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ABSTRACT

The subject of our research was to study the current state of the Tsageri catchment, using georadiolocation and ultrasound
methods. Georadar Zond 12e was used in the research.. Georadar data were collected and processed with Prizm 2.7
regular Software. With the help of georadar, it is possible to highlight voids, cracks and weakened environment. It is also
possible to determine the degree of humidity of the environment. Antennas of different frequencies are used to study
different environment. By our research was used 1 MHz, 1.5 MHz and other frequencies antennas. Ultrasonic method is
also an effective tool for determining the mechanical parameters of the environment and itsl structure. In the presented
works, the ultrasonic equipment manufactured by the Swiss company PROCEQ, pulsed echo transmitter - Pundit PL-
200PE was used. Processing of the obtained material was performed by means of the Pundit - 200 and Pundit - 20PE
working program "PL-Link". Using ultrasonic equipment, it is possible to highlight voids and cracks in the environment
and study their geometrical parameters. as well as determining the mechanical characteristics of the environment. When
studying the same areas, the results obtained by radar and ultrasonic methods correlate quite well with each other in
terms of determining the structure and complement each other in terms of determining the mechanical parameters of the
medium and details of the structure.

Key words: tomography, ultrasonic, georadiolocation, GPR, nondestructive testing
Introduction

Ultrasound corresponds to a mechanical wave propagating at frequencies above the range of human
hearing (conventionally 20 kHz). Ultrasound and sound waves propagate in fluids (gases and liquids) and
solids. In particular, the wave propagation depends on the intrinsic elastic properties of the medium as well as
on its mass density. In addition to its widespread use in engineering applications (e.g., defect detection /
evaluation, material characteristics, etc.), ultrasounds are also used in the medical field. In general, ultrasound
testing is based on the recording and quantification of reflected waves (pulse-echo) or transmitting waves [7].

A ultrasonic pulse-echo test concentrates on measuring the transit time of ultrasonic waves traveling
through a material and being reflected to the surface of the tested medium. Based on the transit time or velocity,
this technique can also be used to indirectly detect the presence of internal flaws, such as cracking, voids,
delamination or horizontal cracking, or other damages [7,9].

Each of the two types is used under certain conditions [4,5]. In our scientific research, we use acoustics
for geophysical and geotechnical research [1,3,5]. In this paper we present scientific-applied studies in the
field of geomechanics using acoustic methods [6].

Equipment and software for ultrasound examination

We used ultrasound equipment produced by the Swiss company (PROCEQ), https://www.proceq.com/)
for geophysical work, called Pundit PL-200 and Pundit PL-200PE. Ultrasonic testers (Pundit PL-200 and
Pundit PL-200PE) are used to study concrete, wood and stone materials and structures using non-damaging
acoustic control methods. Equipment and methods can be used: to study internal defects and cracks,
heterogeneities and voids in materials, to calculate material modulus, stiffness and Poisson's ratio.

Pulse Echo Transducer - Pundit PL-200PE



The Pulse Echo transducer is a shear wave transducer designed for single-handed and two-handed
operation. It is particularly suited to testing where access is limited to a single side.

The Pundit PL-200 offers three methods of transmission.

Ultrasonic research methods

In our case, we used ultrasonic sounding with piezoelectric 54 kHz sensors. Piezoelectric transverse
wave sensors with a frequency of 250 kHz were also used, and piezoelectric sensors with a frequency of 50
kHz were used for ultrasound tomography. With the help of sensors in such frequency ranges, it is possible to
study the structure of a solid and concrete at a depth of 50-60 cm, and in some cases even up to 1 m.

Performing ultrasound examinations

Ultrasound examinations were performed on the load-bearing piers and walls of the Tsageri catchment
(Fig. 1). Approximately 100 sites were selected in the vertical direction on the walls of the building where the
mechanical properties of the concrete were studied.

Fig. 1. a) Tsageri catchment. 1 - East wall, 2 - First (east) pier, 3 - Second (central) pier, 4 - Third (west) pier
and 5 - West wall. b) A picture of the ultrasound work on the load-bearing piers and walls of the catchment
dam.

About 100 areas were selected in the vertical direction on the walls of the building, where the mechanical
characteristics of concrete were studied. In addition, a network of profiles with a step of 0.05 m was carried
out on the piers and walls of the reservoir, using the tool. For the further processing of the obtained materials,
the values of the velocity parameters of the elastic waves were entered into the existing program, and as a
result, the elastic parameters of the reinforced concrete constructions were obtained. Since the velocities of P
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and S type elastic waves are theoretically and empirically related to the elastic parameters of the environment,
we can judge the presence of weakened, exhausted and relatively damaged zones within the investigated area.
Using the sensors designed to generate and receive longitudinal (P) and transversal (S) type of elastic waves
of the mentioned device, coverage (sensing) works were performed on the visually preserved and weakened
areas of the walls of the building.

With the obtained materials, the propagation velocities of P and S type elastic waves were determined,
both in concrete and in the blocks of granite stones near the aqueduct. Based on these velocities, the following
physical-mechanical parameters were determined for all tested objects: p - density, v - Poisson's ratio and E -
Young's dynamic modulus. Poisson's ratio was used to determine the quality of concrete. Its value is in the
range of (0.15-0.20) for normal quality concrete.

Data processing
Ultrasound waveform and tomographic (B-scan) recordings (Fig. 2) were processed using (PL-Link)
standard software.
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Fig.2. Ultrasound waveform (upper) and tomographic (lower) recordings.

On the records of oscillograms, the separation of longitudinal and transverse waves took place, their
velocities were determined and various elastic parameters were calculated on the corresponding profiles. T On
the processing and analysis of tomographic recordings (B-scans) took place us to identify possible voids,
heterogeneous and weakened areas in the concrete.

Results of ultrasound examinations

About 100 precincts were processed. The image presented for each precinct is indicated by brown lines
indicating the relevance of the tomographic images to the profiles. The yellow lines indicate the
correspondence of the longitudinal velocities and the Poisson ratio with the profiles. The probable damaged
areas localized by the velocity measurement are highlighted in blue, while the probable damage and weakening
localized at different depths in the concrete pavement are marked in red by scanning. Here we present two of
the location.
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Fig.3. Profiles and tomographic records of one areas of the catchment. (Plot #5. The western wall of the
second (central) pier of the reservoir).

Ultrasound testing works were performed on eight profiles at this site. Longitudinal (P) wave velocities
in different profile ranges vary from 4292 m/ s to 2455 m/ s, transverse 2541 m /s to 1483 m/ s, Poisson's
ratio (v) from 0,26 to 0, At 18 intervals, and the Ju ng modulus (E) - (11639-39857) in the MPa interval.

One and more measurements of ultrasonic wave velocities were performed on all profiles in this area.
They are made on concrete slab, on "poured concrete" and in the area of transition from concrete to tile. As
the transition from the upper profiles of the precinct to the lower profiles, a gradual change in the speed of the
ultrasonic wave will be observed. The velocity values are reduced in the vicinity of the third and fourth profiles.
The values of the Poisson's ratio change in the range of 0.21-0.28 in the areas of the top five profiles, which
probably indicates a weakening of the concrete structure in these areas. The velocity decreases particularly in
the vicinity of the eighth (bottom) profile, which probably means damage to the concrete at this site or
deterioration of its structure in this part of the pier [8].
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Fig.4. East wall (on the side of the dam) profiles of the first catchment tower and tomographic record of
some profiles. (Plot #5. The western wall of the second (central) pier of the reservoir).



At this site (Fig.5) ultrasonic measurements were performed on three profiles along the wall and on the
fourth profile on granite stones. Normal values of the Poisson's ratio (0.18-0.20) were be observed on all
profiles and almost all measuring points, indicating the stability of the mechanical parameters of the concrete
- its good condition. Ultrasound tomography (B-scan) was also performed on this incision. Deep lesions of
different nature were observed in the tomographic images of all profiles, at different depths, as indicated in the
images. In the tomographic images, in addition to the marked areas, dark colored areas was observed, which
should indicate their weakening [8].

Comparison of the data presented in the two precincts (Fig.3, Fig.4) shows that they are relatively
different precincts. The mechanical parameters of the bearing concretes in these areas differ from each other
and indicate different mechanical states of the different catchment areas.

Conclusion

1.Modern methods of ultrasound examination and tools used have been found to be effective in assessing the
condition of concrete structures constructing piers and walls.

2. The measurement results give different values of the elastic parameters. Tomographic scan images have
abnormal areas. These anomalous areas must be associated with changes in the structure of the concrete.

3. A sharp change in the values of the Poisson's ratio should also be associated with a change in the rigidity of
the material of the studied objects and its structure.

4. In general, it can be said that the results of the examination of the objects under study confirm that the
physical and mechanical parameters are more abnormal in the areas adjacent to the lower, blurred-erosive areas
than in the areas of concrete slabs above.

The results of checking the concrete mark on the supporting constructions of the research areas.
The purpose of the conducted research was to evaluate grade the used concrete on both the east and
west walls, as well as on the piers. The need for this arose after visual inspection of these structures revealed
defects. In modern conditions, it is possible to check the density (mark) of concrete products with different
types of field tools. One of these types of tools is the Schmidt hammer (photo 5).

!

“

Fig. 5. The appearance of the Schmidt hammer.

The advantage of this tool is that in a short time, the strength/grade of the concrete structure can be
determined without disturbing the integrity of the product.

The physical basis for the operation of this device is based on the amplitude of its reflection (recoil)
when a solid body is struck by a solid surface. Accordingly, the greater the density (strength) of concrete, the
greater the amplitude of its reflection and the data on the scale.

During the observation, measurements were made along the surfaces both on the slabs and on the

reinforced concrete structures on the south side and lower sections.
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Fig. 6. The results of checking the concrete mark on the east (a) and west (b) side of the first pier (schematic
sections).

For the slabs of the first pier, the grade of concrete varies mainly from 240 to 600, and from 210 to 340
on the south side and sides and washed-eroded sections of concrete. Above it, at a depth of 5-5.5 m from the
level of the bridge, on the western side, higher values were allocated within the range of 300-340. On the
lower, eroded-washed-faulty sections, its value is low here too (within 200-240).

On the basis of the research conducted with the Schmidt hammer on the surfaces of the retaining walls
and piers of the dam and the analysis of the obtained results, the following can be concluded:

1. The concrete grade is characterized by higher values for the slabs placed outside the walls and piers than for
the rest of the construction surfaces and areas without it.

2. Particularly low values of the concrete grade were revealed for the eroded-washed sections of the eastern
and western walls, as well as in the lower sections of the piers.

In our opinion, the change in such a wide range of concrete grades does not correspond to either the old or the
new norms of construction. Their causes can be: discrepancy of the cement brand, its insufficient concentration
or flaws in the construction technology.

Georadiolocation research

Georadiolocation method has high spatial resolution [10]. There is no limitation on the daily surface and
on the surface of different types of artificial cover, as well as in water surface or underwater research.
In our work, georadiolocation research was carried out in the following ways:
1. Hydrogeographic survey from the water surface in the basin.
2. Underwater research from the bottom of the pool to the surface of the water
3. Vertical survey along walls and supporting piers.
Georadiolocation along the terrain on the daily surface.
The selected georadiolocation method and their varietis allowed us to obtain a continuous georadiolocation
cut, which reflects the structure of the ground, the structure of the reinforced concrete structure and the study
of the underwater space to the maximum possible depth, which is determined by the electrophysical properties
of the soil, concrete and water.
The number of profiles, their location, length and orientation for each object under study was carried out
independently, taking into account the type of surface and technogenic factors.
Georadiolocation studies were carried out with profile and area planning.
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For our article, the part of the profile study that was implemented on the pool walls and supporting piers is
interesting.

Georadiolocation method is based on the registration of electromagnetic (EM) nanosecond pulses propagation
in the studied environment and further processing taking into account the electromagnetic properties.
Screened antenna blocks with frequencies of 300, 900, 1000 and 1500 MHz were used in georadiolocation
studies.

Georadiolocation equipment and software.

A certified "ZOND-12e Advance" (Ltd. "RadarSystemlInc", Riga, Latvia) with screened antennas was
used for geophysical research. Management of geo-radar, data processing, visualization of georadarograms is
performed with the help of certified computer program «PRISM v.2.60» (Ltd. «Radar System Inc»). This type
of georadar is certified in the European Union. It has antennas of different frequencies to penetrate to different
depths and to conduct different types of research. In this article, we are interested in comparing the results
obtained with ultrasound and georadiolocation equipment, so we will consider only the vertical planning along
the walls and supporting piers conducted with 1 and 1.5 gigahertz antennas.

Fig. 7. 1 GHz antenna and 1.5 GHz antenna with its own odometer wheel.

Surface georadar surveys of walls and piers are carried out with the help of a 1000 MHz antenna. A 1500
MHz antenna has also been used for testing on the second pier. During research with this method, the antenna
was removed from the surface of the wall by a minimum distance and moved along it.

Fig. 8. a) Georadar research process along the second pier (using 1000 MHz antenna), b) low-threshold dam
condition investigation process using 1000 MHz antenna.
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During the georadio-radar profiling of the low-threshold dams located at the base of the first and second
barrier shields, the geophysical team, with the help of a crane, descended to the level of the dam and moved
the 1000 MHz antenna along the inclined surface from the ground up, along its entire length, by means of a
designated cable-rope with markings of meters (Fig. 8).

Results of georadiolocation investigation

The results of the main georadiolocation survey are presented in the form of georadiolocation section
profiles. The types of wave EM fields correspond to different types of concrete, as well as reflect their
uniformity and moisture content. Along the supporting piers and walls, the location of the iron reinforcement
grids and metal elements supporting the walls is characterized. Below, the results of the georadiolocation
survey are described according to the respective areas.

Georadiolocation investigation results of the walls and piers of the dam

The results of the georadiolocation survey of these objects are presented in the form of cuts on Figures
9-15. Diffraction effects of waves characteristic of armature rods are clearly visible on them (diffraction
hyperbolas, Fig. 9). With this method and with the help of the antenna, the location of the reinforcement rods
arranged in the profile was well defined.

According to the type of arrangement of reinforcement rods, two types of reinforcement were identified:
walls (a) and piers (b) Fig.9). The first type of reinforcement is characterized by the arrangement of small-
diameter iron reinforcement rods close to the surface in the form of a grid (type 1). This type is typical for the
concrete slabs on the walls and the sections towards the bottom of the pier.

The second (type 2) is characterized by an irregular and deep placement of the reinforcement rods. The

amplitude of the change of the EM wave field on this type of constructions is characterized by low intensity,
technological boundaries, flaws and layering will be observed in the concrete structure.
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Fig. 9. Fragments of geolocation slices obtained with the help of 1000 and 1500 MHz antennas. The drawing
shows two types of reinforcement of concrete structures: eastern wall (a) and piers (b).

Type 1 and 2 intervals are separated by vertical arrows on georadiolocation cuts Prl and Pr2 of the
eastern wall. The numbers next to the arrows show the appearance of reinforcements.
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Fig. 10. Georadiolocation slices Pr1 and Pr2 taken along the eastern wall.

Corresponding reinforcement types (1 and 2) were not identified on the profiles (Pr3 and Pr4) obtained
for the above-water sections of the first pier. Depending on the nature of the wave field, the second type of
reinforcement can be seen here.
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Fig. 11. Georadiolocation slices Pr3 and Pr4 obtained along the first pier.
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Sections of type 1 and 2 reinforcements are separated along the georadiolocation cuts Pr5 and Pr6
obtained along the surfaces of the above-water parts of the second pier. The arrows on these slices are
conventionally marked as dots, because the effect of individual reinforcement was not sufficiently reflected
on them. In order to clarify their boundaries, additional georadiolocation surveys were conducted along these
profiles using a 1500 MHz antenna (Figure 12).

Profile Pr5 Profile Pr6
Depth from the wall suxface. m Deptk from the wall suxface. m
os o

Fig. 12. Georadiolocation slices taken along the second pier (Pr5 and Pr6).

Sections of type 1 and 2 reinforcements are separated by vertical arrows Pr7 and Pr8 along the
georadiolocation slices taken along the surface of the third pier's above-water part. The types and intervals of
these reinforcements are almost similar to the results of the survey of the second pier (Fig. 13).
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Fig. 13. Georadiolocation slices taken along the third pier (Pr7 and Pr8).
On georadiolocation slices (Pr9 and Pr10) obtained during the survey of the above-water part of the
western wall, the reinforcement intervals of type 1 and 2 were well distinguished. They are separated by
vertical arrows (Fig. 14).
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fig. 14. Types of reinforcement found along the western wall along Pr9 and Pr10.

Along the second pier, in its above-water part, we additionally conducted geolocation studies with the
help of a 1500 MHz antenna. On the georadiolocation profile (Pr5) obtained by this method, the diffraction
hyperbolas caused by the presence of reinforcement rods clearly appeared (Fig. 15). These georadarograms
also showed intense, disturbing reverberation waves, which must be due to insufficient (not tight) contact
between the antenna and the surface of the pier during investigation.
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Fig. 15. Georadiolocation profile (Pr5) obtained by means of 1500 MHz antenna along the above-water part
of the second pier.

Based on the georadiolocation studies, we can conclude the following:
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1. Georadiolocation research method and selected equipment proved to be effective for researching the
condition of Lajanur Dam structures located in Tsageri district. In particular:

2. We investigated the condition of the underwater and above-water parts of the supporting piers and the
eastern and western walls, their washing depth, the arrangement and frequency of the horizontal bars of the
reinforcing mesh of reinforced concrete structures. This part of the research is directly related to the topic of
our paper.

3. We were given the opportunity to study the condition of the downstream located in front of the shutter
shields, the configuration, depth and width of its damaged bottom.

4. Condition of low-threshold dams 1 and 2 under shutter shields.

5. Ground structure of the three areas surrounding the derivation channel and the filtration areas under the
ground.

Conclusion

1. As a result of the ultrasound work, different types of damaged strength and weakened areas of the structure
were identified on the piers and supporting walls. Damaged areas were mainly detected near the water surface,
in the lower (489-492m) sections of the piers and walls, in the vicinity of washed-eroded areas and also at
different heights. The entire vertical section of the eastern and western wall structures is characterized by a
weakened structure. Here, the value of Poisson's ratio is significantly increased on the profiles sampled in the
interval from 504m to 489m.

2. A relatively better quality concrete structure was found on the north side of the first pier, in the vicinity of
the shutter shield along the vertical cut of the entire wall. This is confirmed by the results of both the Schmidt
hammer test and the ultrasound survey.

