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Delineation of New Models for Seismogenic Areal Sources in the
Caucasus
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M. Nodia Institute of Geophysics, Iv. Javakhishvili Tbilisi State University, Georgia
e-mail: otar.varazanashvili@tsu.ge

ABSTRACT

New seismogenic areal sources were delineated in the Caucasus based on regional seismotectonic conditions,
active faults, observed seismicity patterns, and previously published seismogenic source models. The resulting
areal source new zomation provides a framework for the estimation of source-specific recurrence
characteristics and seismic hazard contributions.

Keywords: Probabilistic seismic hazard, seismogenic areal source, tectonic unit, active fault.

1 Introduction

In connection with the reassessment of the seismic hazard of Georgia and its energy and other facilities,
several geological, tectonic, and seismological objectives were addressed. These included the estimation of
the maximum expected magnitude (Mwmax), the determination of the Gutenberg-Richter earthquake
recurrence relationship and its coefficients (a and b), as well as the delineation of new areal source models for
the broader region surrounding Georgia, i.e. the entire Caucasus.

The study area extends from 37.5° to 45.0° N and from 40.0° to 52.0° E, encompassing Georgia,
Armenia, Azerbaijan, northeastern Turkey, northwestern Iran, the southern part of the Russian Federation, as
well as the eastern Black Sea and western Caspian Sea regions. This area represents one of the most seismically
active regions of the Alpine-Himalayan belt. In contrast to previously proposed source models, a new
homogeneous areal source model was developed for the entire Caucasus region, providing a consistent
framework for regional seismic hazard assessment.

Probabilistic seismic hazard analysis (PSHA) relies on the development of seismogenic source models,
as the reliability of hazard estimates largely depends on the adequacy of source characterization. Modern
PSHA practice commonly employs several types of seismogenic sources, including areal sources, active fault
sources, and background seismicity models, to represent the spatial and temporal distribution of earthquake
occurrence. However, individual source types do not always satisfy the assumption of relative tectonic and
seismological homogeneity, and in some cases the available earthquake statistics are insufficient for robust
estimation of recurrence parameters required for probabilistic seismic hazard assessment. Therefore, a regional
areal source model was developed for the Caucasus region based on the integrated interpretation of tectonic
units, active fault systems, and observed seismicity. The resulting areal sources represent tectonically coherent
regions that provide a suitable framework for the estimation of earthquake recurrence parameters and
maximum expected magnitudes. The delineation of the areal sources was based on the geometry of the major
tectonic units of the Caucasus, subsequently refined using information on active fault systems and the spatial
distribution of seismicity.
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2 Input data

As noted above, tectonic units, active faults, and seismicity constitute the principal datasets used for the
development of the seismogenic areal source model. The present study is based entirely on information
published in internationally recognized scientific literature. In particular, the description and geometry of the
principal tectonic units of the Caucasus were adopted from Adamia et al. (2011) [1] and Adamia et al. (2017)
[2] (Fig. 1). Information on active fault systems was compiled from Caputo and Gamkrelidze et al. (2000) [3],
Adamia et al. (2008) [4], Danciu et al. (2018) [5], and Basili et al. (2024) [6] (Figs. 2-5).

Fig. 1 Tectonic units of the Caucasus according to Adamia et al. (2011, 2017 ) [1, 2]:
AKF — Azov-Kuban Foredeep; SA — Stavropol Arch; TSF — Terek-Caspian Foredeep;
SP — Scythian Platform; FEZGC — Fore Range Zone of Great Caucasus; MEZOC — Main
Range Zone of Great Caucasus; WFB — Western Flysch Basin; SSZGC — Southern Slope
Zone of Great Caucasus; EFB — Eastern Flysch Basin; TB — Tuapse Basin; SHH — Shatsky
High; EBSB — Eastern Black Sea Basin; AH — Arkhangelsky High; GB — Georgian Block;
OPBB - Odishi Piggyback Basin; RP — Rioni Foreland; GPBB — Guria Piggyback Basin;
APBB - Alazani Piggyback Basin; KF — Kura Foreland; ATFTMB — Achara-Trialeti
Fold-Thrust Mountain Belt; JVH — Javakheti Volcanic Highland; ABB — Artvin-Bolnisi
Block; AB — Armenian Block; LGKFTMB — Loki-Garabagh-Kafan Fold-Thrust
Mountain Belt; EP — Eastern Pontides; TAP — Taurus-Anatolian Platform; EAAVH —
Eastern Anatolian-Armenian Volcanic Highland; EAVH — Eastern Anatolian Volcanic
Highland; AF — Aras Foreland; CIP — Central Iranian Platform; S — Sabalan;
TFTMB — Talesh Fold-Thrust Mountain Belt; CCB — Central Caspian Basin; SCB —
South Caspian Basin.



Fig. 3 Active faults in Georgia according to Adamia et al. (2008) [4]
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Fig. 4 Active faults in the Caucasus according to the Middle East Seismogenic Source
Model - EMME-SSM14 (Danciu et al., 2018) [5]
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Fig. 5 Active faults in the Caucasus according to the European Fault Source
Model — EFSM20 (Basili et al., 2024) [6]

In addition, the newly developed (in M. Nodia Institute of Geophysics of Iv. Javakhishvili Tbilisi State
University, IGTSU, 2026) unified earthquake catalogue of the Caucasus was used as the primary seismological
dataset for the delineation of the Caucasus areal source model.

3 New models of areal source (AS)

In the process of developing models of such seismogenic areal sources, it should be emphasized that
from a methodological point of view, their delineation is based on the zones of tectonic units, active faults
within them, and seismicity. The boundaries of areal sources are delineated within tectonic units in such a way
as to minimize intersections with active faults. Where possible, the boundaries should not cross active faults;
in the case of extensive faults, they should not intersect individual fault segments.

We compared and reconciled geological and seismological data to enable their joint consideration to
develop a seismogenic areal source models. The resulting seismogenic areal source models of the Caucasus
region defined by regional data on active tectonics and which are correlated with regional observed seismicity.

The seismic potential, or Mwmax, of each seismogenic super source was estimated using several
methods presented in Varazanashvili and Tsereteli (2020) [7]. Three of these methods are seismological and
two are geological. The final Mwmax values are obtained of averaging the individual values by the five
methods.

Specifically, 27 seismogenic areal source (AS) zones have been delineated in the Caucasus region. AS
zone 1 within the study region includes part of Azov-Kuban Lowland and its seismic potential is estimated to
be — Mwmax=5.5; AS zone 2 includes part of Stavropol Arch — Mwmax=6.0; AS zone 3 includes part of
Terek-Caspian Foredeep — Mwmax=7.0; AS zone 4 includes norten part of Central Caspian Basin —
Mwmax=7.0; AS zone 5 includes western part of Scythian Platform — Mwmax=6.5; AS zone 6 includes
eastern part of Scythian Platform — Mwmax=6.5; AS zone 7 ncludes Fore Range Zone of Great Caucasus,
western part of Main Range Zone of Great Caucasus, Southern Slope Zone of Great Caucasus, Western Flysch
Basin, western part of Eastern Flysch Basin — Mwmax=7.5; AS zone 8 includes eastern part of Main Range
Zone of Great Caucasus, Eastern Flysch Basin, western part of Alazani Piggyback Basin — Mwmax=7.5; AS
zone 9 includes Georgian Block, Rioni Foreland, part of Tuapse Basin, Shatsky High - Mwmax=6.5; AS zone
10 includes part of Georgian Block, Odishi Piggyback Basin — Mwmax=6.5; AS zone 11 includes Kura
Foreland, eastern part of Alazani Piggyback Basin — Mwmax=7.0; AS zone 12 includes part of Eastern Black
Sea Basin, part of Arkhangelsky High — Mwmax=6.5; AS zone 13 includes part of Kura Foreland part, Guria
Piggyback Basin, Achara-Trialeti Fold-Thrust Mountain Belt, part of Javakheti Volcanic Highland —
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Mwmax=7.0; AS zone 14 includes Artvin-Bolnisi Block, part of Loki-Garabagh-Kafan Fold-Thrust Mountain
Belt part — Mwmax=7.0; AS zone 15 includes part of Arkhangelsky High — Mwmax=6.0; AS zone 16 includes
Eastern Pontides — Mwmax=6.0; AS zone 17 includes Javakheti Volcanic Highland, Armenian Block —
Mwmax=7.5; AS zone 18 includes part of Taurus-Anatolian Platform, part of Eastern Anatolian Volcanic
Highland — Mwmax=8.0; AS zone 19 includes Eastern Anatolian-Armenian Volcanic Highland part, part of
Taurus - Anatolian Platform, part of Armenian Block — Mwmax=7.5; AS zone 20 includes Eastern Anatolian
Volcanic Highland, part of Taurus-Anatolian Platform, part of Central Iranian Platform part — Mwmax=8.0;
AS zone 21 includes Aras Foreland, part of Central Iranian Platform — Mwmax=7.0; AS zone 22 includes part
of Taurus-Anatolian Platform part - Mwmax=8.0; AS zone 23 includes part of Central Iranian Platform part
— Mwmax=7.5; AS zone 24 includes Sabalan — Mwmax=5.5; AS zone 25 includes part of Loki-Garabagh-
Kafan Fold-Thrust Mountain Belt, part of Talesh Fold-Thrust Mountain Belt — Mwmax=7.5; AS zone 26
includes part of Central Caspian Basin southern — Mwmax=6.5; AS zone 27 includes South Caspian Basin —
Mwmax=6.0 (see Figs. 6 and 7).

40°  42°  44°  46°  48° 50°  52°

0 50 wowu| AS zones
M

Fig. 7 Seismic potential of seismogenic areal source zones in the Caucasus region.
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4 Conclusions

Existing seismogenic source models do not always satisfy the assumption of relative tectonic and
seismological homogeneity or provide reliable estimates of the earthquake recurrence parameters required for
probabilistic seismic hazard assessment (PSHA).

To address the reassessment of seismic hazard for the territory of Georgia and its critical facilities, a
new set of seismogenic areal source models has been developed for the Caucasus region. These models are
based on the integrated interpretation of tectonic units, active fault systems, and instrumental and historical
seismicity.

The present study is based entirely on geological information published in internationally recognized
scientific literature and on the newly developed Unified Earthquake Catalog of the Caucasus (2026), compiled
at IGTSU.

As a result of this study, 27 new seismogenic areal source zones were delineated within the Caucasus
region. These zones provide a robust framework for determining earthquake recurrence relationships and for
conducting probabilistic seismic hazard assessments.
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30HUPOBAHUE TUIOMIATHBIX UCTOYHUKOB 00ECTIEUNBAET OCHOBY JUIS OLIEHKH CIIENN(UIECKIX XapaKTEPUCTHK
MTOBTOPACMOCTH KOHKPETHBIX UICTOYHHUKOB U BKJIaJia B CECMHUYECKOM OITAaCHOCTH.

KuroueBbie cioBa: BeposiTHOCcTHas celicMUYecKas ONAcCHOCTb, CEHCMOTEHHBIM IJIOIAAHOW HCTOYHUK,
TEKTOHMYECKas €IMHUIA, AaKTUBHEIN Pa3jioM.
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ABSTRACT

Georadiolocation work was carried out in the vicinity of Svetitskhoveli Cathedral in 2025 with a georadar Zond 12e
and 500 MHz receiving-transmitting shielded antenna. Interpretation of georadar sections revealed radio features of
anthropogenic objects at depths of 1m and up to 3m. Radio features of objects with both cylindrical and angular
surfaces were recorded at depths of 4-6m. Interpretation of separate georadiolocation sections conducted with a
150MHz dipole antenna revealed radio features of continuous layered, anthropogenic objects at depths of 1-3m. The
radio feature of an object with a cylindrical segment was partially identified at depths of 6-7m. According to the results
of the geo-radiolocation work performed, the surveyed area is loaded with archaeological sites

Keywords: archaeogeoradiolocation, radargram, radio face.
Historical situation of the research area

Svetitskhoveli Cathedral — the main patriarchal cathedral of the Georgian Orthodox Church, the
mother church of Georgia, the place of the enthronement (enthronement) of the Catholicos-Patriarchs of
Georgia, the burial place of many medieval Georgian kings, their family members and patriarchs. It is a
monument of Georgian architecture of the 11th century, one of the four great cathedrals (Oshki, Bagrati
Cathedral, Alaverdi) [1 - 9], located 20km from Thilisi, in the city of Mtskheta. The Lord's Robe and the
cloak of St. Elijah the Prophet are buried in Svetitskhoveli, the UNESCO World Cultural Heritage Site.

Svetitskhoveli is the largest historical church building in Georgia that has survived to this day. It was
the religious center of Christian Georgia for centuries. King Mirian, who converted Georgia to Christianity in
the 4th century, built the first church here on the advice of Saint Nino, which has not survived to this day.

Before the adoption of Christianity, pagan centers existed on the territory of Svetitskhoveli, including
the idol of the sun and the tombs of the kings of Kartli, where rituals were performed in honor of the deities
of Mtskheta-Caucasus; after Christianity, Christian churches were built on the remains of pagan buildings,
symbolically uniting pagan and Christian Georgia, where the Svetitskhoveli Temple, "connecting heaven and
earth", stands.

Pagan period:

Idol of the sun: On the site of the Svetitskhoveli Temple, there was an idol of the sun, which
symbolically meant "connecting heaven and earth".

Royal necropolis: This area was the tombs of the kings of Kartli (Iberia), which gave it a special
religious significance in Georgia during the pagan period.

Rituals: Rituals of worship of deities (including Mtskheta-Caucasus deities) were performed here.

Christian period (and its connection with paganism):

Spread of Christianity: After the proclamation of Christianity as the state religion in Georgia by Nino,
Mtskheta remains the religious center of Georgia.

Construction of the temple: Instead of pagan idols, the first churches were built on this very site, and
eventually the Svetitskhoveli Cathedral, which symbolically represents the connection between the pagan
past and the Christian future.

Archaeological excavations: Archaeological excavations conducted on the territory of Svetitskhoveli
have revealed the remains of buildings of different times, including signs of the pagan period.
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Svetitskhoveli is therefore not only a Christian sanctuary, but also historically the place where
Georgian statehood and religious center stay from the pagan era to the Christian era.

Svetitskhoveli Cathedral is surrounded by a square-shaped fence (121.6m; X 110.5m). It was built in
1787 by the order of the king Erekle I1.

Archaeogeoradiolocation instruments and placement of georadiolocation profiles

Archaeogeoradiolocation[10 - 20] works were carried out to record the radio features of near-surface
archaeological sites in the vicinity of the Svetitskhoveli Cathedral. Georadiolocation profiles/cuts were
conducted around the temple, a schematic diagram of their placement is shown in Scheme 1, with a 500MHz
frequency shielded georadar ,,Zond 12¢e” receiving-transmitting antenna, soft Prizm 2.7.

Three parallel georadar profiles were also conducted with a 150MHz frequency dipole receiving-
transmitting radar antenna, the schematic layout of which is given in the Scheme -2.

pr.4
pr.9
pr.5
——— T 1 pr.11.4658
‘ ——— ] pr.11.4659
— pr.10
ors | pr.1 Scheme 2. Schematic drawing of the profiles taken
~ prs8 pr.6 in the part of the Svetitskhoveli Monastery
courtyard covered with moss.
pr.7
pr.2

Scheme 1. Schematic drawing of a 500 MHz
transceiver with a shielded antenna deployed around
Svetitskhoveli.

Results and conclusion

Below are the plots of geo-radiolocation profiles around the Svetitskhoveli Monastery.

°
e

14 16 18 20 22 24 26 28 30 32 M 36 I8 40 42 44 46 48 S0 52 54 56 5B 60 62 64 66

Fig. 1. The radargram of profile-1, performed with a shielded GPR antenna at 500MHz. The length of the
profile is 70m, its approximate location is given in the Scheme 1.
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In Fig. 1, on the radar image of profile-1, at a distance of 2-4 meters, a radio image of a possible
architectural plane with a slope was marked with lines. At a distance of 4-5 meters, a deformed radio image
with a depression was marked. The radio image of the object marked at a distance of 6-8 meters partially
coincides with the radio image of the object recorded at a distance of 2-4 meters. At distances of 8-10 and
24-26 meters, radio images of the remains of the foundation or the remains of a covered wall were marked,
their symmetrical placement is striking. At distances of 26-32 meters, a radio image of an object with a type
of overlap, presumably of anthropogenic origin, with depressions up to 1 meter. The location of an object
with a similar radio image is considered at distances of 46-50 meters. A number of depressions were marked
at 1.5 meters. The radio image of a highly reflective object was observed at a distance of 36-40m, with a
depth of 4.5-5.5m. It is noteworthy that at distances of 50-56m and 58m, the cylindrical-like object was
overlapped by a highly reflective flat object, with an average depth of 5m.

Fig. 2. The radargram of a profile-2 made with a shielded antenna of a georadar, 500MHz. The length of the
profile is -40m, its approximate location is given in Scheme 1.

Fig. 2, at distances of 6-8m and at a depth of 2m, shows a complex, structured object with a cavity. At
a distance of 17-20m, up to a depth of 3m, a radio image of a presumably foundation remnant is recorded,
which surrounds the cylindrical, tubular cavity object, marked with a white hyperbolic line at distances of
16-20m. The radio image of the object recorded at a distance of 23-27m, which surrounds the 3.5-5m depth,
is important. At a distance of 26-28m, at a depth of 2-3m, a radio image of an object with a diameter of up to
1m was noted.

— >

-

5 20
Distance. m

Fig. 3. The radargram of the profile-3 performed with a shielded antenna of a georadar, 500MHz. The
length of the profile is 37m, its approximate location is given in Scheme 1.

From the radargram presented in Fig. 3, according to profile-3, a partially deformed cavity radio image
is visible from 3m depressions and at 1-2m distances. The texture of the axes of disturbed synphasicity is
read at 5-12m distances. A certain structural integrity is created by the combination of the types of objects
marked at 15-35m distances.
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Fig. 4. The profile-4 made with a shielded antenna of a GPR, 500MHz. The length of the profile is 40m, its
approximate location is given in the Scheme 1.

Fig. 4, presenting the profile-4, shows the radio images of objects with cavities of probable
anthropogenic origin at distances of 7-30m, which are similar to the radio image marked on profile 2 at
distances of 7.5-10m. Also interesting are the radio images of cylindrical objects at distances of 5 and 40m,
at depths of 5m.

64

24 26
Distance, m

Fig. 5. The profile-5 made with a shielded antenna of a georadar, 500MHz. The length of the profile is 50m,
its approximate location is given in the Scheme 1.

44

From the radargram of Prof-5 presented in Fig. 5, a radio face is read, which coincides with Prof-1 at
distances of 1-2m. At distances of 7-11m and 14-19m, objects with similar radio face cavities were noted,
perhaps the cavities were partially filled with other material due to the passage of time or external
interference. At distances of 8-14m, a radio face of an object with an overlap was noted. A radio face with a
structurally uniform face is at distances of 22-30m. There are overlapping radio faces for objects at distances
of 38m and 40m.

25 2 15 1 05 0O

pr 6. 500MHz. 120, 4653

-

63

Fig. 6. The profile-6 made with a shielded GPDS('gntenna, 500 MHz. The length of the profile is -20m,
its approximate location is given in the Scheme 1.

15



The profile 6, presented in Fig. 6, shows a number of radio faces that correspond to objects with a
cavity at distances of 1, 2, 3m with a deepening of 3.5m. The radio face of a symmetrical object at distances
of 9-13m. An object with a possible overlap at distances of 11-13m was marked.

Fig. 7. The profile 7 made with a shielded antenna ofmgt'(:jeoradar, 500MHz. The length of the profile is -40m,
its approximate location is given in the Scheme 1.

From the radargram of profile 7, shown in Fig. 7, 1-2m wide depressions were marked at depths of
0.5-08m and distances of 7.5-14-28-39m. At distances of 5-12.5m and up to 3m depth, a partially concave
symmetrical inhomogeneous cavity was recorded from the left. At distances of 20-22-25-32.5-37m we
record, on average, 2m wide hollow objects, possibly partially filled with permeable material. At a distance
of 15-25m, a clearly expressed complex structured radio face of an object with double, superimposed
cameras was noted. The upper part of this radio face coincides with the radio face of the object marked on
Prof-2, both in terms of location and dimensions, they must have been continuous intersections of the object.
The radio face of a similar object on Prof-2 is weakly readable at a depth of 5m, at distances of 30-32m.

Fig. 8. The profile 8 made with a shielded antenna of a georadar, 500MHz. The length of the profile is -48m,
its approximate location is given in the Scheme 1.

Fig. 8 shows the radargram of profile 8, where at distances of 5-11m and a depth of up to 2.5m, a
cavity of anthropogenic origin was marked. At distances of 15-20m, there is an area with textural changes,
possibly a concave cavity. At distances of 37-40m, cavities of anthropogenic origin are marked. At distances
of 22-30m and depths of 3-5.5m, a radio image of a hollow object is presented, it is possible that the cavity is
located above a cylindrical object, the left side is partially buried. At distances of 6-12m, a radio image of a
horizontally located object with an overlap above was marked. A similar, but heavily deformed, radio image
of a symmetrically located object may be seen at distances of 32-37.5m, 4m below the ground.
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Fig. 9. The profile 9 made with a shielded antenna ofm;éeoradar, 500MHz. The length of the profile is -40m,
its approximate location is given in the Scheme 1.

Fig. 9 (profile 9) shows a radio image of a practically symmetrical complex-structured object at
distances of 5-15m, deepened to 3m. Surface, up to 0.8m indentations are marked at distances of 26-40m. At
distances of 0-4m, at depths of 3-4.5m, a radio image of an object containing a deformed cavity was marked.
At distances of 0-7m, deepened to 4m, a radio image of an object with strong reflectivity was marked,
presumably - part of a structure. There is also a sloping wall, part of the foundation, radio-imaged at
distances of 35-40m, and a depression - from 4m down.

14
Oistance,

Fig. 10. The profile 10 made with a georadar dipole anténna, 150 MHz. The length of the profile is -28m, its
approximate location is given in Scheme 2.

The radargram shown in Fig. 10 (profile 10) revealed the presence of a hollow object of possible
anthropogenic origin at a depth of 1-2m and at distances of 4-9m, as well as radio images of various hollow
objects at distances of 11-14-21m. At a distance of 11 m, there is a radio image of a pipe-type cross-section,
at 14, a radio image of a hollow object 2m wide and 1.5m high, and at 21m, there is also a radio image of an
anthropogenic object. At a depth of 3.37m to 6m and at distances of 3m to 10m, a radio image of a converted
object with two cavities, presumably an old object, was noted. The radio image of the object, visible at
distances of 0-9m from 7m depths, is important.

Fig. 11. The profile-11 (4658) made with a georadaraﬁibole antenna, 150MHz. The length of the profile is -
32m, , its approximate location is given in Scheme 2.
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At distances of 2.5-32m (Fig. 11- profile-11), at depths of 1-3m, the radio faces of structurally uniform
objects were marked, for periodically alternating hollow structures. At distances of 2.5-10m, at distances of
3.37-6m, the radio face of a structurally uniform object was marked. It is symmetrical and contains hollows
and its radio face extends downwards without interruption.

32m, , its approximate location is given in Scheme 2.

Fig. 12 (profile-12) shows a radio image of a symmetrical structure at distances from 3.37 to 10m,
similar in size and location to the radio image of the corresponding object marked in Fig. 11. The structure of
the subsoil layer is quite heterogeneous, which may be due to the violation of the integrity of the soil at
different times.

Conclusion

The following is observed from the profiles 1-11 obtained by interpreting the georadiolocation cuts
made with a 500 MHz receiving-transmitting shielded antenna of the georadar;

In the studied area, both at depths of 1m and up to 3m, radio features of anthropogenic objects, fully or
partially deformed, are recorded, marked on radargrams with white lines.

In the depths of 4-6m, radio features of objects with both cylindrical and angular surfaces are
recorded, marked on radargrams with white lines.

Interpretation of georadiolocation cuts conducted with a 150MHz dipole antenna reveals continuous
layered radio features of anthropogenic objects at depths of 1-3m. A radio feature of an object with a
possible cylindrical segment was partially recorded from depths of 6-7m.

According to the results of the performed georadiolocation work, the studied area is loaded with
archaeological objects.
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ApXxeoreopajuoI0KAMOHHOE MPUIIOBEPXHOCTHOE 00C/IeI0BAHUE
TEPPUTOPHUH, IPUIErawined K kadgeapaabsHOMy co00py
CBeTHIXOBEJIH.

