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- 1961-2010

1990

2.1.1931-1960

1961-1990 . .

2.1.

[18,19].

1931-1960

1961-

Table 2.1. Differencies between air mean temperature in 1931-1960 and 1961-1990

year periods.
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| 1 11 v \Y Vi VII | VI IX X X1 X1l
00)01|10|05|-03|-05(-01| -06 |-02|-03|0.0] 03
-02(04 (10|08 ]-02]-01]-03 -05 | -04]-03]-01| 0.0
04 1]-02| 09|07 |-01]-02]-02 -0.7 |1 -02]-03) 03| 0.8
01|06 |08 06]|-02|-03]|-03]| -03 01| 00| 01
[3,17]
+1
1961-1990 30-
0.1 ,
0.3




2.2..

Table 2.2. Difference between temperature of consecutive decades for Thilisi weather

station
i | 1] I v \Y VI VII VI IX X X1 XI1
1861-1870, 1 o | 43| 190 | 40 | 41 | 04 | 01 | 05 | 01 | 41 | o1 | -1
1851-1860 | : : : : : : - . . . .
1871-1880,
1861-1870 0.8 1.2 -1.2 2.3 11 0.2 0.2 0.7 0.2 1.0 0.6 1.9
1881-1890,
lavi1gag | L8 | 04| 02 | 43 [ 03 | 01 | 01| 07 | 03 | 04 | L0 | 07
1891-1900,
1881-1890 1.0 0.6 -0.4 -0.8 -1.1 -0.1 0.0 0.4 0.1 0.2 -0.9 27
1901-1910,
1891-1900 | 2 0.9 0.2 0.9 0.4 03 | 02 | -08 | -05 | 07 | 09 | -27
1911-1920,
1901-1910 1.8 -0.8 0.9 0.5 -1.0 -0.9 0.0 0.3 0.8 0.1 0.5 0.0
) ! I m | v | v o v v v | oax |ox | oxi | oxn
1921-1930,
1911-1920 -0.9 -1.1 -1.0 -0.5 2.3 1.1 0.0 0.5 -0.2 0.4 0.5 0.2
1931-1940,
1921-1930 -1.3 15 -0.4 0.4 -14 -0.6 0.3 0.2 0.7 0.6 -0.2 0.2
1941-1950,
lo31.1000 | L1 | 01 | 00 | 04 | 05 | 06 | 01 | 09 [ 06 | 17 | 03 | -10
1951-1960,
1941-1950 1.7 0.3 -0.1 0.3 0.1 -0.3 -0.1 0.7 -0.4 0.7 -0.6 0.7
1961-1970,
los11060 | 05 | 02 | 12 [ 01| 02 | 01 | -02 | 08| 00 |-03 | 14 | 13
1971-1980,
1961-1970 -1.9 -1.2 -0.3 0.4 -0.7 -0.8 0.1 0.1 0.3 0.2 -0.9 -1.1
1981-1990, |, | 64 | 02 | 07 | 02 | 06 | 02 | 03 | 03 | 01 | o1 | 02
19711980 | ° : : : : : : : . . . .
1991-2000, 0.2 0.0 0.1 0.3 0.1 0.4 0.3 1.3 0.2 0.7 0.5 0.2
1081-1990 | : : : : : . . . , , ,
2001-2010, 0.1 15 14 1.1 0.1 0.2 0.2 0.5 0.9 0.9 1.0 0.2
19912000 | : : : : : : - . . . .
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2.3.

( - )
Table 2.3. Differences between daily air temperature amplitudes calculated from daily
and monthly average (maximum-minimum temperature) data

| 1 1l v \% Vi VI VI IX X XI X
0.1 -0.1 | 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.1 -0.1 | 0.0
0.0 0.0 0.0 -0.1 | 0.0 0.0 0.0 0.0 0.0 0.0 0.1 -0.1
0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0
' 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.1 | -01
-0.1 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 -0.1 0.0 0.0
' 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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. 3600 -