3. The slabs placed outside the walls and piers are characterized by high concrete grade values. Their change
is within 260-600. Particularly low concrete grade values were found for the eroded-washed areas of the
castern and western walls, as well as in the lower sections of the piers. In these sections, the grade of concrete
varies between 150-220. The causes of these anomalies can probably be: incompatibility of the cement brand,
its insufficient quantity or technological violations made during the construction.

4. With the georadiolocation method, the solution of a wide range of engineering and technical tasks can be
successfully implemented at various sites and facilities. It can be used in other regions as well, for the purpose
of research and diagnosis of the state of hydrotechnical structures of this type.

5. The results of the radiolocation and ultrasound research of the above-water part of the supporting piers and
walls are quite well correlated. In addition, these two methods complement each other. Ultrasonic and Schmidt
hammer research provides additional information on the mechanical parameters of reinforced concrete for
piers and walls. And georadar allows to quickly determine inhomogeneities and defects in reinforced concrete
supporting piers and walls.
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KoMiuiekcHoe ncciieioBaHue 0eTOHHBIX KOHCTPY KLU
YJAbTPa3ByKOBBIMH U I¢0JI0KAMOHHBIMU METOAAMH

H.A. BapamamBuiu, b.3. Acannaze, M.H. /I:xaxyramsuiu, B.B. Iltazynos

Pe3rome

[IpenmeroM HaIIero MccieOBaHUs ObLIO H3yYeHHE COBPEMEHHOI0 cocTosiHUSA BoocOopa Llarepu meronamu
reopaJroiIoOKalluy U YIbTpa3Byka. B uccnenoBanusax ucnonb3oBaics reopagap Zond 12e. /lannble reopagapa
cobupasuch U 00padaThIBaIMCh C TOMOIIBIO MTaTHON MporpamMmel Prizm 2.7. C momonipto reopanapa MOXHO
BBIJICTUTH MYCTOTHI, TPEIIMHBI ¥ OcallIieHHYI0 cpefy. Takke BO3MOXKHO ONpe/elieHHe CTEeHN BIIAKHOCTH
OKpYXKalollel cpenbl. AHTEHHBI pa3HBIX YaCTOT UCTIONB3YIOTCS JUISl HCCIIeNOBaHUs pa3HbIX cpel. [Ipu Hamem
WCCIIeOBaHUI OBUTM MCTONB30BaHbl aHTeHHBI 1 Mrl'n, 1.5 Mrl' u Ipyrux 4acToT. YIbBTpa3ByKOBOW METOA
TaKKe sBisieTcs 3pPEeKTHBHBIM CPEICTBOM ONPEACICHUSI MEXaHUIECKUX MTapaMeTpOB OKPYXKAOIIEH Cpeabl 1
ee CTpoeHHs. B mpencTaBieHHBIX paboTax HCIOIB30BAJIOCH YIBTPAa3ByKOBOE 00OPYHIOBaHHE MPONU3BOACTBA
mBednapcekoit pupmel PROCEQ, nummynbceHsiii axomnepenatank - Pundit PL-200PE. O6pabotky nonydeHHOro
Marepuraia IMpOBOJAMIM C MTOMONIBI0 padounx mporpamM Pundit-200 u Pundit-20PE «PL-Link». C momoripto
VIABTPa3ByKOBOTO 00OPYIOBAHHS MOXKHO BBIJIGIUTH ITyCTOTHI M TPEHIMHBI B OKPYXKAIOIIEH cpefie U U3y4UTh UX
reoMeTpUYecKre MapaMeTphl, a TaKKe ONMPENeNUTh MEXaHUYCCKHE XApaKTEPHCTUKU OKPYKAIOIIEH CPEebl.
[lpu wuccnenoBaHMM OMHUX W TeX K€ YYACTKOB pE3YJbTaThl, TONYyYEHHBIC pPaJHONOKAIUOHHBIM U
VIABTPa3ByKOBBIM METOJIAMH, JIOCTATOYHO XOPOIIO KOPPEIUPYIOT MEKAY cOo0Oi B YacTH OINpEIeIeHUs
CTPYKTYpPBI U JIONONHAIOT APYT ApYyra B YacTH OIPENETICHUS MEXaHHYECKUX [1apaMeTpoB CPEAbl U JeTaieit
CTPOEHUS.

KarwueBbie ciioBa: Tomorpadus, ynbTpa3ByK, TeOpaioIOKaIys, Teopaaap, Hepa3pymaromuii KOHTPOITb.
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ABSTRACT

Taking into account the earlier statistical analysis of long-term variations in the of annual sum of precipitation
for 21 Georgian meteorological stations (P) located in mudflow areas, the relationship between the average
annual precipitation for these stations (P,) and the number of re-activated and new cases of mudflows (MF) was
studied. Using previously obtained forecast data for P,, the MF values were calculated up to 2045. The data of
the Georgian Environment Agency on MF for the period 1996-2018 were used.

In particular, the following results are obtained.

Cross-correlation analysis of the time series of P, and MF values showed that the best correlation between the
indicated parameters is observed with a five-year advance of precipitation data. With this in mind, a linear
regression equation between the five-year moving average P, and the five-year moving average MF is derived.
Using this equation and P, forecast data, five-year moving averages of re-activated and new mudflow events up
to 2045 were estimated.

Key words: atmospheric precipitation, mudflows, climate change.

Introduction

Mudflows (MF), like landslides (LS), are one of the types of natural disasters. Mudflow
processes are widespread almost everywhere and are dangerous with destruction, often accompanied by
human casualties [1-5]. This problem is also very relevant for Georgia, where the number of reactivated
and new cases of mudflows only in 1996-2020 exceeded 3200 [6,7]. In this regard, special attention has
always been paid to the study of mudflow processes in this area [5-9].

The urgency of this problem increased significantly after the tragedy that happened on August
3, 2023 in the western Georgia in the Shovi resort (Oni municipality of Racha-Lechkhumi and Kvemo
Svaneti region), when, as a result of an intense landslide-mudflow process, the central part of the resort
was filled with mud flows (Fig. 1,2), which led to the death of more than thirty people
[https://civil.ge/archives/554327].

According to preliminary report by the National Environmental Agency the landslide-mudflow
was caused by intense melting of glaciers, collapse of rock formations in their headwaters, heavy rains,
erosive processes and a glacier runoff.

The Agency said a collapse of a rocky mass on the western side of the Buba glacier had led to
its collision with the glacier after coming into motion and caused a collapse of a part of the glacier. The
body said the development may have caused an overflow of subglacial waters, with the resulting flow
directed through the valley bed at a high speed in the locality [https://agenda.ge/en/news/2023/2999].
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Fig. 1. View of the Shovi resort 11 months before mudflow and on the second day after the mudflow
[https://www.facebook.com/photo/?fhid=6326794327369246&set=a.412771738771564]

Mudflows, as well as landslides, depend on many individual and complex processes, in
particular, on precipitation. At the same time, the time scale of the influence of atmospheric precipitation
on the provocation of mudflows has a wide range - from several tens of minutes to several days, months
and years (climatic time scale) [9-12]. For exampe, according to [9] activation of landslide processes in
accordance with atmospheric precipitation regime clearly indicates the correlation regularities: the
intervals between atmospheric precipitations able to provoke landslide processes, fluctuate within 2,5-5
years, while the sequence line between the increase and deficit of precipitations, which represents one
cycle of development of the landslide processes, ranges within 3-8 years.

In recent years, we have carried out a number of additional studies of the relationship between
atmospheric precipitation and landslide processes. In this case, data from ground-based and satellite
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measurements of precipitation were used [13,14]. Thus, using the example of the study of landslides, it
was found in [15] that in Georgia, with an increase in the annual amount of atmospheric precipitation,
there is a tendency to increase their landslides in accordance with the second degree of the polynomial.
In another work [16], in particular, it was found that with an increase in the monthly amount of
precipitation, a linear trend of an increase in the number of landslides is observed.

The paper [17] is aimed to assess the rainfall conditions, which can lead to initiation of mass-
movement using limited terrestrial and satellite-based data on the summary rainfall and landslide
occurrence. In particular, for administrative regions of Georgia precipitation effects on landslides
activity for 1, 3, 5, 7, 10, 20 and 30 days before their onset is studied.

This approach can be useful for a lot of regions in the world, where LS and meteorological data are not
detailed enough to calculate the standard rainfall intensity/duration threshold graph for landslide
occurrence.

Some results of statistical analysis of long-term variations of annual amount of atmospheric
precipitation for 21 meteorological stations of Georgia (P) located in areas with landslides, average
annual amount of precipitation for these stations (P.), relationship between the P, and number of re-
activated and new cases of landslides (LS), and the estimated values of LS up to 2045 using predictive
data on P, are presented in [18]. Data from the Environmental Agency of Georgia on the P in period
1936 - 2020 and data on LS in period 1996 — 2018 are used.

In particular, the following results are obtained.

The correlations between the annual amounts of P at each of the meteorological stations with
averaged data for all 21 stations P, are established.

In 1981-2020, compared with 1936-1975, no significant variability of the mean P values is
observed at 11 stations, an increase - at 6 stations, and a decrease - at 4 stations. The P, value do not
change during the indicated time periods.

The forecast of the P, value up to 2040 were estimated taking into account the periodicity of
precipitation variability, which is 11 years.

A cross-correlation analysis of the time series of the P, and LS values showed that the best
correlation between the indicated parameters is observed with a five-year advance of precipitation data.
With this in mind, a linear regression equation was obtained between the five-year moving average of
the P, and the five-year moving average of the LS values.

Using this equation and predictive P, data, five-year moving averages of re-activated and new
landslides cases up to 2045 were estimated.

This work is a continuation of previous studies [18]. Below are the results of a study of the
relationship between the average annual precipitation (Pa) for 21 meteorological stations and the number
of re-activated and new mudflows (MF) in Georgia, and an assessment of the MF values until 2045
using predictive data on Pa.

Study Area, Materials and Methods

Study Area — Georgia. Data from the Environmental Agency of Georgia on the annual amount
of atmospheric precipitation for 21 meteorological stations of Georgia located in areas with landslides
(fig. 1) and data on re-activated and new mudflows cases (fig. 2) are used. Period of observation: for
atmospheric precipitation from 1936 to 2020, for re-activated and new landslides cases from 1996 to
2018.
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Fig 1. Location of 21 meteorological stations on the mudflow risk zones map of Georgia by probability
and damage.

In the proposed work the analysis of data is carried out with the use of the standard statistical
analysis methods [19].

The following designations will be used below: Mean — average values; Max - maximal values;
Min — minimal values; Range — Max-Min; St Dev - standard deviation; St Err - standard error; Cv —
coefficient of variation = 100- St Dev/Mean, %; Conf. Lev. - confidence level of the mean; Low and Upp
— lower and upper levels of the confidence interval of the mean; R — coefficient of linear correlation; CR
- coefficient of cross correlation; o - the level of significance; P - annual sum of atmospheric precipitation
for separated meteorological station; Pa - mean annual sum of atmospheric precipitation for 21
meteorological stations; MF - re-activated and new Imudflows cases. The forecast of P, using the AAA
version of the Exponential Smoothing (ETS) algorithm was carried out [20]. Programs Excel 16 and
Mesosaur for calculation were used.
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Fig 2. Changeability of re-activated and new mudflows cases in Georgia from 1996 to 2018.
Results and Discussions

Results of statistical analysis of relationship between the P, and number of re-activated and new
cases of mudflows, and the estimated values of MF up to 2045 using predictive data on P, [18] are
presented below in Table 1,2 and Fig. 3-7.
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Table 1. Statistical characteristics of MF cases in Georgia in 1996-2018.

Parameter | Mean Max Min Range | StErr | StDev Cv, % COS;'&,ZV"
MF 122 333 26 307 17 81 66.7 35

Table 1 presents the statistical characteristics of MF cases in Georgia in 1996-2018. On average,
122 cases of MF were recorded per year with a range of changes from 26 to 333 cases. Significant
variations in the amount of MF were observed in the specified time period (Cv = 66.7%, Conf. Lev. =
35).

Let us consider the nature of the relationship between the annual number of re-activated and
new landslides and the annual sum of precipitations. Fig. 3 shows the cross-correlation between values
of P, and the MF cases.
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Fig 3. Cross-correlation between the P, and MF values.

As follows from this figure, a significant correlation between the studied parameters is observed
in the fifth lag before the landslide phenomena.
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Fig 4. Cross-correlation between the five-year moving average of the P, and five-year moving average
of the MF values.

Another Fig. 4 shows the cross-correlation between the moving average of the P, values and the
moving average of the LS cases. As follows from Fig. 4, a significant relationship between the studied
parameters is observed in the fourth and fifth lags before the landslides. Comparison fig. 3 and 4 shows
that in the second case the relationship between P, values and MF number is more representative than
in the first case. Taking into account that in the fifth lag before the onset of mudflows, the correlation
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coefficient is higher than in the fourth lag, a linear regression was built between the five-year moving
averages of P, values and the five-year moving averages of MF number (Fig. 5).
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Fig 5. Linear correlation and regression between the five-year moving average of the P, (1991-1995,
1992-1996, ..., 2009-2013) and the five-year moving average of the MF (1996-2000, 2001-2005 ,...,
2014-2018) values.

As follows from Fig. 5, there is a significant direct linear relationship between the values of
these parameters, which can be used to predict five-year moving averages of MF cases from the forecast
values of the average annual sum precipitation per one meteorological station.

Fig. 6 shows data on the expected five-year moving average of re-activated and new mudflows
cases up to 2041-2045, calculated according to the formula presented in Fig. 5 with using the data of
predicted five-year moving average of P, values [18].
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Fig 6. Interval prediction of five-year moving averages of re-activated and new mudflows cases
from 2026 up to 2045.
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Graphs in Fig. 6 represent the center points of the forecast of the number of mudflows
(MF_Predict), as well as the lower and upper confidence levels of this forecast (MF_Predict_67%_Low,
MF_Predict_67%_Upp, etc.). Note that all values of MF_Predict_95%_Low = 0.

Table 2 shows the comparative statistical characteristics of predicted (2026-2045) and real
(1996-2018) five-year moving averages of re-activated and new mudflows cases.

Table 2. Statistical characteristics of predicted (2026-2045) and real (1996-2018) five-year moving
averages re-activated and new mudflows cases in Georgia.

Period 2026-2045 1996-2018
Parameter Ng;g/ﬁidol\%— MF_Predict M6F7_°/|Zi(ijj|;)(|;t_ Mgz—o/lzeljg%t— MF_Real
Mean 34 90 145 201 110
Max 50 99 159 223 161
Min 20 79 137 186 26
Range 29 20 22 37 135
St Err 2.3 1.3 1.5 2.6 7.9
St Dev 9.0 5.1 5.8 10.3 33.7
Cv, % 26.4 5.7 4.0 5.1 30.8

Conf. Lev.,
95.0% 4.6 2.6 2.9 5.2 15.6

As follows from this Table, the average MF_Real values fall within the range of values between
MF_Predict and MF_Predict_67%_Upp (90<110<145). The maximum values of MF_Real fall within
the range of values between MF_Predict_67%_Upp and MF_Predict_95% Upp (159<161<223). The
minimum values of MF_Real fall within the range of values between MF Predict and MF
_Predict 67%_ Low (20<26<79). Thus, in general, in the next two decades, one should not expect a
significant intensification of mudflow processes in Georgia due to the expected variability of the annual
sum of atmospheric precipitation. However, in certain regions of Georgia, where a significant increase
in precipitation is observed a significant activation of mudflow phenomena (as well as landslides [18])
quite possible.

Finally, in Fig. 7 and 8 linear correlation and regression between LS and MF cases and between
five-year moving averages LS and MF cases in Georgia in 1996-2018 are presented.
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Fig.7. Linear correlation and regression between LS and MF cases in Georgia in 1996-2018.
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Fig.8. Linear correlation and regression between five-year moving averages LS and MF cases in
Georgia in 1996-2018.

The linear correlation coefficient between LS and MF is 0.84 and 0.83, respectively (Fig. 7 and
8, high correlation [19]).

Conclusion

In the future, using the data of the new catalog of natural hazards being prepared in Georgia
[21,22], we plan to continue more detailed studies of landslides and mudflows both for the territory of
Georgia as a whole and for its individual regions, taking into account climate change [4].

It is also planned to carry out work on the implementation of the existing early warning system
for the activation of landslide / mudflow events [23]. In addition, it is planned to develop research on
long-term and short-term forecasting of landslide and mudflow processes using ground-based, radar and
satellite information on the parameters associated with these processes [13,14,17,24-27].
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HsyueHue CBSI3H MEKIY CPeIHEr0A0BO CyMMOIl aTMOC(EpPHBIX
0CA/IKOB U KOJIMYECTBOM pe-aKTHBUPOBAHHBIX U HOBBIX CJ1y4aeB
ceneii B ['pysun

A.I'. AmupanamBuiu, T.JI. Heanase, 1. T. CBanan3e,
T.H. Hamanamsuiau, I'.A. TBaypu

Pe3rome

C y4eToM MpoBEIEHHOr0 paHee CTATUCTHYECKOTO aHAllM3a MHOTOJIETHUX BapHallii CyMMBI TOJOBBIX
ocankoB mist 21 mereocraniu ['py3un (P), pacmonokeHHBIX B CeJEBBIX pailoHaX, W3ydeHa CBS3b
MEXIy CpPEIHEroJOBBIM KOJMYECTBOM OCAAKOB it 3TuX cranmmid (P,) w KkomuwdecTBOM pe-
AKTHBHPOBAHHBIX U HOBBIX cirydaeB ceneit (MF). C ucnonb3oBadueM paHee MOTYICHHBIX MPOTHO3HBIX
JMaHHBIX 1S P, mpoBeneHsl pacuersl 3HadeHuit MF no 2045 r. Mcnonas30Banuchk HaHHbIE ATEHTCTBA
okpyKatomeit cpensl ['py3un mo MF 3a epuoa 1996-2018 rr.

B wactHOCTH, IONTy4YeHBI CIIEAYIONINE PE3yIbTATHI.