. OmunaBaaze, T. Ueaunase, O. SIBos1oBcKkast
Pe3rome

B 2025 rogy B oxpecTHOCTSIX cobopa CBeTuirxoBenu ObUTH MPOBEICHBI T'€OPaIUOIOKAIIMOHHBIE PabOTHI C
WCIIOJIb30BaHUEM SKPaHHPOBAHHOM MpHeMoIepeaaoneil aHTeHHBl reopagapa «30HA 12e» ¢ YacToToi
500MI'n. MaTepnperanys reopagapHbIX CPE30B BBIIBHIIA PAJHOXaPAKTEPUCTHKH aHTPOIIOI€HHBIX OOBEKTOB
Ha ray6unax ot 1 10 3 M. Ha rimy6unax 4-6M O6butH 3apeTuCTpUPOBaHBI PalnOXapaKTEPUCTUKH 00 BEKTOB KaK
C IIMJIMHAPUYECKOH, TaK U C yII0BaTONW MOBEPXHOCTHIO. IHTepnpeTanyst OTAEIbHBIX Te0painoIOKaIIHOHHBIX
Cpe30B, TMpOBEIACHHAss C T[OMOMIbIO JAMMOIBHOM aHTeHHBl ¢ yvactorod 150MI'm, BeIsIBHIA
panuoxapakTepUCTUKH CIIIOIHBIX CJIOUCTBIX aHTPOIIOI€HHBIX 00BEKTOB Ha IiyOnHax 1-3m. Ha riyOunax 6-
7™M ObIIa YaCTHYHO WACHTHU(UIIMPOBAHA PAINOXapPAKTEPUCTHKA 00BEKTa C IMIHHIPHIECKAM CETMEHTOM.

[lo pesynmpTaTaM NpPOBEOCHHBIX T'€OPaAMOIOKALMOHHBIX pPadOT, oOcienoBaHHAs TEPPUTOPHUS HACHIIEHA
apXEOJIOTHYECKUMH aMATHUKaMU.

KuiroueBble ciioBa: apxeoreopaarolioKaloHHbIe paboThl, reopanap, paauo odpa3s, pagaporpamma.
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ABSTRACT

Various methods are used to detect and record earthquake precursors: measuring the water level and the rate
of change, and studying the phase shift of the water level by comparing it with the Z-component of gravity
(pZ). However, the X and Y-components of gravity remain obscured. Using the example of wells in Georgia,
we will demonstrate the possible relationship between the phase shifts pX, pY and ¢Z, and, consequently, the
informative value of their use.

Key words: phase shift, water level, tidal X, Y, Z — components.

Definition. Let ¢X denote the phase shift between the X-component of gravity (tidalX) and the water level
(or its modification). Here tidalX is the North-South component of tidal gravity and tidalY is the East-West
component. The phase shifts ¢Y and ¢Z relate to tidalY and tidalZ, respectively. We will calculate the phase
shift for principal semi-diurnal lunar constituent M,=12.42 h., principal declinational diurnal constituent
01=25.82 h. and principal solar semidiurnal constituent S,=12.00 h. For wells in Georgia statements 1, 2 and
3 are probably true.
Statement 1. For M;=12.42 h. the following relationships hold:
a) oY - X = 90°; b) ¢Z - oY = 90°.
Statement 2. For 0;=25.82 h. the following relationships hold:
a) X = ¢Z; b) ¢Z - oY =~ 90°.
Statement 3. For S,=12.00 h. the following relationships hold:
a) oY — X~ 90°; b) Z — oY= 90°.
Below are facts supporting these statements.

Method for calculating phase shift

The Baytap08 program, suggested by D.C. Agnew, is often used to calculate the phase shift. Baytap08 is a
modification of the Baytap-G program developed by M. Ishiguro, Y. Tamura, T. Sato, and M. Ooe [1]. This
program, using well coordinates, calculates the Z-component of gravity and compares it with water level and
atmospheric data. The results of its application to a study of Georgian wells are presented in [2]. The initial
data had a sampling period of 1 hour.

Our approach. Gravity values (X, Y, Z components) for a selected well are pre-calculated. A version of the
"solid"-program (Dennis Milbert [3]) is used to calculate them. Next, a MatLab-based program, suggested by
ChatGPT, is used to compare the selected gravity component with the water level. The basic code is provided
below.

Calculation Algorithm
We have water level values measured at 1-minute intervals, for example, from January 1 to December 1, 2025.
Starting from the selected date:
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1) Take all 1-minute water level values for a 30-day window. 2) Make comparisons, for example, with the X-
component of gravity. 3) Assign the resulting value (phase shift in degrees) to our date. 4) Next, increase our
selected date by 1 day and repeat the calculations. Note: The time interval (window) must be at least 30 days.
To calculate the phase shift, we used a portion of the MatLab program provided by ChatGPT, modified to
accommodate the input data. Here is a copy of the received text.

g_detrended = detrend(g); w_detrended = detrend(w); % Remove the trend (if any)
G = fft(g_detrended); W = fft(w_detrended); % Apply FFT
phase_g = angle(G); phase_w = angle(W); % Obtain phase spectra

= length(t); % Frequencies (for plotting and analysis)
Fs =1/ mean(diff(t)); % Sampling frequency (Hz)
f = (0: N-1) *(Fs/N); % Frequency vector
% Select the frequency of interest (for example, the main one - daily)
target_freq =1/ (24*3600); % 1 time per day in Hz
[~, idx] = min (abs (f - target_freq)); % Find the index of the nearest frequency
delta_phi = phase_w(idx) - phase_g(idx); % in radians % Calculate the phase shift
delta_phi = angle (exp (1i * delta_phi)); % Bring it into the range [-x, «]
delta_phi_deg = rad2deg(delta_phi); % Conversion to degrees

The program returns phase shift values in the range [-180°; +180°]. Therefore, if ¢=187°, the program returns
¢= -173°. Correction of the obtained data is necessary. When analyzing the tables below, it is useful to
remember that if the function f(x) has a period of 360°, then, for example, f(x-270°) =f(x-270°+360°) =f(x+90°).

Information about wells

Kobuleti: coordinate 41.802°N, 41.772°E, depth 2000 m, screen 187-640 m.

Lagodekhi: coordinate 41.839°N, 46.282°E, depth 800 m, screen 255-367 m.

Gori: coordinate 41.485°N, 44.111°E, depth 1500 m, screen 960-1200 m.

Marneuli: coordinate 41.436°N, 44.755°E, depth 3505 m, screen 1235-1600 m.

Fig. 1 shows graphs of tidal X, Y, and Z gravity, as well as water level in kPa, for the Kobuleti well. The tidal
graphs have different shapes. Calculating the phase shift between the water level and tidal_X for M2, then for
tidal_Y and tidal_Z, yields different values. However, their values differ by 90° (see fig.2 and tables).

Below, minus water means (-1) *water data.
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Fig.2. Kobuleti, phase shifts, Mz: X (blue line), Y-90° (brown); ¢Z-180° (black, dashed line).
Use water, kPa, from 1 January 2025.
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Fig.4. Kobuleti, phase shift Z for M., graph and histogram. Use minus water, kPa, 1 Jan - 1 Dec 2025

Information about M»=12.42 hours
Formula: Y=p1*X+p2. Water data in kPa.
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Table 1.1. Phase shifts for Kobuleti, 1 Jan - 1 Dec 2025, target: M»=12.42 h.

AXxes X, Axes Y, Water Minus water
degrees degrees pl p2 pl p2
0X oY 1.014 90.41 1.014 -272.2
0X ©Z 1.014 180.4 1.014 -183.8
oY oX 0.9783 -88.67 0.9783 267.4
oY ©Z 1.0120 89.04 1.0120 91.16
©Z X 0.9595 -173.8 0.9595 179.1
©Z oY 0.9833 -87.24 0.9833 -90.25
Table 1.2. Phase shifts for Lagodekhi, 1 Jan - 20 Sep 2025, target: M,=12.42 h.
AXxes X, AXxesY, Water Minus water
degrees degrees pl p2 pl p2
0X oY 1.015 90.94 1.015 -271.8
oX oZ 1.033 181.8 1.033 -184.2
oY oX 0.9827 -89.5 0.9827 267.4
oY oZ 1.018 89.23 1.018 92.5
oZ oX 0.9633 -175.4 0.9633 178
©Z oY 0.9807 -87.46 0.9807 -90.94
Table 1.3. Phase shifts for Gori, 9 Mar - 1 Dec 2025, target: M,=12.42 h.
AXes X, AXes'Y, Water Minus water
degrees degrees pl p2 pl p2
0X oY 1.007 89.9 1.007 91.24
0X 0Z 1.001 -180.4 1.011 181.5
oY 0oX 0.9912 -89.09 0.9912 -90.68
oY oZ 1.004 -270.6 1.004 90.02
oZ X 0.9865 178.0 0.9865 -179.6
oZ oY 0.9956 269.5 0.9956 -89.69
Table 1.4. Phase shifts for Marneuli, 1 Jan - 1 Nov 2025, target: M»=12.42 h.
AXxes X, Axes Y, Water Minus water
degrees degrees pl p2 pl p2
0X oY 1.007 90 1.007 -271.3
X 0Z 1.017 179.8 1.017 -183.3
oY 0X 0.9886 -88.98 0.9886 269
oY oZ 1.011 88.74 1.011 90.8
oZ X 0.9735 -175 0.9735 180.2
oZ oY 0.9859 -87.25 0.9859 -89.78
Information about O;=25.82 hours
Formula: Y=p1*X+p2. Water data in kPa
Table 2.1. Phase shifts for Kobuleti, 1 Jan - 1 Dec 2025, target: 0;=25.82 h.
Axes X, Axes 'Y, Water Minus water
degrees degrees pl p2 pl p2
0X oY 0.9105 -74.36 0.9105 -90.46
0X oZ 0.9075 15.93 0.9075 -0.7285
oY 0X 0.9829 91.28 0.9829 88.2
oY oZ 0.9942 90.24 0.9942 89.2
oZ 0X 0.9867 2.409 0.9867 0.007052
oZ oY 1.001 -90 1.001 -89.74

There is a good relation between @Y u ¢Z. Relation ¢X => @Y is bad, relation Y => ¢X is good. Relation

¢X => @Z is bad, relation ¢Z => ¢X is good.

24




Table 2.2. Phase shifts for Lagodekhi, 1 Jan - 20 Sept 2025, target: 0:=25.82 h.

Axes X, AxesY, Water Minus water
degrees degrees pl p2 pl p2
X oY 0.7181 -49.88 0.7181 -100.6
X oZ 0.7041 41.89 0.7041 -11.4
oY X 0.9828 90.89 0.9828 87.8
oY oZ 0.9754 91.03 0.9754 86.61
©Z X 0.996 0.809 0.996 0.092
oZ oY 1.008 -90.9 1.008 -89.44
Relations X => @Y and ¢X => @Z are bad. Relations ¢Z => ¢X and ¢Z => @Y are good.
Table 2.3. Phase shifts for Gori, 9 Mar - 1 Dec 2025, target: 01=25.82 h
Axes X, AxesY, Water Minus water
degrees degrees pl p2 pl p2
oX oY 0.9319 -76.99 0.9319 -89.25
0X oZ 0.9353 12.16 0.9353 0.5075
oY 0X 0.9394 95.05 0.9394 84.19
oY oZ 1.00 89.75 1.00 89.79
©Z oX 0.9385 10.92 0.9385 -0.143
©Z oY 0.9956 -88.96 0.9956 -89.76

For water data the original values ¢ were pre-transformed for X and @Z: if ¢ <0, then ¢ replaced by ¢+360.
For minus water ¢-values are original. Relations ¢Z => ¢X and ¢Z => @Y are good.

Table 2.4. Phase shifts for Marneuli, 1 Jan - 1 Nov 2025, target: 01=25.82 h

Axes X, AxesY, Water Minus water

degrees degrees pl p2 pl p2
0X oY 0.8612 -65.11 0.8612 -90.1
X oZ 0.8504 26.57 0.8504 -0.3605
oY oX 0.9545 93.94 0.9545 85.75
oY ©Z 0.9837 91.2 0.9837 88.27
©Z oX 0.9635 6.65 0.9635 0.0936
oZ oY 1.006 -90.77 1.006 -89.75

For water data original values ¢ transformed for X u ¢Z: if ¢ <0, then ¢ replaced by ¢+360. For minus water

@-values are orig

inal.

Formula: Y=p1*X+p2. Water data in kPa
Table 2.5. Phase shifts for Marneuli, 1 Jan - 1 Nov 2025, target: S,=12.00 h

Axes X, AxesY, Water Minus water

degrees degrees pl p2 pl p2
0X oY 0.9905 90.36 0.9905 88.64
0X oZ 0.9944 -180 0.9944 179
oY 0X 1.009 -91.11 1.009 -89.57
oY oZ 1.004 -270.7 1.004 89.98
oZ 0X 1.004 180.8 1.004 -180
©Z oY 0.9958 269.6 0.9958 -89.62

Note. For periodic processes -270°=-270°+360°=+90°.
Conclusions

Analysis of the tables shows that for the selected well, the p1 coefficients for water and minus water are the
same, while the p2 values fluctuate. The p2 coefficients are almost identical for Kobuleti, Lagodekhi and
Marneuli, but differ by 360° from the coefficients for Gori. The p2 coefficients confirm the validity of the
previously formulated statements 1, 2 and 3.

Note: Control calculations for Gori for the period 1 Jan — 1 Dec, 2021 showed that the p2 values for 2021 and
2025 are almost identical.
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ABSTRACT

A detailed statistical analysis of the relationship between daily and accumulated multi-daily precipitation sums and the
number of landslides in 12 regions of Georgia is presented. Landslide data with a known days of activation were used (a
total of 519 landslide events from 1968 to 2022). For the analysis, the precipitation sum for the day of landslide activation
(P1) was determined, as well as the accumulated precipitation sum for 3 days (P3), 5 (P5), 7 (P7), 10 (P10), 20 (P20)
and 30 days (P30) prior to landslide occurrence (including the day with landslide).

Specifically, the following results were obtained. The relationship between average precipitation values (threshold
values) and daily precipitation duration during the day of landslide activation and before 3, 5...30 days of landslides
activation in Georgia and its individual regions was determined. It was found that, overall, in eastern Georgia (including
the Samtskhe-Javakheti region), landslide activation occurs with significantly lower precipitation sums than in western
Georgia. The average P1 values are 8.8 and 11.9 mm, respectively, and the P30 values are 75.2 and 156.6 mm. The
linear correlation between the number of landslides and the PI...P30 values across the regions of Georgia is high for
P1,P3,P20 and P30 and moderate for P5,P7 and P10. For Georgia the sum of precipitation associated with landslides
exceeds the general long-term mean daily precipitation sum by approximately 95%. For Georgia as a whole and its
Eastern and Western parts, the dependence of the number of landslides on the P1 ... P30 values have the form of a third-
degree polynomial (sequentially: slight increase — plateau — strong increase). For P1 values, the precipitation sum
plateau, after which a strong increase in the number of landslides begins, covers the range from 6.3 to 30.8 mm, and for
P30 — from 62.4 to 189.5 mm (the total relative number of landslides is = 42.1-43.3%).

Keywords: landslides, natural disaster, atmospheric precipitations, statistical analysis.

Introduction

Landslides, as a type of natural disaster, are common almost everywhere [1-5], including in Georgia [6—
12]. Landslides often lead to the destruction of residential buildings and utility infrastructure, serious damage
to roads, railways, and bridges, the failure of various life support systems, significant material damage, threats
to human life and health, etc. [9, 10, 13].

For example, according to data from the Geological Department of the Environmental Protection
Agency of Georgia, the annual number of activated and newly formed landslides (LS) for the period from 1995
to 2024 ranged from 56 to 1,360, with an average annual value of 581 [10, 12].

Landslide activation is associated with many natural and anthropogenic factors, such as slope steepness,
lithology, vegetation cover, seismic activity, construction work near landslide-prone areas, and others.
Landslide formation is often accelerated by prolonged, intense, or extreme precipitation [14-15].

In recent years, a number of studies have been conducted in Georgia to identify the short-term (hours,
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days, months) [16—20] and long-term (years, climate scale) effects of precipitation on landslide and mudflow
activation [21-28]. These studies used landslide and mudflow data presented in [9, 10], as well as ground-
based, radar, and satellite precipitation data, taking into account their representativeness depending on the
distance to the measurement point [29-33]. In particular, in our recent work [28], we conducted an initial
statistical assessment of landslide hazard using 11 weighted objective factors (including annual precipitation).
Using machine learning methods, we obtained a landslide hazard map that correlates well with observed data,
confirming the reliability and robustness of the proposed model even in the case of unbalanced data.

In the paper [20] are assessed the rainfall conditions, which can lead to initiation of mass-movement
using limited terrestrial data on the summary rainfall (mm) and its duration (h) obtained in Georgia. It is shown
that the landslide activating precipitation threshold line follows the equation: E=a-Db, where E is the volume
of accumulated precipitation, D is the duration of rain; a and b are parameters. The parameters of above
equation for Georgia and its 10 regions as well as their statistical characteristics are calculated and compared
to data for similar climatic zones in the world. The results obtained in this study indicate the prospects for
further expansion of work for a more detailed study of the influence of precipitation on the activation of
landslides in Georgia.

A detailed statistical analysis of the relationship between monthly and accumulated multi-month
precipitation sums and the number of landslides in 12 regions of Georgia is presented. Landslide data with a
known month and year of activation were used (a total of 788 landslide events from 1961 to 2022) was
presented in [21]. For the analysis, the precipitation sum for the month of landslide activation (P1) was
determined, as well as the accumulated precipitation sum for the month of activation and for 1 month (P2), 2
months (P3), ..., and 11 months (P12) prior to landslide occurrence.

Specifically, the following results were obtained. The relationship between average precipitation
values (threshold values) and monthly precipitation duration during the month of landslide activation and
before landslide activation in Georgia and its individual regions was determined. It was found that, overall, in
eastern Georgia (including the Samtskhe-Javakheti region), landslide activation occurs with significantly
lower precipitation sums than in western Georgia. The average P1 values are 76 and 156 mm, respectively,
and the P12 values are 684 and 1588 mm. The linear correlation between the number of landslides and the
P1...P12 values across the regions of Georgia is low for P1 and moderate for P2...P12. The sum of
precipitation associated with landslides exceeds the general long-term average monthly precipitation by
approximately 16%. For Georgia as a whole, the dependence of the number of landslides on the P1 and P12
values has the form of a fifth-order polynomial (sequentially: slight increase — plateau — strong increase). For
P1 values, the precipitation sum plateau, after which a strong increase in the number of landslides begins,
covers the range from 62 to 149 mm, and for P12 — from 914 to 1588 mm (the number of landslides is =~ 108—
114) [21].

This work is a continuation of previous studies [20, 21] related to the study of the relationship between
precipitation and the activation of landslide processes on a time scale of 1, 3, 5, 7, 10, 20 and 30 days (or 24,
72, 120, 168, 240, 480 and 720 hours). 1 day (24 hour): sum of precipitation in the day with landslide
occurrence; 3 days (72 hour) -30 days (720 hour): cumulative precipitation sums in the day and up to the day
in which the landslide occurred.

Some results of statistical analysis of the relationship between daily and cumulative multi-daily sums of
precipitation with the number of landslides in the 12 regions of Georgia are presented below.

Study area, material and methods

Study area is Georgia and their 12 regions (Abkhazeti; Samegrelo-Zemo Svaneti; Guria; Adjara;
Samtskhe-Javakheti; Kvemo Kartli; Thilisi; Kakheti; Mtskheta-Mtianeti; Shida Kartli; Imereti; Racha-
Lechkhumi and Kvemo Svaneti) — Table 1, Fig. 1.

Data on the number of landslides with the known days of their activation were taken from the catalog
[9]. Period of observation - from 1968 to 2022; landslide occurrence height — from 5 (Abkh) to 3773 (M-M)
m; number of landslides - from 5 (KK) to 89 (Adj), total — 519 (Table 1, Fig. 1).
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Data National Environmental Agency about daily sum of atmospheric precipitations for 68
meteorological stations are used. List of meteorological stations, their coordinates and locations in Table 2 and
Fig. 2 are presented. Data from 80 meteorological stations on daily precipitation values for the period from
1960 to 1989 were also used for comparison with data on precipitation associated with landslides.

In the proposed work the analysis of data is carried out with the use of the standard statistical analysis
methods [34].

The following designations will be used below: Max - maximal values; Min - minimal values; Mean -
average values; Pwm - average values of precipitation related to landslide processes; P* - average values of
precipitation in 1960-1989; St Dev - standard deviation; St Err — standard error; R® — coefficient of
determination; R — coefficient of linear correlation; R' - index of correlation for nonlinear equations; 99%(+/-
) - 99% confidence interval of the mean; Lat - north latitude, N°; Lon - east longitude, E°; H — altitude above
sea level, m; landslide — LS; P (or E for precipitations duration D in hour) - precipitation sum, mm; P1 —
precipitation sum in day with LS activation, mm; P3, P5, P7, P10, P20 and P30 - cumulative precipitation
sums in the day with landslide and 3...30 days up to landslide occurrence cumulative precipitation sums in the
day and up to the day in which the landslide occurred; N(LS) — number of landslides; Eastern Georgia — E
Geo; Western Georgia - W Geo.

Landslide activation thresholds were determined using two empirical methods.

1)The precipitation amount for Georgia, its eastern and western parts, and regions was determined by the
precipitation amount for 30 consecutive days prior to the landslide and on the day of the landslide (30 days in
total). The threshold equations are:

P = a-x + b, where P is the total precipitation amount (mm), X is the duration (days), a is the slope of the
threshold curve, and b is the free term of the equation;

E=a-Db, where E is the total precipitation amount (mm), D is the duration (hours), a and b are parameters.
The a and b coefficients were determined for average precipitation values.

2) The precipitation threshold for Georgia and its eastern and western parts was estimated by determining the
number of landslides in seven precipitation ranges in ascending order. N(LS) = f(P), where N(LS) is the relative
number of landslides, in %; f(P) is the precipitation function. All equations are represented by third-degree
polynomials.

Table 1. Study regions, period and number of years of observation, number of landslides and their heights for
known days of their occurrence in Georgia.

. Region, | Observation | Number of | Number of Landslide occurrence height, m
Region Abbr period years landslides -
: Min Max Mean
1.Abkhazeti Abkh 1968-1980 3 48 5 637 217
2.Samegrel S-ZS 1979-2022 12 58 33 2278 696
3.Guria Gur 2009-2022 11 40 30 1135 233
4.Adjara Adj 1968-2022 11 89 15 1846 639
5.Samtskhe- S-J 1973-2022 12 47 797 2468 1282
6.Kvemo KK 2002-2022 5 5 668 1295 868
7.Thilisi Th 2001-2022 11 47 435 1376 773
8.Kakheti Kakh 2016-2022 5 9 500 1974 968
9.Mtskheta- M-M 2013-2022 9 22 455 3773 1476
10.Shida Sh K 2007-2022 10 16 548 986 781
11.Imereti Im 1968-2022 13 75 29 980 416
12.Racha- R-L KS 2005-2022 13 63 372 1576 906
Lechkhumi
Georgia Geo 1968-2022 28 519 5 3773 694
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Fig. 1. Landslide distribution map for known days of occurrence. The numbers indicating the contours of the
regions correspond to the numbers before the names of the regions in Table 1.

Table 2. List of meteorological stations whose precipitation data were used for known days of landslide
occurrence. AWS - automatic weather station

Station Lon, N° Lat, E° | H'm Station Lon, N° Lat, E° H,m
Abastumani 41.75 42.83 1265 Legakhare 42.6 42.17 267
Achadara 43.04 40.99 1280 Luji 42.85 43.02 2587
Akhalkalaki 41.41 43.49 1716 Magaroskari 42.29 44 .87 958
Akhaltsikhe 41.64 42.99 989 Martvili 42.38 42.28 176
Alpana 42.56 42.83 560 Martvili AWS 42.38 42.28 176
Ambrolauri 42.52 43.15 544 Mestia AWS 43.04 42.73 1441
Babushera 42.87 41.14 6 Mirveti 41.53 41.72 60
Bakhmaro AWS 41.85 42.32 1926 Mukhrani_ AWS 41.93 44.58 550
Bakuriani 41.74 43.52 1665 Nokalakevi 42.36 42.19 115
Batumi_Airport 41.6 41.61 11 Orbeti_ AWS 41.66 44,53 1306
Bichvinta 43.15 40.34 4 Orpiri_ AWS 42.35 42.86 457
Borjomi 41.84 43.38 790 Pasanauri 42.35 44.69 1070
Chkhalta 43.1 41.68 544 Sabueti_Mta 42.03 43.47 1242
Chkhari AWS 42.27 43.02 465 Sachkhere 42.33 43.41 455
Chokhatauri 42.02 42.24 144 Sagarejo 41.74 45.33 802
Dimi AWS 42.12 42.85 200 Samgori 41.72 44.9 549
Dusheti_ AWS 42.09 44.71 1038 Samtredia 42.16 42.34 28
Gagra 43.28 40.27 7 Samtredia_ AWS 42.2 42.42 42
Glola 42.7 43.64 1280 Senaki 42.27 42.06 34
Gordi AWS 42.47 42.58 988 Senaki_ AWS 42.31 4212 388
Gori 41.98 44.11 609 Shovi 42.7 43.68 1509
Gudauri_ AWS 42.5 44,51 2915 Sokhumi 43.01 41.04 116
Gudauta 43.1 40.64 46 Thilisi 41.76 44,76 427
Gvandra 43.04 40.92 109 Telavi 41.92 45.48 568
Keda 41.6 41.94 256 Tianeti 42.11 44.97 1099
Khaishi 42.94 42.19 730 Tkibuli 42.35 43 593
Kharagauli AWS 42.03 43.23 597 Tsageri AWS 42.64 42.79 621
Khashuri 41.99 43.6 690 Tsalka 41.6 44.09 1458
Khertvisi 41.48 43.29 1250 Tseva AWS 42.12 43.17 448
Khulo 41.64 42.31 946 Tskaltubo AWS 42.35 42.66 452
Kobi AWS 42.56 44,52 1973 Uravi AWS 42.65 43.32 1742
Kobuleti 41.85 41.78 7 Zemo Chaladidi 42.22 41.79 4
Kutaisi 42.26 42.7 113 Zestafoni 42.1 43.05 160
Lata 43.03 41.48 299 Zugdidi 4251 41.87 118
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Fig. 2. Distribution map of meteorological stations for known days of landslide occurrence.

