
the region of the critical point and their mixing with the main flow. Accordingly, in the laminar approximation
of flow near the critical point, the topological diversity of the pattern of boundary current circlesis due to the
mixing of two currents of different causes. The main flow is due to the pressure gradient, and the reverse flow
is due to the orography of the surrounding surface in the region of the critical point. Naturaly, such an effect
occurs only with laminar turbulence, although it is worth noting that this phenomenon can develop both in an
ideal and in a viscous liquid (gas) near the critical point of any vortex structure, including tornadoes and
whirlwinds [8,9].

Tornado and water spout astopologically similar catastr ophic events. To date, there are no known
works that formulate a unified theory of large-scale atmospheric vortices. Existing publications mainly present
amorphological interpretation of the results of meteorological observations. For example, it is known that the
source of atornado's energy is an ascending flow of warm air rotating unevenly. Its central, toroidal body-like
part, the "trunk", rises sharply above the Earth's surface and extends quite high horizontally. However, in fact,
the vortex is reflected in the atmosphere, not on the Earth's surface. Its main cause, unlike a tornado, is a
thermodynamic process in a cloud. Over time, the air sucked into the vortex cools down and descends as a
result of condensation of the steam mixed with it, but, despite theincreasein density, continuesto rotate around
animaginary vertical axis. A tornado, like atornado, is distinguished by a certain stability and retains afunnel -
shaped structure when moving significant distances along the earth's surface. At thistime, the linear speed of
rotation of the absorbed mass from the periphery of the tornado in the direction of its "mouth” (the throat of
the funnel) can increase by an order of magnitude or even more than the typical value of 10 m/ s. In terms of
energy, a stochastic storm of agigantic nature, atornado, which is disproportionately stronger than ahurricane,
usually occurs in the World Ocean, rarely in the area of large water bodies. A tornado, like atornado, as a
catastrophic natural phenomenon, has been well studied from amorphol ogical point of view, the consequences
of its destructive action are analyzed in detail [10-14]. However, a full-fledged theoretical modeling of this
atmospheric phenomenon is associated with insurmountabl e physical and mathematical problems[1, 15]. The
reasons for this situation are associated, first of all, with amultitude of factors, the joint action of which forms
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the environmenta conditions that contribute to the emergence of atornado. In particular, the cornerstone of
theoretical modeling of a tornado is associated with solving a system of three-dimensional equations of
thermogasdynamic motion with adequate initial and boundary conditions of the dynamic characteristics of the
rea environment. Therefore, at this stage, the solution to this problem exceeds the capabilities of modern
analytical methods and computer technology [15].

Conclusion.

The process of transition from laminar to turbulent atmospheric motion can have different stages.
Therefore, this process can be presented as very diverse depending on how much certain deterministic
characteristics change, determining it during the formation of vortices in the medium. Their presence at
specific spatial scales determines the similarity of the elements of the environment. From this point of view,
the transition from ordered motion to chaotic motion is nothing more than a sign that the turbulent medium
loses its homogeneous quantitative characteristics at smaller and smaller scales. At this time, the main
characteristic of the elements of the environment becomes chaotic rotation, creating a chaotic background.
Naturally, the linear approximation gives only asimplified mechanical representation of such aprocess. Inthis
sense, the kinematic model of non-uniform rotation is generally consistent with the deterministic scheme of
chaos generation. In particular, with its help, at the initial stage of chaos development, it is quite easy to
construct a qualitative picture of the process of vortex energy dissipation.

The Prandtl mode and its modifications physically alow the possibility of formation of atmospheric
vortices. In combination with this, using the kinematic model of non-uniform rotation, it is possible to simulate
the interaction of atmospheric vorticesin alinear approximation. This approach gives afairly complete picture
of the development of spontaneous crystalline disturbances in the atmosphere of a narrow mountain valley.
Theinteraction of primary vortices formed due to the inversion of the convection velacity into simple vortices
and rings formed during their subsequent connection, within the framework of the Artsukovsky hypothesis,
determinesthe scal e of turbulence and causes achangein thetemperaturefield of the atmosphere. Accordingly,
the level of its disturbance depends on the time scales and intensity of the generation of storm formations, as
well as on the thermodynamic regime of the environment. Thus, the kinematic model of non-uniform rotation
gives a qualitative idea of the mechanism of the process of generation and decay of atmospheric vortices. In
addition, with its help, the disturbance of the temperature field of the atmosphere can be modeled using one of
the particular solutions of the temperature conductivity eguation.
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Konunueckasi Moe/ib HEOTHOPOHOTO BPAIIICHUS U B3aUMO/IeliCTBUE
3JIEMEHTOB BPAaIATEJIbHON ey aTMOC(pephl B JIUHEHHOM
npuOIMKEHUN

3. Kepecennasze, A. AmupanamBuin, B. Ynxaaaze, M. Uxurynnase,
I'. lJomunanze, 3. Yanus

Pe3rome

I'moGanbHyto aTMocdepy MOXKHO PaccMaTpuUBaTh Kak OTKPBITYI0 TEPMOAMHAMHYECKYIO CHUCTEMY, BHYTpHU
KOTOpOW NEHCTBYIOT pasNUdYHbIe Bo3MyIlaromue (paxropsl. Hanpumep, naxke B CIIOKOWHBIX aTMOC(EPHBIX
yCIOBUSIX oporpadusi MOXKET CTaTh MPUYMHOW HApPYUICHWS CTAIMOHAPHOTO TEIUIOBOIO OanaHca MEeXIy
3emiieii u atMocdepoid. B rienoM, ¢popMupoBaHIe BUXPEBBIX CTPYKTYP B JIFOOOH Ta3000pa3HON MITH KHUJIKOU
Cpeze SIBISeTCS CTOXACTHYECKH JACTEPMHUHHPOBAHHBIM. DTO O3HAYaeT, YTO IMpolecc 00pa3oBaHMs BHXPS B
onpez{eneHHoﬁ CTCIICHU BepOHTHOCTHBIﬁ. HOSTOMY, npu MaTeMaTU4€CKOM MOACIMPOBAHUMN I10JIA
aTMOC(EPHBIX KPYrOBOPOTOB PAIMOHAIBLHO HCKIIYHUTh CllydaliHble (DaKTOPhI, BBISBHB KOHKPETHBIC
cnocoOcTByome ycinoBusi. Hanpumep, cuiibHoe pasfeneHHe 3€MHOT0 peibeda crocoOcTByeT
TypOyJIEHTHOCTH BO3IYLIHBIX MOTOKOB PErHMOHAJIBHOTO M JIOKAIBHOro MacmTaba. B wactHocTH, mponecc
(dopmupoBaHusi aTMoc(EpHBIX BHUXPEH Cl1a00l HMHTEHCHMBHOCTH B TOPHBIX JIOJMHAX BCErJla MOXHO
paccMaTpuBaTh KaK HapylleHHE JIOKATbHOH YCTOMYMBOCTH, IPUYMHON KOTOPOTO SIBJISIETCSI HEPAaBHOMEPHOCTD
TEMIIepaTypHOro M0JIsl, CO3/1aBaeMOT0 Ha IpaHMLIE Pa3InyHoN oporpaduu u nanamadros. Takke reHepanuo
BUXpEH U IMpoliece UX paccessHus B aTMocepe BCer/ia MOKHO PacCMaTpUBaTh KaK HApyIICHNE YCTOMUMBOCTH
Cp€abl B ONPCACIICHHBIX ITPOCTPAHCTBCHHBIX MaCHITa6aX, YTO BbBIpaXXacTCA B HApyYHICHUU €€
TEPMOJIMHAMUYECKUX NTapaMeTPOB.