( 7.1 )i -
10.4 ( ) -
( 16.0 ) -
6- 16 , - 4- 12 -
6.6
[2,3].
1972
-6.4 , 1966 -3.4
2.4
Table 2.4 Absolute minimum air temperature
[ I m vl v [vifvivin] ix [ x [ X [ X
224 | 227 | 205 [-143] -46 | 22 | 13 |19 | 29 | 92 | -141| 20 |-227
215 | 188 |-124 |56 0 | 2 [ 55 7 | 1 |[-35[-121] -19 [-215
296 | -295 | -275 |-222] -11 | 56 | -26 | -09 | -58 [-157| -233 | -288 | -29.6
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-27.8 -243 | -214 |-141| -48 | -04 | 33 | 15| -29 |-132| -186 | -244 | -27.8
-6.1 -15 -49 |-25| 46 94 | 136 |135| 95 2.7 0 -4 -15
-16 -16.5 -9 |-63| 06 51 | 96 9 4 -3 -6.6 | -144 | -165
-195 -199 | -159 (-11.1| -08 | 32 | 71 | 62 | 11 | -46 | -10 | -16.8 | -19.9
-20.1 -192 | -104 (47| 12 7 121 {112| 43 | -36 | -59 | -11.2 | -20.1
-25 -244 | -22.7 |-166| -11.3 | -58 | -09 | 02 | -44 [-132| -169 | -202 | -25
-26.1 -235 | -151 |-105( -23 | 28 | 67 | 51 | -08 | -49 | -175 | -222 | -26.1
-1.2 -6.8 -36 | 17 ] 69 | 103 | 144 | 142| 93 32 | -11 -5.7 3
-214 -17 -131|-69| 1 33 | 99 | 85| 33 | 43 | -74 | -149 | -214
-12.6 -13.1 -85 | -5 | 31 58 12 | 102 0 0 -3.6 -89 | -131
-14 -13.7 | -10.7 | -26| 15 74 | 106 |101| 49 | -06 | -45 -7.6 -14
-16.3 -14.8 14 | -4 | 15 63 | 121 |115| 48 -2 -55 | -114 | -16.3
1883 -24.4 , 1966
-0.2
( )
1912
[2,3]. -
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(1070 )
( ,25)
2.5. 100 .
Table 2.5. Change of average maximum air temperature at 100 m height
I I " vV |V VI | viE | v | IX XX | X
07 | 06 | 06 | 07 | 07 | 08 | 09 0.8 07 | 06 | 06 | 07| 07
2.5 ;
7-8
7-9
1-2
, 1961-2010
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2.5.

Table 2.5. The average and greatest deviations of the average maximum air temperature

Pl v v v v v x| X | X | X
( :1884-2005 . .
+ 20| 20|24 |23|16|15| 15| 16 |18 | 17| 18| 19
57 | 55|57 |50|29 |41 |57 | 47 |50]|55|77] 51
57| -54|-69|-82|-91|-64|-53| -42 |-58|-68|-75| -58
( :1926-2010 . )
+ 23| 24|23|20|15|15| 15| 16 | 15| 17| 18| 22
63 |52 |55|53|45(39|43 | 68 | 42|68 |58/ 68
74| -76|-82|-74|52|-60]|-45| -46 | -39 |-54 | -68 | -75
£ 1844-2010 . )
- 2122|1921 |15| 15| 14 | 16 | 16 | 1.6 | 16 | 17
60 | 56 | 64 |58 |43 |40 | 43 | 66 | 48 |52 |36 | 41
59| -61|-64|-62|-44|-38|-45| -35 |-43|-64|-64 | -80
, ( :1947-2010 . )
+ 2223|2114 |11]08| 08| 10 | 10| 14|15/ 19
60 | 54 | 63|51 |30|25|30| 45 |32 47|49 64
56| -70|-41|-36|-37|-17|-22| -26 | -28|-35| 54 | -48
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3]

[19],

32%-
— 51%-

4%
- 37%- .
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30-

2.10.

10

30-

30-

1961-1990

10-

Table 2.10. Average monthly precipitation totals, calculated for individual 10- and 30-
year periods, in percentages compared to the average for the period 1961-1990, Thilisi