The degree of correlation was determined in accordance with [34]: very high correlation (0.9 <R < 1.0);
high correlation (0.7 <R < 0.9); moderate correlation (0.5 <R <0.7); low correlation (0.3 <R<0.5); negligible
correlation (0 <R < 0.3).

Results and discussion

Results in Tables 3 — 23 and Fig. 3 - 14 are presented. In Tables 3-18 statistical characteristics of the
cumulative sum of precipitation related to landslide processes in Georgia, its regions as well as in its eastern
and western parts are presented.

Table 3. Statistical characteristics of the cumulative sum of precipitation related to landslide
processes in  Georgia.

Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 0.1 1.8
Max 222.6 366.6 366.6 416.4 416.4 702.2 798.6
Pm 10.8 22.3 314 404 54.1 98.4 132.7
St Dev 22.1 39.5 44.5 51.3 59.1 90.5 105.0

St Err 1.0 1.7 2.0 2.3 2.6 4.0 4.6
Count 519 519 519 519 519 519 519
99%(+/-) 25 4.5 5.0 5.8 6.7 10.2 11.9
p* 33 9.9 16.5 23.1 33.0 65.9 98.9
Pm/P* 3.27 2.25 1.90 1.75 1.64 1.49 1.34

Georgia. P1 values vary from 0.0 mm (252 cases out of those observed) to 222.6 mm, with an average
value of 10.8 mm; P30 values vary from 1.8 mm to 798.6 mm, with an average value of 132.7 mm (Table 3,
catalog [9]).

The ratio Pm/P* varies from 1.34 (for P30) to 3.27 (for P1). Generally, cumulative sum of landslide-
related (mean) precipitation in Georgia is higher than their average long-term values in 1960-1989 (P*). An
example is shown in Fig. 3. The Pm/P* average value is 1.95.

Fig. 4 and 5 show examples of distribution maps of P5 and P30 values in the territory of Georgia. In
particular, as can be seen from these Figures and Table 4, the distribution of P5 and P30 values in the study
area is extremely uneven. Values of P5 vary from 0.0 mm (65 cases out of those observed) to 366.6 mm (Im,
Kveda Gordi, landslides activation in October 07, 2013), with an average value of 31.4 mm (Table 3, Fig. 4,
catalog [9]); P30 values vary from 1.8 mm (Sh K, Kaspi, February 01, 2019; Kakh, Manavi, January 14, 2020)
to 798.6 mm (Adj, Keda, village lower Agara, October 16, 2017), with an average value of 132.7 mm (Table
3, Fig. 5, catalog [9]).
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Fig. 3. Cumulative sum of landslide-related (Pwm) and average (P*) precipitation in Georgia (very high
correlation).
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Fig. 4. Map of distribution of 5 days cumulative precipitation up to landslide occurrence (P5). (Total
including the day of the landslide).
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Fig. 5. Map of distribution of 30 days cumulative precipitation up to landslide occurrence (P30). (Total
including the day of the landslide).

In Tables 4-18 statistical characteristics of the cumulative sum of precipitation related to landslide
processes in 12 regions of Georgia, as well as in its eastern and western parts are presented.
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Table 4. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in

Abkhazeti.
Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30
Min 0 0 0 0 0.05 4.6 35.5
Max 37.8 78.4 87.2 127.9 194.7 267.3 273.3
Pm 4.1 12.5 22.8 32.3 44.3 93.9 122.9
St Dev 9.1 20.2 24.5 314 41.2 52.6 54.7
St Err 1.3 2.9 3.6 4.6 6.0 7.7 8.0

Count 48 48 48 48 48 48 48
99%(+/-) 34 7.6 9.2 11.8 15.5 19.8 20.5
p* 4.4 13.2 22.0 30.8 44.0 88.1 132.1
Pm/P* 0.93 0.95 1.04 1.05 1.01 1.07 0.93

Abkhazeti. P1 values vary from 0.0 mm (31 cases out of those observed) to 37.8 mm (Amtqgeli, August
05, 1980), with an average value of 4.1 mm; P30 values vary from 35.5 mm (Aleksandrovka, July 20, 1980)
to 273.3 mm (Zenobani, August 13, 1980), with an average value of 122.9 mm (Table 4, catalog [9]).

The ratio Pm/P* varies from 0.93 (for P1 and P30) to 1.07 (for P20). Generally, in Abkhazeti the
specified parameters practical not differ from each other. The Pm/P* average value is 1.00.

Table 5. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in
Samegrelo-Zemo Svaneti.

Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30

Min 0 0 0 0 0 2 7
Max 52.6 75.4 126.0 205.7 226.9 285.4 448.9
Pum 6.5 16.3 22.0 34.7 48.8 97.1 133.7
St Dev 12.0 22.8 29.3 38.9 47.7 71.6 99.7
St Err 1.6 3.0 3.9 5.2 6.3 9.5 13.2

Count 58 58 58 58 58 58 58
99%(+/-) 4.1 7.8 10.0 13.3 16.3 24.4 34.0
p* 4.5 13.6 22.6 31.7 45.3 90.6 135.8
Pm/P* 1.44 1.20 0.97 1.09 1.08 1.07 0.98

Samegrelo-Zemo Svaneti. P1 values vary from 0.0 mm (34 cases out of those observed) to 52.6 mm
(Mestia-Mulakhi-Ushguli road, village near Mulakhi, September 07, 2017), with an average value of 6.5 mm;
P30 values vary from 7.0 mm (Chkvaleri, September 24, 2015) to 448.9 mm (Mestia-Mulakhi-Ushguli road,
village near Mulakhi, September 07, 2017), with an average value of 133.7 mm (Table 5, catalog [9]).

The ratio Pm/P* varies from 0.97 (for P5) to 1.44 (for P1). Generally, cumulative sum of landslide-
related precipitation in Samegrelo-Zemo Svaneti is slightly higher than their average long-term values. The
Pm/P* average value is 1.12.

Table 6. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in

Guria.
Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 3 13.6
Max 70 160 187.4 208 244.3 498.2 498.7
Pm 12.2 31.0 44.9 58.2 75.5 132.0 179.6
St Dev 20.6 46.9 53.9 61.2 70.3 112.6 115.7
St Err 3.3 75 8.6 9.8 11.3 18.0 18.5

Count 40 40 40 40 40 40 40
99%(+/-) 8.5 19.3 22.3 25.2 29.0 46.4 477
p* 5.0 15.0 25.1 35.1 50.1 100.3 150.5
Pm/P* 2.44 2.07 1.79 1.66 151 1.32 1.19
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Guria. P1 values vary from 0.0 mm (20 cases out of those observed) to 70.0 mm (Bayleti, Zoti, October
16, 2017), with an average value of 12.2 mm; P30 values vary from 13.6 mm (Mtispiri, August 09, 2015) to
498.7 mm (Konchkati, September 24, 2022), with an average value of 179.6 mm (Table 6, catalog [9]).

The ratio Pm/P* varies from 1.19 (for P30) to 2.44 (for P1). Generally, cumulative sum of landslide-
related precipitation in Guria is higher than their average long-term values. The Pm/P* average value is 1.71.

Table 7. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in

Adjara.
Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 3 26.2
Max 222.6 366.6 366.6 416.4 416.4 702.2 798.6
Pm 20.3 41.1 55.1 65.8 82.6 154.5 210.3
St Dev 35.0 65.3 70.5 80.7 93.1 143.3 161.8
StErr 3.7 7.0 7.5 8.6 9.9 15.3 17.2

Count 89 89 89 89 89 89 89
99%(+/-) 9.6 17.9 19.4 22.1 25.6 39.4 44.4
p* 5.7 17.0 28.4 39.8 56.8 113.7 170.6
Pm/P* 3.56 2.42 1.94 1.65 1.45 1.36 1.23

Adjara. P1 values vary from 0.0 mm (31 cases out of those observed) to 222.6 mm (Keda, village
lower Agara, October 16, 2017), with an average value of 20.3 mm; P30 values vary from 26.2 mm
(Ghorjomeladzeebi, July 14, 2021) to 798.6 mm (Keda, village lower Agara, October 16, 2017), with an
average value of 210.3 mm (Table 7, catalog [9]).

The ratio Pm/P* varies from 1.23 (for P30) to 3.56 (for P1). Generally, cumulative sum of landslide-
related precipitation in Adjara is higher than their average long-term values. The Pm/P* average value is 1.95.

Table 8. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in
Samtskhe-Javakheti.

Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 2.9 6.35
Max 60.0 62.0 69.3 74.4 76.8 97.9 121.0
Pm 5.3 9.7 13.8 16.9 20.9 40.5 60.7
St Dev 11.1 12.6 16.2 18.0 20.0 24.1 335

StErr 1.6 1.9 24 2.6 2.9 3.6 4.9

Count 47 47 47 47 47 47 47
99%(+/-) 4.2 4.8 6.1 6.8 7.6 9.1 12.7
p* 2.0 6.0 10.0 14.0 20.1 40.2 60.2
Pwm/P* 2.65 1.62 1.38 1.21 1.04 1.01 1.01

Samtskhe-Javakheti. P1 values vary from 0.0 mm (19 cases out of those observed) to 60.0 mm
(Borjomi, August 04, 2016), with an average value of 5.3 mm; P30 values vary from 6.35 mm (Adigeni,
February 06, 2020) to 121.0 mm (Aspindza, May 27, 1976), with an average value of 60.7 mm (Table 8,
catalog [9]).

The ratio Pm/P* varies from 1.01 (for P20 and P30) to 2.65 (for P1). Generally, cumulative sum of
landslide-related precipitation in Samtskhe-Javakheti is higher than their average long-term values. The Pm/P*
average value is 1.42.
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Table 9. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in

Kvemo Kartli.
Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30

Min 0 0 0 1.6 1.6 1.6 5
Max 1.0 20.2 33.8 38.0 58.8 101.2 131.8
Pm 0.2 4.4 10.4 20.1 27.1 47.2 55.6
St Dev 0.4 8.9 14.3 16.5 25.3 42.3 52.6
St Err 0.2 4.4 7.2 8.3 12.6 21.1 26.3

Count 5 5 5 5 5 5 5
99%(+/-) 0.6 11.4 18.4 21.3 32.6 54.4 67.7
p* 1.7 5.2 8.6 12.1 17.2 34.5 51.8
Pm/P* 0.12 0.85 1.21 1.66 1.58 1.37 1.07

Kvemo Kartli. P1 values vary from 0.0 mm (4 cases out of those observed) to 1.0 mm (Sagharasheni,
April 11, 2019), with an average value of 0.2 mm; P30 values vary from 5.0 mm (Gomareti, February 09,
2022) to 131.8 mm (Martkhopi, September 02, 2002), with an average value of 55.6 mm (Table 9, catalog [9]).
The ratio Pm/P* varies from 0.12 (for P1) to 1.66 (for P7). Generally, cumulative sum of landslide-
related precipitation in Kvemo Kartli is slightly higher than their average long-term values. The Pm/P* average

value is 1.12.

Table 10. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in

Thilisi.
Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 0.1 6.2
Max 93.5 126.2 129.4 214.2 2215 228.6 237.6
Pm 12.4 16.4 20.3 26.1 43.4 71.8 84.9
St Dev 21.2 24.5 25.1 34.1 35.7 49.3 46.6
St Err 3.1 3.6 3.7 5.0 5.3 7.3 6.9

Count 47 47 47 47 47 47 47
99%(+/-) 8.1 9.3 9.5 13.0 13.6 18.7 17.7
p* 1.7 5.0 8.3 11.6 16.5 33.1 49.6
Pm/P* 7.29 3.28 2.45 2.25 2.63 2.17 1.71

Thilisi. P1 values vary from 0.0 mm (24 cases out of those observed) to 93.5 mm (Krtsanisi ravine,
May 13, 2012), with an average value of 12.4 mm; P30 values vary from 6.2 mm (Vere valley, new road,
January 10, 2017) to 237.6 mm (Krtsanisi ravine, May 13, 2012), with an average value of 84.9 mm (Table

10, catalog [9]).

The ratio Pm/P* varies from 1.71 (for P30) to 7.29 (for P1). Generally, cumulative sum of landslide-
related precipitation in Thilisi is significantly higher than their average long-term values. The Pm/P* average

value is 3.11.

Table 11. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in

Kakheti.
Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).
Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 1.8 1.8
Max 30.1 62.4 66.4 83.2 95.55 123.9 133.1
Pm 6.7 13.0 22.7 315 36.1 58.8 80.1
St Dev 10.6 21.3 27.6 31.8 32.6 44.1 46.0
St Err 3.8 7.5 9.7 11.2 11.5 15.6 16.3
Count 9 9 9 9 9 9 9
99%(+/-) 9.7 19.4 25.1 28.9 29.7 40.2 41.9
p* 2.0 6.1 10.2 14.2 20.3 40.7 61.0
Pu/P* 3.35 2.13 2.23 2.22 1.78 1.44 1.31
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Kakheti. P1 values vary from 0.0 mm (4 cases out of those observed) to 30.1 mm (Gombori Pass, near
Ujarma Castle, October 03, 2017), with an average value of 6.7 mm; P30 values vary from 1.8 mm (Manavi,
January 14, 2020) to 133.1 mm (Kvareli, May 13, 2022), with an average value of 80.1 mm (Table 11, catalog
[9D).

The ratio Pm/P* varies from 1.31 (for P30) to 3.35 (for P1). Generally, cumulative sum of landslide-
related precipitation in Kakheti is significantly higher than their average long-term values. The Pm/P* average
value is 2.07.

Table 12. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in
Mtskheta-Mtianeti.

Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 4.4 7.3
Max 59.6 154.8 157.6 176.2 180.4 230.4 329
Pm 8.2 16.8 22.3 29.2 39.7 56.0 81.2
St Dev 15.6 35.3 38.2 45.7 49.1 56.0 75.0
StErr 34 7.7 8.3 10.0 10.7 12.2 16.4
Count 22 22 22 22 22 22 22
99%(+/-) 8.8 19.9 215 25.7 27.6 315 42.2
p* 2.5 7.4 12.3 17.2 24.6 49.2 73.8
Pwm/P* 3.28 2.27 1.81 1.70 1.61 1.14 1.10

Mtskheta-Mtianeti. P1 values vary from 0.0 mm (12 cases out of those observed) to 59.6 mm (Gudauri-
Kobi highway way, August 09, 2018), with an average value of 8.2 mm; P30 values vary from 7.3 mm
(Gudauri-Kobi highway way, March 03, 2017) to 329.0 mm (Gudauri-Kobi highway way, August 09, 2018),
with an average value of 81.2 mm (Table 12, catalog [9]).

The ratio Pm/P* varies from 1.10 (for P30) to 3.28 (for P1). Generally, cumulative sum of landslide-
related precipitation in Mtskheta-Mtianeti is higher than their average long-term values. The Pm/P* average
value is 1.84.

Table 13. Statistical characteristics of the cumulative sum of precipitation related to landslide
processes in  Shida Kartli.

Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 0.4 1.8
Max 39.4 39.7 55.1 70.7 86.3 164.7 170.9
Pum 6.8 11.2 16.9 21.2 31.8 57.5 76.1
St Dev 11.3 13.4 18.3 20.6 28.7 44.8 53.6
St Err 2.9 3.5 4.7 5.3 7.4 11.6 13.8

Count 16 16 16 16 16 16 16
99%(+/-) 75 8.9 12.2 13.7 19.1 29.8 35.7
p* 1.7 5.1 8.5 119 17.0 34.1 51.2
Pw/P* 4.00 2.20 1.99 1.78 1.87 1.69 1.49

Shida Kartli. P1 values vary from 0.0 mm (8 cases out of those observed) to 39.4 mm (Abano, June
16, 2016), with an average value of 6.8 mm; P30 values vary from 1.8 mm (Kaspi, February 01, 2019) to 170.9
mm (Chumateleti, March 15, 2022), with an average value of 76.1 mm (Table 13, catalog [9]).

The ratio Pm/P* varies from 1.49 (for P30) to 4.00 (for P1). Generally, cumulative sum of landslide-
related precipitation in Shida Kartli is significantly higher than their average long-term values. The Pm/P*
average value is 2.14.
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Table 14. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in

Imereti.
Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30

Min 0 0 0 0 0 23.2 32
Max 100.7 180.4 189.8 203.3 258.8 409.4 414.4
Pum 10.8 25.4 37.8 47.9 62.0 105.1 142.5
St Dev 21.5 38.9 42.1 45.8 52.0 78.0 79.6

St Err 25 4.5 4.9 5.3 6.0 9.1 9.3

Count 75 75 75 75 75 75 75
99%(+/-) 6.4 11.6 12.6 13.7 15.6 23.4 23.8
p* 3.7 11.1 18.5 25.9 37.0 74.0 111.0
Pu/P* 2.92 2.29 2.04 1.85 1.68 1.42 1.28

Imereti. P1 values vary from 0.0 mm (32 cases out of those observed) to 100.7 mm (Khoni, July 08,
2016), with an average value of 10.8 mm; P30 values vary from 32.0 mm (Kinchkha, May 21, 2013) to 414.4
mm (Samtredia, noga; Samtredia, village partial field, May 21, 2013), with an average value of 142.5 mm
(Table 14, catalog [9]).
The ratio Pm/P* varies from 1.28 (for P30) to 2.92 (for P1). Generally, cumulative sum of landslide-
related precipitation in Imereti is higher than their average long-term values. The Pm/P* average value is 1.93.

Table 15. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in
Racha-Lechkhumi and Kvemo Svaneti.

Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 8.4 19.3
Max 84.5 1145 128.5 159.0 159.0 203.7 224.9
Pm 11.7 20.6 28.3 35.2 51.8 92.9 123.6
St Dev 23.4 31.9 36.5 40.1 43.5 55.6 58.2
St Err 3.0 4.0 4.6 5.1 5.5 7.1 7.4

Count 63 63 63 63 63 63 63
99%(+/-) 7.1 104 11.9 13.1 14.2 18.2 19.0
p* 3.2 9.5 15.8 22.1 31.6 63.2 94.7
Pu/P* 3.66 2.17 1.79 1.59 1.64 1.47 1.31

Racha-Lechkhumi and Kvemo Svaneti. P1 values vary from 0.0 mm (33 cases out of those observed)
to 84.5 mm (Patara Ghebi, Ghebi, Nakieti, Shovi, July 29, 2020), with an average value of 11.7 mm; P30
values vary from 19.3 mm (Likheti, August, 13, 2017) to 224.9 mm (Komandeli, October 01, 2021), with an
average value of 123.6 mm (Table 15, catalog [9]).

The ratio Pm/P* varies from 1.31 (for P30) to 3.66 (for P1). Generally, cumulative sum of landslide-
related precipitation in Racha-Lechkhumi and Kvemo Svaneti is higher than their average long-term values.
The Pm/P* average value is 1.95.

Table 16. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in

Eastern Georgia.

Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).

Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 0.1 1.8
Max 93.5 154.8 157.6 214.2 2215 230.4 329.0
Pm 8.8 14.1 18.9 24.1 33.2 57.1 75.2
St Dev 16.4 22.4 24.6 30.3 33.6 45.4 50.6
St Err 14 1.9 2.0 25 2.8 3.8 4.2
Count 146 146 146 146 146 146 146
99%(+/-) 3.5 4.8 5.3 6.5 7.2 9.7 10.8
p* 2.0 6.0 10.0 13.9 19.9 39.9 59.8
Pu/P* 4.40 2.35 1.89 1.73 1.67 1.43 1.26
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Eastern Georgia. P1 values vary from 0.0 mm (181 cases out of those observed) to 93.5 mm (Thilisi,
Krtsanisi ravine, May 13, 2012), with an average value of 8.8 mm; P30 values vary from 1.8 mm (Shida Kartli,
Kaspi, February 01, 2019; Kakheti, Manavi, January 14, 2020) to 329.0 mm (Mtskheta-Mtianeti, Gudauri-
Kobi highway way, August 09, 2018), with an average value of 75.2 mm (Table 16, catalog [9]).

The ratio Pm/P* varies from 1.26 (for P30) to 4.40 (for P1). Generally, cumulative sum of landslide-
related precipitation in Eastern Georgia is significantly higher than their average long-term values. The Pm/P*
average value is 2.10.

Table 17. Statistical characteristics of the cumulative sum of precipitation related to landslide processes in
Western Georgia.

Cumulative precipitation sum, mm. (1 - Day of landslide occurrence).
Day 1 3 5 7 10 20 30
Min 0 0 0 0 0 2 7

Max 222.6 366.6 366.6 416.4 416.4 702.2 798.6
Pum 11.9 26.1 37.1 47.5 62.8 1155 156.6
St Dev 24.2 44.2 49.5 56.3 65.0 98.3 112.6

St Err 1.3 2.3 2.6 2.9 3.4 51 5.8
Count 373 373 373 373 373 373 373
99%(+/-) 3.2 5.9 6.6 7.5 8.7 13.1 15.0
p* 4.4 13.3 22.1 30.9 44.2 88.4 1325
Pwm/P* 2.70 1.96 1.68 1.54 1.42 1.31 1.18

Western Georgia. P1 values vary from 0.0 mm (71 cases out of those observed) to 222.6 mm (Adjara,
Keda, village lower Agara, October 16, 2017), with an average value of 11.9 mm; P30 values vary from 7.0
mm (Samegrelo-Zemo Svaneti, Chkvaleri, September 24, 2015) to 798.6 mm (Adjara, Keda, village lower
Agara, October 16, 2017), with an average value of 156.6 mm (Table 17, catalog [9]).

The ratio Pm/P* varies from 1.18 (for P30) to 2.70 (for P1). Generally, cumulative sum of landslide-
related precipitation in Western Georgia is higher than their average long-term values. The Pm/P* average
value is 1.68.

Thus, on average, for individual regions of Georgia (with the exception of Abkhazeti, Pm/P* average
value is 1.00, Table 4), Georgia as a whole and its eastern and western parts cumulative sum of landslide-
related precipitation is higher, uem their average long-term values (Table 3, Tables 5-17, Fig. 3). The lowest
value of the average ratio Pm/P* is observed in Samegrelo-Zemo Svaneti (Table 5) and Kvemo Kartli (Table
9) - 1.12 each, the greatest - in Thilisi (3.11, Table 10). In Georgia this ratio is 1.95 (Table 3), in its eastern
and western parts — 2.10 and 1.68 respectively (Tables 16 and 17).

A refinement of the results of work [20] shows that in order of increasing precipitation amount, based
on P30 values, regions of Georgia can be grouped as follows (Tables 4-15): 1 — Kvemo Kartli (55.6 mm); 2 -
Samtskhe-Javakheti (60.7 mm), 3- Shida Kartli (76,1 mm), 4-Kakheti (80.1 mm), 5- Mtskheta-Mtianeti (81.2
mm), 6- Thilisi (84.9 mm), 7- Abkhazeti ( 122.9 mm), 8- Racha-Lechkhumi and Kvemo Svaneti ( 123.6 mm),
9- Samegrelo-Zemo Svaneti ( 133.7 mm), 10-Imereti ( 142.5 mm), 11- Guria ( 179.6 mm), 12- Adjara ( 210.3
mm).

In general, in eastern Georgia (including the Samtskhe-Javakheti region), landslide activation occurs
with significantly lower precipitation amounts than in the west. Average P1 values are 8.8 and 11.9 mm,
respectively, while P30 values are 75.2 and 156.6 mm (Tables 16,17).