KiroueBbie ciioBa: aTtMocdepHble BUXPH, TEPMOJMHAMHUYECKHE NapaMeTpbl, penbed, MaTeMaTHYeCcKoe
MO/JICJIUPOBAaHHUE.
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ABSTRACT

Geomagnetic storms are intense disturbances in Earth’s magnetosphere that can disrupt technological systems and
impact human health. This study investigates the dynamics of solar-terrestrial interactions using data from the Dusheti
Observatory and global geomagnetic indices. We examined the relationships between the interplanetary magnetic field
(IMF), sunspot numbers, and the H-component of the geomagnetic field during the period from 2023 to 2024, focusing
on the unprecedented geomagnetic storm of May 11, 2024. Through wavelet coherence and cross-correlation analyses,
we identified significant interactions between solar and geomagnetic activity, with coherence patterns emerging well
before the storm onset. The analysis of six solar cycles (1964-2024) revealed correlation at lag of 5 days, highlighting
the potential predictive utility of sunspot numbers. This study also validated the reliability of local geomagnetic data,
emphasizing its importance for understanding the regional manifestations of global geomagnetic eventsin Georgia. The
findings contribute to the devel opment of improved predictive models for geomagnetic disturbances and underscore the
need for localized studies to better mitigate the risks associated with space weather.

Key words: Geomagnetic storms, Dusheti observatory, Interplanetary magnetic field, DST index, Wavelet coherence,
cross-correlation, Space weather prediction

I ntroduction

Geomagnetic storms cause significant disruptions and sharp drops in Earth’s magnetic field, they are
primarily driven by the interaction between solar wind, the interplanetary magnetic field (IMF) and Earth’s
magnetic field. Geomagnetic storm of 11 may 2024 was the most powerful storm of 21st century and captured
global attention [1].

The dynamics of these storms stem from nonlinear interactions between the Sun’s plasma outflows
and Earth’s magnetic field, which underscores the need to study their evolution and coupling with external
drivers such as the IMF and solar activity. To better understand these processes, this study examines
geomagnetic data from the Dusheti Observatory and Disturbance Storm Time (DST) index, a global measure
of geomagnetic stormintensity. The DST index quantifies magnetic field variations dueto ring currentsformed
during storms [2]. Comparing them validated the accuracy of Dusheti’s H component data, providing a
foundation for further analysis of geomagnetic perturbations. We aso explore relationships between
geomagnetic field variations, IMF, and solar activity (sunspot numbers). Wavelet coherence and cross-
correlation methods were used to analyze these connections, with a focus on identifying patterns that might
serve as predictors for geomagnetic storms. Understanding these relationships is critical, as intense
geomagnetic storms have significant implications for technology, infrastructure, and human health, Our
primary interest lies in understanding how these storms impact Georgia, using Dusheti Observatory’s data to
gain insightsinto local manifestations of global geomagnetic events[3, 4].

Thiswork aimsto study quantifiable patterns and correl ations between the geomagnetic field, the IMF,
and solar activity during periods of intense geomagnetic activity. By doing so, we hope to enhance predictive
capabilities for geomagnetic disturbances, which could mitigate the risks posed by space weather and
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contribute to a better understanding of geomagnetic storm dynamics in both global and regional contexts [4,
5].

Data and methods

The study focuses on data collected from August 2023 to July 2024, analyzing different time periods
to uncover relationships between geomagnetic field variations, sunspot numbers, and the interplanetary
magnetic field (IMF). A key focus is the geomagnetic storm on May 11, 2024 (Fig. 1 and 2), one of the largest
recorded during this period (Figure 2). The data used includes the DST index and sunspot numbers obtained
from NASA’s OMNIWeb service [7], alongside the H-component of the geomagnetic field recorded at the
Dusheti observatory (station code: TBS, Geographic coordinates: 42.08°N, 44.7°E. Geomagnetic coordinates:
37.96°N, 117.16°E. Altitude: 982 m) in Georgia. All of the datasets have a resolution of one hour, enabling
high-precision temporal analysis. Missing data points were addressed using linear interpolation to ensure
continuity.

Toinvestigate correl ations between these datasets, we employed wavel et coherence analysisand cross-
correlation techniques. Wavelet coherence is particularly suited for identifying and quantifying relationships
between nonstationary signals across time and frequency domains. This method allows for a detailed
exploration of how the phase and amplitude rel ationships between signals evolve over time, even in regions
where individual wavelet coefficients are weak. By revealing periods and frequencies where the signals are
coherent, wavel et coherence enhances our ability to identify and interpret significant patterns.
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In addition to wavel et coherence, we divided the sunspot and DST datainto six sections corresponding
to solar cycles. This segmentation enabled a detailed cross-correlation analysis for each cycle. The cross-
correlation function was calcul ated for detrended datasets, where trends were removed using moving averages,
with windows of 365 days. This detrending process ensured that only fluctuations relevant to the study’s
objectives were analyzed. Than for the cross-correlation analysis: Each solar cycle segment was independently
analyzed to compute the cross-correlation function over a maximum lag of 90 days. Correlation coefficients
(p) and corresponding lags were calculated for each segment to determine the temporal relationship between
the detrended sunspot and DST datasets. The results from al six segments were combined using a
mathematical approach to aggregate the correlation results: The datasets were analyzed for their common signs
at each lag to determine a consensus sign. The combined correlation was computed as the geometric mean of
the absolute values of the segment correlations, weighted by the common sign.

This method provides a comprehensive view of the relationships between sunspot numbers and
geomagnetic field variations across solar cycles, highlighting both consistent and cycle-specific patterns. The
results have implications for understanding how solar activity influences Earth’s geomagnetic environment
and for identifying potential predictors of geomagnetic disturbances.