[ v [ o Jw [ v ] v ]wvi]ve]vin] x| x [ xi [ xu
1851-1860 | 82 | 73 | 98 | 97 | 8 | 94 | 112 | 64 | 128 | 83 | 85 | 108
1861-1870 | 65 | 80 | 106 | 109 | 92 | 8 | 132 | 95 | 161 | 112 | 67 | o4
1871-1880 | 108 | 76 [ 85 | 96 | s | 108 [ 100 | 74 | 157 | 87 | 99 | 143
1881-1890 | 73 | 88 [ 82 | 118 [ 107 | 90 | 104 | 63 | 140 | 80 [ 124 | &7
18911900 | 63 | 85 | 104 | 125 [ 100 [ 93 | 70 | 90 [ 126 | 113 | 94 [ 140
19011910 | 84 | 80 [100 | 81 [ 120 [ 106 | 131 | 82 | 143 | 102 | 155 [ 146
1911-1920 | 55 | 74 [100 | 130 | 130 | 115 | 78 | 53 | 155 | 137 [ 96 | s8
1921-1930 | 49 [ 110 [ 78 [ 115 | o5 | 113 [ 135 [ 80 | 75 | 88 | 99 | 120
1931-1940 | 132 | 96 [ 84 | 90 [ 144 | o2 | 17a [ 63 | 102 | 88 [ 153 | a1
19411950 | 96 | 73 [152 | 62 | 98 | 104 | 74 [ 78 | 115 | 15 | 107 | 110
19511960 | 84 | 83 | 135 | 90 [ 100 [ 97 | 93 | 92 [ 127 | 123 | 94 [ 105
1961-1970 | 98 | 68 [ 93 | 99 [ 85 | 72 [ 106 [ 108 | 112 | 81 [ 79 | 100
1971-1980 | 123 | 120 [105 | 104 [ 121 | 125 | 96 | 83 | 120 | 113 | 92 | 110
1981-1990 | 79 | 112 [101 | 96 | 94 | 103 | 98 [ 110 | 59 | 105 | 129 | 0
1991-2000 | 80 | 75 [99 [ 121 | 78 [ 110 | 57 [ 99 | 99 [ 110 [ 112 | 144
20012010 | 88 | 73 | 109 | 138 | 103 | 116 [ 137 | 81 | 118 [ 174 | 98 | e6
1851 1880 | 85 | 76 ] 96 | 101 | 8 | 9 | 115 | 77 | 148 | 94 | 84 | 115
1861 1890 | 82 | 81 | 91 | 108 | 94 | o5 [112 [ 77 | 152 | 96 | 97 | 108
18711900 | 81 | 83 | 90 | 113 [ 99 | o7 [ o1 | 76 | 141 | 96 [ 106 | 123
1881 1910 | 73 | 84 | 95 | 108 | 109 | 96 [ 102 [ 78 | 136 | 101 | 124 | 124
1891 1920 | 67 | 80 [102 | 112 [116 [ 105 [ 93 [ 75 | 1ar [ u7 [ s | uis
19011930 | 63 | 88 |93 | 109 [ 111 [ 111 [ 115 | 7 | 124 [ 100 | 117 | 108
1911 1940 | 79 | 93 |88 [ 112 [ 123 | 107 [ 120 [ 65 | 111 [ 104 [ 116 | e6
19211950 | 92 | 93 [105 | 89 [ 112 [ 103 [ 128 | 74 | 97 [ 100 | 120 | 106
1931 1960 | 104 | 84 |124 | 81 [114 [ 98 [ma [ 78 |15 [ 121 [ 18 | 102
19411970 | 93 | 75 | 127 | 84 | 94 | o1 [ o1 | 93 | 118 | 118 | 93 | 108
1951-1980 | 102 | 90 [111 | 98 [ 102 | 98 | 98 | 94 | 123 | 106 | 89 | 105
1961 1990 | 100 | 100 [ 100 [ 100 | 100 | 100 | 200 | 100 | 100 | 100 | 100 | 100
19712000 | 94 | 103 [102 | 107 [ 98 [ 113 [ 84 | o7 | 96 [ 100 | 111 | 115
1981 2010 | 82 | 87 [103 [ 119 [ 92 [ 110 [ o7 [ 96 | 92 | 130 | 113 | 106
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30

, 0.90-

[19].

(80, 90, 95%)

2000 -, ,
2000 ,
95%- 800 -,

(2, 5, 10%)



[17]

. 2 1%-
(50 100 )
[17].
R ExtRemes Toolkit,
(NCAR)
GEV
(MLE). P- -
P .
15, 5, 10, 20, 50 100
GEV
(GOF) ( . PP QQ ) [5,10].
, 100 (1%-
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Table. 2.11. Number of days with different amounts of precipitation

.2.11

50

0.5

(2%-

0.1 >05 >1.0 >5.0 >10.0 \ >20.0 \ >30.0 \ >50.0
2.