In Fig. 6 graphs of connection of associated with landslide processes mean values of the cumulative
sum of precipitation by individual regions of Georgia with mean values of the cumulative sum of precipitation
for Georgia are presented. These relationships are linear. The corresponding regression equation coefficients
are presented in Table 18.
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Fig. 6. Connection of associated with landslide processes (data from Tables 3-15) mean values of the
cumulative sum of precipitation by individual regions of Georgia with mean values of the cumulative sum of
precipitation for Georgia (linear regression, R>0.94, very high correlation).

Table 18. The coefficients of the linear regression equation between mean values of the cumulative sum of
precipitation by individual regions of Georgia with mean values of the cumulative sum of precipitation for
Georgia (Fig. 6).

Y=ax+bh Y=ax+h
Region a b Region a b
E Geo 0.5519 1.5341 KK 0.4723 -2.7517
W Geo 1.1754 -0.6005 Thb 0.643 3.4833
Abkh 1.0024 -8.323 Kakh 0.5842 2.9957
S-ZS 1.0628 -7.9381 M-M 0.5681 4.5294
Gur 1.3451 1.2306 Sh K 0.5841 -0.9199
Adj 1.537 4.287 Im 1.0556 2.8193
S-J 0.4446 -0.8057 R-L KS 0.935 -0.0996

¢ Abkh mS-ZS 4 Gur < Adj XS-J ®KK +Tb -Kakh =M-M Sh K mIm AR-L KS x Geo
250
200
150
IS
S
100

50

Days with accumulated precipitation

Fig. 7. Dependence of average precipitation values (threshold values) on precipitation duration in days on the
day of landslide activation and before landslide activation in Georgia and its individual regions (linear
regression).
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In Fig. 7 graphs of dependence of average precipitation values (threshold values) on precipitation
duration in days on the day of landslide activation and before landslide activation in Georgia and its individual
regions in the linear approximation. In Fig. 8 graphs of dependence of average precipitation values (threshold
values) on precipitation duration in hours on the day of landslide activation and before landslide activation in
Georgia and its individual regions in the power approximation (data from Tables 3-15).

Abkh mS-ZS 4 Gur

Adj % S-J

KK +Tbh -Kakh =M-M ¢Sh K mIm A R-L KS x Geo

100.0

10.0

mm

1.0

10 100 1000

0.1
Hours with accumulated precipitation

Fig. 8. Dependence of average precipitation values (threshold values) on precipitation duration in hours on
the day of landslide activation and before landslide activation in Georgia and its individual regions (power
regression).

The corresponding regression equation coefficients are presented in Table 19. For comparison, the
same Table also provides previously calculated coefficients of the power regression equations for Georgia and
its 10 regions for 174 cases of landslides [20].

Table 19. Coefficients of regression equation dependence of average precipitation values (threshold values)
on precipitation duration in days and hours on the day of landslide activation and before landslide activation
in Georgia and its individual regions.

" Data from Tables 3-15 | Data according to [20]
s Regression equations
k=) P=a-x+b E=a-Db
& Regression equation coefficients
a I b a I b a | b
Rz R, R (0.9479<R2<0.9982), R >0.97 (0.9017<R2<0.9998), R'>0.95 (0.761<R?<0.995), R' > 0.87
Abkh 421 1.78 0.17 1.02 No data No data
S-ZS 4.48 2.66 0.34 0.91 1.63 0.71
Gur 5.66 14.76 1.04 0.78 6.77 0.57
Adj 6.48 19.62 2.16 0.68 9.7 0.5
S-J 1.88 3.54 0.48 0.71 1.29 0.56
KK 197 2.18 0.003 1.61 No data No data
Tb 2.69 10.07 1.32 0.62 2.71 0.5
Kakh 2.45 8.90 0.63 0.74 2.61 0.53
M-M 2.39 10.21 0.96 0.67 0.88 0.69
Sh K 2.46 494 0.53 0.74 1.36 0.64
Im 4.44 13.46 0.99 0.76 3.94 0.55
R-L KS 3.94 9.27 1.03 0.71 1.13 0.7
Geo 421 10.03 0.93 0.75 3.88 0.55
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In particular, the values of the coefficients of a and b in in the equation E=a-D® vary in a wide range
for different regions of Georgia according to the climate zones from the subtropical regions (Abkhazeti,
Adjara, Guria) to areas with a continental climate (Shida Kartli, Kakheti, etc., Table 19). Note, as in [20], the
data on the values of a and b coefficients (Table 19) in some cases agree satisfactorily with similar data
obtained by their authors for various regions of the world [35-37].

Fig. 9 shows dependence of average precipitation values (threshold values) on precipitation duration
in days on the day of landslide activation and before landslide activation in Eastern and Western Georgia. Fig.
10 shows dependence of average precipitation values (threshold values) on precipitation duration in hours on
the day of landslide activation and before landslide activation in the same parts of Georgia.

Eastern Georgia W Western Georgia

180
160 a

140
120 P =4.9739-x + 11.355
R2 = 0.9962 N
£ 100

€ 80
60 =

40 ]
20 0 P =2.3252-x + 7.8124

L] R?=0.9943

0 5 10 15 20 25 30
Days with accumulated precipitation

Fig. 9. Dependence of average precipitation values (threshold values) on precipitation duration in days on
the day of landslide activation and before landslide activation in Eastern and Western Georgia (R =~ 1.00,
very high correlation).
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Fig. 10. Dependence of average precipitation values (threshold values) on precipitation duration in hours on
the day of landslide activation and before landslide activation in Eastern and Western Georgia (R' > 0.99,
very high correlation).

In the first case (Fig. 9), a linear relationship is observed between the parameters under study; in the
second (Fig. 10), a power-law relationship is observed. Depending on the task at hand, both relationships can
be used (e.g., comparison with similar works by various authors [35-37], etc.).
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Fig. 11. Example of linear correlation and regression between the number of landslides and the cumulative
sum of precipitation for 30 days related to landslide processes by regions of Georgia (data from Tables 4-15).

Fig. 11 shows an example of a graph of linear correlation and regression between the number of
landslides and P30 values by region of Georgia. In Table 20 data on coefficients of the linear regression
equation between the number of landslides (Y) and the cumulative sum of precipitation of different days (X)
related to landslide processes by regions of Georgia are presented

Table 20. Coefficients of the linear regression equation between the number of landslides (Y) and the
cumulative sum of precipitation of different days (x) related to landslide processes by regions of Georgia
(data from Tables 4-15).

Cumulative Coefficients of the linear regression equation R Degree of
precipitation sum Y=ax+b correlation
P1 3.5964 11.76 0.70 high
P3 1.8775 9.1242 0.72 high
P5 1.3571 7.3696 0.68 moderate
P7 1.1149 4.3125 0.64 moderate
P10 0.9703 -2.3436 0.69 moderate
P20 0.5546 -3.292 0.74 high
P30 0.4065 -2.5208 0.75 high

In general, the linear correlation between the number of landslides and the values of P1...P30 by the
regions of Georgia for change from 0.64 (P7, moderate correlation) to 0.75 (P30, high correlation)

Fig. 12-14, as an examples, present graphs of dependences the relative number of landslides (N(LS),
%) from P1 values, respectively, for territory of Georgia and its Eastern and Western parts. Averaging was
performed over seven ranges of P1 values in ascending order. The relationship between N(LS) values and P1,
as well as P3, P5... P30, is a third-degree polynomial. The corresponding regression equation coefficients are
presented in Table 21.

Table 21. Coefficients of the regression equation between the relative number of landslides (N(LS),
%) and the cumulative sum of precipitation for 1, 3, 5, 7, 10, 20 and 30 days (x) related to landslide
processes by Georgia and its eastern and western parts. R' > 0.99 (very high correlation)

Region Cumulative precipitation sum Regression equation

Georgia P1 N(LS) = 0.0001x3 - 0.0126x? + 0.3121x + 12.007
P3 N(LS) = 4E-05x° - 0.0052x? + 0.1974x + 12.008
P5 N(LS) = 3E-05x° - 0.004x? + 0.1726x + 11.835
P7 N(LS) = 4E-05x° - 0.0044x? + 0.1743x + 10.808
P10 N(LS) = 1E-05x® - 0.0031x? + 0.2052x + 10.405
P20 N(LS) = 3E-06x3 - 0.0009x? + 0.0944x + 10.538
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P30 N(LS) = 7E-06x° - 0.0025x? + 0.3125x + 2.1577
Eastern Georgia P1 N(LS) = 0.0003x? - 0.0213x? + 0.4195x + 12.075
P3 N(LS) = 0.0002x° - 0.014x? + 0.309x + 12.204
P5 N(LS) = 0.0002x° - 0.0137x? + 0.3348x + 11.986
P7 N(LS) = 0.0003x° - 0.0192x? + 0.4168x + 10.738
P10 N(LS) = 7E-05x3 - 0.0068x? + 0.22x + 11.492
P20 N(LS) = 1E-05x° - 0.0023x? + 0.1329x + 11.199
P30 N(LS) = 1E-05x° - 0.0019x? + 0.1293x + 10.636
Western Georgia P1 N(LS) = 8E-05x° - 0.0081x? + 0.2771x + 11.952
P3 N(LS) = 3E-05x° - 0.0049x2 + 0.1942x + 11.863
P5 N(LS) = 2E-05x° - 0.0035x? + 0.1739X + 11.625
P7 N(LS) = 3E-05x° - 0.0036x2 + 0.1662x + 10.631
P10 N(LS) = 7E-06x° - 0.0016x2 + 0.1179x + 11.392
P20 N(LS) = 2E-06x° - 0.0008x? + 0.0991x + 9.8761
P30 N(LS) = 1E-06x3 - 0.0005x? + 0.0907x + 8.7936
20.0
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12.0
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Fig. 12. Relationship between the relative number of landslides (%) and the 1-day total precipitation in the
territory of Georgia (critical precipitation threshold).
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Fig. 13. Relationship between the relative number of landslides (%) and the 1-day total precipitation in the
territory of Eastern Georgia (critical precipitation threshold).
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Fig. 14. Relationship between the relative number of landslides (%) and the 1-day total precipitation in the
territory of Western Georgia (critical precipitation threshold).

Finally, Tables 21 and 22 presents data on critical threshold of 1, 3, 5, 7, 10, 20 and 30 - days
precipitation sum for the activation of landslide processes in Georgia and its Eastern and Western parts
(threshold start, threshold end, max precipitation sum).

Table 22. Critical threshold of 1, 3, 5 and 7-days precipitation sum for the activation of landslide processes
in Georgia and its Eastern and Western parts

_ Threshold Threshold Sum N(LS), % Max Sum N(LS), %
Region Parameter Start End
P1, mm
Georgia Average 8.4 26.3 421 65.9 19.9
99%(+/-) 0.6 2.2 10.3
Eastern Georgia Average 6.3 255 42.9 50.0 19.5
99%(+/-) 1.2 4.6 10.0
Western Georgia Average 9.4 30.8 43.2 74.9 18.8
99%(+/-) 0.7 3.4 13.0
Region Parameter P3, mm
Georgia Average 13.7 36.5 421 99.4 19.7
99%(+/-) 0.8 2.3 15.6
Eastern Georgia Average 114 28.4 42.0 59.4 19.0
99%(+/-) 1.4 2.8 18.2
Western Georgia Average 14.7 39.7 41.8 109.6 20.4
99%(+/-) 1.0 3.1 17.0
Reqgion Parameter P5, mm
Georgia Average 18.3 43.4 42.0 108.3 20.2
99%(+/-) 0.8 2.3 15.0
Eastern Georgia Average 11.7 31.9 42.9 60.1 19.0
99%(+/-) 1.9 25 11.8
Western Georgia Average 21.2 51.4 42.4 125.2 19.8
99%(+/-) 1.1 3.1 18.1
Reqgion Parameter P7, mm
Georgia Average 21.3 44.9 39.1 109.8 25.8
99%(+/-) 1.0 1.7 14.3
Eastern Georgia Average 12.6 31.3 40.6 56.4 23.3
99%(+/-) 2.1 2.3 9.2
Western Georgia | __Average 25.6 52.1 39.3 125.0 25.7
99%(+/-) 1.3 2.1 17.3
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Table 23. Critical threshold of 10, 20, and 30-day precipitation sum for the activation of landslide processes
in Georgia and its Eastern and Western parts.

Region Parameter Thrsetzl:told Thrgzﬂold Sum N(LS), % Max Sum N(LS), %
P10, mm
Georgia Average 33.5 68.5 43.5 148.8 19.8
99%(+/-) 1.0 2.1 17.9
Eastern Georgia Average 23.4 52.1 41.4 81.1 20.7
99%(+/-) 1.9 4.1 18.7
Western Georgia | __Average 39.0 81.8 42.1 169.0 19.7
99%(+/-) 1.3 3.1 21.3
Reqgion Parameter P20, mm
Georgia Average 67.3 124.7 42.0 234.4 20.2
99%(+/-) 1.8 4.0 27.6
Eastern Georgia Average 40.3 78.6 41.8 129.5 19.9
99%(+/-) 1.5 5.4 17.7
Western Georgia | __Average 81.1 1425 42.1 265.2 20.1
99%(+/-) 2.7 3.8 34.5
Region Parameter P30, mm
Georgia Average 88.3 141.2 42.4 262.7 27.0
99%(+/-) 2.1 3.3 25.3
Eastern Georgia Average 62.4 100.5 41.8 150.0 19.9
99%(+/-) 3.9 3.4 22.4
Western Georgia | __Average 118.0 189.5 42.1 330.1 20.1
99%(+/-) 3.1 4.1 37.1

As can be seen from Fig. 12-14 and Tables 22, 23, for the P1 values, the precipitation plateau after
which a rapid increase in the number of landslides begins covers the range from 6.3 to 30.8 mm, while for P30
it covers the range from 62.4 to 189.5 mm (total relative number of landslides ~ 42.1-43.2%).

Conclusion

In the near future, the results of this study are planned to be used to assess the role of various factors
in the activation of landslide processes (geological structure, topography, distance from roads and rivers,
precipitation amount, etc.) using artificial intelligence methods in both steady-state and dynamic modes.

The results of this study may also be useful for hybrid risk assessment and the application of an
integrated hybrid approach to forecasting various disaster-related events [38].

Acknowledgments

This work was supported by Shota Rustaveli  National Science  Foundation
of Georgia (SRNSFG), Grant number FR-23-5466, “Machine Learning Approach to the Landslide Activation
Prediction in Georgia”.

References

[1] Li H., Samsudin N. A. A Systematic Review of Landslide Research in Urban Planning Worldwide. Nat
Hazards, 121, 2025, pp. 6391-6411. https://doi.org/10.1007/s11069-024-07064-4

[2] Akosah S., Gratchev I. Systematic Review of Post-Wildfire Landslides. GeoHazards, 6(1):12, 2025,
https://doi.org/10.3390/geohazards6010012

[3] Dalgi¢ S., Karimov E. Investigation of landslide mechanism in the Balaban landslide area using 3D
numerical modelling. Int. Journal of Sustainability and Risk Control, Vol.1, No 2(2), Baku, Azerbaijan,
September 2025, pp. 31-35.

[4] Matossian A., Baghdasaryan H., Avagyan A., lgityan H., Gevorgyan M., Havenith H. New Landslide
Inventory for the Armenian Lesser Caucasus: Slope Failure Morphologies and Seismotectonic Influences
on Large Landslides. Geosciences, 10, 111, 2020.

45


https://doi.org/10.1007/s11069-024-07064-4

[5] Alcéantara-Ayala I. Landslides in a Changing World. Landslides, 2025. https://doi.org/10.1007/s10346-
024-02451-1

[6] Varazanashvili O., Tsereteli N., Amiranashvili A., Tsereteli E., Elizbarashvili E., Dolidze J., Qaldani L.,
Salugvadze M., Adamia Sh., Arevadze N., Gventcadze A. Vulnerability, hazards and multiple risk
assessment for Georgia. Natural Hazards, Vol. 64, Number 3, 2012, pp. 2021-2056. DOI: 10.1007/s11069-
012-0374-3, http://www.springerlink.com/content/9311p18582143662/fulltext.pdf.

[7] Fourth National Communication of Georgia Under the United Nations Framework Convention on Climate
Change. Chapter 4.9 Geological Hazards in Georgia, Thilisi, 2021, pp. 278-286.

[8] Gaprindashvili, M., Tsereteli, E., Gaprindashvili, G., Kurtsikidze, O. Landslide and mudflow hazard
assessment in Georgia. In: Bonali, F.L., Pasquaré Mariotto, F., Tsereteli, N. (eds) Building Knowledge for
Geohazard Assessment and Management in the Caucasus and other Orogenic Regions. NATO Science for
Peace and Security Series C: Environmental Security. Springer, Dordrecht, 2021.
https://doi.org/10.1007/978-94-024-2046-3_14

[9] Varazanashvili O., Gaprindashvili G., Elizbarashvili E., Basilashvili, Ts., Amiranashvili A., Fuchs S. The
First Natural Hazard Event Database for the Republic of Georgia (GeNHs). Catalog, 2023, 270 p.
https://openscience.ge/server/api/core/bitstreams/12d32a4e-11dc-4b5¢-8878-
7¢1bf091039d/content; DOI: 10.13140/RG.2.2.12474.57286

[10] Geological bulletins. 2015-2025, (in Georgian). https://nea.gov.ge/c/Departments/Geology

[11] Amiranashvili A., Elizbarashvili E., Gaprindashvili G., Varazanashvili O., Fuchs S. Statistical analysis of
parameterized landslide data in Georgia from 1900 to 2022. Reliability: Theory and Applications,
ISSN 1932-2321, Special Issue Ne 6 (81), Part-2, Vol. 19, 2024, pp. 812 - 818.
https://doi.org/10.24412/1932-2321-2024-681-812-818

[12] Amiranashvili A., Brocca L., Chelidze T., Svanadze D., Tsamalashvili T., Varamashvili N. Statistical
analysis of the annual number of registered landslides and mudflows in Georgia in 1995-2024. 1st
International Scientific Conference “Modern problems in Geophysics”. Proceedings, ISBN 978-9941-36-
434-1, ISSN 3088-4349, Thilisi, Georgia, November 6-8, 2025. Publish House of Iv. Javakhishvili Thilisi
State University, Thilisi, 2025, pp. 35-38.

[13] Froude M., Petley D. Global fatal landslide occurrence from 2004 to 2016. Nat. Hazards Earth Syst. Sci.,
18, 2018, pp. 2161-2181.

[14] Segoni S., Piciullo L., Gariano S.L. A Review of the Recent Literature on Rainfall Thresholds for
Landslide Occurrence. Landslides, 15, 2018, pp. 1483-1501, DOI: 10.1007/s10346-018-0966-4.

[15] Gonzalez F.C.G., Cavacanti M.D.C.R., Nahas Ribeiro W., Mendonca M.B., Haddad A.N. A systematic
review on rainfall  thresholds for  landslides  occurrence.  Heliyon, 10, 2024,
https://doi.org/10.1016/j.heliyon.2023.e23247

[16] Amiranashvili A., Chelidze T., Svanadze D., Tsamalashvili T., Tvauri G. Abnormal precipitation before
the landslide in Akhaldaba (A Suburb of Thbilisi, Georgia) on June 13, 2015 according to radar
measurements. Journal of the Georgian Geophysical Society, e-ISSN: 2667-9973, p-ISSN: 1512-1127,
Physics of Solid Earth, Atmosphere, Ocean and Space Plasma, v. 26(1), 2023, pp. 30-41.

[17] Amiranashvili A., Brocca L., Chelidze T., Svanadze D., Tsamalashvili T., Varamashvili N. Analysis of
the precipitation regime that triggered the landslide in Nergeeti (Imereti, Georgia) on February 7, 2024. Int. Sc.
Conf. “Complex Geophysical Monitoring in Georgia: History, Modern Problems, Promoting Sustainable
Development of the Country”, Proceedings, ISBN 978-9941-36-272-9, Publish house of Iv. Javakhishvili
Thilisi  State  University, Thilisi, Georgia, October 17-19, 2024, pp. 155 - 158.
http://dspace.gela.org.ge/bitstream/123456789/10619/1/39_MM-180.pdf

[18] Beglarashvili N., Elizbarashvili 1., Jamrishvili N., Janelidze 1., Pipia M., Tavidashvili Kh. Analysis of
heavy precipitation in the Adigeni and Chokhatauri municipaliities on July 21, 2025 based on satellite
measurements. 1st International Scientific Conference “Modern problems in Geophysics”. Proceedings,
ISBN 978-9941-36-434-1, ISSN 3088-4349, Thilisi, Georgia, November 6-8, 2025. Publish House of Iv.
Javakhishvili Thilisi State University, Thilisi, 2025, pp. 125-128.

[19] Amiranashvili A., Chelidze T., Dalakishvili L., Svanadze D., Tsamalashvili T., Tvauri G. Preliminary
results of a study of the relationship between the monthly mean sum of atmospheric precipitation and
landslide cases in Georgia. Journal of the Georgian Geophysical Society, ISSN: 1512-1127, Physics of
Solid Earth, Atmosphere, Ocean and Space Plasma, v. 23(2), 2020, pp. 37 — 41.

[20] Chelidze T., Amiranashvili A., Svanadze D., Tsamalashvili T., Tvauri G. Terrestrial and satellite-based
assessment of rainfall triggered landslides activity in Georgia, Caucasus. Bull. Georg. Nat. Acad. Sci., vol.
17, no. 2, 71-77, 2023, http://science.org.ge/bnas/vol-17-2.html

46


https://doi.org/10.1007/s10346-024-02451-1
https://doi.org/10.1007/s10346-024-02451-1
http://www.springerlink.com/content/9311p18582143662/fulltext.pdf
https://doi.org/10.1007/978-94-024-2046-3_14
https://nea.gov.ge/c/Departments/Geology
https://doi.org/10.24412/1932-2321-2024-681-812-818
http://dspace.gela.org.ge/bitstream/123456789/10619/1/39_MM-180.pdf
http://science.org.ge/bnas/vol-17-2.html

[21]_Amiranashvili A., Brocca L., Chelidze T., Kiria T., Svanadze D., Tsamalashvili T., Varamashvili N.
Statistical Analysis of the Relationship Between Monthly and Cumulative Multi-Month Sums of
Precipitation with the Number of Landslides in the Regions of Georgia. Transactions of Mikheil Nodia
Institute of Geophysics, ISSN 1512-1135, vol. LXXVIII, Publish House of Ivane Javakhishvili Thilisi
State University, Thilisi, 2025, pp. 49-66.
http://dspace.gela.org.ge/bitstream/123456789/10809/1/7_Tr 1G_78 2025.pdf

[22] Amiranashvili A., Brocca L., Chelidze T., Kiria T., Svanadze D., Tsamalashvili T., Varamashvili N. Intra-
Annual Distribution of Landslide Recurrence in Georgia and its Relationship with Monthly and
Cumulative Multi-Month Sums of Precipitation. Journal of the Georgian Geophysical Society, e-ISSN:
2667-9973, p-ISSN: 1512-1127, Physics of Solid Earth, Atmosphere, Ocean and Space Plasma, v.28(2),
2025, pp. 25-30. https://ggs.openjournals.ge/index.php/GGS/article/view/10453

[23] Amiranashvili A., Chelidze T., Dalakishvili L., Svanadze D., Tsamalashvili T., Tvauri G. Preliminary
results of a study of the relationship between the variability of the mean annual sum of atmospheric
precipitation and landslide processes in Georgia. Int. Sc. Conf. ,Modern Problems of Ecology*, Proc.,
ISSN 1512-1976, v. 7, Thilisi-Telavi, Georgia, 26-28 September, 2020, pp. 202-206.

[24] Chelidze, T., Tsamalashvili, T., Fandoeva, M. Mass-movement stationary hazard maps of Georgia
including precipitation triggering effect: fuzzy logic approach. Bull. Georg. Nat. Acad. Sci., vol. 16, no.
2, 56-63, 2022, http://science.org.ge/bnas/t16-n2/07_Chelidze_Geophysics.pdf

[25] Amiranashvili A., Chelidze T., Svanadze D., Tsamalashvili T., Tvauri G. Some results of a study of the
relationship between the mean annual sum of atmospheric precipitation and re-activated and new landslide
cases in Georgia taking into account of climate change. Journal of the Georgian Geophysical Society, e-
ISSN: 2667-9973, p-ISSN: 1512-1127, Physics of Solid Earth, Atmosphere, Ocean and Space Plasma, v.
25(2), 2022, pp. 38-48. https://openjournals.ge/index.php/GGS/article/view/5959,
DOI: https://doi.org/10.48614/ggs2520225959

[26] Amiranashvili A., Chelidze T., Svanadze D., Tsamalashvili T., Tvauri G. Study of the relationship
between the mean annual sum of atmospheric precipitation and re-activated and new mudflow cases in
Georgia. Journal of the Georgian Geophysical Society, e-ISSN: 2667-9973, p-ISSN: 1512-1127, Physics
of Solid Earth, Atmosphere, Ocean and Space Plasma, v. 26(1), 2023, pp. 19-29.
https://ggs.openjournals.ge/index.php/GGS/article/view/6958;

DOI: https://doi.org/10.48614/9gs2620236958

[27] Amiranashvili A., Brocca L., Chelidze T., Svanadze D., Tsamalashvili T., Varamashvili N. Statistical
analysis of the number of damaging landslides in municipalities and regions of Georgia and their
relationship with atmospheric precipitation in 2015-2024. Reliability: Theory and Applications,
ISSN 1932-2321, Special Issue No. 9 (87), Volume 20, November 2025, pp. 255-264.