Results and discussion

Wavelet-Coherence analysis. The wavelet coherence analysis of the interplanetary magnetic field
(IMF) and the H-component of the geomagnetic field at different time periods reveal interesting relationships
between the two signals. In Figure 3, we see that from february to August 2024, the IMF and geomagnetic
field exhibit coherence at the lowest frequencies. However, during geomagnetic storms, coherence becomes
visible at higher frequencies, even before the storms begin. During intense geomagnetic storms, the coherence
spans abroader spectrum of frequencies, extending to even lower periodicities. This suggests that geomagnetic
stormsinfluence the dynamics of the IMF and geomagnetic field across awide range of frequencies, enhancing
coherence between the two signals.
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Fig. 3. Wavelet coherence between IMF and H component of geomagnetic field.

We applied the same method to analyze the coherence between sunspot numbers and both the H-
component of the geomagnetic field and the DST index. Fig. 4 and 5 reveal coherencein both caseswell before
the geomagnetic storm occurs. Thisis indicated by the yellow regions on the plots, which appear as early as
mid-March, approximately two months prior to the storm. These findings are particularly intriguing as they
highlight the potential for using the relationship between sunspot numbers, geomagnetic data, and the DST
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index as an early indicator of strong geomagnetic storms. However, further investigation is required to fully
understand and validate this predictive capability.

Cross-correlation. In this study, we utilized the cross-correlation method to analyze the relationship
between sunspot numbers and the Dst index on a larger scale. The data, spanning from 1964 to 2024, was
segmented according to six solar cycles (the last cycle being incomplete). For each solar cycle, we measured

the cross-correlation between these datasets and aggregated the results.
Our findings, presented in Fig. 6, indicate a cross-correlation of 8% with a 5-day lag. These results

suggest the potential utility of sunspot numbers as a predictive indicator for geomagnetic activities.

Fig. 4. Wavelet Coherence of sunspot humber and DST index.
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Fig. 6. Cross-Correlations of sunspot number and DST index.

Conclusion

This study provides a comprehensive anaysis of the relationships between solar activity, the
interplanetary magnetic field (IMF), and geomagnetic variations, with a particular focus on the geomagnetic
storm of May 11, 2024. By uitilizing high-resolution data from the Dusheti Observatory and global indices
such as the Dst index, we validated the accuracy of local geomagnetic field measurements and explored their
connections to solar drivers.

The wavelet coherence analysis revealed significant patterns of interaction between solar and
geomagnetic datasets, particularly the ability to detect coherence at higher frequencies preceding geomagnetic
storms. This underscores the potential for using sunspot numbers and IMF data as early indicators of
geomagnetic disturbances. Cross-correlation analysis further supported this potential, demonstrating a
measurabl e lagged rel ationship between sunspot activity and geomagnetic indices across multiple solar cycles.

These findings enhance our understanding of the dynamics of geomagnetic storms and their coupling
with solar activity. They aso highlight the potential for predictive modeling, which could mitigate the impacts
of space weather events on infrastructure, technology, and human health. Future studies should focus on
refining these methods and incorporating additional datasets to improve the robustness and accuracy of
predictions.
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KorepeHTHbBIN aHAJIM3 MOLIHBIX T€OMATHUTHBIX BO3MYIUCHUHA HA
npuMepe 1aHHbIX o0cepBaTopum Jymern u unaexkca DST

JI. Qyaykunase, O. Xapmmuiaanse, A. I'ypuymedns, JI. Coppuco-BaiasBo,
X. Dabakuaze, T. MaTnamBuiu

Pe3rome

I'eomarauTHbIe Oypr — 3TO WHTEHCHUBHBIC BO3MYIICHHS B Marautochepe 3emid, CIOCOOHBIE HApYIIaTh
paboTy TEXHOJOTHMUYECKMX CHCTEM W OKa3bIBaTh BIMSHKE Ha 3JI0pPOBbE YelOBeKa. B mMaHHOM ucclieoBaHUU
AQHAJIM3UPYETCS TUHAMHKA COJHEYHO-3E€MHBIX B3aUMOJICHCTBHI C UCIOJIB30BAHHEM JAHHBIX 00CEpBATOPUU
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Hymern u rinoOambHBIX T€OMArHWTHBIX HHIEKCOB. MBI M3yYWJIM B3aUMOCBS3M MEXIY MEKIUTAHETHBIM
MarauTHeIM nosieM (IMF), uuciom conHeunsix msaTeH, nHaekcoM DST u H-KOMIOHEHTOH IeOMarHUTHOIO
noJist B iepuon ¢ 2023 mo 2024 roj, cocpeloTOUuMB BHUMaHUE Ha reoMarHuTHOHN Oype 11 mas 2024 rona. C
MOMOIIbI0  aHAJIM3a BEUBJICT-KOTEPEHTHOCTH M KPOCC-KOPPENSAIUM OBUIM  BBISBJICHBI  3HAYHUMEIC
B3aMMOJCHCTBUS MEKIY COTHEYHBIMU F T€OMAarHUTHBIMHU CUTHAJIAMH, TIPYA 3TOM KOT€PEHTHOCTH MIPOSBIISIETCS
3aJI0NTO JI0 Hadana Oypu. AHAIIM3 MIECTH COMHEYHBIX ITUKIOB (1964-2024) moka3an HaaM4drue KOPPEISIHA C
3aJIepP)KKOH B 5 JIHEH, 4TO MOAUYESPKUBACT MOTSHIIMATBHYIO MPOTHOCTUYECKYIO MOJIE3HOCTh YMCIIa COTHEYHBIX
maTeH. B nccnemoBanny Takxke OblIa MOATBEPKIIEHA HANEKHOCTH JOKATbHBIX T€OMAarHUTHBIX JaHHBIX, YTO
MOMYEPKUBAET WX BAKHOCTh IS TOHHUMAHHSA PETHOHAIBHBIX TMPOSBIECHUI TOOaIbHBIX T€OMarHUTHBIX
coobiTuii B ['py3um. IlomydeHHble pe3yabTaThl CIOCOOCTBYIOT pa3pabOTKE YCOBEPIIEHCTBOBAHHBIX
MMPOTHOCTHUYECKUX MOJICICH TeOMAarHUTHBIX BO3MYIICHHN M IMOJYCPKUBAIOT HEOOXOAUMOCTHh MPOBEIACHUS
JIOKATBHBIX UCCIeN0BaHui st 3(h(HEKTUBHOTO CHIKEHHS PHICKOB, CBS3aHHBIX C KOCMUYECKON TIOTOJIOM.
Karouessle ciioBa: ['eomarautHeie Oypu, Jlyrerckas oocepBaTopusi, MexIuiaHeTHOE MarHuTHoe mose, DST -
nHCKC, BEeWBIET-KOrepEHTHOCTh, KPOCC-KOppesiius, [ [porH03 KOCMHYECKOM TTOTOTBI.
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ABSTRACT

A brief information on joint research of the M. Nodia Ingtitute of Geophysics, TSU and the Institute of
Hydrometeorology, GTU, conducted in 2019-2023 and the prospects for their further development are presented.
Key words. Hydrometeorology, climate, experimental modeling of atmospheric processes, bioclimate, ecology.