1 135 125 111 56 28 08 03 01
2 114 106 93 45 20 0.7 02 01
3 124 114 10.0 48 21 06 03 0.0
4 135 125 112 58 29 06 03 0.0
5 144 134 118 5.7 32 09 02 0.0
6 131 12.0 11.0 6.0 33 13 05 01
7 10.1 9.2 7.9 41 2.3 12 06 0.2
8 95 8.6 7.7 42 25 11 05 01
9 10.1 9.4 8.4 49 29 12 0.4 01
10 118 111 10.0 6.2 40 1.9 0.7 01
11 12.0 112 102 6.2 37 11 02 0.1
12 131 125 114 6.3 36 14 06 0.1

1449 1343 120.1 64.5 353 126 46 11
1 8.2 6.5 53 14 03 00 00 0.0
2 8.1 6.6 55 16 0.4 01 00 0.0
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3 9.5 7.9 6.5 2.4 0.9 0.1 0.0 0.0
4 12.0 10.1 8.8 34 12 0.2 0.1 0.0
5 15.9 13.9 11.9 49 17 0.3 0.1 0.0
6 14.7 13.1 115 55 24 0.5 0.1 0.0
7 11.7 10.1 8.5 3.6 1.7 0.5 0.1 0.0
8 105 9.1 75 37 1.6 04 0.1 0.0
9 8.9 7.2 6.1 2.2 0.9 0.1 0.0 0.0
10 9.8 8.4 7.1 25 1.1 0.2 0.1 0.0
11 8.6 7.2 6.0 2.3 0.9 0.2 0.1 0.0
12 9.4 7.3 6.1 1.9 0.6 0.1 0.0 0.0
127.3 107.5 90.7 354 13.8 2.8 0.7 0.1
: ( )
( )
2_ -
10/ -
1/ ,11- 20/ - -2/ ,20- 31/ - 4/ 32-
0/ - -6/
1961-1990  1961-2010 10-
[17,18].
25-35%-
— 50-70%- . -
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06 / - )92 | -

( - )
2.1 / - 40 | -
92 | -.
02-04 / -
= - (
).
[17,18],
(
) = (
)
08 / - ( ) (
106 / - ( ) ( - ).
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0.5-0.9%- .

2.12. -
(%), 7-10
2.12. (%)

Table 2.12. Repetition of wind direction and wind direction (%)

| No-Ne - : : :

1 3 4 5 67 8 ° 9 10 11
1 1.3 22 ' 430 0613 15 @ 499 02 52.5
2 226 . 07 99 :188194 58 . 87 140 455
3 7.0 6.7 223 :84:108 : 81 : 259 108 63.9
4 43 2.1 150 :37.768 : 153 : 128 59 8.9
5 6.0 35 @ 240 125193 79 1239 29 59.4
6 1.2 1.6 20.1 :15.327.0 95 : 220 34 74.8
7 26 : 10 : 153 :31358 48 - 233 158 41.7
8 113 :© 104 : 149 :13899 41 : 201 154 67.5
9 14 - 1.7 - 488 2613 : 05 - 423 15 772
10 92 - 99 - 262 ‘10193 - 105 - 200 47 282
11 257 : 95 102 :70:105 : 7.6 : 141 155 59.0
12 58 39 220 167153 @ 121 @ 212 130 277
13 38 21 : 99 26737 : 74 : 409 54 52.4
14 323 - 172 - 104 97128 - 96 - 49 32 805
15 - 03 : 01 : 512 :0001 01 : 47.7 04 5.2
16 160 @ 23 : 49 :13265 29 102 26.1 17.9
17 03 : 02 66 :2309 14 : 131 01 75.1
18 105 © 79 285 21752 . 46 : 80 134 52.4
19 14 39 329 7360 211 : 221 52 41.9
20 0.8 58 : 419 §2.7 24 216 107 8.1 0.1
21 14 1.7 519 10618 15 1402 09 15.1
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22 159 : 139 : 107 :133168 : 129 : 96 7.0 61.0
23 225 210 : 24 :29171 : 210 : 102 29 95.3
24 22 . 49 © 149 11675 . 88 : 3.7 184 53.2
25 03 : 02 : 356 :0101 : 03 : 631 03 48.9
26 379 ' 57 : 30 82311 @ 47 : 25 6.7 23.1
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Fig. 2.1-2 Repetition of wind direction and stll in (%) in Poti and Kobuleti
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Fig. 2. 3-4 Repetition of wind direction and stll (%) in Akhaltsikhe and Telavi



[17,18].
( - )
()
45 -,
- 23.2-23.9
18.1-18.7 - -
60-
60- (1956-2015 . .)