Kpocc-koppensiuonHblii aHanu3 BpEeMEHHBbIX psaoB 3HadeHuil P, u MF mokaszan, 4ro Hammydinas
KOppeIsIuS MeXKAY YKa3aHHBIMHU MapaMeTpaMy HaOIIOIaeTCsl TIPU MSATHIIETHEM YIIPEKICHUN TAHHBIX
00 ocaakax. C y4eToM 3TOro TOJYYEHO YpaBHEHHE IMHEHHON perpeccuyd MEXIy MSATHICTHUM
CKOJIB3SIIAM CPETHUM 3HaYCHUEM P, ¥ IATUIETHUM CKOJIB3SIIIM CpeTHUM 3HaueHueM MF.
Hcnonp3yst 3T0 ypaBHEHHE U MPOTHOCTUIECKUE TaHHEIE O P,, ObUIH OTICHEHBI SATHICTHHE CKOJIB3SIINE
CpeIHHue pe-aKTUBUPOBAHHBIX M HOBBIX CiTydaeB ceneit 1o 2045 rona.

KiroueBble ciioBa: aTMOC(l)epHBIC oCaaKH, CCJIH, UBMCHCHUEC KJIIMMATa.
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ABSTRACT

Results of the analysis of radar measurements of precipitation intensity (P) 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.

Key words: atmospheric precipitation, radar observations, landslides.

Introduction

Almost all types of natural disasters are observed in Georgia (earthquakes, floods, hurricanes,
thunderstorms, hail, droughts, landslides, mudflows, avalanches, tornadoes, forest fires, etc.), often
causing heavy economic damage and human casualties [1-18]. The last such example is the landslide-
mudflow process that occurred on August 3, 2023 in the Oni municipality of Racha-Lechkhumi and
Kvemo Svaneti region of Georgia, which led to a many-meter filling of the central part of the Shovi
resort with mudflows and more than thirty human victims [https://civil .ge/archives/554327]. The last
case, in terms of the scale of human losses, exceeded the consequences of the flood in Thilisi on June
13-14, 2015, when 20 people were confirmed dead [14,15;
https://en.wikipedia.org/wiki/2015_Thilisi_flood].

At the same time, many of these processes are associated with climate change in Georgia [10,
18-22], which affects regime of temperature, atmospheric precipitation, melting glaciers and other
parameters that provoke an increase in the number of natural disasters (droughts, floods, landslides,
mudflows, forest fires, etc.).

As regards the study of landslide-mudflow processes, the activation of which is often associated
with the regime of atmospheric precipitation of various time scales (from minutes to several years) [23],
we have created and are improving a modern database of these processes [12, 13], as well as precipitation
based on ground, satellite and radar observations [14,15,24-28].
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Using this database, in recent years, we have studied the relationship of landslides and mudflows
with atmospheric precipitation of various time scales (from hours to climatic scales) and territories
(landslide site, regions of Georgia, the territory of Georgia [14,15,29-34].

In particular, in the works [14,15] data on the radar characteristics of a rain cloud that caused a
landslide in Akhaldaba and a catastrophic flood in Thilisi 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.

This work is a continuation of previous studies [14,15]. The results of a more detailed analysis
of the temporal variability of precipitation over the landslide zone in Akhaldaba on June 13, 2015 are
presented below.

Study Area, Materials and Methods

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

Fig.1. Landslide in Akhaldaba on June 13, 2015 [https://reliefweb.int/map/georgia/landslide-affected-
areas-west-tbilisi-georgia-16-jul-2015].

Fig.1 illustrates satellite-detected areas of landslide damage in Akhaldaba. Following flash
floods in the region on 14 June 2014, a landslide on the Vere River near the village of Akhaldaba
damaged several road sections in the area. Using a satellite image acquired 24 June 2015 by the GeoEye-
1 satellite, UNOSAT delineated the primary landslide areas stretching southeast of the Vere River,
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between Akhaldaba and Tskneti. The area directly affected by the landslide measures about 537065
square meters, while 1110 meters of roadway were buried or damaged by the landslide.
Coordinates of the center of the landslide top: 41.68 N°, 44.68 E°,1289 m a.s.|. [14].

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 [37-39]. Example of
this radar product on Fig. 2 is presented. Time designation (Fig. 2), for example, t = 14 hour 33 min —
14:33 h. In Fig. 3-5 minutes are given in fractions of an hour, for example, t = 21 hour 55 min — 21.92
h, etc. The data of the Georgian Environment Agency on atmospheric precipitation were also used in
the work.

Info | Layer Navigate

MPPI (dBZ)
23:30/13-Jun-2015
Georgia

+1776.0 mmih

. 865.0 mmih
L3

4210 mmm

205.0 mmm

[+ 100.0 mmm

. 49.0mmm

24,0 mmh

+ 120mmm

Fig. 2. Example of radar data of the precipitation intensity in Thbilisi on 13 June 2015 in 23:30 h.

In the proposed work the analysis of data is carried out with the use of the standard statistical
analysis methods [20].

The following designations will be used below: Max - maximal values; Min — minimal values;
Range — Max-Min; St Dev - standard deviation; St Err - standard error; Cv — coefficient of variation =
100-St Dev/Mean, %; R? - coefficient of determination; R - coefficient of linear correlation; Kow -
Durbin-Watson statistic; P - precipitation intensity, mm/h; P — sum of precipitation, mm; P, - average
intensity of precipitation under the cloud, mm/h; S - areas of precipitation of different intensity, km? -
S(P>3 mm/h) ... S(P>100 mm/h); r - the effective radius from the zone with the maximum radar
reflectivity to average intensity of precipitation under different cloud zones, km.

Results and Discussions
Results in Table 1-5 and Fig. 3-7 are presented.

In Fig. 3 real and calculated time-series of precipitation intensity P under zone with the
maximum radar reflectivity of the cloud on 13 June 2015 from 21.00 to 23.97 h are presented. Statistical
characteristics of the time-series of P and the values of the coefficients of the corresponding regression
equation in Table 1 are presented. As follows from Fig. 3 and Table 1 the average value of P for the
entire observation period was 134.7 mm/h, the range of variability was 23.5+371.4 mm/h. The time
series of P values is satisfactorily described by a fifth power polynomial (corresponding values of the
parameters R? and Kow).

In Fig. 4 time-series of areas of precipitation of different intensity S under the cloud from 21.00
to 23.97 h are presented. Corresponding statistical characteristics of S values in Table 2 are presented.
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Fig.3. Time-series of precipitation intensity under zone with the maximum radar reflectivity of the
cloud on 13 June 2015 from 21.00 to 23.97 h.

Table 1. Statistical characteristics of the precipitation intensity of cloud in the region of Akhaldaba on
13 June 2015 with 21.00 to 23.97 h. under the zone with the maximum radar reflectivity (mm/h).

Max Min Average St Dev R? Kow
371.4 23.5 134.7 83.4 0.76 1.46
P=at5+b- th+c- t3+d- ti+e-t +f
a b c d e f
-31.243 3420.807 -149678 3271531 -3.6E+07 1.56E+08

& S(P>3 mm/h) O S(P>6 mm/h) S(P>12.5 mm/h)
S(P>25 mm/h) *— S(P>50 mm/h) O S(P>100 mm/h)
350 o
od
300 3 ) 3 <><><> 5
250 ¢ OO m|
Dl:bo 00000 |<:>| oo N N oo 0o
<o
., 200 e 0.0 S ® Ij<:>||:':||:I 0
150 & P > [JEJ m| O
P
100 dgf_jﬁ Qoo
50 XK
K GKARRK KK ™~ Kk
KK AR, KKK e KK A K Kok
0 B0 OB DD OB AR P PP
21.0 215 22.0 225 23.0 235 24.0
hour

Fig.4. Time-series of areas of precipitation of different intensity under the cloud from 21.00 to 23.97 h.

As follows from Fig. 4 and Table 2 average values of S change from 3.9 km? (P>100 mm/h) to
204.6 km? (P>3 mm/h). The range of variability — from 0 (P>100 mm/h) to 339 km? (P>3 mm/h).
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Coefficient of linear correlation between S values change from 0.42 (pair S(P>3 mm/h)+~ S(P>100
mm/h), low correlation) to 0.96 (pair S(P>3 mm/h)+ S(P>6 mm/h), very high correlation).

Table 2. Statistical characteristics of areas of precipitation of different intensity under the cloud from
21.00 to 23.97 h (km?).

S(P>3 S(P>6 S(P>12.5 S(P>25 S(P>50 S(P>100
Variable mm/h) mm/h) mm/h) mm/h) mm/h) mm/h)
Max 339 252 222 117 50 20
Min 62 35 17 6 0 0
Range 277 217 205 111 50 20
Average 204.6 162.7 116.2 67.8 22.9 3.9
St Dev 67.8 56.9 42.6 28.7 12.3 51
Cv,% 33.1 35.0 36.7 42.3 53.6 130.1
StErr 9.68 8.13 6.09 4.10 1.75 0.73
Correlation Matrix
S(P>3 mm/h) 1 0.96 0.86 0.73 0.52 0.42
S(P>6 mm/h) 0.96 1 0.93 0.81 0.60 0.47
S(P>12.5 mm/h) 0.86 0.93 1 0.89 0.65 0.43
S(P>25 mm/h) 0.73 0.81 0.89 1 0.80 0.60
S(P>50 mm/h) 0.52 0.60 0.65 0.80 1 0.77
S(P>100 mm/h) 0.42 0.47 0.43 0.60 0.77 1

The minimum value of R between adjacent values of S is 0.77 (pair S(P>50 mm/h) - S(P>100
mm/h), high correlation)

300
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E 100
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= n O O B B
21.00-21.47 21.52-21.98 22.05-22.45 22.52-22.98 23.03-23.45 23.50-23.97
S(P>3 mm/h) 104 146 226 244 207 286
S(P>6 mm/h) 75 117 186 189 169 229
S(P>12.5 mm/h) 48 87 143 123 130 159
S(P>25 mm/h) 26 45 79 65 89 99
O S(P>50 mm/h) 8 18 20 21 35 35
S(P>100 mm/h) 0.6 1.3 04 2.2 8.0 10.6
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Fig.5. Areas of precipitation of different intensity under the cloud at different time intervals.

In Fig. 5 areas of precipitation of different intensity under the cloud at different time intervals
are presented. For example, this area in time interval 21.00-21.47 h change from 0.6 km? (P>100 mm/h)
to 104 km? (P>3 mm/h). In time interval 23.50-23.97 h value of S change from 10.6 km? (P>100 mm/h)
to 286 km? (P>3 mm/h). About half an hour before the landslide (22.05-22.45 h) value of S change from
0.4 km? (P>100 mm/h) to 226 km? (P>3 mm/h).
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In Fig. 6 graph of dependence of the average intensity of precipitation under different cloud
zones (with P>3 mm/h ... P>100 mm/h) on the effective radius from the zone with the maximum radar
reflectivity (r).

100
28 P. = 0.0724r% - 1.5833r3 + 13.565r2 - 61.729r + 142.66
2 —
70 !
60
50
40
30
20
10

>mm/h

Fig.6. Dependence of the average intensity of precipitation under different cloud zones (P,) on the
effective radius from the zone with the maximum radar reflectivity (r).

This dependence has the form of a fourth power polynomial (Fig. 6). This regularity was used
to estimate the intensity of precipitation over the center of the landslide top (Table 3).

Table 3. Statistical characteristics of precipitation intensity over the center of the landslide top
on June 13, 2015 from 21.00 to 23.97 (>mm/h)

Max Min Average St Dev

65.1 1.0 43.6 28.8

As follows from Table 3 average value of precipitation intensity over the center of the landslide
top on June 13, 2015 from 21.00 to 23.97 was >43.6 mm/h, min - >1.0 mm/h and max - >65.1 mm/h.

Sum of precipitation (Ps) 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 are also evaluated (Table 4).

Table 4. 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.
Location Time Sum of precipitation, mm
Under zone with the maximum 21-23.97 402
radar reflectivity of the cloud 21-22.45 120
. 21-23.97 >134
Center of the landslide top 21-22.55 53

As follows from this Table P, value under zone with the maximum radar reflectivity of the cloud
was 402 mm in 21-23.97 h and 120 mm in 21-22.45 h (before landslide). P, value over center of the
landslide top was >134 mm in 21-23.97 h and >53 mm in 21-22.45 h (before landslide).

For comparison in the Table 5 data of the mean accumulated sum of precipitation in Thbilisi in
days with landslides and 3, 5, 7, 10, 20 and 30 days before landslides’ onset and on 15.05-13.06.2015,
and in Fig. 7 daily sum of precipitation in Thilisi from 1901 to 2020 are presented.
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Table 5. Data of the mean accumulated sum of precipitation in Thilisi in days with landslides and 3, 5,
7, 10, 20 and 30 days before landslides’ onset [34] and on 15.05-13.06.2015, (mm).

Days 1 day 3 days 5 days 7days | 10days | 20days | 30days
Average for |, 21.2 27.4 37.0 405 62.5 748
21 landslide

1505 493 | 493 510 | 5.7 | 589 | 1438 | 1466
13.06.2015 : ' ' ' ' ' '

160 147.2
140
120
100
e
=

Fig.7. Daily sum of precipitation in Thbilisi from 1901 to 2020 (max sum of precipitation = 147.2 mm
on August 16, 1955)

Over a 120-year period max sum of daily precipitation was 147.2 mm and on August 16, 1955
was observed. Note that the sum of precipitation under zone with the maximum radar reflectivity of the
cloud in 21-23.97 h (Table 4) 2.73 times higher than max daily P; value in Thbilisi in 1901-2020 (Fig. 7)
and 2.74 times higher than 30 days sum of precipitation before landslide on 15.05-13.06.2015 (Table 5).

Value of P over the center of the landslide top before landslide activation (>53 mm) at least
3.66 times higher landslide daily thresholds level for Thilisi (14.5 mm, Table 5).

It should be noted that at the meteorological station in Thilisi, a daily amount of precipitation
equal to 49.3 mm was recorded, which is also higher landslide daily thresholds level for Thilisi.

Thus, all conditions were created for the activation of the landslide process, followed by a
catastrophic flood in Thilisi.

Conclusion

As this study showed, radar measurements of precipitation intensity can be an effective tool for
monitoring and short-term forecasting of the activation of landslide processes. This is especially true for
locations where ground-based precipitation measurements are not available. In the future, we plan to
deepen research in this direction.
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AHOMAaJIbHBIE 0CAJIKH Tepel ONMoJI3HeM B AxaJjiiada (mpuropoa
Townaucu, I'py3us) 13 urons 2015 r. mo 1aHHBIM
PAaaAMOJIOKAIIMOHHBIX U3MeEPEeHM I

A.I'. AmupanamBuian, T.JI. Yeannze, /I.T. CBanan3e,
T.H. Hamanamsuiau, I'.A. TBaypu

Pe3rome

[IpencraBieHsl pe3ynbTaThl aHAIH3a PAAHOJIOKAIIMOHHBIX U3MEPEHHH MHTEHCUBHOCTH ocaakoB (P),
MPEIIICCTBYIONIMX OMOJI3HIO B paiioHe Axanngaba (mpuropon TOwnwcu, I'py3us) 13 urons 2015 1. ¢
21.00 10 23.97 4. B yacTHOCTH, MOTY4EHBI CIEAYIOIINE Pe3yabTaThl. BpeMeHHOH psii HHTEHCUBHOCTH
OCaJKOB B 30HE MAaKCHUMAaJbHOW PaJHOJIOKAIMOHHOM OTpakaeMOCTH O0Jlaka MMEET BHJ IMOJWHOMA
MATOW CTEeNEeHW. bBITM TONydeHBl BpPEMEHHBIE psIbl o0JacTeld BBIMANCHUS OCAJIKOB Pa3HOM
WHTEHCUBHOCTH I10Jl OOJAKOM M M3Yy4eHBl HX CTaTUCTHYECKHE XapakTepucTtuku. llomyuena
3aBUCHUMOCTh CPEAHEH MHTCHCUBHOCTH OCAJKOB HOA 00JaKOM OT 3(Q(EKTUBHOIO paanyca OT 30HBI C
MaKCHMaTbHOHN Pao0TPaKaTEIbHOMN CITOCOOHOCTBIO.

[IpuBeneHsl CTaTHCTUYECKHE XapaKTEPUCTUKH HHTEHCHUBHOCTH OCAJKOB HaJ LEHTPOM BEpIIHHBI
ornon3Hs. OleHUBaeTCs CyMMa OCaIKOB 0] 30HOH MaKCUMaJIbHOM paJoI0KallMOHHON 0TpakaeMOCTH
o0J1aKa ¥ HaJ IEHTPOM BepmuHbl onoi3Hs 13 utons 2015 r. ¢ 21.00 go 23.97 4. u niepe; ONMOJIZHEM C
21.00 1o 22.45 4.

KuroueBble ciioBa: atMoc(hepHbIe 0CAIKH, PaAHOIOKAIIMOHHBIC HAOIOICHNUS, OTIOJI3HU.
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ABSTRACT

The study and forecast of mesoscale dynamic processes in the coastal/shelf zones of seas and oceans is one of the main
issues of physical oceanography, because these zones experience the most significant anthropogenic load. Circulation
processes, which are closely related to temperature and salinity fields, make a significant contribution to the
distribution of various impurities of anthropogenic and natural origin in the marine environment. In the present paper,
a high-resolution numerical regional model of the Black Sea dynamics of M. Nodia Institute of Geophysics of lvane
Javakhishvili Tbilisi State University (RM-1G) is used to simulate and study some peculiarities of regional
hydrophysical processes occurring in 2010-2021 in the southeastern part of the Black Sea covering Georgian sector of
the Black Sea and surrounding water area. The RM-IG is based on a primitive system of ocean hydro and
thermodynamics equations in hydrostatic approximation written in the Cartesian coordinate system and is implemented
with a spatial resolution of 1 km under real atmospheric forcing.

Key words: circulation, pollution, modeling system, system of equations, boundary conditions.

1. Introduction

The study of formation and variability of main hydrological characteristics - currents, temperature,
salinity of the seas and oceans is of particular scientific and practical interest for coastal and shelf zones,
which experience the most significant anthropogenic load. Modeling and forecasting of coastal circulation
and thermohaline fields plays an important role in solving problems related to navigation and construction of
coastal structures, in the spatial-temporal distribution different impurities of anthropogenic and natural
origin, in assessing the state of the marine ecosystem. Many marine organisms are known to be very
sensitive to thermohaline conditions [1, 2]. Sea water temperature and water salinity play an important role
in forming of normal environment for marine living organisms and have a significant affect on species
biodiversity. Additionally, the important role of dynamic processes in the upper layer of the sea in the
interaction between the sea and the atmosphere should be noted.