I ntroduction

Over the past decades, the institutes of geophysics and hydrometeorology have conducted and are
conducting important joint research on a wide range of atmospheric physics issues, in particular such as
natural radioactive tracers in the atmosphere; air pollution; atmospheric electricity, thunderstorm-hail
processes; climate change in Georgia; assessment of bioclimatic resources of Georgia; assessment of the risk
of hydrometeorological disasters, radar meteorology; weather modification, etc. In addition to scientific
work, attention was also paid to the popularization of atmospheric research [1].

The results of joint research have been published in both domestic and international journals and
collections, and presented at conferences of various levels. Thus, in 2008, at the initiative of the institutes of
geophysics and hydrometeorology, a major international conference, “Climate, Natural Resources, and
Natural Disasters in the South Caucasus’, was held within the framework of the International Y ear of Planet
Earth [1].

The one of most important results were obtained in large-scale studies of modern climate change in
Georgia, which were launched in 1996 jointly with the Vakhushti Bagrationi Institute of Geography and
continue to this day. First of al, an inventory of greenhouse gases was conducted in Georgia, spatial and
temporal variations in the fields of air temperature, precipitation, cloudiness, aerosol air pollution,
equivalent-effective air temperature, surface cover and other climate-forming parameters were studied, and
an assessment was made of expected changes in air temperature in Thilisi for the next few decades and the
effects of these changes on human health [2-8]. It is noteworthy that in 2009, a group of leading scientists
(K. Tavartkiladze, Institute of Geography; N. Begalishvili, Institute of Hydrometeorology and A.
Amiranashvili, Institute of Geophysics) were awarded the Georgian National Prize for a series of works in
thefield of climate change in Georgia.

The second most important result was achieved in 2015, when, as a result of extensive preparatory
work, the anti-hail service, which had ceased to exist in 1989, was restored in Kakheti over the area of
approximately 650 thousand hectares [9-12].

The restored anti-hail system includes: contemporary meteorological radar Meteor 735CDP10 of
firm Selex ES; central remote-control station with the change personnel; the automated system of the fire
control; 85 rocket launching sites; the autonomous automated rocket guns; anti-hail rockets; scientific group;
the group of the maintenance of radar and rocket guns. The test probation of system showed the prospect of
its further use for dealing with the hail. The physical and economic effectiveness of anti-hail works in 2015
year, in spite of the limited quantity of means of action (rockets), it was not worse than it is earlier in the
years with the action. It is significant that if in the past in Kakheti personnel of anti-hail service comprised
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more than 800 people, at present this work it ensures only 30 people. Subsequently is assumed an increasein
the shielded from the hail areas, and also, besides the anti-hail works, the use of radar for monitoring of
dangerous hydrometeorological processes in eastern Georgia and adjacent to its territories of Armenia and
Azerbaijan [12].

A brief information on joint research of the M. Nodia Institute of Geophysics, TSU and the Institute
of Hydrometeorology, GTU, conducted in 2019-2023 is presented below.

Materials and methods

The data of the ground based hydrometeorological network of the National Environment Agency of
Georgia, radar Meteor 735CDP10 of firm Selex ES of the anti-hail service in Kakheti and satellite
observations of the Earth Observation Mission are used. Various data on environmental pollution were
obtained through direct instrumental measurements and the use of chemical analysis.

Data analysis was 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. Numerical
modeling methods were used to simulate the spread of impurities in the atmosphere. GIS technologies were
used to create the maps.

Results

During 2019-2023, atotal of 53 scientific papers were published [13-66], including four monographs
[14,35,36,46] and one book [34]. Joint research was conducted in such areas as weather modification
[13,21,45], climate change [17,25,30,33,44,46,48,55,56,59], natura disasters [18,23,24,26,41,42,47,49-
54,57,65], adverse meteorological phenomena [16,19,20,22,32,43,58,60,64], environmental pollution [34-
40], bioclimate [14,15,27-29,31,61-63].

A brief overview of some of the works are presented below.

The works [13,21,45] present an analysis of scientific and practical work on the artificial impact of
weather on Georgia in the past and present (fighting against snow, regulating the activity of lightning in
clouds, dissipating fog, artificial regulation of precipitation, etc.). The prospects for the further development
of these works are discussed [13].
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Fig. 1. Scheme for the development of works on weather modification in Georgiaand related activities for
active and passive prevention of some types natural disasters[13].
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The next expansion the works in Georgia on weather modification is planned (Fig. 1).

Acting polygon - Kakheti (black points - rocket launchers). An increase in the number of missile
points; installation of an additiona radar covering the territory of Kakheti; creation of an expanded network
of meteorological stations for ground monitoring of the results of active impacts on hail processes and
precipitation, etc.

Planned polygons.

Kvemo Kartli (yellow points - rocket launchers). In this region in the past century was polygon on
the territories of municipalities Tetritskaro, etc. In the environments of the territory of municipality
Ninotsminda the work on an increase in the atmospheric precipitation was conducted.

Shida Kartli (blue points - rocket launchers). Polygon on the territory of municipalities Gori, €tc.

Samtskhe-Javakheti (green points - rocket launchers). Polygon on the territory municipalities

Aspindza, Adigeni, Akhalkalaki etc.

Mtskheta-Mtianeti (red points - rocket launchers). Polygon on the territory of municipalities
Mtskheta, Tianeti, etc. In the environments of the territory of municipality Tianeti previously the work on an
increase in the atmospheric precipitation was conducted.

Territory of the capital of Georgia - Thilis. Work on active actions on atmospheric processes
with the use of rocket technology for purposes of safety of population here are forbidden. It is possible the
use of aircraft technology for the hail suppression and to the atmospheric precipitation regulation. It is also
possibly the arrangement of rocket points on the boundaries of city for the action on the hail processes out of
itsterritory.

Ajara. It is planned to organize work to reduce excess rainfall using ground (rocket, aerosol
generators, etc.) and aircraft technologies.

To improve the efficiency of weather modification works in Kakheti and their implementation in
other regions of Georgia, it is planned to purchase several new meteorological radars. In particular, on the
territory of eastern Georgia, it is planned to install 1-3 additiona radars, which will be interfaced with the
exigting radar to Chotori.