[28] Chelidze T., Kiria T., Amiranashvili A., Svanadze D., Tsamalashvili T., Varamashvili N. Landslide
Hazard Maps of Georgia Using Machine Learning Approach. Bulletin of the National Academy of
Sciences of Georgia, ISSN: 0132 - 1447, vol. 20(194), no. 2, 2026, pp. 23-29.
http://science.org.ge/bnas/t20-n2/03_Chelidze_Geophysics.pdf

[29] Amiranashvili A., Chelidze T., Svanadze D., Tsamalashvili T., Tvauri G. On the representativeness of
data from meteorological stations in Georgia for annual and semi-annual sum of atmospheric precipitation
around of these stations. Int. Sc. Conf. ,,Natural Disasters in the 21st Century: Monitoring, Prevention,
Mitigation*. Proceedings, ISBN 978-9941-491-52-8, Thilisi, Georgia, December 20-22, 2021. Publish
house of Iv. Javakhishvili Thilisi State University, Thbilisi, 2021, pp. 79 - 83.
http://openlibrary.ge/bitstream/123456789/9566/1/20_Conf ND_2021.pdf

[30] Amiranashvili A., Chelidze T., Svanadze D., Tsamalashvili T., Varamashvili N. About the
representativeness of data from meteorological stations in Georgia for monthly sum of atmospheric
precipitation around of these stations. Journal of the Georgian Geophysical Society, e-ISSN: 2667-9973,
p-1SSN: 1512-1127, Physics of Solid Earth, Atmosphere, Ocean and Space Plasma, v. 27(1), 2024, pp.
52-57. https://ggs.openjournals.ge/index.php/GGS/article/view/7983

[31] Amiranashvili A., Chelidze T., Svanadze D., Tsamalashvili T., Tvauri G. Comparison of data from
ground-based and satellite measurements of the monthly sum of atmospheric precipitation on the example
of Thilisi city in 2001-2020. Int. conf. of young scientists “Modern Problems of Earth Sciences”.
Proceedings, ISBN 978-9941-36-044-2, Publish House of lv. Javakhishvili Thilisi State University,
Thilisi, November 21-22, 2022, pp. 154-158.
http://openlibrary.ge/bitstream/123456789/10251/1/37_YSC_2022.pdf

[32] Amiranashvili A., Chelidze T., Svanadze D., Tsamalashvili T., Varamashvili N. Comparison of satellite

47


http://dspace.gela.org.ge/bitstream/123456789/10809/1/7_Tr_IG_78_2025.pdf
https://ggs.openjournals.ge/index.php/GGS/article/view/10453
http://science.org.ge/bnas/t16-n2/07_Chelidze_Geophysics.pdf
https://openjournals.ge/index.php/GGS/article/view/5959
https://doi.org/10.48614/ggs2520225959
https://ggs.openjournals.ge/index.php/GGS/article/view/6958
https://doi.org/10.48614/ggs2620236958
http://openlibrary.ge/bitstream/123456789/9566/1/20_Conf_ND_2021.pdf
https://ggs.openjournals.ge/index.php/GGS/article/view/7983
http://openlibrary.ge/bitstream/123456789/10251/1/37_YSC_2022.pdf

and ground-based data on semi-annual and annual sum of atmospheric precipitation for 26 points in Georgia
in 2001-2020. Int. Sc. Conf. “Complex Geophysical Monitoring in Georgia: History, Modern Problems,
Promoting Sustainable Development of the Country”, Proceedings, ISBN 978-9941-36-272-9, Publish
House of lv. Javakhishvili Thilisi State University, Thilisi, Georgia, October 17-19, 2024, pp. 159 — 163.
http://www.openlibrary.ge/bitstream/123456789/10618/1/40_MM-180.pdf

[33] Amiranashvili A.G., Brocca L., Chelidze T.L., Svanadze D.T., Tsamalashvili T.N., Varamashvili N.D.
Statistical Analysis of Annual and Semi-Annual Sum of Atmospheric Precipitation Data for 59
Municipalities (11 Regions) of Georgia with Landslide Hazard Zones from 2015 to 2024. Journal of the
Georgian Geophysical Society, e-ISSN: 2667-9973, p-ISSN: 1512-1127 Physics of Solid Earth,
Atmosphere, Ocean and  Space Plasma, v. 28(1), 2025, pp. 50 - 63
https://ggs.openjournals.ge/index.php/GGS/article/view/9249

[34] Hinkle D. E., Wiersma W., Jurs S. G. Applied statistics for the behavioral sciences. Boston, MA,
Houghton Mifflin Company, ISBN: 0618124055; 9780618124053, 2003, 756 p.

[35] Guzzetti F., Peruccacci S., Rossi M., Stark C.P. Rainfall thresholds for the initiation of landslides in
central and southern Europe. Meteorol. Atmos. Phys. 98, 2007, pp. 239-267.

[36] Gariano S. L., Petrucci O., Guzzetti F. Changes in the occurrence of rainfall-induced landslides in
Calabria, southern Italy, in the 20th century. Nat. Hazards Earth Syst. Sci., 15, 2015, pp. 2313-2330,
https://doi.org/10.5194/nhess-15-2313-2015.

[37] Dikshit A., Sarkar R., Pradhan B., Acharya S., Dorji, K. Estimating rainfall thresholds for landslide
occurrence in the Bhutan Himalayas. Water, 11(8), 2019, 1616 https://doi.org/10.3390/w11081616.

[38] Aliyev V., Pkhovelishvili M., Archvadze N., Gasitashvili Z. Hybrid risk review. Int. Journal of
Sustainability and Risk Control, Baku, Azerbaijan, VVol.1, No 1(1), June 2025, pp. 12-23.

Logo®omzgenml Gga0mbgddo ymzgemzom s 3Mdmes3owe
36535003056 63¢rgdgdol M3 bmdslis s gfigcols 355dEHoMmgdSL
dmMob 3930600l Ggx3sligds

5. 580656583000, 0. ¥OMIS, . Fgewody, . JoMos,

. 1gobsdg , . §s85¢05830e0, b. 35658533000

69bordy

fom0m@agboos  LodoMmggumlb 12 Ggaombdo OO0 ©d IRMHMZ0wo  IM535 P06
Boengdgdol Gom@gbmdsly s 39Fygegdols Mom@gbmdsl ImGmOol MMHP0xM03538060L GO0
LEGHOGHOLE0ZMNM0  b50Do. A5dMYgbgdo 0dbs Bmbs3gdgdo dgfiygemgdol dglobgd 3bmdowo
239993H0M9d0L Eom (bvyew 519 dgfiyg@ol dmgargbs 1968 (ierosb 2022 {iersdy). s6s¢roBobmgzgol
23960LsBM3Ms b5egdgdol MomEabmds dgfiygmol dosdGHomcmgdol gl (P1), sbg3g w@ogyMmzowo
Boengdgdol Momgbmds 99§ygMsdg 3 owob (P3), 5 owob (P5), 7 omol (P7), 10 cowol (P10), 20 owol
(P20) 05 30 ool (P30) 256053@md5d0 (3909g@ol ool Bsmzerom).

3960dm©, dogdmwo 0dbs 890ga0 F99A900. ©OER0bEs 393060  Boergdgdol  Bodwgsem
36009369cmdgdLy (Brztmer 3603360wMmdgdLs) s oMo boergdgdol boby®mdwrogmdsls dmMol
3909960l 255d@H0IM900L ML s d9HYygMol o5dGH0MEMgdsdyg 3, 5 s 30 OO gobdsgwrmdsdo
Lodomggaermdo s dob (39390 M9a0mbgddo. s©0dmBbs, MMI 50dmMbsgmgo LadoOmzgurmdo
(Lodbg-xo35bgmol  Mgaombols  Bsommgwom)  I9fygMol  qoodBHomMmgds  bgds  bogrgdgdol
9600369m3bs0 9050 Mom©gbmdom, 300M) ©sLsgmgm  Lods®mzgermdo. Pl Lodwmswm
3600369cmdgd0s dglodsdobo 8.8 s 11.9 83, bmewm P30 960d369wmdgdos 75.2 s 156.6 99.
LogdoMmm39ml Mga0mbgddo d9HgygMgdol Momgbmdslis s P1...P30 3603369wmdgdl dm®mol {Hgogo

48


http://www.openlibrary.ge/bitstream/123456789/10618/1/40_MM-180.pdf

3MO9s30s  dopoeros Pl, P3, P20 s P30-Logol s Bmdogmo P5, P7 s P10-bogol.
LodoMm39wmlm30L, 39FygHhgdmsb 3538060900 bsgngdgdol Momgbmds ssbermgdom 95%-0m
009953900 EOMMO  Boegdgdol Loghmm aMdgEg3s0sb Lodwmswm dsB396909el. dmnrosboq
LodoMM39MBM3oL s  dobo  5MBMLOZEID s L3  boforgdolmgol,  dgHggPgdol
650096M00L ©M300gdYgdsl P1...P30 3600369cmdqdbg 243l dgledg baolbol 3merobmdols
RO (056000930 ws:  dbodzbgrm YOS - dwoGHm -  dwogho  beEs). Pl
36009369 md900Lm30L, 65¢gdgdol dems@m, MHmAwol d90gysa 0fygds dghygegdols Momgbmdol
03390000 DM, IM0353L ©0535DMbL 6.3-sb 30.8 33-3¢Y, bmerm P30-olimgol - 62.4-sb 189.5 90-
9009 (390996900L LogH M BIOEMBOMO MOMEIbMDS =~ 42.1-43.3%-05).

15533560 Lodyggdo: dgfiyg®o, LEGHoJoMmo ¥B9EMYDS, SEGHIMLBIOOo Bowgdgdo, LEEOLE03WOO
sbsgwobo.

OuneHka CBSI3U CYTOYHBIX H HAKOIJIEHHBIX MHOTOCYTOYHBIX CYMM
0CA/IKOB ¢ aKTHMBM3aLuel onoJj3Hed B peruonax I'py3uu

A. AmupanamBuiun, JI. Bpokka, T. Yeaunze, T. Kupua,

|I[. CBanajaze |, T. Hamanamsuwiu, H. Bapamamsuin

Pe3rome

[IpencraBieH TOAPOOHBIM CTATUCTUYCCKUIA aHAIM3 CBSI3M MEXKAY CYTOYHBIM U HAaKOIJICHHBIMH
MHOTO/JHEBHBIMU KOJIMYECTBOM OCAJKOB M YHCJIOM ornoji3Hed B 12 perumonax I'pysuu. Vcnonb3zoBanuch
JaHHBIE 00 OTIOJ3HAX C U3BECTHBIM JHEM akTHBaLuUH (Bcero 519 omomsHeBbIx cobObiTuii ¢ 1968 mo 2022 rox).
Jns ananu3a Oblia ompejeNieHa CyMMa OCaJIKOB B JieHb akTwBanmu omnon3Hs (P1), a Takke HakoruieHHas
cymma ocazakos 3a 3 gus (P3), 5 (PS), 7 (P7), 10 (P10), 20 (P20) u 30 gueii (P30) 10 BOSHUKHOBEHHS OIOJI3HS
(BKITIOUAS ICHB C OTOJI3HEM).

B wactHOCTH, OBUIM TONyYeHBI clenylolmue pe3yJbTaThl. bbula ompeneneHa CBS3b MEXIy CpEeIHUMH
3HAYCHUSAMH OCAJIKOB (TIOPOTOBBIMH 3HAUEHUSMH) W IMPOJOJDKUTEIHHOCTHIO CYTOYHBIX OCaaKOB B JICHB
aKTHUBALIMK OMOJI3HA U 3a 3, 5...30 qHel A0 akTUBAIMU ONOJ3HEU B ['py3un U ee OTAENbHBIX peruoHax. beuio
YCTaHOBJIEHO, YTO B IIEJOM B BOCTOYHOW [py3mm (Bkitouast pernoH Camixe-/[kaBaxeTw) aKTHBH3AIUS
OTIOJI3HEH TPOUCXOIUT MPHU 3HAYUTEIHLHO MEHBIIMX CYMMax OCAaJKOB, ueM B 3amagHou ['pysuu. Cpemnue
sHadyeHus P1 cocrasisror 8.8 m 11.9 MM cooTBeTcTBeHHO, a 3HadeHHs P30 — 75.2 u 156.6 mm. JIuHcliHasg
KOppeIsns MeXIy KOJTNIecTBOM onoiizHel u 3HadeHussMu P1...P30 mo permonam ['py3um Beicokast mist P1,
P3, P20 u P30 u ymepennas ansa P5, P7 u P10. [{na I'py3un cymMMa OCajiKoOB, CBSI3aHHBIX C OIOJ3HAMH,
MIPEBBITIAET OOIIYIO TOJTOCPOYHYIO CPETHIOI0 CYTOYHYIO CYMMY OCaJIKOB IpuMepHo Ha 95%. Jlns 'pysun B
LIEJIOM U €€ BOCTOYHOM U 3aMaJHON YacTel 3aBUCMMOCTh KOJMYECTBa ONo3HeH oT 3Hauenwuii P1...P30 umeer
BH/JI IOJTMHOMA TPEThEH CTENEeHH (ITOCIE0BATEIbHO: HE3HAUUTEIbHBIN POCT — IIATO — CUJIBHBIN pocT). Jis
3HadyeHUi Pl muaTto cyMMBl OCaJKOB, IOCIE KOTOPOrO HAUMHAETCA PE3KOE YBEJIMYEHHUE 4Hcia ONOJI3HEM,
OXBaThIBaeT Auara3oH ot 6.3 1o 30.8 mm, a s P30 — ot 62.4 10 189.5 MM (00IIee OTHOCHUTEIBHOE YHCIIO
omoi3Hel cocrapiseT ~ 42.1-43.3%).

KimoueBble ciioBa: OIIOJI3HH, CTUXHUITHOE 6C,Z[CTBI/IC, aTMOC(bepHLIC OoCaJIKu, CTATUCTUYCCKUM aHAIHU3.
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ABSTRACT

The article presents the results of an analysis of radar measurements of precipitation intensity preceding a series
of small landslides in the Akhaldaba region (a suburb of Thilisi, Georgia) on June 13-14, 2015. Specifically, the
following results were obtained. The time course of the cumulative precipitation in the zone of maximum cloud
radar reflectivity from 20:49 hour to 23:58 hour on June 13, 2015, has the form of a fifth-degree polynomial. The
cumulative precipitation by 23:58 hour was 402.8 mm. The time course of the cumulative number of small
landslides from 22:30 hour on June 13, 2015, to 01:00 hour on June 14, 2015, has the form of a third-degree
polynomial. The number of landslides by 01:00 hour was 98.

The dependence of the cumulative landslide sum on the cumulative precipitation with a one-hour lead time is
obtained, which has the form of a third-degree polynomial. A rapid increase in the number of landslides is observed
with increasing accumulated precipitation (with a one-hour lead time).

This study once again demonstrates that radar measurements of precipitation intensity can be an effective tool for
studying the role of precipitation in landslide occurrence, as well as for short-term forecasting of their activation,
especially in areas where ground-based precipitation measurements are unavailable.

Key words: atmospheric precipitation, radar observations, landslides.

Introduction

The activation of landslide and mudflow processes is often associated with precipitation patterns
on various time scales (from minutes to several years) [1,2]. In Georgia, a modern database of these
processes [3-5], as well as precipitation data, has been created and is being improved based on ground-
based [6-18], satellite [19-21], and radar [22-25] observations.

Using these databases, the relationships between landslides and mudflows and precipitation on
various time scales (from hours to climate scales) and territories (landslide location, regions of Georgia,
territory of Georgia [10,11,14-18,20,23-25]) have been studied in recent years, including using machine
learning methods [26].

In particular, in the works [23,24] data on the radar characteristics of a rain cloud that caused a
landslide in Akhaldaba and a catastrophic flood in Thbilisi on June 13-14, 2015 are presented. The
temporal variability of the maximum radar reflectivity of the cloud, precipitation intensity, etc. was
studied. It is noteworthy that the cloud did not move much and was over the zone where the landslide
descended for more than 5 hours. The consequences of this landslide are well known - the closure of the
Vere River, the accumulation of water, the breaking of an artificial dam and the catastrophic flood in
Thilisi.
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In the next work [25] results of the analysis of radar measurements of precipitation intensity
preceding the landslide in the vicinity of Akhaldaba (a suburb of Thilisi, Georgia) on June 13, 2015 from
21.00 to 23.97 h are presented. In particular, the following results are obtained. Time-series of
precipitation intensity under zone with the maximum radar reflectivity of the cloud has the form of a
fifth power of polynomial. Time series of areas of precipitation of different intensity under the cloud
were obtained and their statistical characteristics were studied. Dependence of the average intensity of
precipitation under the cloud on the effective radius from the zone with the maximum radar reflectivity
is obtained.

Statistical characteristics of precipitation intensity over the center of the landslide top is
presented. Sum of precipitation under zone with the maximum radar reflectivity of the cloud and over
the center of the landslide top on 13 June 2015 from 21.00 to 23.97 h and before landslide from 21.00
to 22.45 h is assessed.

This work is a continuation of previous studies [23-25]. Below the results of a more detailed

analysis of the relationship between intense rainfall and the formation of landslides in Akhaldaba on
June 13-14, 2015 are presented.

Study Area, Materials and Methods

Study Area — landslide (LS) zone in Akhaldaba (a suburb of Thilisi, Georgia, Fig. 1).

Fig. 1 illustrates the current state of the main landslide in Akhaldaba with the reconstructed road.
It should be noted that following flash floods in the region on June 14, 2014, a landslide on the Vera
River near the village of Akhaldaba damaged several sections of roads in the area. The area directly
affected by the landslide was approximately 537065 square meters, with 1110 meters of roadway buried
or damaged by the landslide [25].

According to data of the Georgian Environment Agency in addition to the largest landslide (Fig.
1), up to 98 small landslides were recorded in the Akhaldaba zone.

‘Largest LS Center

41

Fig. 1. Largest LS Center below the road (after road reconstruction), Lat 41.676421° N, Lon
44.677314° E.
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Fig. 2-4 provide information on the number and location of small landslides at different time
intervals.
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Fig. 2. LS 13.06.2015, 22:30 hour (13 LS locations).

Nakhshirgora

%ﬁ @ o0 o (o]
3 o &

o°
& o) 120)

oS

L argest LS Center

A

DIDGOR! sssnun N

KVESEFf1vasan

Fig. 4. LS 14.06.2015, 00:30-01:00 hour (98 LS locations).
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Precipitation intensity was measured using meteorological radar “METEOR 735 CDP 10 -
Doppler Weather Radar”. Radar is established in the village Chotori of the Signagi municipality of
Kakheti region of Georgia [35,36]. In this work radar product MPPI (dBz) is used [27-29]. Example of
this radar product on Fig. 5 is presented.

PAC (dBA)
20:53 / 13-Jun-2015
Georgia

»100.0 mm
» 50.1 mm
» 25.1 mm
12.6 mm
» 63mm
v 3.2mm
1.6 mm
0.8 mm
0.4 mm
0.2 mm

0.1 mm

Pdf File: PAC_1h.pac
Clutter Filter: GIP

Time sampling:4096

PRF: 1250 Hz / 937 Hz
Range: 100 km

PAC (dBA)
22:38/ 13-Jun-2015
Georgia

»100.0 mm
» 50.1 mm
» 251 mm
12.6 mm
» 63mm
Akhaldaba Al
1.6 mm
0.8 mm
0.4 mm
0.2 mm

0.1 mm

Pdf File: PAC_1h.pac
Clutter Filter: GIP

Time sampling:4096

PRF: 1250 Hz /937 Hz
Range: 100 km

Fig. 5. Radar images of hourly precipitation sums in eastern Georgia in 20.53 and 22.38 hours on June
13, 2015.

In the proposed work the analysis of data is carried out with the use of the standard statistical
analysis methods [30].

Results
Results in Fig. 6-8 are presented.

In Fig. 6 time course of the cumulative max precipitation sums in the zone of max cloud radar
reflectivity from 20:49 to 23:58 hour on June 13, 2015, having the form of a fifth-degree polynomial, is
presented. Accumulated max precipitation sum to 23:58 hour on June 13, 2015 was 402.8 mm.
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Fig. 6. Time course of the cumulative maximum precipitation sums from 20:49 to 23:58 hour on June
13, 2015.

In Fig. 7 time course of the cumulative number of landslides from 22:30 hour on June 13 to
01:00 hour on June 14, 2015, having the form of a third-degree polynomial, is presented. Accumulated
number of landslides to 01:00 hour on June 14, 2015 was 98.
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Fig. 7. Time course of the cumulative number of landslides from 22:30 hour on June 13 to 01:00 hour
on June 14, 2015.
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Fig. 8. The relationship between the cumulative number of landslides and the cumulative maximum
precipitation amount with a one-hour lead time on June 13-14, 2015.
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Finally, Fig. 8 present the relationship between the cumulative number of landslides and the
cumulative maximum precipitation amount with a one-hour lead time on June 13-14, 2015. This
relationship has the form of a third-degree polynomial. Fig. 8 clearly demonstrates the rapid increase in
the number of landslides as the accumulated amount of precipitation increases with the indicated lead
time (one hour).

Conclusion

This study further demonstrated that radar measurements of rainfall intensity can be an effective
tool for studying the role of rainfall in landslide occurrence and for short-term prediction of landslide
activation, especially in areas where ground-based rainfall measurements are not available.

In the future, we plan to further explore this area (comparison of ground-based, radar, and
satellite precipitation data, the use of machine learning methods for integrated short-term landslide
prediction based on these data, etc.).
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LEoGosdo fomdmagbowos 2015 ferol 13-14 0360LL sboersdol Moombdo (mdowrolols
239609990560, LodsOmM3gam) Imdbsdo d30Mg I9FHyggdol LyMosdwg boergdgdol 0bEHgblogmdol
5QO0MEM3S30M0 45HBMIZ900L 565¢0Bol G99a9gd0. 39MIM®, doMgdwo odbs 99dwgao
9900939%0. 2015 ol 13 036obol 20:49 Lss0@sb 23:58 Losmsdy VMOHYBdEOL JodlodsemEo
M5OMMM3S30YO0 5609330l HBmbsdo 3Mdmws3om@mo bsggdgdol Hmomo bgws dgbomy
bo6Holbol 3m@obmdols GmEmTsl 5GHMYOL. 23:58 Losmolomzol 3299MwsEorIMo  boengdgdols
65096mds 402.8 93-U d950099bs. 83069 I9hYgcm9d0l RMMZ0Wo MoMmEIbmdol Mmomo
bgems 2015 ool 13 0360LobL 22:30 Lysmosb 2015 ferol 14 0360lol 01:00 Lssmsdyg dgbsdy
H56HoLLOL 3mE0bMAOL BMOTSL 5@9MGOL. 1:00 Lssamolmzol d9HygMgdol MomEgbmds 98 ogm.
9009005 39(Ygemgdol RMMIZ00 X5TOL ITIMIOEIOMEGds IRMMZ0w0 bogrgdgdol
50960599 gONLssM0sbo HobLmgdo HMom, HMIYELsE glsdg boGolbol dmwmobmdol
3m®ds> 594a3L. 99HY9Mgdol Momgbmdol LHiMsno bBMs dgobodbgds sammzowo bswrgdgdol
BOEILMD GOMNI© (9OLIsM0560 [obliMgdo Mmom).

9L 33935 3093 9Ombger 5B39690L, MM bogngdgdol 0bEgblogmdol Msomwm3sgom®mo
230Bm83900 dgodewgds 9x39dEGIO0 0bLEMWAg6GHO oyml I9Fyghgdol Homdmddbsdo bogrgdgdol
a0l glsbogers, s5939 om0 o9gBH0IMHJdOL Im3g350560 3OHMABMBoMIdOLMZOL,
39BLO3MMYdom 00 SEY0Wgddo, Losg dofolbgos Bowrgdgdol goBmBzgdo o6 GOl
bgdobsfzomdo.