39

- 3.1-39

(1956-2015

39

)

4.2-
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(35

38

[5,10].

IPCC-

(4

[5,10’].
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1956-2015
( - ) 30- -
(1956-1985 1986-2015) /
R- ClimPact2,

(https://github.com/ARCCSS-extremes/climpact2).

R- RHtestV4
RHtests_dlyPrcp4 (http://etccdi.pacificclimate.org/software.shtml).
(
: )
[ ]
[ ]
[ ]
[ ]
[ ]
o ( ,
)
[ ]
° ( /
)
(
, )
[ ]
[ ]
[ ]
[ ]
30- (1956-1985 1986-2015)
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0.5°C-
(+0.73°C, ),
+0.28°C/10 (
0.028°C- , 100
- ( )
0.7-1.3°C
( -
[5,10].
(+1.28°C, ),
(+0.38-C/10
1.8°C),
(0.51°C/10
0.4-1.1-C-
0.3-0.410
( : - )
(-0.8°C).

40

(0.9-



, +2.4:C —

30-

( , 0.31-C/10
(0.41-C/10

30-

, +2.8:C — ).

(0.7-0.9-C-

)
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1956-1985 . .

42

(+0.9:C),
(+0.31-C/10
30-
( - )
] )!
- (+1.74¢C,
0.7-0.9

) [5,10].

(+1.8-C,



30-

0.74-C/10

10

0.42°C/10
)- -

(-0.5.2°C/10 ) [5,10].
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44

40-C-

(45.2-C, — 31/07/2000).
: - (0.58-C/10 ) -
(1.11-C/10 ), - (0.63-C/10
).
, ( ) - -
( ,-0.36°C/10 ) [5,10].
30- ( -
) ,
- . 2-3 -
1 6‘7 . -
, 30-
, 1986-2015 . . . , ,



(60-75 /10

(17%, 75 /10
(-18%, 39

15-25%-

/10

(60-120 /10

)
) [5,10].

(15%-

)

45



46

30-

70-80 -

—150-160

(261.3
(380.5

2.7 10
1_

—07/09/1995)

( )
G /10 ),
) [5,10].
, 5-
), 5- -
). -
— 15/08/2001), 5 -
1
30-
12 | -
( - -



- 0.5

/- 10 , -
( )
[5,10].
30' y 3
( 1
)
( 215/ ,
225/ )
1970 ,
1970-2015 ,
1971-1985, 1986-2000 2001-2015 . . 15-
(=157 )
( - ),
- 1.7 /
10 . -
(=251 ) ,
, [5,10].
15' 1
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(15-16
),
(2.4 ).
15-
15-
60-
- , (2.3%/10,
( - - ) [5,10].
30-
1%-
( , +8%),
(, , -5%).

48

)

(1-1.5%/10

(2%/10
).

(

@

4-5%-



30-

. 1956-1985

(
)
. / ( >80%)
( <30%)
20-30 ',
10-12
(5.5 ),
(1.5 ).
[5,10]. |
: 30- :
( )
6-8
( 11 ), 27
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30

50

45

6-9

, 30-
, 30
+1
( , +0.63-C),
( ,-0.38°C) [5,10].
( H
0.7-0.8:C-



(

(-0.86°C)
2-3

(TX10p, TN10p, TX90p, TN9Op, FDO, 1DO).

( .10-11
. 14-16

),

~3-4

. 1986-2015
(+33%),
(-38 /10

),

3-4%-

) [5,10].