Is assumed the expansion of scientific studies on the development of new and the improvement of
the existing active and passive methods of the prevention of natural catastrophes (hail, thunderstorm, shower
precipitation, flood, the dust storms, fogs, landdides, avalanche, frosts, drought, forest fires, etc.). Renewal
of the tests of different existing, improved and newly created ice-forming and hygroscopic reagents, and also
other artificial aerosol formations for the active actions on the clouds and the fogs, fight with the frosts, the
smog (pollution of atmospheric air), etc. The production of anti-hail rockets with the improved ballistic
characterigticsis planned (increase in the effective radius of action, etc.).

In particular, in order to increase the efficiency of passive prevention of natural disasters, it is
planned to build a regional model for the relationship of radar parameters with the above-mentioned
dangerous hydrometeorological phenomena. Thiswill alow for an early (severa tens of minutes) warning of
the population and relevant authorities about the upcoming dangerous hydrometeorological situation.

Examples of radar monitoring of hail processes, rainfall, and dust formation migration in eastern
Georgia and its neighboring countries (Azerbaijan, Armenia) are presented in [12,51]. In the case of relevant
interstate agreements, it is possible to organize an international service for short-term warning of the
population and emergency structures about the possibility of dangerous meteorological phenomena

In conclusion, it is noted that in connection with global changes (climate warming, an increase in the
number of natural disasters), works on the weather modification is of particular relevance. In the last century,
Georgia was one of the flagships of these works. After the restoration of the activities of the anti-hail service
in Kakheti, which proved to be effective with minimal maintenance, there appeared prospects for further
development of work on weather modification also in other regions of Georgia.

In the foreseeable future, it is planned to elaboration both active and passive methods of natural
disasters preventing [13].

A number of works are devoted to the problems of climate change in Georgia (precipitation,
cloudiness, wind, air temperature, etc.)[17,25,30,33,44,46,48,55,56,59].
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In the monograph [46] the natural factors causing the formation and variability of weather, aswell as
one of the important problems of modernity, climate change and causing reasons are studied in the complex
manner using modern technologies. The data of the ground based hydrometeorological network and satellite
observations of the Earth Observation Mission are used. The impact of climate change on the number of
sectors of the country's economy (construction industry, tourism, healthcare, education and others) has been
evaluated. The monograph has both scientific and practical value. The monograph is intended for specialists
working in this field and the wide society. It can be used as the supplementary handbook for students of the
Faculty of Natural Sciences of higher education institutions.

Statistical data on meteorological parameters associated with the Holiday Climate Index (mean
monthly maximum air temperature, mean monthly relative air humidity, cloud cover, monthly precipitation,
wind speed) in thirteen mountainous regions of Georgia (Bakhmaro, Bakuriani, Borjomi, Goderdzi, Gudauri,
Khaishi, Khulo, Lentekhi, Mestia, Pasanauri, Shovi, Stepantsminda, Tianeti) from 1956 to 2015 are
presented in [30]. In particular, the changeability of the indicated meteorological parametersinto 1986+2015
in comparison with 1956+1985 for above enumerated points is studied.

The results of a gtatistical analysis of the monthly, semiannual and annual values of total cloudiness
G in Thilisi in 1956-2015 are represented in [33]. In particular, it was found that in the period from 1986 to
2015 compared to the period 1956-1985 in Thilis for all months and periods of the year (with the exception
of August and December - no change of G values, and October - increase of cloudiness), there is a decrease
of the values of total cloudiness. The linear trends of total cloudiness were studied for the period from 1956
to 2015. It is shown that the largest decrease of G values in 2015 compared to 1956 relative to the average
value of total cloud cover in 1956-2015 was observed in June: -20.3%, the smallest - in April: -6.4%.

Predictive estimates of the number of hail days (HD) and their moving averages (for 3, 5, 7, 9 and 11
years— HD 3...HD 11) per warm period of year to 2050 and 2085 an example of Tbilisi was performed in
[48]. Forecasting was carried out using the AAA version of the exponential smoothing (ETS) algorithm
taking into account the periodicity in the pre-forecast time series. In particular, the following results were
obtained. For the time series of the measured number of days with hail and HD_11 years, no pronounced
peak in periodicity is observed. For time series HD_3, the periodicity is 14 years, HD 5 — 32 years, HD_7
and HD_9 — 31 years. In the period from 2022 to 2050, the range of variability of the average values of the
central points of the forecast for the number of days with hail and the values of their 95% upper level is as
follows: HD - from 0.9 t0 3.8, HD_3 - from 1.0to 3.0, HD_11 — from 1.0 to 1.6. In the period from 2022 to
2085, the range of variability of the average values of the central points of the forecast for the number of
days with hail and the values of their 95% upper level is as follows. HD_5 - from 0.4 to 3.0, HD_7 - from
0.7t01.8,HD 9-from0.5t0 3.

The research results of the variability of the mean max annual air temperature at 39 locations in
Georgia againgt the background of global climate change in 1956-2015 are presented in [55]. The statistical
characteristics of the mean max annual air temperature in the period 1956-2015 (T), 1956-1985 (T:) and
1986-2015 (T2) for each point were studied.

It has been established that in the second period compared to the first, there is a significant increase
in the average max air temperature at the 29 stations from 0.3°C (Stepantsminda) to 1.2°C (Bakuriani); for
Shovi this difference is 1.1°C. It is shown that between the Ti, T2 values and the terrain height there has been
observed the high inverse linear correlation and regression relationship there. At the same time, the lines of
the regression equations are parallel with the increasing in the second period compared to the first by 0.6 °C.

It is shown, that a significant value of (T2- T1)/T changes from 2.0 % (Chokhatauri) to 11.0%
(Bakuriani); for Shovi this indicator is 8.4 %. The significant value (T2- T:1)/T increases with terrain height in
accordance with a second power polynomial

Some results of comparative analysis of the average maximum annual, seasonal and monthly air
temperature variability in Thilis and Shovi during 1956-2022 against the background of global warming in
[56] are presented. The datigtical characteristics of the mean max annual, seasonal and monthly air
temperature in the period 1956-2022 (T), 1956-1985 (T:) and 1993-2022 (T-) for each point were studied.

It is shown that compared to Thilisi, climate warming in Shovi is much more significant. For
example, the increase in the mean annual max air temperature in Thilis in 1993-2022 compared to 1956-
1885 was 0.8 °C, while in Shovi it was 1.9 °C. The situation is similar for the warm and cold half of the year.
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The maximum increase in the mean max monthly air temperature at both points was observed in August. At
the sametime, in Thilisi - 1.9 °C, and in Shovi - 3.7 °C.