15533560 LoBY3zgdo:  SGHIMLBIOWMo  boergdgdo, MIPOMWMISEOMOO 533060390900,
d9h9yggdo.

PeTpocnieKTMBHBIN aHAJINM3 OMOJI3HEBBIX MPOIECCOB B Axayade
(mpuropoa Tounucu, I'py3ust) 13-14 urons 2015 roga

A. AmupanamBuiu, T. Yenaunze, T. Kupna,

|IL CBaHaz]3e|, T. Hamanamsuiau, H. BapamamBuian

Pe3rome

[IpencraBnensl pe3yibTaThl aHAIM3a PATUOJOKAIMOHHBIX H3MEPEHWH WHTEHCHBHOCTH OCAJKOB,
MPEECTBYIOIIUX CEpUU HEOOBIINX OMOJI3HEH B paiione Axangaba (mpuropox Towmucu, ['py3us) 13-
14 urons 2015 r. B gacTHOCTH, MONTYYEHBI CIEAYIOMNUE PE3YIbTaTEl. BpeMEHHOW X0 HAKOIUICHHOMN
CYMMBI OCaJIKOB B 30HE MAaKCUMaJIbHOM palloiIOKaMOHHOH oTpaskaeMocTu obnaka ¢ 20:49 mo 23:58
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gac 13 urons 2015 nuMeer BuA MOJUHOMA TIATOM cTeneHH. HakoruieHHast cymma ocaakoB k 23:58 wac
cocraisuia 402.8 MM. BpeMeHHOI X0/l HAKOTUIEHHOW CyMMbI KOJHYECTBA HEOOJBIINX OMOJ3HEH ¢
22:30 yac 13 wurons 2015 mo 01:00 yac 14 urons 2015 wumeer BUI NMOJUHOMA TPETHEH CTEMCHH.
KomuuectBo ononsueit k 01:00 yac yac cocransmo 98.

[lomydeHna 3aBHCHMOCTh HAKOIUICHHOH CYMMBI OIIONI3HEH OT HAKOIUIGHHOW CYMMBI OCaJKOB C
Ollepe’keHNEM B OJWH dYac, UMEIOIHNKA BUA TOJMHOMAa TpeTher cremeHu. OTmedaercss ObICTpoe
YBEIMUYEHHE KOJMIECTBA OTOJI3HEH C POCTOM HAaKOIUIEHHOW CYMMBI OCa/IKOB (C OTIEpeKEHHUEM B OIHH
gac).

JlarHOE WCClIeIOBAaHUE eIIe pa3 IMPOJAEMOHCTPHPOBAJIO, UYTO PAJMOIOKAIMOHHBIE HW3MEpPEHUS
WHTCHCUBHOCTH OCaJIKOB MOTYT OBITh 3()()SKTUBHBIM WHCTPYMEHTOM [Tl U3YUYCHUS PO OCAJIKOB B
BO3HMKHOBEHUU OMOJ3HEH, a TAKXKE ISl KPATKOCPOUHOTO MTPOTHO3UPOBAHUS X aKTUBUAIIUH, 0COOCHHO
B paiioHaX, TJie HA3eMHbIC U3MEPEHHSI OCAIKOB HEIOCTYITHBI.

KimoueBble ciioBa: aTMOCCpepHLIe 0CaJlKH, paJuOJIOKAIMOHHBIC Ha6J'IIO,Z[€HI/I$I, OIIOJI3HH.
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ABSTRACT

Correlation and regression relationships between the intra-annual distribution (%) of the relative number of landslides
and the relative precipitation amounts in the month of the landslide occurrence were studied for the regions of Adjara
and Guria (Georgia), and Eastern Georgia. Specifically, it was found that the intra-annual distribution of landslides
across the studied territories of Georgia is quite uneven. The highest relative number of landslides in Adjara and Guria
occurs in October (18.7%), and the lowest in August (3.4%). The highest relative number of landslides in Eastern Georgia
occurs in June (12.4%), and the lowest in July (6.4%). In Adjara and Guria in the linear approximation, correlation
coefficient R between intra-annual distribution of the recurrence of landslides and mean sum of precipitation during the
month of their activation is moderate (R=0.62), and in the case of approximation by a third-degree polynomial - index of
correlation R' is high (R'=0.80). In Eastern Georgia between specified parameters mostly linear correlation is observed
(R=0.60, moderate correlation). The level of nonlinear relationships does not go beyond moderate correlation.

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

Introduction

Landslides are a type of natural disaster that often cause significant environmental damage, lead to
significant human casualties, and are widespread in many countries worldwide [1-4], including Georgia
[5-13]. Landslide activation, along with many natural and anthropogenic factors, is also caused by
prolonged, intense, or extreme precipitation [14-25]. Landslides have a seasonal pattern, which is often
associated with seasonal variations in precipitation [26-30].

For example, in study [27] investigates the relationship between landslides and annual precipitation as
well as selected monthly landslide distributions and their connection with weather anomalies in southern
Lower Saxony, northern Hesse and the surroundings. Data about 394 landslide events between 1901 and 2016
was used. It was received that landslide distributions are correlated with precipitation records of a synthetic
precipitation series as a representative for the study area. The annual landslide distribution shows an overall
increasing number of events with alternating periods of low and high landslide activity. Correlation with the
annual precipitation predominantly reveals a more frequent occurrence of landslides in humid years. The
monthly landslide distribution between 1901 and 2016 shows a first accumulation of events in winter months
(January—March: 31%) and a second one in summer months (June—August: 32%). In general, this monthly
landslide distribution follows the annual course of precipitation. Particular monthly landslide distributions are
apparent for periods of increased landslide activity which coincide with exceptional long-term winter and
summer precipitation trends. In these periods the monthly distributions widely follow the annual precipitation
courses. Overall, the results show that the precipitation is basically suitable for an explanation for the
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occurrence of landslide events. Whereas the annual precipitation is only partially meaningful for the annual
landslide activity, the influence of exceptional seasonal precipitation is reflected in the monthly landslide
distributions. The authors believe that the results provide a promising basis for more detailed analyses of the
relationship between landslides and the precipitation in the study area [27].

In work [30] the correlation and regression relationship between the intra-annual distribution (%) of the
number of landslides (LS) and the precipitation sums in the month when the landslide occurred and the
accumulated sums for the month and 1...11 months before the landslide, P(1)...P(12), respectively, were
studied. In particular, it was found that the intra annual distribution of landslides across the territory of Georgia
is rather uneven. The highest number of landslides occurs in July and September (11.7% and 11.0%,
respectively), while the lowest occur in January and November (5.3% and 5.6%, respectively). A moderate
correlation is observed between the intra-annual distribution of LS with the intra-annual distributions of
P(9)...(12). For the pairs LS — P(1) and LS — P(8), the correlation is low. For the remaining cases, the
correlation is negligible. Linear regression equations between the parameters under study are presented.

This work is a continuation of the study [30]. Below are the results of analysis of peculiarities of intra-
annual distribution of landslide recurrence in Adjara and Guria regions (Georgia) and in Eastern Georgia and
their relationship with monthly sums of precipitation.

Study area, material and methods

Study area: Adjara and Guria regions (Georgia) and Eastern Georgia.

Data on the number of landslides (LS) with a known month of their activation were taken from the
catalog [9] (Table 1). Adjara, Guria. Period of observation: 1968,2008-2010,2012-2022, Total LS Number —
145. Eastern Georgia. Period of observation: 1968,1973-1976,1983,1984,1988,1989,2001,2002,2004-
2007,2011-2015,2017-2022, Total LS Number — 183. Table 1 also provides data on the number of landslides
per year in different months (LS Numb/Year).

The data from the National Environmental Agency on monthly precipitation from 10 meteorological
stations in Adjara and Guria, as well as from 27 meteorological stations in Eastern Georgia were used (Table
2). List of meteorological stations, their coordinates and locations in [24] are presented. Table 2 data on mean
sum of precipitation during the months of landslides activation in Adjara, Guria and Eastern Georgia are
presented.

In the proposed work the analysis of data is carried out with the use of the standard statistical analysis
methods [31]. The following designations will be used below: R?— coefficient of determination; R — coefficient
of linear correlation; R' - index of correlation for nonlinear equations.

The degree of correlation was determined in accordance with [31]: very high correlation (0.9 <R < 1.0);
high correlation (0.7 <R < 0.9); moderate correlation (0.5 <R <0.7); low correlation (0.3 <R<0.5); negligible
correlation (0 <R <0.3).

Table 1. Data on landslides numbers in Adjara, Guria and Eastern Georgia by months according to [9].

Region Adjara, Guria Eastern Georgia
Parameter | LS Number | Number of LS LS Number | Number of LS
years Numb/Year years Numb/Year

Jan 3 2 1.5 8 5 1.6
Feb 5 3 1.667 8 4 2
Mar 12 4 3 16 8 2
Apr 19 8 2.375 24 12 2
May 12 5 2.4 24 12 2
Jun 24 7 3.429 35 12 2.917
Jul 9 6 1.5 9 6 1.5
Aug 4 4 1 16 9 1.778
Sep 27 9 3 17 9 1.889
Oct 22 4 5.5 13 6 2.167
Nov 3 2 15 7 4 1.75
Dec 5 2 2.5 6 3 2

Jan-Dec 145 29.371 183 23.601
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Table 2. Data on mean sum of precipitation during the months of landslides activation in Adjara, Guria and
Eastern Georgia.

Parameter Mean sum of precipitation during the months of LS activation, mm
Region Adjara, Guria Eastern Georgia

Jan 186.2 25.3

Feb 128.6 36.6

Mar 157.1 80.8

Apr 67.5 78.3

May 58.6 122.3

Jun 93.7 117.8

Jul 150.5 59.6

Aug 109.8 54.9

Sep 352.3 65.8

Oct 389.1 46.6

Nov 130.7 47.4

Dec 214.4 49.9
Jan-Dec 2038.53 785.24

Results and discussion

Results in Table 3 and Fig. 1-4 are presented.

In Table 3 statistical characteristics of intra-annual distribution of landslides numbers in year and mean
sum of precipitation during the months of landslides activation in Adjara, Guria and Eastern Georgia (data
from Tables 1 and 2) are presented.

Table 3. Statistical characteristics of intra-annual distribution of landslides numbers in year and mean sum of
precipitation during the months of landslides activation in Adjara, Guria and Eastern Georgia

Parameter LS Numb/Year Mean sum of precipit.atio-n during the
months of LS activation, mm
Region Adjara, Guria Eastern Georgia Adjara, Guria Eastern Georgia
Max 5.5 2.92 389.1 122.3
Min 1.0 1.5 58.6 25.3
Average 2.45 1.97 169.9 65.4
St Dev 1.22 0.36 104.1 29.9

Fig. 1 and 2 shows the intra-annual distribution of the recurrence of landslides and sum of precipitation
during the month of their activation in Adjara, Guria and Eastern Georgia, normalized by their sum values
(Table 3).

Values of LS Numb/Year and their normalized values change as follows (Tables 1, 3, Fig. 1,2). Adjara,
Guria: from 1.0 (or 3.4 %) in August to 5.5 (or 18.7 %) in October with average value — 2.45; Eastern Georgia:
from 1.5 (or 6.4 %) in July to 2.92 (or 12.4 %) in June with average value — 1.97.

Mean sum of precipitation during the months of LS activation and their normalized values change as
follows (Tables 2, 3, Fig. 1,2). Adjara, Guria: from 58.6 mm (or 2.9 %) in May to 389.1 mm (or 19.1 %) in
October with average value — 169.9 mm; Eastern Georgia: from 25.3 mm (or 3.2 %) in January to 122.3 mm
(or 15.6 %) in May with average value — 65.4 mm.

As follows from Fig. 1 and 2 in general, despite the heterogeneity of the initial data (Tables 1 and 2),
the intra-annual distribution of landslide recurrences in the studied regions of Georgia is to a certain extent
synchronous with the intra-annual distribution of precipitation recurrences.
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Fig. 1. Intra-annual distribution of the recurrence of landslides and sum of precipitation during the month of
their activation in Adjara and Guria, normed on their average values.
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Fig. 2. Intra-annual distribution of the recurrence of landslides and sum of precipitation during the month of
their activation in Eastern Georgia, normed on their average values.
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Fig. 3. Connection between intra-annual distribution of the recurrence of landslides and mean sum of
precipitation during the month of their activation in Adjara and Guria.
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At the same time, in Adjara and Guria (Fig. 3) in the linear approximation, correlation between intra-
annual distribution of the recurrence of landslides and mean sum of precipitation during the month of their
activation is moderate (R=0.62), and in the case of approximation by a third-degree polynomial - high
(R'=0.80).

Eastern Georgia
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Fig. 4. Connection between intra-annual distribution of the recurrence of landslides and mean sum of
precipitation during the month of their activation in Eastern Georgia.

In Eastern Georgia (Fig. 4) between specified parameters mostly linear correlation is observed
(R=0.60, moderate correlation). The level of nonlinear relationships does not go beyond moderate correlation.

Our earlier study [30] showed that for Georgia as a whole the value of the linear correlation coefficient
between the intra-annual distributions of landslides number and mean sum of precipitation during the month
of their activation is 0.42 (low correlation), which is below the same value for Adjara, Guria (R=0.62, moderate
correlation, Fig. 3) and for Eastern Georgia (R=0.60, moderate correlation, Fig. 4).

Note, that according to [32] mean monthly sum precipitation in Adjara, Guria and Eastern Georgia in
1961-1990 are respectively equal 155.7 and 61.3 mm. Comparison of these data with the data in Table 3 shows
that mean monthly sum precipitation during the months of LS activation more than their average long-term
values on 9.1 % in Adjara, Guria and on 6.9 % in Eastern Georgia.

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

plan to conduct research assessing the role of various factors (including precipitation) in landslide activation
in different seasons using artificial intelligence methods in both steady-state and dynamic modes.
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Oc00eHHOCTH BHYTPHUI0JI0BOI0 pacipeie/ieHUs1 YacTOThI ONOJI3HEH B
pernonax Axxapus u I'ypus (3anagnas I'py3us) u B Bocrounou
I'py3uu 1 uX CBSI3b ¢ MECAYHBIMH CYMMAMM OCA/IKOB

A. AmupanamBuiun, JI. Bpokka, T. Yeannze, T. Kupua,

|I[. CBanajaze |, T. Hamanamsuinu, H. Bapamamsuin

Pe3rome

Hnsa pernonoB Amxapuu u I'ypum (I'py3ust) m Bocrounoit I'py3un ObUTH HM3Y4EHBI KOPPEIALMOHHBIE U
perpeccHOHHbIE 3aBUCUMOCTH MEXKAY BHYTPHUTOAOBBIM pactmpeneineHneM (%) OTHOCHUTEIBHOIO YHCia
OTIOJI3HEW W OTHOCHUTEIHHBIM KOJIMYECTBOM OCAJKOB B MECSIIE BOSHUKHOBEHU OMONI3HA. B wacTHOCTH, OBLIO
YCTaHOBJIEHO, YTO BHYTPHI'OJIOBOE pacHpeiesieHHe OIOJI3HeH Ha HCCIeNyeMbIX TeppuTopusax [pysuun
JIOBOJIBHO HEpaBHOMepHO. HanbombIiiee OTHOCUTENFHOE YUCIIO OTONI3HEW B Apkapud U | 'ypuu pUXOIUTCS
Ha okTI0pk (18.7%), a HanMeHbIee — Ha aBrycT (3.4%). HanbompIiee OTHOCUTEIHFHOE YHCIIO OIOJI3HEH B
Bocrounoii I'py3un npuxomurcs Ha utoHb (12.4%), a HaumeHblee — Ha uiob (6.4%). B Amkapun u ['ypun
MIpH JIMHEHHON amnmpoKCUManuy Kod(p(HUIMEHT Koppemsinnd R MeXay BHYTPHUTOAOBBIM paclpeiesieHHeM
MOBTOPSIEMOCTH OIOJI3HEW U CpPEeAHEH CyMMOM OCAaJKOB 32 MECSL MX AKTHUBAIMU SIBIIAETCS YMEPEHHBIM
(R=0,62), a B ciayuae anmpoKCHMAalU{d IMOJMHOMOM TPEThEH CTENMEHM — HHAECKC Koppemsuuu R' BBICOK
(R'=0,80). B Bocrounoii ['py3un Mexny ykazaHHBIMU NapaMeTpaMd B OCHOBHOM HaOJIOAAeTCs JIMHEHHAs
koppemsauusa (R=0.60, ymepenHast koppemsanus). Y poBeHb HEIMHEWHBIX 3aBUCHMOCTEN HE BBIXOHT 3a PaMKHU
YMEPEHHOU KOPpEsALUY.

KamoueBbie ciaoBa: cTuxuiiHbie O€ICTBHS, OIOJN3HHU, aTMOC(HEPHBIE OCaIKH, KOPPENSIUOHHBIA U
pErpecCUOHHBIN aHaTU3.
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ABSTRACT

In modern times, the use of satellite-derived information is becoming increasingly vital in both the operations
of meteorological services and scientific research. This information plays a crucial role in evaluating air
temperature, precipitation, drought monitoring, food security, and weather-related issues, as well as in making
data-driven decisions. Studying ongoing processes via artificial satellites provides the opportunity to obtain
unique data within a short timeframe.

This study assesses the potential risk of making incorrect decisions when utilizing satellite-derived
meteorological data, using the case of Telavi (in particular, wind speed).

Key Words: climate change, Kakheti, air temperature, wind speed, satellite data.

Introduction

Satellite data plays a crucial role in assessing climate risks by providing accurate and timely information
on environmental conditions. This data facilitates the monitoring of changes, forecasting of extreme weather
events, and evaluation of climate change impacts across various regions. The primary advantage of using
satellite data lies in its ability to cover vast territories, offer high-resolution satellite imagery to users, and
provide near real-time updates, making it an essential tool for effective climate risk management. Since the
early 1980s, polar-orbiting and geostationary satellites have been providing various types of data, including:

e Land surface temperature;

e Precipitation;

e Air temperature;

e Spatial distribution of drought intensity;

e Vegetation characteristics, their condition, etc. [1]

Study area, Materials and Methods

This paper compares the wind speed data of Telavi, one of Georgia's municipalities, with satellite-derived
information spanning the years 2000-2016. TerraClimate data (derived from NASA's Terra satellite MODIS
sensor) is utilized for this data comparison. Within the territory of Georgia, the combined application of
satellite information and GIS methods allows for a more precise comparison and evaluation of the consistency
between the country's meteorological stations and satellite data. Ultimately, this obtained satellite information
can be utilized for forecasting purposes [https://www.climatologylab.org/terraclimate.html].

Modern meteorological stations integrate multiple sensors to provide a comprehensive view of
environmental conditions. As for meteorological satellites, they are used to observe Earth's atmospheric
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conditions from space, providing essential data for weather forecasting, climate change research, and
environmental monitoring. Theoretically, satellites can monitor the environment at any point on Earth, at any
time. Instead of directly measuring air temperature, they capture information across various wavelengths—
such as infrared radiation from the Earth's surface—and then perform calculations to determine the
temperature.

Terra is a NASA scientific research satellite. It investigates the connections between Earth's atmosphere,
land, snow, ice, and ocean to better understand Earth's climate and climate change [https://terra.nasa.gov/].
MODIS stands for Moderate Resolution Imaging Spectroradiometer. It features numerous data products
capable of measuring temperature, precipitation, land surface temperature, drought, phenology, and more.

Results

Wind speed data in Georgia is recorded by meteorological stations and observation posts across the
country [2-13]. However, there are locations where meteorological stations are not installed due to various
reasons. Consequently, satellite-derived information serves as an alternative option for measuring and
verifying wind speed, capable of supplementing traditional methods. In Georgia, studying atmospheric
processes using artificial satellites provides an opportunity to obtain unique data within a short timeframe;
therefore, it is crucial to utilize all available information that enables more accurate and reliable forecasts of
weather and natural disasters.

An integrated approach provides a large-scale, consistent, and continuous picture of the atmospheric
processes occurring on the Earth's surface. Regular observations ensure a continuous flow of data.
Furthermore, long-term satellite series allow for the comprehensive study of climate trends.

Table 1. Telavi Wind Speed Regression Statistics, Terraclimate and Telavi meteorological in 2000-2016

years

Parameter | Multiple R | R Square | Adjusted R Square | Standard Error | Number of observations

Value 0.445335 | 0.198323 0.194355 0.229063 204 month
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Fig. 1. Regression Statistics, Comparing Satellite and Weather Station Wind Speed Data: A Case Study of
Telavi (2000-2016).

Validation of the monthly wind speed data from 2000-2016 reveals a moderate to low positive linear
correlation [14] (R=0.445, Table 1, Fig. 1) between satellite estimations and ground-based station
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observations. The analysis yielded a Mean Bias Error (MBE) of +0.54 m/s and Root Mean Square Error
(RMSE) of 0.615 m/s. The low correlation coefficient (R=0.445) can be primarily attributed to the spatial scale
mismatch. While the satellite dataset represents a grid-averaged wind speed over a broad area, the ground
station captures localized point, measurements heavily influenced by microtopography, surface roughness and
local obstacles. Nevertheless, the low RMSE and small systematic positive Bias demonstrate that the overall
magnitude of deviation remains within an acceptable range. Consequently, applying the linear regression
correction allows for effective bias adjustment, making the satellite product a viable alternative for regional
wind resource assessment where station data is absent.

Conclusion

Based on the provided regression analysis tables, we can conclude that there is a positive linear relationship
between the TerraClimate data and the data from Georgian meteorological stations.

Wind is the most variable meteorological parameter. The spatial resolution of the TerraClimate is
approximately 4 km. Although it can’t provide accurate daily values, it can reflect seasonal trends or the
general dynamics of windy periods. When ground-based observations are unavailable, satellite data serves as
the sole source, despite its inherent errors. The average Bias for entire 17-year period (2000-2016) is 0.54.
This indicates that the satellite overestimated wind speed by an average of 0.54 m/s compared to the
measurements from Georgian stations.

Predicting global changes with high accuracy is essential for making prudent decisions related to
environmental protection issues.
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CpaBHeHHE CIIYyTHUKOBBIX JAHHBIX M TAHHBIX METEOCTAHIIUH O
ckopoctH BeTpa: mpumep T. Tenasu (Kaxeru, I'py3usn)

M. Moapexkeaunase, JI. JJaruaze, I'. F'am0ammuase

Pe3rome

B coBpeMeHHYI0 310Xy HCIONIb30BaHue HHGOPMAITUH, TOJYYSHHOU CO CITyTHUKOB, MpHOOpeTaeT Bce Oobliee
3HAYCHUE KaK B PabOTe METEOPOJIOTHYECKUX CIYXKO, TaKk U B HAYYHBIX HCCIENOBaHUAX. JTa MHOOpMAIHS
UTpaeT PEeHIaollylo Poiib B OIIEHKE TEMIIEPaTyphl BO3AyXa, OCAJKOB, MOHUTOPUHTE 3aCyXH, 00eCIeueHUH
MPOIOBOJILCTBEHHOM OE€30MAaCHOCTH W PELICHUH IMOTOTHBIX MPoOJeM, a TakKe B NPUHITHU pPELICHUH Ha
OCHOBE JaHHBIX. M3ydeHHe TeKyIuX MPOIECCOB C MOMOIIBI MCKYCCTBEHHBIX CITyTHHKOB MPEIOCTABIISIET
BO3MOKHOCTDL IMOJTYYCHUA YHUKAJIBHBIX JAHHBIX B KOPOTKHUE CPOKHU.

B JaHHOM HCCJICAOBAaHHMU HaA IMPUMEPEC Tenasu OLICHUBACTCA HOTeHHHaJ’[LHBIﬁ PUCK HNPUHATUA HEBCPHBIX
pelIeHui TIpH MCIOJNB30BAHUN METEOPOJIOTHYECKHUX IaHHBIX, MONyYEHHBIX CO CIIYTHHKOB (B YaCTHOCTH,
CKOPOCTH BETpa).

KuaroueBsble cioBa: n3MeHeHue kiuMara, Kaxerus, TemmnepaTypa Bo3ayXa, CKOPOCTh BETpa, CITyTHHKOBBIE
JaHHBIE.
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ABSTRACT

Climate change is one of the most significant global challenges that need to be managed Understanding of the natural
environment is increasingly important to respond to the climate change negative impacts and anthropogenic pressures
on finite natural resources, and their impacts on water, energy and food security, infrastructure, human health, natural
hazards. The paper reviewed ML application in weather and acclimate, its further development and activities and
achievements of ECMWEF in creating and app]lying of ML/Al methods. This is also a major interdisciplinary challenge
involving almost all scientific fields Artificial intelligence and machine learning (Al/ML) applications have recently
widely expanded in all fields. ML can enhance our computations by adding components or replacing some parts of the
process. This is what is called the ‘hybrid’ approach. Instead, ML can also fully replace the whole model, at a much
lower computing cost. In addition, AI/ML opens some avenues in other activities we are involved in, such as flood
forecasts, fire danger forecasts, monitoring of observations, managing the supercomputer, or enhancing user
experience.