In recent decades, the progress of computer technology has largely contributed to the widespread use
of numerical modeling methods in oceanology and, in particular, in the study of the Black Sea dynamics (e.
g., [3-12]). At present, numerical models of the Black Sea hydrodynamics are mainly based on a full system
of ocean hydro thermodynamics equations using different coordinate systems, methods of parameterization
of some physical factors and numerical algorithms.

In our previous works [13-15], some features of regional circulation processes in 2010-2013 and 2017-
2019 were numerically studied for the Georgian sector of the Black Sea.

In the present paper a numerical regional model of Black Sea dynamics of M. Nodia Institute of
Geophysics of lvane Javakhishvili Thilisi State University (RM-IG) is used to simulate and study some
peculiarities of regional hydrophysical processes developed in 2010-2021 in the southeastern part of the
Black Sea covering Georgian Sector of the Black Sea and surrounding water area. Our Participation in EU
scientific and technical projects ARENA (2003-2006) and ECOOP (2007-2010) provided us to calculate
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hydrophysical fields using real input data. We were able to receive all input data, corresponding to the above
time period, via Internet regularly. All these data provided the setting of the necessary initial and boundary
conditions on the sea surface and on the liquid boundary of the calculation area.

2. Description of the RM-IG

A high-resolution RM-IG is developed on the basis of the basin-scale model of the Black Sea
dynamics [16, 17], adapted to the southeastern part of the Black Sea, and is based on a full system of ocean
hydrothermodynamics equations written in Cartesian coordinate system for deviations of temperature,
salinity, pressure and density from corresponding standard vertical distributions. The RM-IG takes into
account: 1. The sea bottom relief and shoreline configuration; 2. Atmospheric forcing; 3. The absorption of
total solar radiation by the sea upper layer; 4. the spatial-temporal variability of factors of horizontal and
vertical turbulent viscosity and diffusion; 5. discharge of some rivers entering the eastern coast of the Black
Sea. Atmospheric forcing is taken into account by given at the sea surface wind stress, heat fluxes,
atmospheric precipitation and evaporation. Corresponding meteorological fields at the sea surface were
provided from models of atmospheric dynamics ALADIN or SKIRON.

As envisaged by the EU projects ARENA and ECOOP the RM-IG was nested in the basin-scale model
of Marine Hydrophysical Institute (Sevastopol) and is a core of the regional marine forecasting system for
the southeastern part of the Black Sea, which covers Georgian coastal zone and surrounding water area [18,
19].

To solve the model equation system the two-cycle splitting method is used with respect to physical
processes, coordinate plains and lines [20, 21].

3. Results and discussion

At present, as a result of numerous experimental and theoretical studies, the basin-scale circulation
pattern of the Black Sea is well known. In general, the Black Sea circulation is cyclonic and consists: of the
Rim Current, which, in the form of a cyclonic jet stream, passes along the periphery of the sea basin; internal
cyclonic eddies; coastal anticyclonic eddies formed in the area between the Rim Current and shoreline.
Numerous comprehensive studies show that against the background of this general circulation picture, the
coastal and shelf zones of the Black Sea are characterized by a large variability of dynamic processes [22,
23]. Numerical experiments on modeling regional dynamic processes in the southeastern part of the Black
Sea, carried out by us using RM-IG, confirm these conclusions. Circulation processes in the Georgian water
area of the Black Sea are characterized by great diversity and variability with permanent generation and
dissipation of mesoscale and submesoscale eddies, which significantly affects the distribution of various
impurities, temperature and salinity fields. The main factor providing seasonal and interannual variability of
hydrophysical processes is atmospheric forcing. Atmospheric processes over the Black Sea are characterized
by high variability, which significantly affects the circulation of the Black Sea and the distribution of
thermohaline fields in the upper layer [24].

With the purpose of model computer realization, the solution domain, which is limited by Caucasus
and Turkish shorelines and by western liquid boundary passing along the meridian 39.08E, was covered with
a grid 215x347 having horizontal resolution 1 km. On a vertical the non-uniform grid with 30 calculated
levels on depths: 2, 4, 6, 8, 12, 16, 26, 36, 56, 86, 136, 206, 306,..., 2006 m was considered. The time step
was equal to 0.5 h.

The model results were compared with available observational data — satellite SST (sea surface
temperature) derived from NOAA satellites (http://dvs.net.ru/mp/data/201806bs_sst.shtml) and the
Geostrophyc currents reconstructed on the basis of satellite altimeter data [19, 25, 26]. These comparisons
have shown the ability of the RM-IG to reliably predict hydrophysical fields in the southeastern coastal zone
of the Black Sea.
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The structure of the surface regional circulation is characterized by significant seasonal changes and
often differs in the warm (April-October) and cold (November-March) periods of the year. In the warm
season, the main element of regional circulation is often the Batumi anticyclonic eddy, although it can also
form in the cold period. In October-November, the Batumi eddy often gradually weakens and it gradually
transforms into smaller eddy formations.
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Fig. 1. Simulated sea surface circulation for different moments of time: (a) — 6 October 2012, (b) — 19
October 2013, (c) — 5 January 2014, (d) — 18 May 2015, (e) — 29 October 2019, (f) — 30 August 2021.

Often the winter circulation is dominated by cyclonic motion; in some cases the winter circulation is
characterized by the formation of relatively small cyclonic and anticyclonic eddy formations with a diameter
of about 40-60 km.

Fig.1 shows the simulated sea surface flow corresponding to different years and seasons. The Figure
well illustrates the significant diversity of the circulation mode in the southeastern part of the Black Sea.
From Fig.1a is well visible, that on October 6, 2012, the sea circulation was characterized by the formation
of a stable Batumi anticyclonic eddy with a diameter of about 200 km. This circulation mode was maintained
almost throughout October. It should be noted that the Batumi eddy appears with different intensity in
different years. Our calculations showed that the Batumi eddy was the most stable formation in the summer
and first half of the autumn of 2010 and 2011during 2010-2021. It covered the largest area of the considered
modelling area and its structure remained practically unchanged vertically for several hundred meters.
Calculations show that in some warm seasons the Batumi eddy may be practically absent. For example, the
Batumi eddy was practically not observed during the summer 2018 and circulation was characterized with
formation of different eddies with relatively small sizes. In our opinion, the question of the Batumi eddy
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generation mechanism has not yet been finally established. There is a hypothesis of the direct impact of the
wind associated with negative wind vorticity over the southeastern region, but there are also other
hypotheses [23]. Numerical study carried out in [27] using the basin-scale model of Black Sea dynamics [16,
17] with different climate data shows that thermohaline conditions are a very important factor in the
generation of the Batumi eddy.

An analysis of computational experiments shows that strong winds acting over the Black Sea basin
prevent the development of eddy-forming processes and have a smoothing effect on the surface current. At
this time, the flow velocities increase significantly and can exceed 100 cm/s. The circulation presented in
Fig. 1b corresponds to October 19, 2013, when strong winds prevailed over the eastern part of the Black Sea.
It can be seen from this Figure that the wind had a smoothing effect on the circulation, and the flow was
practically irrotational. The maximum current velocity in this case reached 60 cm/s, and in a large part of the
water area the current was directed from the west towards the coast of Georgia.

In Fig.1 is well visible, that in many cases the regional circulation in the southeastern part of the Black
Sea is characterized by intense mesoscale cyclonic and anticyclonic vortex formations during all seasons in a
wide range of scale sizes. In a narrow zone along the Georgian coastline, the formation of small unstable
submesoscale eddies is observed (Fig.1e,1f), which is typical for the Caucasian coast [22].
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Fig.2. simulated salinity fields at following time moments: (a) — 6 October 2012, z = 50 m; (b) — 5 January
2014, z = 20 m; (c) — 30 August, 2021, z= 20 m.

Eddy formations make significant contribution to the formation of salinity and temperature fields
having feedback with the flow field. The influence of mesoscale eddies on the distribution of various
pollutants is also of great importance.

Data analysis 2010-2021 shows that the distribution of the salinity field in the considered regional area
has undergone certain changes and correlates well with the current field. To illustrate this fact, Fig.2 shows
the calculated salinity fields at the depths of 20 and 50 m in different years and seasons. Comparison of
salinity fields illustrated in Fig.2 with corresponding circulation fields (Fig. la, 1c, 1f) shows that
anticyclonic eddies contribute to the formation of low salinity waters in its central part, while in the central
part of cyclonic eddies waters with high salinity are observed. The ascending current in the center of the
cyclone contribute to the transfer of more saline waters from the deep layers to the upper ones, but the
downward current in the central part of the anticyclonic eddy carries less saline water from the surface layers
to the lower ones.

In Fig. 3 simulated sea surface temperature (SST) fields are shown at the same time moments as in
Fig.2. SST is one of the main factors contributing to sea-atmosphere interaction. The sea surface
temperature field is formed by the influence of several factors - the thermal interaction between the sea and
the atmosphere, the absorption of solar radiation, advection-diffusion factors. It is a regularity that waters at
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the Georgian nearshore are characterized by a relatively high temperature, which is apparently due to
meteorological conditions.
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Fig.3. simulated sea surface temperature at the same time moments as in Fig.2.
Conclusion

The regional hydrophysical processes occurring in 2010-2021 in the southeastern part of the Black
Sea, which covers the Georgian sector of the Black Sea and surrounding water area, are numerically
investigated. The basis for these studies was the numerical baroclinic regional model of the Black Sea
dynamics, developed at M. Nodia Institute of Geophysics of Ivane Javakhishvili Thilisi State University
(RM-IG). The RM-IG is based on a full system of ocean hydrothermodynamics equations and provides to
calculate main hydrophysical fields — the current, temperature and salinity with 1 km spacing. All real input
data required for initial and boundary conditions of model equation system were providing via Internet.
Calculations showed some specific features of the regional circulation for the southeastern part of the sea
basin, which is characterized by generation and transformation of different mesoscale eddies. Such eddies
make a certain contribution to formation of thermohaline fields. Anticyclonic eddies promote formation of
waters with low salinity in the central part of the eddy, but cyclonic eddies - formation waters with relatively
high salinity in the central part. For the distribution of the SST field, it is characteristic that the waters close
to the coastline of Georgia are often characterized by relatively high temperatures.
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YucyeHHoOe MCCIeI0BAHNE H3MEHYNBOCTH THAPOJOTMYECKOI0 peKxnuMa
I0ro-BocTo4YHOM Yactu Yepuoro mops (2010-2021 rr.)

. U. IemerpamBuiu, B. I'. Kyxanamsuiu, /1.Y. KBapauxeiana
Pe3srome

Wzyuenne u MporHO3 ME30MAacHITaOHBIX TUHAMHUYECKUX TPOIIECCOB B MPHOPEKHO-MIETh(POBBIX 30HAX
MOpEi U OKEaHOB SIBIISIETCSl OJHUM M3 OCHOBHBIX BOIPOCOB (PH3MUYECKON OKeaHOrpaduu, Tak KaK dTH 30HEI
UCTBITHIBAIOT HanOoJiee 3HAYUTENbHYIO aHTPOIIOTEHHYIO Harpy3Ky. LIMpKy/siunoHHBIE POLIECCHI, KOTOPBIE
TECHO CBSI3aHHBI C MOJSIMUA TEMIIEPATYpPhl U COJICHOCTH, BHOCST 3HAYUTEIIHHBIA BKJIAJ B PacHpOCTpaHEHHE
Pa3IMYHBIX MPUMECEH aHTPONOTCHHOI'O M MPUPOJHOIO TPOUCXOXKIACHUS B MOPCKOH cpenie. B Hacrosmiei
pabote, ¢ UCMOJIB30BAaHUEM BBICOKOpa3pELIAONIel PErnOHANIBHOM, YUCIIEHHON MoJiesin TuHaMuku YepHoro
Mopsi uHCcTUTyTa reopusuku um. M. Hogna (RM-1G) TOunmcckoro rocy1apcTBEHHOTO YHHUBEPCUTETA HM.
WB. JIkaBaxWIIBWIM MOJICIUPYIOTCS W  HCCIEAYIOTCS HEKOTOphIE OCOOCHHOCTH PErMOHABHBIX
TUIPOPU3HMUECKUX MpoleccoB, npoucxoaamux B 2010-2021 rr. B 10ro-BocTouHol yactu YepHOro mops,
KOTOpasi BKJIIOWAaeT B ceds Trpy3MHCKHH cexkTop UepHoro Mops W mpuieramomlyto aksaroputo. RM-1G
OCHOBaHA Ha TPUMHUTHBHOW CHCTEME YypaBHEHUI THIPOTCPMOJMHAMHKH OKEaHa B THJIPOCTATUYECKOM
PUONIVDKEHUH, 3alIMCAHHOW B JIEKapTOBOI CHCTEME KOOPAMHAT, M PEaN30BaHa C IIPOCTPAHCTBEHHBIM
pasperienueM | KM npu peaqbHOM aTMOC(EpHOM BO3IEHCTBUH.

KuroueBsble ciioBa: IUPKYJALMS, 3aTrpA3HEHNE, CUCTEMA MOJIEIMPOBAHNUS, CUCTEMa YPaBHEHHM, TpaHUYHBIE
YCIIOBHSL.
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ABSTRACT

The North Atlantic Oscillation, Quasi Biennial Oscillation, their negative and positive phases are discussed in
presented article An EIl Nifio event is a prolonged period of abnormally high sea-surface temperatures (SST) in the
tropical Pacific Ocean. It goes hand in hand with changes in atmospheric conditions and can have strong
repercussions on global weather patterns. El Nifio can also significantly affect the global average temperature The
ECMWEF seasonal forecast system has been operational for more than five years and will soon be replaced by an
upgraded system SEASS.

Key Words: North Atlantic Oscillation (NAO), sea level pressure, Quasi Biennial Oscillation (QBO), sea surface
temperature, EI NINO.

Introduction

The North Atlantic Oscillation (NAO) is a prominent “seesaw’ of atmospheric surface pressure
fluctuation between the Azores and Iceland that has been meteorologically well defined since at least the late
19th century [1]. It is defined using the NAO index, which is typically a normalized mean sea-level pressure
(SLP) index between a southern station located in the Azores or continental Iberia and a northern station in
western Iceland [2-5]. The NAO has historically been recognized since at least the time of the Vikings;
pioneering work based on early instrumental meteorological records was undertaken by Hildebrandsson
(1897), who using surface air pressure data discovered the inverse relation between Iceland and Azores
pressure, and by Sir Gilbert Walker who in works published in 1924 and 1932 (the latter with Bliss)
undertook correlation analysis and constructed a robust multivariate NAO index based on surface air
pressure and surface air temperature data from several European stations [6].

The strength of the pressure difference between the high- and low-SLP centers of action exerts a
strong control over the strength and direction of the mid-latitude westerly storm tracks. As such, the NAO
has been linked to a variety of climatological, biological, hydrological, and ecological variables across
several locations [7,8], but is most frequently recognized as directly affecting the west of Europe (from
Iberia to Scandinavia) and North America. A greater than normal pressure difference between the Azores
and Iceland is a positive NAO, and a weaker than normal pressure difference is a negative NAO. During the
winter months, a positive NAO is associated with warmer and wetter conditions across northwest Europe and
cooler and drier conditions across southern Europe as the stronger pressure gradient between the Azores and
Iceland drives the storm tracks poleward. The opposite is generally true for negative NAO conditions as the
weaker pressure gradient generally results in southward-shifted storm tracks, and a SLP reversal will
typically result in more easterly conditions. As such, the NAO index is strongly related to favored positions
of the North Atlantic atmospheric polar jet stream.

The principal component (PC)-based NAO index [9], uses the first empirical orthogonal function
(EOF) of atmospheric pressure variability across the North Atlantic region and is strongly correlated with the
station-based index. NAO indices are closely related to the Arctic Oscillation (AQ) index—the latter being
the first EOF of variability of atmospheric surface pressure across the whole Northern Hemisphere north of
20°N [10], but there are subtle and notable differences in NAO and AO variations [11], and the NAO can
perhaps best be seen as the regional Atlantic-wide manifestation of the AO.

The Quasi-Biennial Oscillation (QBO) is an oscillation of equatorial stratospheric zonal winds with a
downward propagating phase taking approximately 1 year from the stratopause to the tropopause. It is
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relevant for interannual variability of stratospheric dynamics and composition, both in the tropics and the
Polar Regions. It has also been demonstrated that the QBO affects tropospheric weather, either through its
effect on the stratospheric polar or perhaps directly through interaction with tropical convection.
Tropospheric imprints were found in the Eurasian region, including the North Atlantic or Arctic Oscillation
and Eurasian snow cover. The QBO has also been claimed to affect the Indian monsoon system, Atlantic
hurricane frequency.

Direct observations of equatorial stratospheric winds by means of balloons go back to 1908, when
Berson, in an expedition to East Africa, reported unexpected westerly winds in the lower. These westerlies
were confirmed by van Bemmelen and Braak (1910), who performed observations of upper-level winds in
Batavia from 1909 to 1918. Lower stratospheric westerlies were also confirmed by the observations of
another volcanic eruption plume (Semeru, 15 November 1911), as reported by Hann and Siiring (Hamilton,
2012). Reconciling Berson’s westerlies with the expected easterly winds remained a challenge until the
discovery of the QBO in the 1960s [12]. Stratospheric wind observations were very sparse prior to the 1950s.
The early results were summarized by Schove ([13] and Hamilton [14]. After the 1950s, when a global
radiosonde network was built up, stratospheric winds were operationally observed in the equatorial region.

It is known that the QBO affects the atmospheric circulation in the temperate latitudes and its
influence propagates to the Earth surface. Regular measurements of the mean zonal wind components are
carried by the radiosonde stations of the equatorial belt since 1953.The period of the oscillation is about 28
months. The winds in the eastward phase of the QBO are approximately twice as strong as those in the
westward phase. The signal of the QBO cycle was detected not only in the variability of the stratospheric
zonal and meridional wind, temperature, and geopotential height [15,16], but also in its influence on the
surface meteorological parameters as well, for example, air temperature [17,18], precipitation [19-22], and
snow cover [23,24]. In previous studies, the significant QBO signal was detected in September and October
precipitation in the period from1953 to the 1980s in the region of the British Isles, in the Central European
region and in Belarus. Regions of the eastern Ukraine and adjoined regions of Russia had the significant
QBO signal in precipitation in May.