It is shown that the trend of the mean max annual and seasonal air temperature in 1956-2022 in
Thilis is described by the second power polynomial, and in Shovi - by the third power polynomia (Fig. 2).
Using these equations, the average annual rate of increase in air temperature at both points was calculated. In
particular, it was found that in 2011-2020 this speed in Shovi is three times higher than in Thilisi [56].
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Fig. 2. Average annual and seasonal variations of air temperature in Tbilisi and
Shovi in 1956-2022 [56].

Some results statistical analysis of the daily mean (Wmean) and max (Wmax) wind speed for Thilisi
from January 1, 1971 to December 31, 2020 are presented in [59]. In 1971-2020 annual mean of W nean Was
1.5 m/sec, and Wax - 9.1 m/sec. In 1996-2020 compared with 1971-1995 annual mean of W yean increased by
0.8 m/sec, and Wax - by 0.3 m/sec. Intra annua distribution of monthly average of daily mean and max
wind speed Thilisi in 1971-2020 has the form of a sixth power polynomial. Regression equations were
obtained for the relationship between the repetition of mean daily and maximum wind speed in Thilis with
the central points of wind speed on the Beaufort Wind Scale.

A dggnificant number of works are devoted to the study of natural disasters
[18,23,24,26,41,42,47,49-54,57,65] and adverse meteorological phenomena [16,19,20,22,32,43,58,60,64] in
Georgia (blizzards, forest fires, hail, heavy precipitation, floods, heavy snow and avalanches, storms,
hurricanes, landdlides, etc.). Some of the works [42,50,51-53,57,60] were carried out using data from the
first natural disaster catalog created in Georgia [41,47,49,54,65].
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In particular, according to data from 2014 to 2018 the distribution in Kakheti region of Georgia of
hail storms (Fig. 3), heavy rainfal, floods and floodings (Fig. 4) was study [23,24].

Heavy rainfall, floods and floodings

Hail in Kakheti in Kakheti(2014-2018)

(20142018)

¥ saitstorm locations @ Damaged location

@ Municipality center

dzsh

50 Kilometers
| I LR i
Azerbaijan

Fig. 3. Hail in Kakheti in 2014-2018 [23]. Fig. 4. Distribution of heavy rainfall, floods
and floodings in Kakheti 2014-2018 [24].
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Ninotsminda

Fig. 5. Distribution of heavy snowfalls and avalanchesin Georgiain
2014-2018 [43].

The results of the study of distribution on the territory of Georgia of heavy snowfalls and avalanches
in 2014-2018 (Fig. 5) are presented in the work [43].

In [41,47,49,54,65] are present a new natural hazard database for the Republic of Georgia (GeNHs).
This database includes a parametric catalogs of five types of natura hazard events (landdlide, debris flow,
flash flood, windstorm, and hail) causing significant economic loss and casualties in Georgia over the last
decades and centuries, respectively. The compilation of these events is innovative as the entire country is
covered, and it is timely and may be used by civil protection, risk managers, and other stakeholders in order
to provide information for natural hazard and risk management as well as decision-making with respect to
effective and efficient mitigation measures. The data included in the database was collected based on the
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minimum requirements of data quality. Data quality included information on the order of magnitude for each
hazard type and the related frequencies, a magnitude classification and harmonization of the corresponding
data was carried out to obtain magnitude classifications. For each natural hazard type and event, the most
reliable values of the main parameters were collected and determined from the set of available information.
These included date of occurrence (year, month, day), time of occurrence (hour), location of occurrence
(geographical coordinates), magnitude and intensity where appropriate, affected area, and associated loss
(number of fatalities; losses in terms of economic values). The database contains the following information.
Landslides were collected for the period between 1900 and 2022, with 1635 events. The magnitude of
landslides (MLL) was taken as the logarithm of its volume (in m®), with a resulting range between 3.0 and
9.0. Debris flows were collected for the period between 1776 and 2022, with 880 events. Debris flow
magnitudes (MDF) were taken as the logarithm of the maximum volume (in m®) of debris material
discharged during a single event, with a resulting range between 3.5 and 7.5. Flash floods were collected for
the period between 735 and 2022, with 1098 events. Flash flood magnitudes (MFF) were taken as the
logarithm of the water peak discharge (in m¥sec), with a range between 1.5 and 4.0. Windstorms were
collected for the period between 1946 and 2022, with 1563 events. Windstorm magnitudes (MHR) were
taken as wind speed (in m/s) divided by ten, with arange between 3.0 and 6.0. Hail stormswere collected for
the period between 1891 and 2022, with 2186 events. Hail storm magnitudes (MHL) were taken as the hail
grain size (in mm) divided by ten, with a range between 0.4 and 11.0. This database will provide key input
for further improvements of hazard and risk assessment, for the assessment of human and economic losses
resulting from such hazards, for assessing possible effects of climate change as well as for evaluating new
forecasting and early-warning efforts. The GeNHs database is accessible online [65] and will be kept
updated in the future.

Some of the works [42,50,51-53,57,60] were carried out using data from the catalog [65].

For example, in [42] statistical analysis of the number of days with hail in Georgiain 2006-2021 was
carried out. Long-term variations of the number of days with hail during the warm season in Thilisi in 1891-
2021 was study in [50].

The results of the analysis of radar studies of hail processes over the territories of Georgia and
Azerbaijan on May 28 and July 13, 2019 in [51] are presented. Based on the values of the maximum size of
hailstones in clouds, using the Zimenkov-Ivanov model, the expected sizes of hailstones falling on the earth's
surface are calculated. The degree of damage to vineyards, wheat and corn, depending on the size of the hail,
was determined by summarizing the known data on damage to these crops at different kinetic energy of hail
and data on the average kinetic energy of hail of different magnitudes. Based on this compilation, regression
equations were obtained for the relationship between the degree of damage to these crops and the size of
hailstones, which have the form of a sixth degree of a polynomial. According to this equation, calculations
were made of the degree of maximum damage to vineyards, wheat and corn along the trgjectories of hail
clouds over the territories of Georgia and Azerbaijan. In Fig. 6 example of maximum vineyards damage

locations in Georgia and Azerbaijan is presented.
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Fig. 6. Maximum vineyards damage locations in Georgia and Azerbaijan during the study period [51].
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Analysis data on catastrophic floods in the vicinity of Thilis was conducted in [52]. Results of
statistical characteristics of hurricane winds over Georgia for the period 1961-2022 in [53] was presented. In
[57] atistical anadlysis of the number of days with hail and damage to agricultural crops from it in Kvemo
Kartli (Georgia) was carried out.

A number of works are devoted to the study of environmental pollution [34-40].