Key words: Big Data, Machin Learning, Neural Network, CEMS (Climate and Environmental Monitoring from Space,
ECMWF’s Artificial Intelligence Forecasting System (AIFS),Hybrid approach

1. Introduction

Climate change is one of the most significant global challenges that need to be managed. To resolve any
of the climate change related challenges, “it is essential to elicit and integrate knowledge across a range of
systems, informing the design of solutions that take into account the complex and uncertain nature of the
individual systems and their interrelationships” [20]. Many studies and researches are devoted to this
problem [1-10]. The trends in data science and information technology supports the integration of various
disciplines and research outcomes to represent a socio-environmental system holistically inform policy and
decision-making processes, which can be referred as climate computing. Understanding of the natural
environment is increasingly important to respond to the climate change negative impacts and anthropogenic
pressures on finite natural resources, and their impacts on water, energy and food security, infrastructure,
human health, natural hazards. This is also a major interdisciplinary challenge involving almost all scientific
fields

In 2013, the UK government announced large-scale investment in Big Data infrastructure for science,
particularly in the environmental sector starting funding for a program called CEMS (Climate and
Environmental Monitoring from Space) [3,5,20,23]. This allowed for the creation of larger databases to
cope with the upcoming Big Data revolution and to allow research partner organizations to work with more
data and produce more results. With a specific focus on climate change and planetary monitoring, CEMS
storage removed the need to download enormous data sets while reducing the cost of access. Along with
Cloud data, this is now the standard globally for some of the world's top research institutes.

Environmental data comes from a wide variety of sources and this is increasingly rapidly with new

innovations in data capture:
1. Large volumes of data are collected via remote sensing, typically from satellite sensing or aircraft-borne
sensing devices, including an increasing use of drones. This includes passive sensing, such as photography or
infrared imagery, and active sensing, e.g., RADAR/LIDAR. The increasing availability of open satellite data
is a major trend in earth and environmental sciences. For example, the EU Copernicus program and the
associated Sentinel missions, or NASA’s Earth Observing System satellites, LandSat archive are regularly
mined for data for a variety of applications
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2. Other data are collected via earth monitoring systems, which consist of a range of sensor technologies
measuring various physical entities. Namely weather stations and monitoring systems

3. Model output is also a significant generator of environmental data with results from previous model runs
often stored for subsequent analysis

Machine Learning

Acrtificial intelligence and machine learning (AI/ML) applications have recently widely expanded in
all fields. ML uses a lot of data to produce results, and ECMWEF is all about data: to use a lot of data — tens
of millions of weather observations per day — and we create a lot of data by producing weather analyses and
forecasts at high resolution (Fig.1).

Traditionally, the physics-based methods are used for our computations in the Integrated Forecasting
System (IFS). This is the case for numerical weather prediction (NWP), reanalysis of past weather, and
atmospheric composition. All computations require large computing power to produce high-quality
predictions, based on the accurate description of physical processes.

ML can enhance our computations by adding components or replacing some parts of the process.
This is what we call the ‘hybrid’ approach. Instead, ML can also fully replace the whole model, at a much
lower computing cost. In addition, AlI/ML opens some avenues in other activities we are involved in, such as
flood forecasts, fire danger forecasts, monitoring of observations, managing the supercomputer, or enhancing
user experience.

- RORY .
Fig.1. Machine learning is well suited to weather forecasting due to the vast amounts of data that are used to
determine the best possible initial conditions and to produce global forecasts [22].

Machine learning (ML) is the use of statistical algorithms that can learn from data and generalize to
unseen data without explicit instructions. It is a sub-class of artificial intelligence (Al), which is the
capability of computer systems to perform tasks typically associated with human intelligence. Many of the
statistical methods that have been used for decades in Earth sciences can be counted into the wider class of
ML. Examples are multi-dimensional linear regression, or dimensionality reduction via principal
components. Even deep learning — the use of neural networks to perform ML — was already applied at
ECMWF for the emulation of the radiation scheme more than two decades ago [1,22]. It may therefore
surprise that many claims that we have seen an ML “revolution” during the last couple of years. What
happened? Beyond the domain of Earth system science, Al and ML have seen an enormous rise that was
mainly fueled by:

* A massive increase in computational power with computer hardware customized towards the needs
of deep learning, and deep learning being the ideal application for state-of-the-art supercomputers that excel
for simple arithmetic and linear algebra.

» The exponential increase of data in many domains — including weather and climate — and the
ability of deep learning to learn systems of arbitrary complexity if enough data and compute capacity are
available.
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* The availability of software libraries such as TensorFlow and PyTorch that allow a user to create
complex deep learning architectures with very minimal Python code.

» The massive amount of experience that was collected on how to design efficient deep learning
methods with new neural network architectures and training procedures being invented, including
convolutional neural networks, recurrent neural networks, generative adversarial networks, attention and
transformers, and diffusion networks

It became more obvious around 2018 that the developments in general machine learning would also
impact data assimilation and Earth system modelling. Early success stories across ECMWE’s workflow
included the use of neural networks for SMOS soil moisture data assimilation for the land surface [21,22]
and the use of neural networks for bias correction learned within the 4D-Var data assimilation framework
[21. Deep learning has been used successfully for the emulation of the gravity wave drag parametrization
schemes [22], and the deep learning emulators could be used to generate tangent linear and adjoint model
code for 4D-Var data assimilation. Furthermore, decision trees have been used for the post-processing of
ensemble predictions for precipitation, and there have been plenty of links and similarities between data
assimilation and deep learning. As ECMWF hosts more than one exabyte of weather and climate data, there
were plenty of possible application areas for versatile, scalable tools that allow the extraction of complex
information from data — such as deep learning. The potential applications were distributed across all parts of
the numerical weather prediction (NWP) pipeline, from observation processing [22 to data assimilation, to
the forecast model and the post-processing and dissemination of the forecasts. These included methods to
improve our understanding of the Earth system such as unsupervised learning and causal discovery,
uncertainty quantification, and Al powered visualization; methods to speed-up conventional models such as
emulators for parametrization 3 schemes including with low numerical precision, the optimization of the
high performance computing (HPC) and data workflow, and data compression; methods to improve the
models such as bias correction tools, tools for quality control of observations, feature detection algorithms,
and the learning of model components from observations; and methods that linked different datasets to
weather and climate datasets that have interesting applications for health, energy, transport and pollution
applications, as well as for extremes such as wildfires or flooding.

Machine learning scientists and Earth Science domain scientists often follow a different philosophy.
The former tends to solve data science problems that optimize for specific goal functions (e.g. the reduction
of Root Mean Square Error of precipitation at 48-hour lead time), while the latter aim to improve and
validate models with physical understanding and checks for physical consistency (e.g. conservation laws or
process feedbacks). Domain scientists are sometimes defensive regarding the establishment of machine
learning as they consider the new capabilities as a threat rather than as an extension of their toolbox. This
makes communication and collaboration difficult, but it also represents a barrier for the uptake of machine
learning solutions by domain scientists who do not trust black box approaches that do not offer physical
understanding. This is in particular the case as many of the machine learning architectures that are currently
applied have been developed for other domains such as image recognition and do not allow for the
introduction of domain knowledge into solution design. There is a risk that solutions for specific applications
will be developed in parallel with no synergies between domain scientists on the one side and machine
learning scientists on the other.

The hybrid approach

Machine learning can be used to better estimate some components of NWP, and to estimate model
error. This is true for the process of establishing the best possible starting conditions of forecasts, called data
assimilation, but also for forecasts themselves.

Aspects of the Earth system, such as sea ice, snow, soil and vegetation, are hard to model from pure
physics, so in practice, the modelling can be quite empirical. In such cases, there is great potential to let the
observations increasingly define the models. It is more likely to achieve the best results by carefully
combining known physics with empirical and ML components, rather than throwing away physical models
entirely.

There are also some predictable model errors which we can estimate and remove from data
assimilation and subsequent forecasts using ML. Weather and climate reanalysis can benefit from ML, too.
For example [22], for ECMWE’s next reanalysis, ERA6, an ML model error correction method developed
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for the period from 2006 (Fig.2), which is rich in satellite observations, will be applied to earlier, data-sparse
periods.

20220720 09:00

Constant tendency correction (K/h) Time-dependent tendency correction (K/h)

0.027
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Fig.2. The variable corrections of near-surface temperature tendencies per hour, established by machine
learning, that are going to be applied in the data assimilation system from 2025, compared to constant
tendency corrections. The constant tendency correction includes small changes for every 12-hour
assimilation window. (Time series courtesy of Patrick Laloyaux, ECMWF).

ECMWF made tremendous progress in the last 18 months or so in building such a system, called
the Artificial Intelligence Forecasting System (AIFS). This is the result of decisions by our Member States
on investments, the motivation and dedication of our staff, and collaborative efforts with partners. The AIFS
uses Copernicus climate reanalysis and weather analysis for training, and it relies on IFS initial conditions,
so it is not entirely divorced from traditional techniques. But it makes forecasts just on the basis of ML.

This year, ECMWF has lowered the grid spacing of the AIFS from 100 to 28 km, and it will go down
further. This compares with a grid spacing of currently 9 km for the IFS., ECMWF has also built a first AIFS
ensemble system, in which a number of slightly different forecasts are made for each time in the future to
scan the possible scenarios and thus enable the estimation of uncertainty. These forecasts have been added to
our chart’s web page, and they are available as open data.

ECMWF is looking at sub-seasonal timescales, up to 46 days ahead, and at the addition of various
Earth system components. There are also plans for AIFS forecasts of hydrology and atmospheric
composition., ECMWF is collaborating in an ECMWF ML pilot project with Member and Co-operating
States, taking part in a EUMETNET Al initiative. This will help us to compare different approaches, at
different timescales and resolutions. The collaboration with our Member and Co-operating States is also key
to the development of a platform called Anemoi, which will enable users to build their own ML models

(Fig.3).
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Fig.3. The continuous ranked probability score (CRPS — lower is better) measures the quality of ensemble
forecasts. Here we show it for 850 hPa temperature, with results for the IFS ensemble (IFS ENS - red) and
for the experimental AIFS ensemble (AIFS ENS — blue). Scores are aggregated over the northern hemisphere
extratropics and approximately a five-month period.

Over the last year, ECMWF has started a radically new approach to weather prediction: the
production of weather forecasts directly from observations. Physics-based data assimilation relies on some
assumptions, such as a perfect knowledge of model and observation errors, and of the link between the
model and observations. The new approach tries to circumvent these aspects of conventional data
assimilation.
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It means that observations do not need to be mapped to a fine grid of unmeasured parameters. It also opens
up the possibility of exploiting the information content of exciting new observations. This Al-Direct
Observation Prediction (Al-DOP) project involves a neural network trained to predict future observations
from long historical records of past observations (Fig.4.) [22].

In this new approach, we effectively use observations to forecast future states of the atmosphere
learned directly from the observations themselves. First results are very promising, but this approach is still
experimental.

Al-DOP predicted observations Verifying (real) observations
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Fig.4. An example of forecasting future observations with Al-DOP. We show infrared window channel
brightness temperatures (in Kelvin), measured by the Infrared Atmospheric Sounding Interferometer (IASI),
predicted one and four days ahead. The left column shows the predicted values and the right column real
radiances measured one and four days later. This channel is very sensitive to atmospheric cloud structures,
and we can see that AlI-DOP produces very plausible forecasts of the evolution of the large-scale weather
patterns, although they are rather smoothed with the current low-resolution experimental system. The
rectangles highlight some of the more conspicuous weather patterns that are predicted well.

M

ML in NWP and climate services

While some of the applications from Machine Learning in Earth system sciences are conceptually
close to the use of machine learning methods in other domains (such as the detection of tropical cyclones in
model output which can be formulated as an image recognition task), many will require customized machine
learning solutions. Physical fields, for example, are often stored on unstructured grids on the sphere which
do not allow for a simple application of convolutions in space or time which are a core element of many
machine learning approaches. While the vertical dimension of atmosphere models is structured, the physical
fields still show very different dynamics close to the surface and at the model top, which will, again, make it
difficult to apply standard convolution approaches [1, 23]. Furthermore, physical fields need to follow
physical constraints such as conservation laws or a limit to positive values

The training of machine learning tools requires data. As the complexity of machine learning tools
can be increased arbitrarily, the only limits for the accuracy of machine learning methods are the amount of
data that is available for training and the limits of the computational and data handling infrastructure. More
data allow more sophisticated machine learning solutions to be designed. Machine learning users will
therefore show a different and more greedy data access pattern when compared to conventional users,
towards larger and more selective data access (e.g. retrieving a single field over a specific area of the globe
for a long period of time). This generates a significant challenge for data centers such as ECMWF as data
production and use is already growing fast for the conventional workflow.

When compared to conventional methods in NWP and climate services, machine learning requires a
different set of tools regarding both software and hardware. Most Earth system models are still based on
Fortran code and are typically run on CPU-based supercomputing hardware. On the other hand, machine
learning tools are typically based on Python code and Python libraries as well as Jupiter notebooks and are
trained and used most efficiently on GPU hardware. Most of the computational cost for supervised learning
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is generated by the training of the machine learning tool, while the application of the tool (the “inference”) is
typically very cost efficient. As part of the code refactorization to improve portability, models are now being
rewritten into domain-specific languages and in some cases also Python or Julia code [22], including the
Finite Volume version of the ECMWEF Integrated Forecasting System (IFS-FVM). However, it will still take
a couple of years until these developments reach a large fraction of domain scientists.

Earthkit

ECMWEF has also developed Earthkit, a modular Python ecosystem that provides consistent tools for
retrieving, manipulating and analyzing Earth system data. Earthkit builds on the principles used in
ECMWE’s operations, ensuring that users preparing Al training datasets benefit from the same reliability
and transparency that underpin ECMWF’s daily forecasts (Fig.5.) [22].
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Fig.5. Machine learning pipelines: optimal performance relies on placing large datasets close to Graphics
Processing Units (GPUs) within HPC environments, ensuring efficient machine learning workflows.

Anemoi: a shared European framework for Al weather prediction

While datasets and processing tools are essential, the rapid progress in Al weather forecasting across
Europe is also due to shared software frameworks that support collaboration.

A major reason Europe has advanced so quickly in Al-based weather and climate prediction is the
emergence of Anemoi, a jointly developed, open-source framework created by ECMWF together with
several national meteorological services. Anemoi provides a coherent, shared foundation that supports the
full lifecycle of developing machine learning models, from data preparation to model training, inference and
operational use.

At its core, Anemoi offers three essential capabilities (Fig.6):

e Al-ready datasets: production, cataloguing and distribution of more than 150 curated training
datasets derived from ERAS, operational ECMWF data, satellite and in situ observations, and
Member State archives. These datasets are prepared using domain expertise and deployed across
multiple HPC systems across Europe.

e Training and ML operations: tools for large-scale, distributed model training, experiment tracking
and workflow reproducibility, enabling consistent development across institutions and HPC
environments, including the world-class EuroHPC supercomputers.

e Inference and applications: components that support scalable model execution for weather and
climate applications across both timescales and spatial scales. Examples include nowcasting,
limited-area ML models, ECMWF’s own Artificial Intelligence Forecasting System (AIFS) and the
Al Earth system components and climate emulator developed within the Destination Earth initiative
of the European Commission.
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Fig.6. Overview of the Anemoi pipeline, from datasets through core components — training, models, and
graphs — to inference [22].

By providing an end-to-end, operationally aligned framework, Anemoi enables ECMWF and its
Member States to build, operationalize and improve Al models in a consistent way. This shared framework
ensures the rapid progress in Al prediction, while ensuring transparency, scientific robustness and a clear
pathway from research to operational implementation."

In 2025, Anemoi received two major international recognitions. It was awarded the Technology
Achievement Award by the European Meteorological Society (EMS) for its collaborative approach to
machine learning, and also the 2025 HPC wire Readers’ and Editors’ Choice Award for “Best Use of Al
Methods for Augmenting HPC Applications”.

AIFS: operationalizing Al models

ECMWEF’s Artificial Intelligence Forecasting System (AIFS), which is operationally run daily since
2025, demonstrates how machine learning models can be integrated into a rigorous operational environment.
Running the AIFS alongside the Integrated Forecasting System (IFS) allows ECMWF and its Member States
to:

o evaluate Al forecasts with established verification methods,

e analyze strengths and limitations under diverse conditions, and

e explore the complementarity of physics and machine learning forecasting approaches.
This side-by-side exploration ensures that emerging Al methods can be assessed transparently and
responsibly, in line with ECMWE’s commitment to scientific trust, quality, and reliability (Fig.7).

The ERAS Blueprint:
Powering the Al Weather Revolution

ERAS Ri lysis: The Data Foundati The Al Workflow: From Toolkit to Operations

The Global Gold Standard

EPAS provides decades of phytically
highresciution data foe

mmnm

<z

.
R/
1

Anemol Open-Source Toolkit
A fexible framework. ing the

Fig.7. The ERAS Blueprint illustrates the journey from raw Earth observations to next-generation Al weather
forecasts. Credit: generated by Notebook [22].
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Interest in Al-enabled forecasting is growing, with ECMWEF, national meteorological services,
research institutes and private actors exploring applications from post-processing and downscaling to
nowcasting and regional and global prediction. One example is the recent operationalization of AICON by
the German Meteorological Service (DWD) utilizing Anemoi.

Building on shared foundations such as ERA5, Earthkit and Anemoi allows ECMWF and its
Member States to develop these methods in a consistent way, supporting joint approaches to model
development and evaluation.

This collective momentum is one of Europe’s strengths, helping establish a coherent and
scientifically robust pathway for Al-enabled weather prediction, strengthening the capacity of the European
meteorological infrastructure.

These digital representations combine EO data with advanced modelling frameworks to simulate
environmental processes and explore future, “what if”, scenarios. Using high-performance computing,
machine learning, and satellite data, the digital twins of Destination Earth (DestinE) combine Earth
Observation data with numerical models and Al techniques to simulate the behavior of the Earth system and
explore possible future scenarios [21].

The WEKEO DIAS provides Earth Observation datasets coming from many different services
(and allows all users to download data for free.

Another question about the future of ML for Earth system modelling is whether the domain will
follow the developments of large language models (LLMs) towards larger and more generic ML tools that
can then be used for multiple application areas — so-called foundation models. LLMs are trained to fill in
gaps in huge amounts of text, rather than for a specific task such as the translation from language A to
language B. The resulting tools can be used for diverse tasks beyond their training objective, along this line,
it may be possible that a foundation model trained from various Earth system datasets and with a huge latent
space with many billions of trainable parameters may perform better in certain tasks when compared with a
task-specific model. To explore foundation models for weather and climate applications, ECMWF and a
number of Member States have started the Weather Generator EU Horizon project that will build such a
foundation model and serve as an additional digital twin for Destination Earth [21].

The Weather Generator will serve as foundation model for weather and climate applications. It will
be able to digest datasets from various sources, including observations, local and global analysis products,
and local and global models, and will be useful for many different application domains in weather and
climate science. The input and output of the Weather Generator can be local or global, at a resolution
between 100 m and 100 km, and can be in the past, present and future. Figure 8: Showing the evolution of
24-hour rainfall forecasts on 16 April 2024 over the grid box including Dubai. The model climate is about
zero precipitation, with a maximum of less than 25 mm based on 1,800 forecasts (marked by the black
triangle). Experimental versions of AIFS Single (blue dots) and AIFS Ensemble (green box and whisker)
models both predicted precipitation values well-outside the model climatology and values in line with the
IFS ensemble (blue box and whisker). All systems underestimated the observed value (purple hourglass).
Data is obviously a key ingredient in accurate forecasting using physics-based approaches. We view that the
role of data will grow even larger with the rise of data-driven forecasting. Curating large, calibrated datasets
will be vital to feed these models. Direct incorporation of surface observations into model training and
inference will increase the value of sharing these datasets. Novel data sources, e.g. cameras measuring
visibility, could be directly included in model pipelines.

Conclusion

Big Data and Artificial Intelligence greatly enhance weather forecast and climate assessment as in
spatial-temporal scale as accuracy. The Machine Learning methods are successfully used in prediction of
dangerous hydrometeorological events, such as drought [23], flooding, frost, etc. These methods became
more and more accurate due to Earth Observing Satellite data and computing facilities. The best way to
achieve more accuracy is enhancement of those ML models by learning them physical lows. These includes
microphysical processes, thermodynamics and also quantum electrodynamics, due to cosmic weather events
[14]. Hybrid approach together with space weather prediction will be able to handle weather forecasting gaps
and difficulties.
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MainnHoe o0yuyeHHe U THOPUAHBIE MOAXO0AbI B NOr0/ie U KiuMare

M. TatumBuian, A. IlajaBanauIIBUIN
Pe3iome

W3menenue knmuMata sBISETCS OJHOW W3 HamOosiee 3HAYMUTENBHBIX TJIOOANBHBIX MpPoOieM, TpeOyromux
pemenus. [loHMMaHNe MPUPOAHOW CpeAbl MpHOOpeTaeT Bce Oouiblliee 3HAUCHHWE AJISl PearupoBaHus Ha
HETaTHBHBIE MOCIEACTBUS U3MEHEHHS KIMMaTa U aHTPOIOT€HHOE JIaBJIEHHE Ha OrpaHUYEHHbIE IPUPOAHBIE
pecypchl, a TakKe Ha MX BIUSHHE Ha BOJHYIO, SHEPTeTHUECKYIO0 M IPOJOBOIBCTBEHHYIO 0€30MacCHOCTH,
WHPPACTPYKTYpy, 3[JOpPOBbE UEIOBEKa M CTUXUHHBIE OeacTBUS. B cTaThe paccMOTpeHO NpUMEHEHHE
MAIIMHHOTO OOy4YeHHWs B IOroJe M KIMMare, €ro JajbHeHIlee pa3BUTHE, a TaKKe AEATENbHOCTh U
IocTwkeHuss EBporetickoro 1enTpa u3ydenus moroas! u knmumara (ECMWF) B co3manny u IpuMEHEHHH
METOJI0OB ~ MAaIIMHHOTO  oOydeHus/uckyccrBeHHoro  wuwHremwiekra (MM). Drto  Takke  BakHas
MEXIUCUUITMHAPHAS 3a/1a4a, 3aTparuBarollas Ho4YTy Bce Hay4Hble obnacTu. [IpuMeHeHne HCKyCCTBEHHOTO
WHTEUIeKTa W MammHHOTO 0o0yuenus (MM/MO) B mocnemnee BpeMs IMIHPOKO PACIPOCTPAHUIOCH BO BCEX
oOmactsax. MammHHOE 00ydeHHe MOXKET yIyUIINTh HAIlld BEIYUCIICHUS, T00aBIIsIsl KOMIIOHEHTHI UITH 3aMEHAA
HEKOTOpBIE YacTH Ipolecca. ITO Ha3bIBaeTCs «THOPUAHBIMY Moaxo oM. Kpome Toro, MammHHoe o0yueHue
MOJKET TOJHOCTBIO 3aMEHHUTH BCIO MOJENb, MPHU 3TOM 3HAYUTEIBHO CHHU3HMB BBIYMCIHUTENbHBIC 3aTPATHL.
[Homumo storo, MM /mammuHOEe 00y4ueHHE OTKpPHIBA€T HOBBIE BO3MOXKHOCTH B JIPYTHIX OOJIACTSIX Hareil
NEeSITeTbHOCTH, TAaKUX KaK IPOrHO3MPOBAaHHE HABOJHEHWH, IMPOrHO3MPOBAHUE IOKApHOI ONacHOCTH,
MOHHUTOPHHT HaONIOJIEHUH, YIpaBICHHE CYIIEPKOMITBIOTEPOM WM YIYUIICHUE MOJIb30BATEIECKOTO OMbITA.

KaroueBbie ciioBa: bomnbiine paHHble, MamlMHHOE OOydeHHe, HedponHble cetdH, CEMS (MOHUTOpUHT
KIMMaTa U OKpYXamoLleW cpelpl M3 KOCMOca), CUCTEMa IPOTHO3UPOBAHMS Ha OCHOBE HCKYCCTBEHHOI'O
naTeniekra ECMWF (AIFS), ruGpunHbIil TOIXo.
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ABSTRACT

The report discusses the dynamics of charged particle motion in a non-uniform magnetic field. Specifically, we examine
the possible trajectories of cosmic rays in Earth's dipole magnetic field. The study demonstrates the potential chaotic
dynamics of cosmic rays using the Lyapunov exponent and Fourier spectrum. Additionally, it presents modeling of Van
Allen belt formation and analyzes the influence of cosmic ray energy on the geometry of these belts. Furthermore, an
analysis was conducted on the impact of the May 10, 2024, magnetic storm on cosmic ray detection on Earth. As is known,
during such storms, the Forbush effect is observed, which manifests as a decrease in the intensity of detected cosmic rays.
Relevant laboratory records are provided, utilizing data from the Thilisi Cosmic Ray Laboratory. The study also
investigates the dependence of the Forbush effect's depth on the magnitude of geomagnetic field disturbances.