The quasi-biennial oscillation (QBO) is the dominant variability in the equatorial stratosphere
characterized by alternating downward easterly and westerly winds every ~28 months on average driven by
propagating waves. Though originating in the equatorial region, the QBO is known to influence the Arctic
stratosphere, most prominently during boreal winters via the Holton—Tan (H-T) mechanism : During the
descending easterly QBO (eQBO) phase, the westerly part of the waveguide for the planetary stationary
waves is narrowed and squeezed more poleward, causing greater perturbation of the polar vortex and
sometimes resulting in more sudden stratospheric warming events (SSWs conversely, during the descending
westerly QBO (wQBO) phase, the waves are less restricted latitudinally and the polar vortex is more stable,
resulting in an anomalously cold Arctic stratosphere.

Discussion

One current hypothesis to explain possible solar-climate connections is based on the fact that solar
ultraviolet (UV) variability in the Schumann-Runge bands (175-200 nm) alters the radiative heating of the
equatorial upper stratosphere through changes in ozone photochemistry. Subsequent changes in stratospheric
temperatures and winds resulting from this initial heating perturbation could then propagate downward,
affecting the tropospheric circulation and climate through a feedback mechanism involving wave-mean flow
interactions.

There is observational evidence that the duration of the westerly QBO phase is 3 to 6 months shorter
during periods of solar maximum than during solar minimum, and this modulation requires a temperature
change of 1-2 K near the equator for the inferred changes in vertical wind shear to balance a solar-induced
anomaly in the meridional temperature gradient via the thermal wind relationship [21,22].

The first significant observed deviation from the normal QBO since its discovery in early 1950s was
noted beginning in February 2016 when the transition to easterly winds was disrupted by a new band of
westerly winds that formed unexpectedly. The lack of a reliable QBO cycle deprives forecasters of a
valuable tool. Since the QBO has a strong influence on the North Atlantic Oscillation and thereby north
European weather, the coming winter could be warmer and stormier in that region. NASA scientists have
been researching to test if the extremely strong El Nifio event of 2015/16, climate change, or some other
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factor might be involved. They are trying to determine if this is more of a once in a generation event, or if
this is a sign of the changing climate

The Quasi-Biennial Oscillation can affect the Atlantic jet stream. The speed of the winds in the jet
stream weakens and strengthens with the direction of the QBO. The jet stream is an important atmospheric
feature that brings us our weather here in the UK, and the risk of winter conditions in Northern Europe can
differ depending on the phase of the QBO:

O When the QBO is easterly, the chance of a weak jet stream, sudden stratospheric warming events
and colder winters in Northern Europe is increased.

0 A sudden stratospheric warming (SSW) is an event in which the polar stratospheric temperature rises
by several tens of Kelvin (up to increases of about 50 °C (122 °F)) over the course of a few
days. The change is preceded by a situation in which the Polar jet stream of westerly winds in the
winter hemisphere is disturbed by natural weather patterns or disturbances in the lower atmosphere.

O When the QBO is westerly, the chance of a strong jet, a mild winter, winter storms and heavy
rainfall increases.

QBO and solar variability modulate stratospheric winds in the winter hemisphere, which modifies
the propagation conditions for planetary waves and feeds back on winds and temperature. It has been
suggested by Holton and Tan [25,26] that, during the westerly QBO phase, the polar vortex is stronger and
colder than during the easterly phase. Since then, several authors have shown that this effect holds mainly for
early winter months and also depends on the solar cycle phase being significant only during solar minimum

The North Atlantic Oscillation (NAO) is measured as the difference in pressure between the
Icelandic Low and the Bermuda-Azores high. Positive NAO occurs with a large pressure difference and a
strong storm track, which brings wet and stormy weather to North West Europe; Negative NAO has a small
pressure difference and is associated with dry weather in North West Europe. The NAO is associated with
the Arctic Oscillation (AO), which is defined as the leading Empirical Orthogonal Function of the NAO and
extends up into the stratosphere. Many researches consider the NAO as a \bell", because it is an amplified
response to small forthings and is amplified beyond what one might expect compared to the stratospheric /
upper tropospheric signal.

Two factors, which force the NAO, are the solar cycle and to a lesser extent the Quasi-Biennial
Oscillation QBO); the oscillation between easterly and westerly winds in the equatorial stratosphere. Solar
activity is found to influence the NAO such that strongly negative winter NAO values (which cause cold and
dry conditions in North West Europe) rarely occur during periods of high solar activity [18,19].

The North Atlantic Oscillation (NAO) is one of the major modes of variability of the Northern
Hemisphere atmosphere. It is a large scale see-saw in atmospheric mass between the subtropical high and the
polar low exerting a strong control on winter climate in Europe, North America, and Northern Asia. The
NAO index is defined as the normalized pressure difference between stations on the Azores and Iceland.

A positive NAO index indicates a stronger than usual subtropical high pressure center and a deeper
than normal Icelandic low. The increased pressure difference results in more and stronger winter storms,
crossing the Atlantic Ocean on a more northerly track. This results in warm and wet winters in Europe and
cold and dry winters in Greenland and Northern Canada, while the eastern United States experiences mild
and wet winter conditions. A negative NAO index points to a weak subtropical high and a weak Icelandic
low. The reduced pressure gradient results in fewer and weaker winter storms crossing mostly on west-east
paths bringing moist air into the Mediterranean and cold air to Northern Europe. The east cost of the United
States gets more cold air and snow while Greenland enjoys mild winters

After ENSO, the NAO is one of the most dominant modes of global climate variability. Like El
Nifio, La Nifa, and the Southern Oscillation, it is considered a free internal oscillation of the climate system
not subjected to external forcing. It is shown, however, that it is closely linked to energetic solar eruptions.
Surprisingly, it turns out that features of solar activity that have been shown to be related to El Nifios and La
Ninas, also have an impact on the NAO.

Westerly winds blowing across the Atlantic bring moist air into Europe. In years when westerly are
strong, summers are cool, winters are mild and rain is frequent. If westerlies are suppressed, the temperature
is more extreme in summer and winter leading to heat waves, deep freezes and reduced rainfall.
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A permanent low-pressure system over Iceland (the Icelandic Low) and a permanent high-pressure
system over the Azores (the Azores High) control the direction and strength of westerly winds into Europe.
The relative strengths and positions of these systems vary from year to year and this variation is known as
the NAO. A large difference in the pressure at the two stations (a high index year, denoted NAO+) leads to
increased westerlies and, consequently, cool summers and mild and wet winters in Central Europe and its
Atlantic facade. In contrast, if the index is low (NAO-), westerlies are suppressed, northern European areas
suffer cold dry winters and storms track southwards toward the Mediterranean Sea. This brings increased
storm activity and rainfall to southern Europe and North Africa.

Especially during the months of November to April, the NAO is responsible for much of the
variability of weather in the North Atlantic region, affecting wind speed and wind direction changes, changes
in temperature and moisture distribution and the intensity, number and track of storms. Research now
suggests that the NAO may be more predictable than previously assumed and skillful winter forecasts may
be possible for the NAO.

The North Atlantic Oscillation is usually described as a movement of atmospheric mass between the
Arctic and the subtropical Atlantic [27]. There is no unique way to define the NAO. However, there are two
pressure areas often used when describ-ing the phenomenon, the Icelandic low- and the Azores high-pressure
systems. The variations in sea level pressure between these two areas generate a pres-sure gradient. Because
of this pressure gradient, west-erly winds over the North Atlantic are generated [27]. The westerly winds,
also known as “jets”, reach their maximum speed of 40 m/s at about 12 km up in the troposphere [1].

The NAO exhibits considerable inter-seasonal and inter-annual variability, and prolonged periods
(several months) of both positive and negative phases of the pattern are common. The wintertime NAO also
exhibits significant multi-decade variability [2, 28]. For example, the negative phase of the NAO dominated
the circulation from the mid-1950's through the 1978/79 winter. During this approximately 24-year interval,
there were four prominent periods of at least three years each in which the negative phase was dominant and
the positive phase was notably absent. In fact, during the entire period the positive phase was observed in the
seasonal mean only three times, and it never appeared in two consecutive years.

An abrupt transition to recurring positive phases of the NAO then occurred during the 1979/80 winter,
with the atmosphere remaining locked into this mode through the 1994/95 winter season. During this 15-year
interval, a substantial negative phase of the pattern appeared only twice, in the winters of 1984/85 and 1985/
86. However, November 1995 - February 1996 (NDJF 95/96) was characterized by a return to the strong
negative phase of the NAO.

When measuring the NAO different statistical methods can be used, either station-based or pattern-
based [27]. A station-based index is measured as the normalized sea level pressure differences between two
monitoring stations in the vicinity of the Icelandic low and Azores high. Alternatively, a spatial-based
index, or a principal component based index, can be calculated from performing principle component
analysis on the mean sea level pressure anomalies over the North Atlantic sector (usually between 20-80°N
and 90°W-40°E) [27]. The NAO is described as being in an either positive or negative phase (see Fig. 1).
These phases are describing the strength of the circulation pattern. In a positive (NAO+) state the Icelandic
low and the Azores high are well developed, resulting in a greater pressure gradient between these two
areas. A greater pressure gradient causes stronger and more northern westerly winds. In a negative (NAO-)
phase the pressure anomalies at the nodes of the NAO are less developed than normal and as a result the
westerly winds get weaker and are positioned further south. However it is important to point out is that
there is not only a confined positive and negative phase of the NAO, but also everything in between [27].
The NAO affects the climate mainly during wintertime when the NAO accounts for more than one-third of
the total sea level pressure variance over the North Atlantic Ocean [1]. During summertime the spatial
extent of the NAO and the sea level pressure variance are smaller than during winter. Atmospheric
variations are lager during wintertime which makes the effect of the NAO on surface climate bigger than
during summertime. Because of this, most research on the NAO is restricted to wintertime, however the
NAO is still noticeable all year around [1]. There have been periods when the NAO persisted in an either
positive or negative phase. During the beginning of the last century until approximately 1930 the NAO
winters were characterized by a positive phase. During the 1960s the NAO winters instead showed
persistent negative NAO anomalies [1]. Although decadal NAO trends is shown, it is observed that
variations in the NAO can occur on very different timescales, making it hard to assess any preferred
timescale of the NAO variability. The positive and negative NAO phases are also connected to different
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patterns of precipitation as a result of variations in the strength and paths of storms generated over the
Atlantic. During a positive NAO the North Atlantic storm track is usually directed more north-eastward
over northern Europe than during negative NAO winters [1]. This makes positive NAO phases associated to
precipitation anomalies above normal in northern Europe and Scandinavia, while the precipitation levels
over southern and central Europe are below average. The opposite precipitation pattern is notable during
negative NAO phases.

The Southern Oscillation and the North Atlantic Oscillation are comparable climate phenomena
though located in different world regions. So | adopted the working hypothesis that the NAO, if subjected to
solar forcing, would be related to the same phases of eruptional activity within the 11-year sunspot cycle as
ENSO events. To test this hypothesis, | investigated yearly means of the NAO index covering 1825 to 2000.
Jones et al. (1997) used early instrumental data to extend the index back to 1825. These data are available at
the Climate Research Unit of the University of East Anglia (2001). When | subjected the time series to 5-
year moving window Gaussian kernel smoothing (Lorczak), the smoothed curve displayed 36
extrema (maxima and minima). | related the dates of these NAO extrema to the respective sunspot cycles
normalized to 11 years [14,15,16]. An analysis of the normalized positions of the extrema within the 11-year
cycle showed that just the points a, d, a/d, and d/a, which play a major role in the relationship with ENSO
events, show a close connection with NAO extrema when the data are shifted to offset a 1.5-year lag of the
NAO maxima and minima. As to ENSO events in the Pacific, such lags reach at most a few months. A wider
lag in the North Atlantic is acceptable as its location is far north of the equator where El Nifio and La Nifia
develop in a climate with a much higher energy potential. Thermal inertia of the oceans and marine currents
may be involved

The North Atlantic Oscillation (NAO) index is based on the surface sea-level pressure difference
between the Subtropical (Azores) High and the Subpolar - Low. The positive phase of the NAO reflects
below-normal heights and pressure across the high latitudes of the North Atlantic and above-normal heights
and pressure over the central North Atlantic, the eastern United States and Western Europe. The negative
phase reflects an opposite pattern of height and pressure anomalies over these regions. Both phases of the
NAO are associated with basin-wide changes in the intensity and location of the North Atlantic jet stream
and storm track, and in large-scale modulations of the normal patterns of zonal and meridional heat and
moisture transport, which in turn results in changes in temperature and precipitation patterns often extending
from eastern North America to western and central Europe.

Strong positive phases of the NAO tend to be associated with above-normal temperatures in the
eastern United States and across northern Europe and below-normal temperatures in Greenland and
oftentimes across southern Europe and the Middle East [29,30]. They are also associated with above-normal
precipitation over northern Europe and Scandinavia and below-normal precipitation over southern and
central Europe. Opposite patterns of temperature and precipitation anomalies are typically observed during
strong negative phases of the NAO. During particularly prolonged periods dominated by one particular phase
of the NAO, abnormal height and temperature patterns are also often seen extending well into central Russia
and north-central Siberia. The NAO exhibits considerable interseasonal and interannual variability, and
prolonged periods (several months) of both positive and negative phases of the pattern are common.

The NAO index is obtained by projecting the NAO loading pattern to the daily anomaly 500 millibar
height field over 0-90°N. The NAO loading pattern has been chosen as the first mode of a Rotated Empirical
Orthogonal Function (EOF) analysis using monthly mean 500 millibar height anomaly data from 1950 to
2000 over 0-90°N latitude.

The NAO has been linked with a variety of meteorological and non-meteorological effects across a
wide spatial and multiple temporal scales, and only a selection of these impacts can be mentioned here. For
example, in [31] showed a strong relationship between the mass balance of Scandinavian glaciers and the
NAO due to the controlling influence of the storm tracks by the NAO, which influenced precipitation
amounts, and glacier mass balance as a result. Coincidentally, the NAO has been shown to explain a large
amount of the variance in Norwegian streamflow (55%) and hydropower output (30%), influencing
electricity consumption and prices [32,33]. Baltic sea-ice extent is also strongly related to NAO changes
[33]. In work [34]) found an influence of the NAO as far south as 20°N in coastal upwelling-inducing winds
along the northwest African coastline. The great-circle distance between northwest Africa and Scandinavia is
~5,700 km, indicating the great spatial extent of the NAO influence. Recent NAO—climate linkages literature
includes a strong signal of the (non-summer) NAO on precipitation in Iraq [35], an influence on sea-ice
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breakup date in south-central Ontario [36]) and even a Southern Hemisphere influence, via a decadal-scale
mechanism, on subtropical eastern Australian rainfall [37].

Table 1. Five lowest and five highest NAO years for each calendar month and season, based on the Hurrell
PC NAO index and the January 1899—February 2016 period, updated from [11,22].

Month 5 lowest 5 highest

Jan 1966, 1969, 1940, 1963, 1945 1993, 1989, 1983, 1928, 1990
Feb 1947, 2010, 1978, 1942, 1960 1990, 1989, 1997, 2000, 1959
Mar 2013, 1962, 1958, 1931, 1952 1986, 1990, 1913, 1920, 1994
Apr 1966, 1978, 1988, 1979, 2008 1947, 2011, 1943, 1990, 1904
May 1993, 2008, 1954, 1952, 1909 1956, 1963, 2009, 1914, 2015
Jun 1902, 1903, 2009, 1982, 2011/2012 1994, 1961, 1967, 1922, 1919
Jul 2015, 1907, 1962, 2009, 1918, 1964, 1920, 1946, 1935, 1975
Aug 1943, 1964, 1958, 2011, 1966 1991, 1971, 1983, 1961, 2013
Sep 1998, 1930, 1968, 1939, 1915 1975, 1947, 2009, 1917, 1950
Oct 2006, 1960, 2012, 1966, 1968 1986, 1957, 1983, 1938, 1935
Nov 1910, 1947, 1955, 1915, 1965 1978, 1982, 1992, 1953, 1913
Dec 2010, 2009, 1961, 1995, 1978 2011, 2006, 1951/1982, 2004

Particular increase in the NAO between the 1960s and 1990s was widely noted in previous work and
was thought to be related to human-induced greenhouse gas forcing. However, since then this trend has
reversed, with a significant decrease in the summer NAO since the 1990s and a striking increase in
variability of the winter especially December—NAO that has resulted in four of the six highest and two of
the five lowest NAO Decembers occurring during 2004-2015 in the 116-year record, with accompanying
more variable year-to-year winter weather conditions over the United Kingdom. These NAO changes are
related to an increasing trend in the Greenland Blocking Index (GBI; equals high pressure over Greenland) in
summer and a significantly more variable GBI in December. Such NAO and related jet stream and blocking
changes are not generally present in the current generation of global climate models, although recent process
studies offer insights into their possible causes. Several plausible climate forcing and feedbacks, including
changes in the sun’s energy output and the Arctic amplification of global warming with accompanying
reductions in sea ice, may help explain the recent NAO changes. Recent research also suggests significant
skill in being able to make seasonal NAO predictions and therefore long-range weather forecasts for up to
several months ahead for northwest Europe [3,38]. However, global climate models remain unclear on
longer-term NAO predictions for the remainder of the 21st century.
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Climate phenomena subject to MJO influences include the monsoons and several climate modes
such as ENSO, the North Atlantic Oscillation (NAO), the AO and Antarctic Oscillation (AAO), the Pacific
North American (PNA) pattern, and the Indian Ocean Dipole (I0OD). While these climate modes all feed
back to the MJO, discussions in this section focus on MJO effects on them.

During winter, the positive (negative) phase of the AO, also known as the Northern Annular
Mode (NAM), is twice as likely to occur as the opposite phase when MJO convection is enhanced
(suppressed) over the Indian Ocean. When MJO convection is enhanced (suppressed) in the Eastern
Hemisphere, especially over the Maritime Continent, the number of days of positive (negative) AO phase
becomes large. In November—March, 18-21% of the variance in extratropical 1000-hPa geopotential
height is related to the MJO. The MJO influence on the AO is also through Rossby wave trains excited by
MJO convection and propagating from the tropical Pacific into the extratropics.

The southern hemispheric counterparts of the NAM and AO are the Southern Annular Mode (SAM)
and AAO. They are also influenced by the MJO. Negative (positive) phases of the AAO in austral winter
tend to occur when MJO convection is enhanced (suppressed) over the central Pacific. The SAM reaches its
maximum positive phase immediately after MJO convection peaks over the equatorial Indian Ocean. The
Antarctic circumpolar transport can be accelerated by MJO-enhanced surface westerly wind associated with
the SAM that covers almost the entire latitude circle at 60° S.