The monograph [36] examines the assessment of the ecological state, conditions of placement of
industrial arsenic waste in the industrial regions of Racha and Kvemo Svaneti, and also defines the main and
possible directions of spread of arsenic toxic waste pollution. Based on the results of expeditionary and
ecochemical studies, a numerical model of distribution of arsenic concentrations in water and bottom
sediments of the Lukhuni and Tskhenistskali rivers by stationary sourcesis presented.

Asfor air pollution, very important and labor-intensive environmental studies have been carried out
[34,35,37-40]. The studies used portable mobile devices Aeroqua Series 500 and TROTEC PC220 for
measuring PM 2.5, PM10 microparticles and some meteorological fields (wind speed, temperature, relative
humidity), owned by the Institute of Hydrometeorology. With the help of these instruments, the data
obtained as aresult of special expeditionary measurements were used in the numerical implementation of the
model of atmospheric processes on the scales a and  and the equations of pollution transfer-diffusion in a
continuous medium, developed at the Institute of Geophysics.

As aresult, the spread of dust, PM2.5 and PM10 microparticles in the cities of Thilis, Rustavi and
Kutaisi and their environs was studied.

The main features characterizing the process of microparticle spread in complex terrain conditions
were studied. The zones of increased dustiness of cities were identified, differencesin the spatial distribution
of atmospheric air pollution in the winter and summer seasons were revealed. The time intervals when areas
of increased concentrations are formed or the air self-purification process occurs were determined. The
temporal and spatial changes in dust concentration in the lower part of the atmospheric boundary layer were
studied. The distribution of PM 2.5 and PM 10 concentrations in the atmosphere of Thilisi during the COVID-
19 pandemic (2020-2021) was investigated [34,35,37-40].

The book [34] is devoted to the problems of numerical modeling of dust dispersion in the
atmosphere of Georgia It provides a mathematical model of dust transport-diffusion in the atmosphere, a
system of corresponding equations is obtained, an algorithm for numerical integration of equationsis given,
and the results of the model implementation are analyzed. In particular, the features of transboundary,
regiona and local dust dispersion are studied, the influence of relief of various scales on the dust transport-
diffusion process. The model can be successfully used for theoretical study of the dispersion of atmospheric
pollutants in areas with complex relief.

The monograph [35] is dedicated to the problems of numerical modeling of the propagation of
microaerosols PM2.5 and PM 10 (Particulate Matter) in the atmosphere of Thilisi. It includes a mathematical
model of the transfer-diffusion of a passive ingredient into the atmosphere, an algorithm for the numerical
integration of equations, and an analysis of the results of the model implementation. The propagation of
PM2.5 and PM10 in the atmosphere of Thilis during a background light air was studied. The model can be
successfully used for the theoretical study of the distribution of air pollutantsin acomplex terrain.

The works [15,27-29,31,61-63] and monographs [14,46] discuss the bioclimatic features of Georgia
and the related modern problems of development of the resort and tourism industry. A methodology for
assessing tourism and recreationa resources taking into account the dynamics of climate change has been
developed in detail. The potential of tourism and recreational resources of different regions of Georgia and
the patterns of its distribution in time and space have been determined.

The monograph [14] is devoted to modern problems of tourism industry. The method of evaluation
of tourism-recreational resources is taken into consideration in detail in terms of climate change dynamics.
The potential of tourism-recreational resources are estimated of two different regions of Georgia. The work
uses the results of the project of the European Union “Tourism development prospects in Guria”.
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In [27] a comparative analysis of data on the monthly values of Tourism Climate Index (TCI) and
Holiday Climate Index (HCI) in Thilis is presented. Period of observation — 1956-2015. Average monthly
values of HCI for the entire observation period varied from 62.0 (“Good”, January) to 83.8 (“Excellent”,
May). As in the case with the TCI, according to the HCI, the bioclimatic conditions in Thilis are favorable
for resort and tourist purposes al year round. Comparison of the values and categories of the Tourism
Climate Index and Holiday Climate Index shows that the intraannual variation of both indices is similar and
has a bimodal form. However, given that the TCI is calculated for the socalled “average tourist” (regardless
of gender, age, physical condition), the values and categories of this index is lower than the HCI values and
categories.

In [28] the detailed information on the variability of the monthly values of the Holiday Climate
Index (HCI) in Thilisi in 1956-2015 are presented. It also presents data on the interval forecast of variability
of HCI valuesin Thilis for the next few decades.

Data about long-term monthly average values of Holiday Climate Index (HCI) for 12 locations of
Kakheti (Akhmeta, Dedoplistskaro, Gombori, Gurjaani, Kvareli, Lagodekhi, Omalo, Sagargo, Shiraki,
Telavi, Tsnori and Udabno) are presented in [29]. For 6 stations of this region (Dedoplistskaro, Gurjaani,
Kvardi, Lagodekhi, Sagarejo and Telavi) detailed analysis of the monthly, seasonaly and annually HCls
values over a 60-year period (1956-2015) are carried out. Comparison of monthly values of HCI and
Tourism Climate Index (TCI) for four points of Kakheti (Dedoplistskaro, Kvareli, Sagarejo and Tdavi)
based on data from 1961 to 2010 are carried out.

The long-term monthly average values of Holiday Climate Index (HCI) for 13 mountainous
locations of Georgia (Bakhmaro, Bakuriani, Borjomi, Goderdzi, Gudauri, Khaishi, Khulo, Lentekhi, Mestia,
Pasanauri, Shovi, Stepantsminda, Tianeti) are presented in [31,46,63]. Detailed analysis of the monthly,
seasonal and annual HCls values over the 60-year period (1956-2015) are carried out. Comparison of HCI
and Tourism Climate Index (TCI) monthly values for three locations (Goderdzi, Khulo and Mestia) based on
datafrom 1961 to 2010 are carried out. The variability of the HCI in 1986-2015 compared to 1956-1985 was
studied, and the trends of the HCI in 1956-2015 were also investigated. Using Mestia as an example, the
expected changes in monthly, seasonal and annual HCI values for 2041-2070 and 2071-2100 year periods
has been assested.

In article [61] discusses the impact of climate and its changes on the development of the tourism
sector in Georgia. To evauate tourism-recreational resources in Georgia for the first time severa the
Tourism Climatic Indexes were used, based on the combination of different meteorological elements (air
temperature, atmospheric precipitation, relative humidity, average duration of sunshine). On the basis of the
obtained data, correct decisions should be made when designing tours in different climatic zones against
negative climatic events.

It is noted that the World Meteorological Organization (WMO) has organized a number of events to
support tourism. It provides World Tourism Organization (WTO) members with early warnings about
natural disasters, glacier recession, water resources and climate change. WTO closely cooperates with
WMO. Forecasts of climate and extreme hydro meteorological events provided by the Nationa Hydro
meteorological Services are particularly important in today's world, as regional climate variations have
emerged in the wake of global climate change.