Key words: Forbush effect, non-uniform magnetic field, cosmic rays

Introduction

A non-uniform magnetic field is a field whose magnetic induction varies from point to point in space. An
example of such field is the Earth’s magnetic field, which in the first approximation can be considered as a
dipole magnetic field. The field lines emerge from northern magnetic pole and enter the southern magnetic
pole. In the case of a uniform magnetic field, the equation of motion can be solved analytically, but for a non-
uniform magnetic field we must use numerical methods. The magnetic field produced by a magnetic dipole is
known from the formula [1] [4]:

B= Lo [3@m-HF-ml (1)
B — magnetic field (T)
m— magnetic dipole moment(for earth: 8.0 * 102 (A*m?))
7— unit vector from dipole moment center to point in space
r — distance from dipole center(m)

Ho— magnetic constant( 1.256 *107¢ N/A?)

Our goal is to investigate the trajectory of a particle moving in non-uniform magnetic field.Using the
Lorenz force, we write the corresponding equation of motion and solve the system of differential equations

using the Runge-Kutta numerical method(ODE-45):

d** q po d7
-~ _ 4 - T M —ml (2
dt? m 4nr3 dt x [30m - #)F —m] (2)
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As charged particles we consider cosmic rays, which allows us to investigate and qualitatively evaluate the
Forbush effect.

Results and disscusion

We obtained various trajectories for the motion of charged particles. The plots show coordinate system scaled
by the Earth’s radius. In this work, we chose alpha particles (He?") to model cosmic rays, since they constitute
approximately 10% of the cosmic-ray flux. Alpha particles have charge g=2e and mass m=4m,,

Additionally, the Lyapunov exponent was calculated for each trajectory to characterize the degree of chaotic
behavior (Fig.1, Fig.2, Fig.3)

Trajectory of a charged particle | vO = [0.1, 0.1, 0.1] | rO = [-4.0, -1.0, -6.0]
Lyapunov exponent: 0.011

z [Rg)

y [RE]

Fig. 1

Trajectory of a charged particle | vO = [2.0, 1.0, 0.0] | rO = [-5.0, -4.0, -2.0]
Lyapunov exponent: 0.786

z [Re]

yIRel o< 2[Ry

Fig.2
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trajectory of a charged particle | vO = [0.0, 0.3, 0.3] | rO = [0.0, -7.8, -1.5]

Lyapunov exponent: 0.013

Fig.3

Using this model, it is also possible to explain the Forbush effect. The Forbush effect is the reduction in cosmic-
ray intensity observed on Earth during geomagnetic storms, caused by magnetic disturbances generated by

solar eruptions.
contidions (fig.5) and under enhanced field conditions (fig.4). When the magnetic field is doubled, the

In the model, we compare two cases: one with the normal geomagnetic field, and one with an enhanced field
particle’s trajectory changes significantly, it moves away from Earth and can no longer reach the same location.

due to solar disturbances. The modeled particle moves in the Earth’s dipole magnetic field under normal

This demonstrates that a strong magnetic field, such as that occurring during a Forbush event, hinders the

arrival of cosmic rays at Earth- and this is precisely the Forbush effect.

normal magnetic field

Lyapunov exponent: 0.521

enhanced magnetic field(Forbush)

z [Re)

Lyapunov exponent: 0.879

y [Re

: [Rp

Fig.5

v [Re

Fig.4
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We also used data from the Thilisi Cosmic Ray Laboratory [5] to analyze the geomagnetic storm that occured
between may 10-13, 2024. As can be seen in the yellow-highlighted region (fig.6), a sharp decrease in cosmic-
ray intensity is recorded during the geomagnetic storm, which corresponds exactly to the forbush effect.

Thilisi cosmic ray laboratory data- may 2024

6100

6000

5900

cosmic ray intensity

5800

5700 -

2024-05-01 2024-05-05 2024-05-09 2024-05-13 2024-05-17 2024-05-21 2024-05-25 2024-05-29 2024-06-01
time

Fig.6

Conclusion

In this work, we modeled the motion of charged particles in the Earth's non-uniform magnetic field and
analyzed the impact of geomagnetic disturbances on their trajectories. Using alpha particles (He*") to represent
cosmic rays, our simulations demonstrated that under normal geomagnetic conditions, charged particles can
reach the Earth, whereas under enhanced magnetic field conditions such as those caused by solar eruptions,
the trajectories are significantly altered, preventing particles from reaching the same locations.

The results clearly illustrate the physical mechanism behind the Forbush effect: strong geomagnetic fields
generated during solar events reduce the flux of cosmic rays arriving at Earth. This modeling is supported by
observational data from the Thilisi Cosmic Ray Laboratory, which recorded a sharp decrease in cosmic-ray
intensity during the geomagnetic storm of May 10-13, 2024.

Overall, this study highlights how numerical simulations of particle motion in the Earth’s magnetosphere can
effectively reproduce observed cosmic-ray modulation events, providing a valuable tool for understanding
space weather effects on the near-Earth environment. The approach also allows for quantitative analysis of
chaotic particle dynamics and can be extended to study other magnetospheric phenomena, such as the
formation and structure of the VVan Allen radiation belts.
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HN3yuyenue 3¢pPpexta @opOymia B reOMArHUTHOM I0JIe 3eMuin

M. AcnamasumBuian, O. Xapumiaanase, A. I'ypuymenus, I'. Takanse

Pe3rome

B pabote paccmaTpuBaeTcsi TuHaAMKKa JBUKEHUS 3apsHKEHHBIX YaCTHIl B HEOAHOPOAHOM MAarHUTHOM 1osie. B
YaCTHOCTH, U3y4YalOTCsl BO3MOXKHBIE TPAEKTOPUM KOCMHUYECKHX JTyueil B TUMOJIBHOM MarHUTHOM TOJ€ 3EMIIH.
B pabote nokasana BO3MOXKHasI XaOTHUYECKasi JUHAMHUKA KOCMHUYECKHX JIydel ¢ UCIOIb30BaHUEM IIOKa3aTels
JlamyHoBa n ananuza ®ypee. Taxke MpeacTaBiIeHo MOAEIMPOBaHKE POpPMUpPOBaHus MMosicoB Ban AunseHa n
oOcykIaercsi  BIMSAHME  OHEPrMM  KOCMHUYECKMX  JIlydyed  Ha  TEOMETPHIO  3TUX  IIOSICOB.
Kpowme toro, mpoBeneH aHanu3 BnusiHUSA MarHuTHOH Oypu 10 mas 2024 rona Ha perucTpafio KOCMHYECKAX
myqeit Ha 3emie. Kak u3BecTHO, B mepuobI Takux Oypb Habmogaetcsa a¢dext DopOya, 3aKIovaronuics B
YMEHBIIEHUN HWHTEHCUBHOCTH KOCMHUYECKHX JIyueH, 3apericTpUpoBaHHbIX Ha 3emie. llpuBeneHsr
COOTBETCTBYIOILIME J1a00OPaTOPHBIE 3aIIMCH, HCTIONbB3YIOMIKE JaHHbIe TOMINCCKOM 1a00paTOPHH KOCMUYECKUX
mydeit. MccnemyeTcs 3aBUCHMOCTH TIyOHHBI ¢ dexta PopOyIra oT BETUMIHHBI BO3MYIIEHHS T€OMarHUTHOTO
HOJIS.

Karouessle cioBa: 3pdext DopOyiiia, HEOJHOPOTHOES MATHUTHOE T10JI€, KOCMHYECKHUE JIydU
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ABSTRACT

Based on the study of the 27-day variations of the neutron component of cosmic rays at two stations of the Global
Cosmic Ray Network (Moscow and Yakutsk) and the Thilisi Cosmophysical Observatory in the ascending and
descending phases of the 24th cycle of solar activity, it has been established that the 27-day variation profile describes
a quasi-sinusoidal curve. The deviation from the sinusoidal curve is determined by the change in the number,
coordinates and power of sunspots (2.2 in the ascending phase and 81.8 in the descending phase) in a given phase of
solar activity.

Key Words: Cosmic ray 27- day variations, Solar Cycle, Bartels Rotation Number, Carrington Rotation Number, Solar
Activity ascending & descending phase, World -Wide Network of cosmic ray neutron monitors, quasisinusiudal curve.

1. Introduction

The article discusses the daily data of the intensity of the neutron component of cosmic rays,
corrected for the effect of atmospheric pressure, registered by the Thilisi CosmoPhysical Complex and two
stations of the World Network of Cosmic Rays, Moscow and Yakutsk, and studies the 27-day variations of
the neutron component of cosmic rays, in the case of the ascending and descending phases of the 24th cycle
of solar activity.

2. Materials and Methods,

The last completed 24-day solar cycle began in December 2008, with a mini-mum corrected sunspot
number of 2.2 [1] and ended in December 2019. Activity was minimal until early 2010. [2] [3]. Activity
reached its maximum in April 2014 with a 23 months smoothed sunspot numbers of 81.8 [4]

To study the 27-day variations of cosmic rays, the starting points of the Carrington rotation were chosen as
the reference point in time.

Based on the acquisition, processing and analysis of daily data on the intensity of cosmic rays
registered by the Thilisi Cosmophysical Observatory and neutron monitors of two stations of the World
Network of Cosmic Rays, Moscow and Yakutsk, verified at atmospheric pressure, the solar activity was
studied during the ascending and descending phases of the last completed 24 cycles. The ascending phase of
the 24-cycle solar activity was located in the time interval from December 17, 2008 to December 02, 2012,
The descending phase of the 24-cycle solar activity was located in the time interval from April 7, 2014 to
December 10, 20109.
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a. For the stations of the World Wide Web, Moscow and Yakutsk

Accordingly, to study the 27-day variations of cosmic rays, 53 Carrington rotations corresponding to 53
rotations of the Sun around its own axis of rotation, in the ascending phase of the 24th cycle of solar activity,
were considered separately, Similarly, 76 Carrington rotations corresponding to 76 rotations of the Sun
around its own axis of rotation, in the descending phase of the 24th cycle of solar activity, were also
considered separately. Thus, the 27-day variations in the intensity of the neutron component of cosmic rays
registered by the World Cosmic Ray Network are described by 53 separate Carrington rotations during the
ascending phase of the 24th solar cycle, and by 76 separate Carrington rotations during the descending phase
of the 24th solar cycle.

b. For the Thilisi Cosmo Physical Complex

The 27-day variations of the neutron component of cosmic rays registered by the Thilisi Cosmo-physical
Observatory, since December 2009, are described by 41 separately taken Carrington rotations, during the
ascending phase of the 24-th cycle of solar activity, and by 76 separately taken Carrington rotations during
the descending phase of the 24-th cycle of solar activity. The data of the Cosmic Rays Laboratory are posted
at the newly created web address: http://cosmicrays.tbilisi.com/

2. Methods for detecting recurring and non-periodic dependencies:

epoch superposition method

Small effects of influence can be detected using a special method of averaging data values, which was
originally used in the study of geomagnetic variations [5] and which is known as the method of superposition
of epochs, or the Kri method. Suppose that n events have been observed, during which the effect of a certain
influence on cosmic rays should be studied. For the beginning of each of these events, we record the
numerical values of the cosmic ray intensity in the corresponding cells of the horizontal rows forming a
vertical column. And we assign such a vertical column the corresponding number at the beginning of the
count. The corresponding values for moments after zero time are recorded in the vertical columns with the
next ordinal number. Thus, we fill in a total of 27 columns in order to detect a 27-day cycle. And we
calculate the average of the values recorded in the horizontal rows within each column [5-20].

Solar rotation is the rotation of the Sun around its axis.

The Sun is not a solid body, but rather consists of a gaseous plasma, and rotates with different periods at
different latitudes. The solar rotation period is 25.67 days at the equator and increases with latitude, reaching
33.40 days at 75 degrees latitude [5]. The source of this differential rotation is an ongoing area of research in
solar astronomy.[5]

Carrington rotation

The Carrington rotation is a system for comparing the positions of the Sun over a period of time,
allowing the tracking of sunspot groups or the reappearance of flares at a later time. Since the rotation of the
Sun varies with latitude, depth, and time, any such system is necessarily arbitrary and makes comparisons
only meaningful over moderate periods. For the purposes of the

Carrington rotations, the solar rotation is taken to be 27.2753 days (see below). Under this scheme,
each rotation of the Sun is assigned a unique number, called the Carrington rotation number, starting on
November 9, 1853.

To study the 27-day variations in cosmic rays, the letters of the beginning of the Carrington rotation
were chosen as the reference point in time.

The starting date for using the World Wide Web of Cosmic Rays data for the ascending phase of the
24" cycle of solar activity was December 17, 2008, which corresponds to the beginning of the 2078™
Carrington rotation, and the final date for using the World Wide Web of Cosmic Rays data was December 02,
2012, which corresponds to the end of the 2131st Carrington rotation.

Thus, a total of CR2131 — CR 2078 = 53 Carrington rotations (CR) were considered for studying the
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ascending phase of the 24" cycle of solar activity.

The starting date for using the World Wide Web of Cosmic Rays data in the descending phase of the
24" cycle of solar activity was April 7, 2014, corresponding to the beginning of the Carrington rotation CR
2149, and the final date for using the World Wide Web of Cosmic Rays data was December 2, 2019,
corresponding to the end of the Carrington rotation 2225. Thus, a total of CR 2225 — CR 2149 = 76
Carrington rotations (CR) were considered to study the descending phase of the 24™ cycle of solar activity.

3. Results

Results for two stations of the World Wide Web, Moscow and Yakutsk
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Figure 3
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4. Discussion

The 27-day variations of the Neutron Monitor of the World Wide Web (Moscow and Yakutsk) show
that the 27-day variation profile describes a quasi-sinusoidal curve (Fig. 1, Fig. 2, Fig. 3, Fig. 4). The
difference between the quasi-sinusoidal profiles in the rising and falling phases should be caused by
different sunspots in the rising and falling phases. The 27-day variation profile of the Tbilisi Neutron
Monitor does not describe a quasisinusoidal curve (Fig. 5, Fig. 6), which can be explained by the variation
pro- file of the hourly intensity data of the Thilisi Neutron Monitor (Fig. 7, Fig. 8).

5. Conclusion

The 27-day variation profile of the neutron component of cosmic rays is described by a quasi-
sinusoidal curve, and the deviation from the sinusoidal curve is caused by the coordinates and strength of
sunspots.
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27-n1HeBHbIE BApUALIMH KOCMUYECKHX Jiyueil B BOCXoAsiIel u
Hucxoasimel pa3zax 24-ro HMKJIA COTHEUYHOH AKTHBHOCTH

I'. BannmBuiu, T. bakpanse, E. Ananus, T. JpkomanmBuin, B. Kapinamsuiu,
M. I'yrynamBuin, O. XauKUIIBUIH

Pe3iome

Ha ocnoBe wuccrenoBanusi 27-7HEBHBIX BapHaluii HEHTPOHHOW KOMIIOHEHTHI KOCMHYECKHX IIyded B
BOCXOJIsIIIeH U HUCXOAsIIEH (ha3e 24-T0 IIMKIIA COJTHEUHOW aKTUBHOCTH Ha JIBYX CTaHIMAX [J100aipHOM ceTu
kocmudeckux Jydedt (MockBa u SIkyTck) m TOmmucckoil kocModu3nueckolr 00CepBaTOPHH yCTaHOBIICHO,
910 Tnpouias 27-AHEBHBIX BapualMil OMKCHIBACT KBAa3HCHHYCOMAANBHYIO KpHuBYIO. OTKIOHEHHWE OT
CHHYCOMJAIbHON KpHUBON ompenesercs M3MEHEHHEM 4HCiIa, KOOPJAWHAT W WHTEHCHBHOCTH COJHEYHBIX
mateH (2,2 B Bocxomsmier daze m 81,8 B Hucxomsmeid ¢aze) B TeueHHe NAaHHOW (ha3bl COJNHEYHOM
AKTUBHOCTH.

KiaroueBbie ciioBa: 27-,[[H€BHLI€ Bapuannuyu KOCMHYCCKUX queﬁ, COJTHEYHBIN HOUKJI, YUCJIO BpALICHUA
EapTeJ'[I:C&, YHUCJIIO BpallcHUus KappI/IHFTOHa, BOCXOIdIIass M HUCXOAAIIas (1)3.3131 COJIHCUHOM AaKTHUBHOCTH,
BCEMHUPHAad CCTb MOHHUTOPOB HeﬁTpOHOB KOCMHYCCKHUX nyqeﬁ, KBa3uCUHYyCOUAaJIbHAA KPpUBAsI.

97


https://iopscience.iop.org/article/10.1088/1742-6596/1181/1/012005/pdf
https://iopscience.iop.org/article/10.1088/1742-6596/1181/1/012005/pdf
https://journals.aps.org/search/field/author/Peter%20Meyer
https://journals.aps.org/search/field/author/J%20A%20Simpson

Information for contributors

Papers intended for the Journal should be submitted in two copies to the Editor-in-Chief. Papers
from countries that have a member on the Editorial Board should normally be submitted through
that member. The address will be found on the inside front cover.

1.

11.

Papers should be written in the concise form. Occasionally long papers, particularly those of a
review nature (not exceeding 16 printed pages), will be accepted. Short reports should be
written in the most concise form not exceeding 6 printed pages. It is desirable to submit a copy
of paper on a diskette.

A brief, concise abstract in English is required at the beginning of all papers in Russian and in
Georgian at the end of them.

Line drawings should include all relevant details. All lettering, graph lines and points on graphs
should be sufficiently large and bold to permit reproduction when the diagram has been reduced
to a size suitable for inclusion in the Journal.

Each figure must be provided with an adequate caption.

Figure Captions and table headings should be provided on a separate sheet.

Page should be 20 x 28 cm. Large or long tables should be typed on continuing sheets.
References should be given in the standard form to be found in this Journal.

All copy (including tables, references and figure captions) must be double spaced with wide
margins, and all pages must be numbered consecutively.

Both System of units in GGS and Sl are permitted in manuscript

. Each manuscript should include the components, which should be presented in the order

following as follows:

Title, name, affiliation and complete postal address of each author and dateline.

The text should be divided into sections, each with a separate heading or numbered
consecutively.

Acknowledgements. Appendix. Reference.

The editors will supply the date of receipt of the manuscript.

98



CONTENTS - ls6Bgg0

O. Varazanashvili - Delineation of New Models for Seismogenic Areal Sources in the Caucasus
. 3565D065930¢0 - bgolidmygbMMo 5MJoeMH0o FgoPmgdol sbogro 8mEYErgdol Asdmymes 30335L0580

D. Odilavadze, T. Chelidze T., O. Yavolovskaya - Archaeogeoradiolocation Near-Surface Survey of the Area
Surrounding Svetitskhoveli Cathedral

©. MEOWH35dg, ™. FJwodg, M. 0530MmeMm3L3500 - 139BHOELMZgWOL bs3sMIO™M  GHsdMmol J0dIdMY
39M0GHMMH00L 56JgMAJNOSPOMEMIO300IM0 sbermdlgbge3om o 33¢930

12-20

G. Kobzev, T. Chelidze, G. Melikadze, T. Jimsheladze, T. Kiria, A. Tchankvetadze, Z. Maghradze, N. Goguadze -
Phase Shift Between Water Level And X, Y, Z Components of Gravity Using the Example of Georgian Wells

3 30930, ®. Fgwody, @. 99e0dsdg, 0. x0ddgesdg, ®. JoMoys, s. F9633930d9, B. FoMody, b. ymawsdg -
BB Hobozzamgds ywol ©mbgls s aMmo30@s300l X, Y, Z 30m033mbgbEgols dmmol Lsgds®mzgunmls
Fo03MH00gdol Jogoombg

21— 26

A. Amiranashvili, L. Brocca, T. Chelidze, T. Kiria, D. Svanadze , T. Tsamalashvili, N. Varamashvili - Assessment of
the Relationship Between Daily and Total Multi-Day Precipitation Sums and Landslide Activation in the Regions of
Georgia

5. 50005658300, . dOMIs, ®. Fgwodg, m. JoMos, ©. b3sbsdg , 0. Fadowrsdz0wo, b. 396300 -
LogoMmmM3gEmlb MHga0mbgddo Ymzgewm3091M @S 339sE0e 369353096 boergdqdol Mmomgbmdsby o
390YmH0L 255gdEH09M9dsL oL 3038060l Tgg3oligds

27— 49

A. Amiranashvili, T. Chelidze, T. Kiria, D. Svanadze , T. Tsamalashvili, N. Varamashvili - Retrospective Analysis of
Landslides Processes in Akhaldaba (A Suburb of Thilisi, Georgia) on June 13-14, 2015

5. 580656533000, 0. Fgwodg, o. JoMos, . b3sbsdg , ®. §oBseed30e0, b. 3565350300 - SHIWVdSTO
(00d0Eobol 3sMgmdsbo, Lags®mggwm) 3gfyevco 3GmEglgdol Gg@E®mMmLEgd@wwo s6swobo, 2015 farol
13-14 o03bobo

50-59

A. Amiranashvili, L. Brocca, T. Chelidze, T. Kiria, D. Svanadze , T. Tsamalashvili, N. Varamashvili - Peculiarities of
Intra-Annual Distribution of Landslide Recurrence in Adjara and Guria Regions (Western Georgia) and in Eastern
Georgia and their Relationship with Monthly Sums of Precipitation

5. 590656583000, . dMIM3Is, 0. FJ0dg, ®. JoMos, ©. bgsbsdg , . §sds¢sd300, b. 356358300 -
9909m0L 2560990l dos oMo 2sbsfoergdol megolgdmMadgdo 5FoM0OLY s Mool Mgaombyddo
(3b53egm LodoMmM39M) s SVIMLIZEM LodsO®MZgE ™o s Bsm0 39538060 YM3zgM3099G bogrgdgdol
50 gbMdLIL

60 — 68

M. Modrekelidze, L. Laghidze, G. Ghambashidze - Comparing Satellite and Weather Station Wind Speed Data: A
Case Study of Telavi city (Kakheti, Georgia)

0.0m©M939¢00g., .qo©0dY., 3.0588580dg - oMol LoBRJsMOL  MebsdYBogzO o s  Fofiolbgos
993H9MOME®A0MH0o 3mbs3gdgdol 89s®gdomo sbseoBo J. mgesgol dsasmomnby (39bgmo, Lads®mggwrm)

69-73

M. Tatishvili, A. Palavandishvili - Machine Learning and Hybrid Approaches in Weather and Climate
0. 35300300, 5. Gons3560008300 - F56dobm®o Lfagwrgds s 30d0M0Eo JoEyMIgdo sdoboby ©s
3w0ds@do

74 -84

M. Aslamazishvili, O. Kharshiladze, A. Ghurchumelia, G. Takadze - Studying Forbush Effect in Geomagnetic Field
of Earth

0. SbEsdsB0dz0w0, M. bs®Towody, 5. ©YMFMIGEOos, . MYs3g - ©IEsdoffolb agmdsgbod® 3gwdo
3mOHddob 939JGH0L Fgbfogems

85-89

G. Vanishvili, T. Bakradze, E. Alania, T. Erkomaishvili, V. Kavlashvili, M. Gugunashvili, O. Khajishvili - 27-Day
Variations in Cosmic Rays During the Ascending and Descending Phase of the 24th Solar Activity Cycle

3 39608300, 0. d5dMsdg, 9. swsbos, @&. 9OJMI>08300, 3. Yogwsdzowo, 8. OMBsdzowo, .
box 08300 - 30bLIMbYOO Bboggdol 27-0w0sbo 3560530900 3Bl 5JEo3mdoL

24-9 3030l 500535 O oLTo35¢ B5BsTo

90 - 97

Information for contributors
33GMOMO LogMOMIdM

98-98

99




Logomomgganmls ggmx30Bo3zm®mo LsBmysmgdols 59Mbogro

dgo60 gsdofiols, sEHIMLbBgOML, m3gobolis s 3MbTmlvymo 3gsBTol Bobogs

Om8o 29, Ne 1

996065000 0093905 BogoMMNZ9 ML 4gMmB0D0IMEGO LoBMYSMIBOL 36)HB0EOMTOL IEYJbOEYdOL
bo8d300P)

0670 20 oo

JOURNAL OF THE GEORGIAN GEOPHYSICAL SOCIETY

Physics of Solid Earth, Atmosphere, Ocean and Space Plasma
Vol. 29, /e 1

Printed by the decision of the Georgian Geophysical Society Board

Circulation 20 copies

AKYPHAJI TPY3UHCKOI'O 'TEOPUINYECKOI'O OBIIECTBA

®uzuka Teepaoii 3emiau, Atmocdepsl, Oxeana u Kocmuueckoii Ilnazmbi

Tom 29, Ve 1

Kypnan neuaraercs Mo MOCTAaHOBIIEHUIO Mpe3uanyMa [ py3nHCcKoro reopu3ndeckoro oomecTsa

Tupax 20 3x3

Thilisi-odogobo-Tonmucu
2026