The NAO/NAM pattern is a result of the eddy-driven extratropical atmospheric circulation:
specifically, the transport of heat and momentum by stationary eddies (longwaves or planetary waves in the
northern polar jet stream) and transient eddies (cyclones and anticyclones forming within or along the jet
stream) ([22,39]. The polar jet stream is directly related to NAO changes and has mean latitude somewhere
between 50°N and 60°N over the eastern North Atlantic. The strongest westerly winds (of up to about 200
km/hr in the core of the jet near the tropopause) are typically experienced at these latitudes, and there is a
clear clustering of extratropical storm tracks along the polar jet stream. The prevailing direction is westerly
due to the Coriolis Effect of earth’s rotation, which deflects air masses to the right of their direction of
motion in the Northern Hemisphere. Longwaves develop in the jet stream because of orographic obstacles
(e.g., the Rocky Mountains over North America) or east—west heating contrasts between land and sea, or
variations in latent heating due to condensation and rainfall. Low- and high-pressure systems form due to
strong horizontal contrasts in temperature, typically where cold polar air meets relatively warm tropical air
masses. These transient eddies are very important in providing energy for maintaining the polar jet stream
flow and mid-latitude westerlies, otherwise friction with the surface would slow and eventually halt the
winds. However, a significant contribution to maintaining the westerlies-greater than in the Southern
Hemisphere—comes from the stationary eddies: this is due to the much stronger land—ocean contrast effects
in northern mid-latitudes [40,41].

Being linked with the jet stream, there is a deep and pronounced vertical structure to the AO and
NAO, which extends up into the stratosphere; this is most notable for the AO, which lies further north and is
more directly linked with the polar vortex. What happens in the stratosphere in polar winter can also have a
big bearing on conditions in the troposphere: for example, stratospheric sudden warming are associated with
a weakening and sometimes reversal of the polar vortex and development of negative NAO/ AO that
sometimes occurs in mid- to late winter [38,42]. Stratosphere—troposphere interaction and coupling is not
very well understood, yet is important for NAO dynamics [43]. It appears from theory and observations that
planetary-scale Rossby waves can propagate upwards from the troposphere into the stratosphere under
conditions of moderate westerly flow during boreal winter; the stratosphere is effectively decoupled from the
troposphere in other seasons. If the wintertime polar vortex is weak (strong), the upward-propagating waves
can (cannot readily) interact with and slow the upper-level westerly flow. There is also a kind of reverse
effect where airflow anomalies in the stratosphere can propagate down to affect the near-surface circulation
[44] Baldwin & Dunkerton, 2001). The time of operation of these changes is typically 2—-3 weeks, although
dynamical couplings range over timescales from daily to multidecadal [43].

Between the 1960s and 1990s the NAO was becoming more positive, but since then this trend has
tended to reverse. Recently updated observational records and reanalyses showed increasing variability of
winter NAO and AO, which is a feature not just of the 2000ts and early 2010ts but has been ongoing during
the 20th century.
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Conclusion

The forecasting systems were predicting the development of a potentially major El Nifio — a
warming of the equatorial Pacific Ocean which has impacts on weather patterns around the world. The
2015/16 El Nifio turned out to be in the same class as the biggest such events recorded in the 20th century.
Its evolution was well predicted by ECMWEF forecasts as well as by EUROSIP multi-model forecasts. The
latest forecasts for 2017 at the time of going to press are indicating the possibility of another El Nifio
developing later this year. El Nifio is the warm phase of the El Nifio Southern Oscillation (ENSO). The cool
phase is known as La Nifia. The two strongest El Nifios of the 20th century were those of 1982/83 and
1997/98, each of which was considered at the time a ‘once-in-a-century’ event. The El Nifio of 2015/16 is in
the same class as those of 1982/83 and 1997/98, and it set new records in the NINO4 and NINO3.4 regions
in the western and central Pacific.

60°N %vf \j’ff‘ffjif\\i é_;%)\/\:\\‘\-{f}:: v ; éy
40°N ‘ff “?‘“ﬂg /ii" 1 %
20°N %' oy ‘% ¢ 4 ' o J‘ﬁ_ﬁk

;? M l /g% Wpf;_re_g_ic%_n_NlNo&:; region NINO3 r_egit L@dx \'ﬁ

0 - - - -4 u[r:_za-l- crss e dp i et .
E Q:..;i. . »\:""‘ """""" \
B N, 3 NINOT+2 région A
20 [ C‘ T e
L~ 4 A
40°s |- = g o
60° : ; -
B vl R G SR e : ] wial il
100°E 160°W 60°W
R |
5 4 3 25 2 15 -1 05 02 02 05 1 15 2 25 3 4 5

(C)
Fig. 1. Average sea-surface temperature anomalies in November 2015, when the El Nifo event peaked in the
NINO3.4 region. The chart shows SST anomalies compared to the 1981-2009 average.

Fig. 1 shows the spatial structure of the El Nifio at its peak in November 2015. The vast extent of the
event — more than 10,000 km in zonal (east-west) extent — and its ability to influence the deep tropical
convection that drives the general circulation of the atmosphere is what gives El Nifio its global impact. El
Nifio variability is generally monitored by the use of indices, calculated from average sea-surface
temperatures (SST) over the regions marked on the map. NINO3.4, covering the central region of the
equatorial Pacific, is most commonly used as a measure of the overall strength of an ENSO event.

The 2015/16 El Nifio can best be understood by looking at the evolution of NINO3.4 SST (Fig. 2). In
a normal year, there is a pronounced seasonal cycle in SST, as indicated by the red line. El Nifio conditions
are normally monitored as anomalies with respect to this mean seasonal cycle. At the beginning of 2015, the
equatorial Pacific was already warm, as a leftover from borderline El Nifio conditions which developed
during 2014. The SST warmed at the usual rate during March, but continued warming through April and into
May, with temperatures approaching 29°C. Normally, the ocean surface cools from June to September, as
zonal winds strengthen and upwell cooler water at the equator, but in 2015/16 equatorial waters stayed warm
for a whole year, with peak temperatures reached in November. Thus the usual seasonal cycle was
completely upended. Due to the nature of the coupling between ocean and atmosphere in the equatorial
Pacific, this dramatic change in SST was both a symptom and a cause of corresponding major changes in
atmospheric winds and precipitation patterns.

The 2015/16 El Nifio broke warming records in the central Pacific, represented by the NINO3.4 and
NINO4 indices. At its peak in November 2015, the NINO3.4 SST anomaly reached 3.0°C, breaking the
previous record of 2.8°C set in January 1983. In the NINO4 region, large positive anomalies are hard to
achieve because average conditions are already warm. In 2015, the anomaly reached 1.7°C, a substantial
increase of 0.4°C on the previous record, set in 2009. SST analyses become less precise going back in time,
but the size of the anomalies in NINO4 and NINO3.4 means we are fairly confident that these are record
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values for the whole of the observational period back to 1860. By contrast, in the eastern Pacific (monitored
by indices for the NINO3 and NINO1+2 regions) the El Nifio remained below the level of the 1982/83 and
1997/98 events. It must be borne in mind that the anomaly records depend on the reference climate, which in
this case is a 30-year climate (1981-2010).
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Fig. 2. Observed sea-surface temperature anomalies at the equator from January 1997 up to December 2016,
compared to the 1981-2009 average.

Fig. 2 puts the current event in the context of the last 20 years. It shows the evolution of SST
anomalies at the equator from January 1997 (bottom) to December 2016 (top), with conspicuous spikes in
1997/98 and at the end of 2015. It shows that at the equator the 2015/16 event was exceptionally strong, but
not quite as strong as 1997/98. The peak warm anomalies were not so long-lived either, decaying quickly
after November 2015. The aftermaths of the events are also remarkably different; 1997/98 was followed by
an intense and long-lived cold La Nifa episode, while the 2016 La Nifia has been weak and short-lived. In
between, the chart shows fluctuations between warm El Nifio conditions and colder La Nifia episodes in the
central and eastern Pacific.
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Although ENSO is a coupled ocean—atmosphere phenomenon centered over the tropical Pacific, its
fluctuations affect the climate in other parts of the globe. During an ENSO event, the enhanced convection
over the warm waters in the central and eastern tropical Pacific triggers changes in the strength of the Hadley
circulation, leading to modifications in circulation patterns worldwide including, for example, the position of
the jet stream that flows from west to east over the North Pacific in winter months. By strengthening the
Hadley circulation, ENSO can trigger a cascade of deviations from normal rainfall and temperature patterns
around the globe. These remote impacts are called ENSO teleconnections. ENSO teleconnection patterns are
reflected in historical observations and are the basis of any empirical model.

The predictive skill of any dynamical model is strongly associated with the ability to accurately
reproduce ENSO teleconnections. It follows that in years when ENSO is active, seasonal predictions are
expected to be more accurate than in years when ENSO is in neutral conditions [45].

The year 2015 was hotter than any previous year in global datasets going back more than 130 years.
Global near-surface temperature was well over 0.4°C warmer than the 1981-2010 average and almost 0.1°C
warmer than the previous warmest year. The year 2016 was in turn nearly 0.2°C warmer than 2015 and
about 1.3°C warmer than pre-industrial levels, according to data released by the EU-funded Copernicus
Climate Change Service run by ECMWEF. El Nifio 2015/16 undoubtedly contributed to the record-breaking
global temperatures. The size of that contribution will not be addressed here. It is, however, important to
note that because of the warmer climate some of the ENSO impacts detected in historical data might not
necessarily materialise. Indeed, the challenge of seasonal prediction is to forecast ENSO impacts in a
changing mean climate. Dynamical models such as the one used by ECMWF have the potential to simulate
the effects of ENSO in a warming climate.

The ECMWEF seasonal forecast system has been operational for more than five years and will soon
be replaced by an upgraded system, SEAS5. SEASS will benefit from the latest IFS cycle upgrades, bringing
increased resolution in the ocean and atmospheric components. In a development of special interest for
Europe, it will for the first time include a dynamic sea-ice model.

In a separate development, the Copernicus Climate Change Service (C3S) is trialling a prototype
seasonal forecast service which offers multi-model El Nifio forecasts and is expected to replace the
EUROSIP multi-model system in due course. The core providers for this service are ECMWEF, the UK Met
Office and Météo-France. In addition, Italy’s Euro-Mediterranean Center on Climate Change (CMCC) and
Germany’s National Meteorological Service (DWD) will start submitting data for inclusion in the service’s
product suite in the course of 2017. They are now set to be joined by NCEP and JMA

SST anomalies in the tropical Pacific are already above zero, and all forecasts included in the C3S
seasonal multi-system predict that they will most likely continue to rise over the next few months. There is,
however, still considerable uncertainty about how strong the event will be.
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Fig. 3. The average sea-surface temperature anomalies from 1 to 8 June 2023, according to ECMWEF’s
Ocean Reanalysis System 5 (ORASS).
The plot shows average sea-surface temperature anomalies from 1 to 8 June 2023, according to
ECMWEF’s Ocean Reanalysis System 5 (ORAS5). The SST anomalies are calculated based on the 1993-
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2016 average. The boxes show commonly used areas for which anomalies are forecast. Areas around islands
are left blank (Fig. 3).

An El Nifo event temporarily increases global average 2-metre temperatures in the year after the
peak of the event. That is why the WMO is saying that global temperatures will probably “’surge to record
levels” over the next few years.

Substantial El Nifio events are also associated with significant changes in weather patterns,
especially in areas close to the tropical Pacific. The eastward movement of the warming of surface waters in
the tropical Pacific brings higher than average pressure and less rain to the western Pacific, and lower
pressure and more rain to the eastern Pacific.

El Nifo events also contribute to other climate anomalies around the world. The specifics of the
anomalies can differ from event to event, and the effects over Europe are particularly uncertain.
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Fig. 4. 13-month NINO3.4 SST anomaly plume in an ECMWF forecast from 1 May 2023. The monthly
mean anomalies are calculated relative to the 19812010 climatology.

ECMWEF also issues 13-month NINO3.4 anomaly forecasts on 1 February, May, August and
November as part of its open access forecasts. The May forecast suggests that high values are likely to
dissipate in the first part of next year, although it predicts a small chance that high anomalies will continue
well into 2024 (Fig. 4).
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ATMoc(epHbIe TepruoauYecKUue KoJIeOaHusl

M.P. TarumiBsuiau, A.M. IlanaBanauimBuan
Pe3rome

B npencrasienHoli crathe paccMoTpeHbl CeBepoariaHTHUecKoe KojeOaHue, KBa3uAByXJIEeTHee KonebaHue,
WX OTpUIIATENbHAs M TOJIOKUTeNbHast (asbl. SBnenne Dnb-HUHBO — 3TO JUIMTENBHBIN MEpHO aHOMAIBHO
BBICOKHX Temrieparyp nosepxHoctu Mops (TIIM) B Tponuueckoit yactu Tuxoro okeana. OH uaeT pyka oo
PYKY C M3MEHEHMSMH aTMOC(EPHBIX YCIOBUI M MOXKET UMETh CEPbE3HbIE IOCIEACTBUS ISl III00ANBHBIX
MOTOOHBIX YCJIOBUH. Onb-HUHBO TakKe MOXKET CYyLIECTBEHHO IOBIMATH Ha TINIOOAIBHYIO CPEAHION0
temneparypy Cucrema cezonHbix mporHo3oB ELICIIIT pabGoraeTr yxe Oonee ISATH JIeT W BCKOpe OymeT
3aMEeHEeHa MOJIEpHU3NPOBaHHON cucteMoit SEASS.

Kirouesbie cioBa: Cesepoarnantuyeckoe konebanue (NAO), naBneHue Ha YpOBHE MOps, KBasH
nByxierHee kojiebanue (QBO), TemnepaTypa noBepxHOCTH MOpsl, Di1b-HuHbo.

62



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. 63-66

Effect of Bordeaux Mixture on the Origin of Hail
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ABSTRACT

The paper discusses the territorial unit most vulnerable to hail in Georgia, Kakheti, and its istorical and current hail-
related situation. With the help of the views of famous scientists as well as surveys, the authors of the paper concluded
that nature isn 't the only reason for hailstorms. The cause can also be the chemical substances used in the grapevine care
process.

Key words: hail, Bordeaux mixture, Kakheti, coagulation, poisoning.

Introduction

The problem of hail damage is one of the most important problems in Georgia, in particular in the
Kakheti region. Vakhushti Bagrationi (1696-1737) wrote about the devastating actions of the hail in the Vere
Gorge but did not mention the Kakheti region. Well-known scientists M. Kordzakhia and academician F.
Davitaya were of the opinion that during the time of VVakhushti Bagrationi there was no hail in Kakheti because,
in the presence of abundant forest cover, there was no upward flow of air, which is one of the prerequisites for
hail [1]. However, it is difficult for us to agree with this opinion because, in those days, Kakheti was a densely
populated region with a well-developed agriculture. Probably, the vegetation cover of the region did not differ
much from the present one, and the conditions for the occurrence of hail damage should have been
approximately the same; and the vegetation cover, according to the scientists mentioned, prevents the upward
flow of air. The authors involved the study of V. Gigineishvili, who believes that hail in Eastern Georgia, in
particular in Kakheti, is mainly associated with the influx of cold air masses in the warm seasons. However,
these inflows cause intense hail damage only when local atmospheric conditions are favorable during this
particular period [1].

Main part

And if the formation of hailstones depends on local natural conditions, then the question of what
changes in the natural conditions of Kakheti could have taken place in the period from the 18th to the 20th
centuries that caused intense hailstorms in the region is appropriate. The answer to this question is partially
given in the scientific work [2], which considers the effect of Bordeaux mixture drops, as well as aerosols on
an increase in the crystallization temperature from -40 degrees to -5 degrees Celsius. The answer to the
question posed by us can be attracted by the fact that at the end of the XX century the 100th anniversary of
the use of Bordeaux mixture was celebrated worldwide, i.e. during the time of VVakhushti, Batonishvili did not

resort to spraying Bordeaux liquid. The hailstone is formed not only under the influence of Cuand SO, ions

contained in the Bordeaux mixture drops. The table of Zenger and Prupahar also lists other aerosols containing
Cu - ions [3], which act similarly to Bordeaux drops and increase the freezing point of drops to -5 degrees
Celsius. Among them is also a silver-iodine reagent. It is this reagent that is used today in an anti-hail rocket.
The reagent at a height of 2.5 - 4.5 km dissipates in the clouds within 30-35 seconds. Research in the 1980s

showed that during the spraying of vineyards in the settlements of Kakheti, the air contained Cu and SO, ions
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in large quantities. And this means that in the conditions of an ascending air flow, they fall into the zone of
city formation. This is confirmed by the fact that hail falls mainly in the interval from 2 to 5 hours. It is during
this period of time that the number of droplets accumulated during spraying reaches its maximum in the
atmosphere [1]. It is known that drops in clouds have different sizes and are often so supercooled that their
temperature can be equal to -40 degrees Celsius [4]. At this moment, the drop is in a metastable state, and if a
crystallization center enters it [5], the drop instantly turns into an ice crystal (hailstone). Therefore, the ingress
of crystallization centers both naturally and artificially into such clouds, where drops of various sizes have
already been formed, is especially dangerous, since this can lead to hail. It should also be noted that the drop
expands in the process of turning into a hailstone, and, accordingly, its density decreases by about 9%
compared to the density of water; in parallel, coagulation occurs and supercooled small water drops are
attached to the hailstones, which quickly freeze and as a result turn not into smooth streamlined balls, but into
rough hailstones of various shapes. Between the hail and the air, the coefficient of friction increases, and
therefore the upward flow of air easily lifts the hailstone high into the colder layers. It increases significantly
there, which is clearly seen from the Stokes formula [6]:

F =CpU?L’ (1)
where:

F - force of air resistance;

C is the drag coefficient;

p - air density;

U - hail speed;

L? - hailstone cross-sectional area;

The drag coefficient - C from the formula for streamlined bodies varies from 0.03 to 0.05, and for
non-streamlined bodies - C = 1.0 to 1.5.

With an upward flow, the air expands adiabatically and, accordingly, cools, which leads to the
formation of a hailstone crystal. In the process of crystal formation, heat is released, and a temperature
difference is formed between the hailstone crystal and the surrounding air, which in turn forms a micro updraft
around the hailstone. The ascending air flow carries the hail to higher layers of the atmosphere, which
contributes to the growth of the hailstone crystal. It is also important that the longer the hail is in the clouds,
the more the hail crystals, when colliding with each other, emit fragments, which, in turn, turn into
crystallization centers. Crystal hailstones drift, begin to move randomly in different directions, since some of
these crystals contain both positive and negative ions and they are affected by the electronic forces formed in
the clouds, the Earth's magnetic field, the force of attraction and the Coriolis force. Clouds move together with
hail, and the area of hail damage significantly increases [2]. The degree of coagulation also increases.