Conclusion

In the future, it is planned to continue the above-mentioned joint research, as well as to combine
efforts to solve new scientific and applied problems (experimental modeling of atmospheric processes,
development of recommendations for adaptation to expected climate changes, improvement of existing
methods of active influence on atmospheric processes and creation of new ones, assessment of the
vulnerability of biological systems to air pollution, development of proposals for the prevention of natura
disasters, intensification of work on the creation of a bioclimatic passport of resort and tourist zones of
Georgia, intensification of educational activities for awide range of people, etc.).

Particular attention is planned to be paid to issues of experimental modeling of atmospheric
processes in a large cloud chamber of the Institute of Geophysics. In particular, the following experiments
are planned [67]:
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- Modeling of soil erosion processes;

- Modeling of danting rains on buildings and structures [the work has begun, 68];

- Development of new and improvement of existing methods for creating various aerodisperse
systems (neutral and charged fogs, aerosol formations, etc.);

- Modeling the influence of a complex of various meteorological and geophysical parameters
(electromagnetic fields and radiation, ozone, meteorological elements, etc.) on living organisms and plants;

- Development of new and improvement of existing methods of influencing harmful characteristics
of the atmosphere (dispersion of warm fogs; purification of air from aerosol and gas impurities; protection of
living organisms and plants from high concentrations of ozone and levels of electromagnetic fields and
radiation, including ultraviolet, etc.);

- Improvement of precipitation control methods.

It is also planned to train specialists in the field of experimental atmospheric physics and applied
meteorology, as well as to improve the qualifications of interested personsin thisfield of science.

It is aso planned to use the resources of this facility to conduct various educational and cognitive
activities.

Considering the importance of the above studies, under appropriate conditions of state support, the
possibility of participating in international projects and obtaining the status of an internationa laboratory is
not excluded.
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ABSTRACT

Information about the international scientific conference “Complex Geophysical Monitoring in Georgia: History,
Modern Problems, Promoting Sustainable Development of the Country” Dedicated to 180 Anniversary of the
Organization in Georgia of Regular Magneto-Meteorological Observations , which was held on October 17-19, 2024 at
Ivane Javakhishvili Thilisi Sate University is presented.

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

I ntroduction

On October 17-19, 2024, Ivane Javakhishvili Thilisi State University hosted the Internationa
Scientific Conference "Complex Geophysical Monitoring in Georgia: History, Modern Problems, Promoting
Sustainable Development of the Country" Dedicated to 180 Anniversary of the Organization in Georgia of
Regular Magneto-Meteorological Observations.

The conference was attended by about 200 researchers from 37 organizations from 13 countries
(Georgia, Armenia, Germany, Greece, Hungary, Italy, Poland, Russia (Chechen Republic), Slovenia, Spain,
Sweden, USA, Uzbekistan).

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 devel opment
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, sectiona 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.

The collection of conference materials and al of its separate articles is available on the website of
the National Scientific Library: http://dspace.gela.org.ge/handle/123456789/10609

Goal of the Conference

» Discovering the potential scientistsin the field of complex geophysical monitoring;

« Establishing and strengthening connections of scientists;

+ Defining the prospects for the development of scientific research;

* Identify opportunities for improving the scientific-educational field of secondary and higher
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education ingtitutionsin 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
and individuas with the current state of the problems related to the fields of complex geophysical
monitoring.

Conference Organizers

The conference was organized by the Mikheil Nodia Institute of Geophysics of the Thilisi State University,
Institute of Hydrometeorology of Technical University Of Georgia and the 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, Ingtitute of Hydrometeorology, Georgia; Avtandil Amiranashvili (Deputy Editor-in-Chief), Nugzar
Ghlonti, George Melikadze - TSU, M. Nodia Institute of Geophysics, Georgia; Liana Kartvelishvili -
National Environmental Agency, Georgia; Marika Tatishvili - GTU, Institute of Hydrometeorology,
Georgia; Ketevan Khazaradze - Georgian State Teaching University of Physica Education and Sport,
Georgia; Nino Japaridze - Thilis State Medical University, Georgia; Laura Rustioni, Gianluca
Pappaccogli - University of Salento, Italy; Janja Vaupoti¢ — JozZef Stefan Institute, Slovenia; | stvan Forizs
- Ingtitute for Geological and Geochemical Research, Hungary; Sergey Nazaretyan - Regional Survey for
Seismic Protection, Ministry of Internal Affairs of the Republic of Armenia, Armenia.

Organizing Committee

Manana Nikolaishvili: Chairman of Organizing Committee; Zamira Arziani — Deputy Chairman of
Organizing Committee; Sophiko Matiashvili, Ekaterine Mepharidze, 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; I nga Jandlidze — Georgian Technical University, Georgia.

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

Expected Results

 Promoting historical and modern achievementsin 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 lvane Javakhishvili Thilis State University
Kakha Cheishvili, chairman of the scientific committee academician Tamaz Chelidze, co-chairman of the
scientific committee, director of Mikheil Nodia Institute of Geophysics, TSU, Nodar Varamashvili and co-
chairman of the scientific committee, director of Institute of Hydrometeorology, GTU, Mikheil Pipia
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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 48 oral and poster presentations were considered at the conference. 46 reports published
(see References). Two reports, at the request of the authors, will be published in another edition
(Kharshiladze O., Amilakhvari D., Davitashvili T., Kobaidze D. - Non-Linear Theory of Thermal
Conductivity in the Atmosphere; Elbakidze Kh., Sorriso-Valvo L., Kharshiladze O., Gurchumelia A.,
Tsulukidze L. - Fractal and Correlation Analysis of Geomagnetic Activity Data).

The proceedings of this conference as a whole, as well as its individual works, are published and
posted on the portal of the 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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COBpPEeMEHHbIE NP00JIeMbl, COEHCTBHE YCTOHYUBOMY Pa3BUTHIO
CTpPaHbI”

H. Bapamamsuiau, M. IIunus

Pe3rome

[Ipencrarnena nHbopMaIMsS O MEXIYHAPOIHOW HaydHOU KoH(pepeHimu ,,KoOMIUIEKCHbIN reodu3nueckuit
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JxaBaxHIIIBUIIH.

KnroueBble cioBa: 3emiss U ee 000JI0UKH, reou3MyUecKue MPOIECChl, KOMIUIEKCHBIH Treo(pu3ndecKuii

MOHUTOPUHT, CTUXUIHBIC 6€,HCTBI/I$I, OKOJIOTus 3GMJ'II/I, CMATYCHHC HOCJIC,Z[CTBI/Iﬁ, COHefICTBHe yCTOfI‘IPIBOMy
Pa3BUTHUIO.
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