According to our research, spraying vineyards against hail damage is not a painless process.
Apparently, therefore, economically developed European countries have abandoned the method of introducing
crystallization centers into clouds using rockets to protect vineyards from hail, despite the fact that at one time
they were the pioneers of its application.

Hailstorms did not take place in the Pankisi Gorge, since vineyards were not planted there; and after
the 1980s, when vineyards appeared in the gorge like other regions, hailstorming became an intense
phenomenon. But in contrast to the Pankisi Gorge, in regions where instead of vines they began to breed
another agricultural crop that does not require spraying, hailstorming has ceased. For example, on the territory
of Enamta, on the agricultural land of the Dedoplistskharo municipality, vineyards were planted on an area of
300 hectares. In Soviet times, they were sprayed with chemicals (Bordeaux liquid), while using heavy
equipment. Over the past 20 years, the area of vineyards has decreased to 2 hectares, sprayed by hand, which
minimizes the level of bardo liquid in the atmosphere. After the decrease in the area of vineyards in Enamta,
no hail was recorded.
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During spraying, it is necessary to take into account the ecological state of both air and water, since
the sprayed substance eventually enters the water, and then the human body. Copper is a heavy metal and
poison, as is S4, which, when exposed to water, forms sulfuric acid - H,SO, .

On Fig. 1 we see the spraying process and a large amount of Bordeaux liquid that has entered the air
with a large dispersion, the main part of which is carried by the ascending flow to the clouds. There, the liquid
trapped in the clouds begins to act as a center of condensation as well as crystallization [1]. Therefore, the fight
against hailstorms primarily involves the search for spraying methods that reduce the aimless spraying of
CuSO, Bordeaux mixture in the air.

Fig.1. Spraying the vineyard with Bordeaux mixture

We consider it necessary to note that hail damage occurs not only during the spraying of vineyards,
but also during the grape harvest. This is explained by the fact that when picking grapes, people come into

intensive contact with the vines, and the CuSO, dust remaining on the branches of the vine after the

evaporation of the Bordeaux mixture enters the high layers of the atmosphere, which can cause hail.

This assumption is confirmed by the fact that, as it turned out, aerosol pollution of the atmosphere,
including radioactive, has a significant impact on thunderstorm, hail processes and precipitation [7-12].
Bordeaux mixture, as part of the general aerosol pollution of the atmosphere, especially in Kakheti, can
contribute to this influence.
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Biusinue 00pa0CCKOM KUAKOCTH HA MIPOUCXO0XK/IEHUE TPajaa

III.A. MecrBupumBuin, M.A. Koaya, M.O. benamBuin

Pe3rome

PaccmoTtpen Bonpoc rpagoOuTHs 1 HAaHECEHHBIN UM yIepO Ha TeppuTopuansHoi equnune I'pysuu — Kaxern,
a TaKKe COCTOSHHE B PETHOHE C TOYKH 3pEHUs TpaJoOWTHS W B MPONUJIOM M B HACTOSIIEM BPEMEHH.
[IpuBriedeHpl MHEHUS M3BECTHBIX YUEHBIX, OIIPOC MECTHOTO HACEJIEHHUS I10 MpobiieMe, BCE 3TO M MO3BOIUIO
aBTOpaM 3aKJIIOUUT, YTO TPagoOMTHE MHULMHMPOBAHO HE TOJIKO MPHUPOJOH, HO M IPOLENypod yxoaa 3a
BHHOTPaJHUKaMU U HCIIOJIb30BAHHBIMU B TIPOIIECCE YXO0/1a YETOBEKOM XUMHUYECKUMH BEIIECTBAMU.

KiroueBble ciioBa: — rpan, 60sz0c1<aﬂ KHUAKOCTb, KaXeTI/I, Koaryjiasanus, ONpbICKMBAHUC.
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ABSTRACT

Results of the detailed statistical analysis of the average monthly and annual concentrations of
particulate matter PM2.5 and PM10 at three locations in Thilisi (Kazbegi av., Tsereteli av. and
Varketili) in 2017-2022 are presented. An analysis of the correlations between the indicated
characteristics of air pollution has been carried out. The variability of the average annual values of
PM2.5 and PM10 in the study period of observations was studied. In particular, it was found that in
2020-2021 there was a significant decrease in the average annual concentration of aerosols due to
restrictions on the movement of vehicles associated with the covid-19 pandemic. It is noted that for the
entire observation period, the average annual concentration of PM2.5 and PM10 was above the
permissible norm.

Key words: Atmospheric aerosols, particulate matter, PM2.5, PM10.

Introduction

Over the past four decades at the M. Nodia Institute of Geophysics, TSU, as well as with his
participation, carried out theoretical and experimental studies of the physical characteristics and
variations of mineral and secondary aerosols (size distribution, weight and number concentrations,
coagulation, condensation and ice-forming properties, optical characteristics, the effect of ionizing
radiation on the formation secondary aerosols, influence on solar radiation, connection with
thunderstorm and hail processes, as well as atmospheric precipitation, environmental aspects of air
pollution, numerical modeling of the distribution of particulate matter in various regions of Georgia,
etc.) [1-4].

Thus, a theoretical study of the influence of the periodicity of the source of particles on the
process of their coagulation was carried out; modeling of processes that control the change in dispersion
and the state of various coagulating systems [5].

The spatial and temporal changes in the concentration of solid impurities in the area with a large
source of emissions in the city of Zestaponi and the conditions for the formation of aerosols and their
accumulation in cities were studied [6].

The analysis of data on the distribution of aerosols with a radius of more than 0.35 um over the
territory of Georgia was carried out. In particular, it was found that within the lower five-kilometer layer
of the atmosphere, the size distribution of aerosols is quite stable and changes little with height and under
the influence of cloudiness. However, on days with cumulus clouds, compared to cloudless days, the
mass of aerosols in a five-kilometer atmospheric layer increases by about 1.4 times, and on days with
clouds of various types, including cumulus, by 2.5 times [7-11].
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The results of studies of the long-term dynamics of surface air pollution in Thilisi (weight
concentration of aerosols, nitrogen oxides, sulfur dioxide, ozone) are presented in [12,13].

Works have been carried out on the numerical calculation of the spectral density of the aerosol
optical depth of the atmosphere according to the total intensity of direct solar radiation, modeling the
transfer of solar radiation in the atmosphere with allowance for aerosol scattering, and determining the
aerosol optical depth of the atmosphere for various wavelengths [14, 15].

The results of studies of long-term variations in the aerosol optical depth of the atmosphere for
individual points in Georgia and for the territory of Georgia as a whole were presented in [15-21]. In
particular, it was found that the increase in the total aerosol pollution of the atmosphere in Georgia from
1928 to 1990 is exponential.

Anthropogenic, random and background values of the aerosol optical depth of the atmosphere
(AOD) have been established for various regions of Georgia in the period from 1928 to 1990. Between
the stations (Thilisi, Telavi, Tsalka, Anaseuli, Senaki, Sukhumi) there is a high linear correlation both
in the observed AOD values and in the values of their random components.

It was found that the level of atmospheric pollution by aerosols of the optically active size range
over Kakheti differs little from this level over Thilisi. In Western Georgia (Anaseuli, Senaki, Sukhumi),
the level of air pollution is much lower than in Kakheti and in the areas adjacent to Thilisi.

A model of the spatial and temporal distribution of AOD in Georgia has been created and maps
have been constructed that show the dynamics of changes in AOD over the specified territory for five-
year periods from 1956 to 1990. The contribution of local sources of aerosol pollution of the atmosphere
to the AOD value is estimated, which, in particular, in the period from 1981 to 1990 in Thilisi and Telavi
IS 33% each, Anaseuli, Senaki, Sukhumi - 10%. It is shown that on weekdays AOD values in Thilisi and
Kakheti are higher than on weekends.

Results of aircraft studies of aerosol pollution of the lower five-kilometer layer of the
troposphere and Kakheti in 1973-1977 in particular showed the following. More than 70% of the mass
of aerosols 0.2—4.0 um in size is concentrated in the lower three-kilometer layer of the atmosphere. On
cloudless days over Kakheti, the mass of aerosols in a vertical air column 5 km high is 66 mg/m?, on
days with cumulus clouds it is 90 mg/m?, and on days with varying cloudiness it is 165 mg/m?. In Tbilisi,
the proportion of AOD for mineral aerosols of its total value is about 23%, for sulfates - 26%, and for
industrial dust, nitrates, etc. - 50%. It is shown that the aerosol is more hygroscopic in urban areas than
in rural areas. In Kakheti, a significant excess of aerosol content on weekdays compared to weekends is
observed at an altitude of 1.0 km for particles with sizes d>0.7 um, 2.0< d<4.0 and d>4.0 um. Variations
in AOD in Kakheti are approximately 49% due to the content of radon in the lower three-kilometer layer
of the atmosphere and only 10% due to solid aerosols larger than 0.7 um.

In clouds, as well as in the free atmosphere, there is a direct relationship between the level of air
ionization (radon and cosmic radiation) and the content of condensation nuclei. Changing the ionization
intensity from 5.75 ion pairs cm3sec™ to 8.0 ion pairs cm=sec increases the content of condensation
nuclei by a factor of 1.56. In this case, the proportion of ionization intensity due to radon and short-lived
products of its decay is small and does not exceed 10%.

A direct correlation was found between AOD and ozone content in the troposphere over Thilisi,
indicating the important role of ozone in the formation of secondary aerosols. It has been shown that
AOD is a fairly representative characteristic of surface air pollution with small aerosols (at least up to a
diameter of 0.8 um) [15-20].

Studies [22-24] showed that the dynamics of total aerosol pollution in Georgia and the North
Caucasus (Kislovodsk) is similar.

The work [25] presents some results of modeling the distribution of the aerosol optical depth
of the atmosphere (AOD) over the territory of Georgia in accordance with the previously proposed
methodology for the combined analysis of satellite and ground-based AOD measurements in Thilisi [26,
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27]. In particular, it was found that elevated AOD values are observed in places with high cloudiness.
Despite the fact that in Thilisi there is a strong aerosol pollution of the atmosphere, the value of the AOD
on days with clouds here differs slightly from the AOD over other cities (Kutaisi, Batumi) and even less
than in places with high cloudiness. On cloudless days, AOD values decrease with increasing distance
from the main source of air pollution in the city of Thilisi [25]. This quite satisfactorily agrees with the
previously obtained results on the distribution of AOD over the territory of Georgia in cloudless weather
[16, 19-21].

The issue of monitoring aerosol pollution of the atmosphere in Georgia was discussed as part
of the global air pollution monitoring network [28,29]. The issues of prospects for active impacts on
atmospheric aerosols in order to clean the air from them were discussed [30, 31].

A theoretical model of heterogeneous nucleation on modified aerosol particles has been
developed. In this case, a generalized heterogeneous nucleation equation was used, which takes into
account the dependence of the interfacial specific surface energy on water vapor supersaturation. The
issues of the formation of secondary ice crystals and the influence of particle sizes on the ice-forming
activity of aerosol are considered [32, 33].

A refined concept of the interaction of aerosols with convective clouds has been developed,
taking into account electrical, ionization, and other processes occurring in the atmosphere and clouds.
Based on the concept, it is concluded that this interaction should be characterized by regional features
due to both the physical conditions of cloud formation processes and the physicochemical properties of
aerosol-gas air pollution. It has been shown that powerful convective and thunderclouds can make a
significant contribution to direct and indirect radiation effects [9, 19, 21, 34].

Particular attention was paid to studying the effect of ionizing radiation (radon, gamma
radiation, cosmic rays) on the formation of secondary aerosols in the atmosphere according to the gas
— particle scheme. It has been found that all of these types of ionizing radiation are catalysts for the
formation of submicron aerosols from gases [19, 21, 35-38].

The analysis of monitoring data in 2009-2012 was carried out. smog-forming and accompanying
atmospheric parameters in Thilisi, both in the mode of continuous measurements at two stationary
observation bases (territories of the atmospheric physics department and the cosmic ray laboratory of
the Institute of Geophysics), and in the mode of episodic route measurements at 20 points in various
parts of the city (the content of ozone in the air, submicron aerosols, radon, light ions; intensity of solar
radiation, visibility range, cloud cover, temperature, humidity, wind, pressure; soil gamma radiation;
intensity of galactic cosmic rays). A physical-statistical model of the relationship between the processes
of formation of photochemical smog and ozone with various atmospheric parameters is presented, on
the basis of which the conditions for the formation of smog ozone in different seasons of the year are
established. Maps of the spatial distribution of ozone, aerosols, light ions, radon and soil gamma
radiation are presented. It is shown that according to the data of a stationary measurement point (territory
of the atmospheric physics department), it is possible to estimate the level of air pollution in the city
Thilisi as a whole.

The features of the effect of radionuclide radiation in the formation of secondary aerosols in
the conditions of the city of Thilisi (Tbilisi type of smog) are revealed. The intensification by ionization
of aerosol pollution of the atmosphere in Thilisi is so strong that it also leads to a deterioration in air
quality in terms of its ionic composition. In general, the Thilisi type of smog is characterized by an
impossible in natural conditions feedback of the content of radon, gamma radiation and cosmic radiation
with the concentration of light ions in the air, caused by the formation of secondary aerosols in an amount
that, together with primary particles, is able to attach more ions to itself than their formed during
ionization. It is assumed that the Thilisi type of smog can also occur in other cities with a heavily polluted
atmosphere [38-42].
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In [43], the results of a study of variations in the concentration of submicron aerosols with a
diameter of >0.1 um and their relationship with the content of radon (Rn) in the surface air layer of the
city of Thilisi are presented.

Particular attention was paid to the study of the influence of various components of
photochemical smog on human health [38]. Thus, in particular, it was found that at an average daily
concentration of submicron aerosols of more than 1000 cm™ in Thilisi, an increase in the number of
emergency medical calls by 11% was noted [44].

Considerable attention was paid to studies of the relationship between aerosol pollution of the
atmosphere, including radioactive pollution, and thunderstorm and hail processes, as well as the
precipitation regime [21, 45-53].

In recent years, work has been actively carried out on numerical modeling of dust distribution
in various regions of Georgia, taking into account external conditions (wind, etc.) [54-61]. A
comparative analysis of aerosol air pollution in Thilisi and Kutaisi was carried out [62]. The possibility
of using the METEOR 735CDP10 meteorological radar for monitoring the movement of dust formations
in the atmosphere was considered [63].

Several studies have examined the effects of traffic restrictions in Thilisi due to the COVID-19
pandemic on airborne air pollution levels [64-66] compared to the pre-pandemic period [67]. In general,
it was found that the level of aerosol air pollution in the absence of vehicular traffic decreased
significantly. In particular, in [64], ground-based measurements of solid aerosol particles PM2.5 and
PM10 were compared with satellite measurements of the aerosol optical depth of the atmosphere. It was
found that there is a direct relationship between these parameters. We note that qualitatively similar
results were obtained by us earlier [68] when comparing data on the AOD of the atmosphere, measured
using actinometric observations, with the countable concentration of aerosols in the surface layer of the
Thilisi atmosphere.

This work is a continuation of previous studies [34-67]. Below are the results of the statistical
analysis of the average monthly and annual concentrations of particulate matter PM2.5 and PM10 at
three locations in Thilisi (Kazbegi av., Tsereteli av. and Varketili) in 2017-2022.

Study Area, Materials and Methods

Study area — three locations of Thilisi (A. Kazbegi av. - KZBG, A. Tsereteli av. - TSRT,
Varketili - VRKT). Coordinates of these locations of air pollution measurements points in [67] is
presented.

The data of Georgian National Environmental Agency about the daily mean values of dust
concentration (atmospheric particulate matter - PM2.5 and PM10) [http://air.gov.ge/reports_page] that
averaged on three indicated stations are used. Period of observation: January 2017 - December 2022.

In the proposed work the analysis of data is carried out with the use of the standard statistical
analysis methods [69]. Missed data of time-series of observations were restored in the correspondence
with the standard methods [70].

The following designations will be used below: Min — minimal values; Max - maximal values;
St Dev - standard deviation; Cv = 100-St Dev/Average, coefficient of variation (%); R coefficient of
linear correlation. KZBG(PM2.5), KZBG(PM10) ...etc. - concentrations of particulate matter PM2.5
and PM10 on the Kazbegi av. measurement point, etc.; Av_Tb or Av(PM2.5) and Av(PM10) - averaged
over all three stations PM2.5 and PM10; A(2018-2017) ... etc. - difference between mean annual values
of PM2.5 and PM10 for different year. The difference between the mean values of PM with the use of
Student's criterion was determined (level of significance o is not worse than 0.15).
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In the correspondence with the standards of the World Health Organization maximum
permissible concentration (MPC) composes: annual mean for PM2.5 - 10 pg/m* and for PM10 - 20
ug/m? [71]. In the text below, the dimension of aerosol concentration (pg/m?) is mostly omitted.

Results and Discussions

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

In Fig. 1 and 2 for clarity for clarity time-series of mean monthly and annual values of PM2.5
and PM10 at three points in Thilisi and their averaged values for all measurement points in 2017-2022
are presented.
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Fig. 1. Time-series of mean monthly values of PM2.5 and PM10 at three points in Thilisi and their
averaged values for all measurement points in 2017-2022.
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Fig. 2. Time series of mean annual values of PM2.5 and PM10 at three points in Thilisi and their
averaged values for all measurement points in 2017-2022.
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In Table 1 statistical characteristics of mean monthly values of PM2.5 and PM10 at three points

in Thilisi and their averaged values for all measurement points in 2017-2022 are presented. In Table 2
the ratio between PM10 and PM2.5 at three points in Thilisi and their averaged values for all
measurement points are presented.
Analysis of the data presented in Fig. 1-2 and in Table 1-2 shows the following.

Table 1. Statistical characteristics of mean monthly values of PM2.5 and PM10 at three points in

Thilisi and their averaged values for all measurement points in 2017-2022 (ng/m?).

Variable KZBG | KZBG | TSRT TSRT | VRKT | VRKT Av Av
(PM2.5) | (PM10) | (PM2.5) | (PM10) | (PM2.5) | (PM10) | (PM2.5) | (PM10)
Year 2017
Max 28.2 56.3 43.6 75.5 31.9 48.0 34.4 55.1
Min 9.6 30.7 17.3 45,3 9.5 20.6 12.3 32.5
Average 17.0 39.4 26.0 58.8 18.7 37.2 20.6 45.1
St Dev 6.2 8.0 8.5 9.4 7.7 9.5 7.4 8.1
Cv, % 36.7 20.3 32.9 15.9 41.3 25.7 36.2 18.0
Year 2018
Max 26.1 61.2 32.7 64.2 28.7 44.8 27.8 56.7
Min 11.0 32.0 14.3 42.6 11.5 29.1 12.3 35.9
Average 16.8 42.2 22.9 51.3 18.9 37.9 19.5 43.8
St Dev 49 8.9 6.3 7.3 6.0 5.4 5.6 5.9
Cv, % 29.2 21.2 27.4 14.2 31.9 14.3 28.9 13.5
Year 2019
Max 32.7 58.5 39.5 72.1 38.9 60.1 34.1 58.6
Min 10.8 23.4 13.6 35.8 10.9 249 11.9 29.4
Average 17.2 36.4 23.0 47.8 194 39.1 19.9 41.1
St Dev 7.0 10.7 7.9 10.5 9.2 11.0 7.8 9.6
Cv, % 40.7 29.3 34.6 21.9 47.4 28.1 39.0 23.5
Year 2020
Max 19.6 39.1 24.4 48.8 24.3 475 22.7 45.1
Min 0.3 11.3 0.8 5.4 0.5 9.3 0.5 8.6
Average 12.0 29.2 14.4 31.2 13.1 28.0 13.2 29.4
St Dev 6.1 8.3 7.5 13.8 7.8 11.3 7.1 10.9
Cv, % 51.0 28.5 51.8 44.3 59.3 40.4 53.6 36.9
Year 2021
Max 22.6 41.9 32.4 53.6 28.8 43.2 27.9 46.2
Min 0.4 14.3 1.3 7.0 0.7 12.7 0.8 11.3
Average 13.1 315 15.8 35.9 13.7 29.0 14.2 32.2
St Dev 6.2 8.4 8.2 12.9 7.3 8.6 7.2 9.8
Cv, % 47.2 26.6 52.0 35.9 52.9 29.6 50.5 30.5
Year 2022
Max 20.3 47.3 22.8 41.1 22.9 42.4 21.7 43.1
Min 10.3 27.2 11.2 28.4 9.1 23.1 10.2 26.5
Average 14.7 34.3 17.1 35.0 15.1 31.3 15.6 33.5
St Dev 3.3 6.8 45 4.4 4.6 6.1 4.1 5.2
Cv, % 22.8 19.7 26.2 12.7 30.4 19.4 26.0 15.6
Year 2017-2022
Max 32.7 61.2 43.6 75.5 38.9 60.1 34.4 58.6
Min 0.3 11.3 0.8 5.4 0.5 9.3 0.5 8.6
Average 15.1 35.5 19.8 43.3 16.5 33.7 17.2 375
St Dev 5.9 9.4 8.2 14.1 7.5 9.7 7.1 10.2
Cv, % 39.1 26.5 415 32.5 45.2 28.8 41.1 27.3
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Year 2017:

Monthly average PM2.5 concentrations range from 9.5 (VRKT) to 43.6 (TSRT) and PM10 from
20.6 (VRKT) to 75.5 (TSRT). The range of change in the average annual concentration of PM2.5is 17.0
(KZBG) + 26.0 (TSRT), and PM10 - 37.2 (VRKT) + 58.8 (TSRT). The ratio between average annual
concentration of PM10 and PM2.5 change from 1.98 (VRKT) to 2.32 (KZBG).

A significant difference between the average annual concentrations of PM2.5 is noted for the
following pairs of points and the city average concentrations (Av_Th): KZBG-TSRT, TSRT-VRKT,
Av_Tb-TSRT, and for PM10: KZBG-TSRT, TSRT-VRKT, Av_Th-KZBG, Av_Tb-TSRT, Av_Tb-
VRKT.

Year 2018:

Monthly average PM2.5 concentrations range from 11.0 (KZBG) to 32.7 (TSRT) and PM10
from 29.1 (VRKT) to 64.2 (TSRT). The range of change in the average annual concentration of PM2.5
is 16.8 (KZBG) + 22.9 (TSRT), and PM10 - 37.9 (VRKT) + 51.3 (TSRT). The ratio between average
annual concentration of PM10 and PM2.5 change from 2.01 (VRKT) to 2.52 (KZBG).

A significant difference between the average annual concentrations of PM2.5 is noted for the
following pairs of points and the city average concentrations (Av_Th): KZBG-TSRT and TSRT-VRKT,
and for PM10: KZBG-TSRT, TSRT-VRKT, Av_Tb-TSRT, Av_Tb- VRKT.

Year 2019:

Monthly average PM2.5 concentrations range from 10.8 (KZBG) to 39.5 (TSRT) and PM10
from 23.4 (KZBG) to 72.1 (TSRT). The range of change in the average annual concentration of PM2.5
is 17.2 (KZBG) + 23.0 (TSRT), and PM10 - 36.4 (KZBG) + 47.8 (TSRT). The ratio between average
annual concentration of PM10 and PM2.5 change from 2.01 (VRKT) to 2.11 (KZBG).

A significant difference between the average annual concentrations of PM2.5 is noted for the
following pairs of points and the city average concentrations (Av_Tb): KZBG-TSRT, and for PM10:
KZBG-TSRT, TSRT-VRKT, Av_Tb-TSRT.

Table 2. The ratio between PM10 and PM2.5 at three points in Thilisi and their averaged values for all
measurement points.

Vear KZBG TSRT VRKT Av
(PM10/PM25) | (PM10/PM25) | (PM10/PM2.5) | (PM10/PM2.5)
2017 2.32 2.27 1.98 2.19
2018 2.52 2.25 2.01 2.25
2019 211 2.08 2.01 2.07
2020 2.43 2.17 2.13 2.24
2021 241 2.28 2.11 2.26
2022 2.33 2.05 2.07 2.14
2017-2022 2.35 2.18 2.04 2.19

Year 2020: Period with COVID-19 restrictions on the movement of vehicles.

Monthly average PM2.5 concentrations range from 0.30 (KZBG) to 24.4 (TSRT) and PM10
from 5.4 (TSRT) to 48.8 (TSRT). The range of change in the average annual concentration of PM2.5 is
12.0 (KZBG) + 14.4 (TSRT), and PM10 - 28.0 (VRKT) + 31.2 (TSRT). The ratio between average
annual concentration of PM10 and PM2.5 change from 2.13 (VRKT) to 2.43 (KZBG).

A significant difference between the average annual concentrations of PM2.5 is noted for the
following pairs of points and the city average concentrations (Av_Th): no significant difference, and for
PM10: no significant difference.

Year 2021: Period with COVID-19 restrictions on the movement of vehicles.
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Monthly average PM2.5 concentrations range from 0.40 (KZBG) to 32.4 (TSRT) and PM10
from 7.0 (TSRT) to 53.6 (TSRT). The range of change in the average annual concentration of PM2.5 is
13.1 (KZBG) + 15.8 (TSRT), and PM10 - 29.0 (VRKT) + 35.9 (TSRT). The ratio between average
annual concentration of PM10 and PM2.5 change from 2.11 (VRKT) to 2.41 (KZBG).

A significant difference between the average annual concentrations of PM2.5 is noted for the
following pairs of points and the city average concentrations (Av_Tb): no significant difference, and for
PM10: TSRT-VRKT.

Year 2022: Post-COVID-19 period.

Monthly average PM2.5 concentrations range from 9.1 (VRKT) to 22.9 (VRKT) and PM10
from 23.1 (VRKT) to 47.3 (KZBG). The range of change in the average annual concentration of PM2.5
is 14.7 (KZBG) + 17.1 (TSRT), and PM10 - 31.3 (VRKT) + 35.0 (TSRT). The ratio between average
annual concentration of PM10 and PM2.5 change from 2.07 (VRKT) to 2.33 (KZBG).

A significant difference between the average annual concentrations of PM2.5 is noted for the
following pairs of points and the city average concentrations (Av_Tb no significant difference, and for
PM10: TSRT-VRKT.

In Table 3 data on the Min, Max and Average values of linear correlation coefficient between
concentrations of particulate matter for all point and Av(PM) are presented.

Table 3. Min, Max and Average values of linear correlation coefficient between concentrations of
particulate matter for all point and Av(PM).

Year | Parameter Min Max Average
o017 R 0.44 1.0 0.81
Pair of point | TSRT(PM2.5)-KZBG(PM10) | Av(PM2.5)-VRKT(PM2.5)
Y18 R 0.28 1.0 0.74
Pair of point | VRKT(PM2.5)-KZBG(PM10) | Av(PM2.5)-TSRT(PM2.5)
o1 R 0.54 0.98 0.82
Pair of point | VRKT(PM2.5)-TSRT(PM10) | Av(PM2.5)-VRKT(PM2.5)
R 0.87 0.99 0.94
2020 | pair of point | VRKT(PM2.5)-KZBG(PM10) Té‘é(i’m&g)é';\z/ﬁﬁ(ﬁ'\g,\zﬂ'g)é)
R 0.86 1.0 0.95
2021 | pair of point | TSRT(PM2.5)-KZBG(PM10) AV(P“('/ZF'{?'TT(ssTZ(E)'V'Z'E;)’
R 0.13 0.98 0.63
2022 | pair of point | TSRT(PM2.5)-KZBG(PM10) AV(P'\\"/ZF'{‘:’Q'TT(ﬁsTZ(E)'V'Z'5)’
o017, R 0.66 0.98 0.84
2022 | Pair of point | VRKT(PM2.5)-KZBG(PM10) TQI;(TP(';"I\ZAEE’)E;;%%%E?S@)B)

As follows from Table 3 values of R between study parameters change from 0.13 (pair
TSRT(PM2.5)-KZBG(PM10), 2022, “negligible correlation”) to 1.0 (pairs Av(PM2.5)-VRKT(PM2.5),
2017; Av(PM2.5)-TSRT(PM2.5), 2018; Av(PM2.5)-TSRT(PM2.5), Av(PM2.5)-VRKT(PM2.5), 2021
“very high correlation”). Average value of R change from 0.63 (2022, “moderate correlation” to 0.95
(2021, “very high correlation”). It should be noted that the highest average values of R between the
studied parameters of air pollution in Thilisi were observed in 2020 and 2021 with restrictions on the
movement of vehicles due to the covid-19 pandemic (“very high correlation”). The lowest average R
value was observed in 2022 in the post-COVID-19 period.
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In Table 4 data on the Min, Max and Mean values of linear correlation coefficient between
PM2.5 and PM10 for separated point and Av(PM) are presented.

Table 4. Min, Max and Mean values of linear correlation coefficient between PM2.5 and PM10 for
separated point and Av(PM).

Year Parameter Min Max Average
2017 Pgm KoZ.5BzG TOS_%?)T 076
2018 Pgnt KoZ.Eé4G 'IpS.SR%I' 573
2019 Pgm Toégr VOF'QBIET 0.85
2020 Pgm voFé9+<2T TOé%GT 0.94
2021 R 0.92 0.94 0.93
Point TSRT,VRKT Av(PM)
2022 Pgm KOZ-I335G TOs.)fgeoT 0.45
2017-2022 Pgm K()ZI736G TOé%iBT 0.84

Values of R between indicated parameters change from 0.35 (KZBG, 2022, “low correlation™)

to 0.96 (TSRT 2020, “very high correlation”). Average value of R change from 0.45 (2022, “low
correlation” to 0.94 (2020, “very high correlation”). As in the previous case (Table 3) the highest average
values of R between the studied parameters were observed in 2020 and 2021 during the COVID-19
pandemic (“very high correlation”), and lowest — in post-COVID-19 period (“low correlation”).

In Fig. 3 data on difference between mean annual values of PM2.5 and PM10 at three points in
Thilisi and their averaged values for all measurement points in 2018-2017, 2019-2018, 2020-2019, 2021-
2020 and 2022-2021 are presented.

PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5

KZBG | KZBG | TSRT | TSRT | VRKT | VRKT Av
A(2018-2017) O 0 0 75 0 0 )
A(2019-2018) O 0 0 0 0 0
C1A(2020-2019) 7.2 -8.5 -16.6 -6.3
DIA(2021-2020) 0 0 0 0
A(2022-2021) 0 0 0 0

Fig. 3. Difference between mean annual values of PM2.5 and PM10 at three points in Thilisi and their
averaged values for all measurement points in 2018-2017, 2019-2018, 2020-2019, 2021-2020 and
2022-2021 (0 - not significant difference, a>0.15).
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As follows from Fig. 3 a significant difference between the average annual concentrations of
aerosol air pollution in Thilisi in neighboring years is noted for PM10 for the TSRT measurement point
(a decrease of 7.5 in 2018 compared to 2017), as well as for all points in 2020 (the period with the
COVID-19 pandemic) compared to 2019. A(2020-2019) values change from —16.6 (TSRT point for
PM10) to -5.2 (KZBG point for PM2.5).

In Fig. 4 data on difference between mean annual values of PM2.5 and PM10 at three points in
Thilisi and their averaged values for all measurement points in 2019-2017, 2020-2017, 2021-2017 and
2022-2017 are presented.

PM10 | PM25 | PM10 | PM25 | PM10
TSRT | VRKT | VRKT | Av Av
A(2019-2017) 111 0 0 0 0
A(2020-2017)| -5 -27.6 5.6 -9.2 7.4
OA2021-2017)| -3, . -22.9 ) 8.1 -6.4
A(2022-2017) . . -23.9 0 -5.9 -4.9

Fig. 4. Difference between mean annual values of PM2.5 and PM10 at three points in Thilisi and their
averaged values for all measurement points in 2019-2017, 2020-2017, 2021-2017 and 2022-2017 (0 -

not significant difference, 0>0.15).

As follows from Fig. 4 a significant value of A(2019-2017) only on point TSRT for PM10 is
observed. A significant values of A(2020-2017) and A(2021-2017) for all measurement points are fixed.
A significant values of A(2022-2017) for all measurement points except KZBG and VRKT for PM2.5
are observed.

A(2020-2017) values change from -27.6 (TSRT point for PM10) to -5.0 (KZBG point for
PM2.5), A(2021-2017) values change from —22.9 (TSRT point for PM10) to —3.9 (KZBG point for
PM2.5). Greatest value A(2022-2017) is -23.9 (TSRT point for PM10).

Note that in 2020-2021, the largest decrease in the average annual concentration of aerosols was
observed due to restrictions on the movement of transport associated with the COVID-19 pandemic. In
2022, there was a slight increase in aerosol pollution of the atmosphere compared to the years with the
COVID-19 pandemic.

However, for the entire period of observation, the average annual concentration of both PM2.5
and PM10 was higher than the permissible norm. On average in the city of Thilisi, this increase was
correspondingly. For PM2.5: 2017 (106%), 2018 (95%), 2019 (99%), 2020 (32%), 2021 (42%), 2022
(56%). For PM10: 2017 (126%), 2018 (119%), 2019 (105%), 2020 (47%), 2021 (61%), 2022 (68%).

On average, in 2017-2022, the least polluted air in terms of PM2.5 was recorded at the KZBG
point (exceeding the concentration of PM2.5 compared to the permissible norm - 51%), the most
polluted - at the TSRT point (exceeding - 98%). The least polluted air according to PM10 was recorded
at the VRKT point (exceeding the concentration of PM10 compared to the permissible norm - 69%), the
most polluted - at the TSRT point (exceeding - 117%).

Conclusion

In the near future, it is planned to continue similar studies of the variability of daily, average
monthly and average annual values of PM2.5 and PM10 in both Thilisi and other regions of Georgia.
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d9Lfogwowo oym PM2.5 s PM10 Lsdmowm farom®o 960836900mdgdol (3350gd5mds
15330930 330639008  39MH0M©Tdo.  39MHIMmE, ©oEEobs, Mmd 2020-2021 Forgddo
©5530J4LOMES 59OHMBMEGOOL Bodwgsem Farom®o 3:mb396EHMsE00l 3603369wMm3zs60 d9d30Mgds
COVID-19-0b 356009305bmsb 53533060900 356796930L 250095000 qd0lL  I9brmgol
3990, 50b0dbm0s, MHMI ©33063900L dgo 39gHOMPOL obsgermdsdo PM2.5 s PM10
Lodmoem farom®mo 3mb3gb@®moEos alydzgd bm®mdstHg ds®owo oym.

1553396dm LOGY3gdO: >BHIMLGIOO S9OMBMEGO0, IgoMo bsfows3gdo, PM2.5, PM10.

CraTucTuvecKkue XapaKTePUCTHKHU CPeIHEMeCIYHbIX U IT'OA0BBIX
KOHIeHTpanuii TBepAbIX yacTu PM2.5 u PM10 B Tpex myHKTax
ropoaa Tomwmucn B 2017-2022 rr.

.. Kupkuranse

Pe3rome

[IpencraBnensl pe3ynapTaThl JETAIBHOTO CTAaTHCTUYECKOIO AaHAIN3a CPEIHEMECSYHBIX M TOJIOBBIX
KOHIEHTparuil TBepApIx yactur PM2.5 u PM10 B Tpex Toukax Towmmucu (mp. Kazoeru, np. Lleperenn
n Bapkerenu) B 2017-2022 rr. [IpoBeneH aHanmm3 KOPPESIIMOHHBIX CBS3€W MEXIY YKa3aHHBIMH
XapaKTEePUCTUKAMU 3arpsS3HEHUS Bo3ayXxa. M3ydeHa n3MEeHINBOCTh CPETHETO/IOBBIX 3HaueHut PM2.5 u
PM10 B uccnenyemsiit neproa Hadmoaenuil. B yactHoct nmomyueno, uto B 2020-2021 nabmoaanoch
3HAYUTENPHOE T[OHIKEHHUE CPEJHEr0J0BOM KOHLIEHTpAllMM a’po30Jiell  W3-3a  OrpaHUYEHUi
MIepEeMEIICHUI TPAHCIIOPTa, CBSI3aHHOTO ¢ KOBUA-19 manmemueii. OrTMmedaercs, 4TO 3a BECh NMEPHOJ
HabmroneHui cpeaneronoBas kKoHueHTpanyst PM2.5 u PM10 Oblia Bbllie JOMYCTUMOM HOPMBI.

Karouessble cioBa: AtMochepHbie a3p0o30Jii, TBepble yacTus, PM2.5, PM10.
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