(R30, R50)
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2-3%-

0.2-0.3

52

)
: (
10
(RH80)
(RH30)
) 10
), —
30-
) 0.4-0.6°C |
0.3-0.4-C-

60-

, 2000-



(+1.1-C, +0.37-C/10

~0.6-C), ,

0.21-C/10

).
( ]
( ,—0.4-C).
—  0.3C-
(, +1.1°C, 0.44-C/10 ),
( , +0.6°C,
)
(-0.44-C/10 ), -
9-10%-
2-3%- . -

, (10-C-

~—

53



( , +18%, 21 /10

- (R30, R50)
1-
(Rx1day, Rx5day)
: 5>
6 /10 )- )
( . 20-25 )-
(
- ( , -32%).
( :
( ) - )
2-3%-
(1-’1.5%- )- ,
30-
( , ) 5-6%-
10 2%- [5,10].
(RH30) ,
(RH80)

54

5-

3-4%-

1986-2015
+57%),



( - ), éooo-

- ( - )
( -1 )
60-
( )
(
), _
( )
30- | 0.5-1.3
( : +1.2800).
2
' (
+1.81-C),
+0.51:C/10
1
— 1.5C-
( , +2.41-C) ( , +2.12-C),
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(+1.6-C, +0.42-C/10

).
+2.85-C
, - 1.8-C- ( ,
1986-2015
3-4
8-9%- ),
( 4-5%- ).
20%-
30%-
20%- ,
, , . 1986-2015
(20%-
(-24 /10
(+16%).
; (R30, R50)
( , 9-10 ).

56

+2.5-C-
).

25%-

),



-1.1%/10

5%-

(RH30)

1-2 /

, 2000-

30-

-11

60-

57



1
( , +0.90-C).
( . +1.42:C),
, +0.50-C/10
0.2-0.3-C- ,
0.8°C-
0.7-C, 0.6+C-
)
, +0.40-C/10 ).
: 10
( . 4-5%- ) ,
(
25%- )
( ,2-3%- ).

58

30-

0.3-0.6-C-

2-3%-

1.5

0.5-

, +1.28-C, +0.42-C/10

(+1.1-C- ) -
( -
).
10%-
15%-



(10-C- | )

( , 35 /10 ),

(
+20%).
( | 25%- ), ( , 40%- )
1-
5 (.. )
( .10-15, 20 ).
2-3%- 30-
(3-
4%).

59



5-7%- , 10 1-2%-

, 1-2%-
~ 3-4%-
- ( , -
9 ) ( 1-2
) -
, , ( )
| 12/ - -
60-
« - :
-0.5 / /10 ).
- , 2000-
( ’ - 10 )
. | (TX90p)
(TN9Op) .
. (TX10p)
(TN10p) , (FDO) ;

60



(>5:C<)

(GddGrow, HddHeat, CddCold).

(GddGrow10).

205-300

) 10
(CW)
)
Ispells (WSPI)
(20-25 )
7 :
/spells
30-
(GSL)
(
(10-C- )
), ,

10-C-

10

(CSDI)

61



. (HddHeat) (CddCold) -

(CddCold), ( )
: ( , : : )
: ( )
( )
- (CddCold).
100 ,
( , ) 200-220
( ) 35-60
10 ,
[17,18].
(R95pTOT, R99pTOT, R99p, RI9p),
( -
) ( : )
- 5-7%- 2-4%- - -
30-40%- — 50-75%-
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R50mm)
Rx5D),

(CDD).

(R30mm,
(Rx1D,

63



64



[85,102,103,204],
[21,79,195,196,121]

65



66

3.1.



187

[50,62,64,67,73,80,116,120,152,168,169,198,199] .
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88%- , 31 %-

105
.1950

4%- 1,6

120-

1990-

68

25

2020
7,5%

1993

840

'[101.



1990

69



70

200-

) [18].

K=H.f/ AA. (3.1),

TCI =8-Cld + 2-Cla + 4R + 4-S + 2-W (3.2.),

TCI

[168],



, , Cld -

- (%),
- Cla )
R- ()
S- ()
W - (7).
TCI-
3.1. TCI -

Table 3.1. Parameters included in T CI in points.

(°C)

Cl Category
90 + 100 Idealy
80 + 89 Good
70 +79 Very Good
60 + 69 Good
40 + 49 Marginal
30 +39 Unfavorable
20 +29 Very Unfavorable
10 =19 Extremely Unfavorable
-30+9 Impossible
3.2.
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1)
2)

3)

92%

—20-22

98%-

18
[19].

73



25
15% (

+8

74

+8

+8

[17,19].



[17,19].

CDDcold=» TM ;- T, (3.1)
J

CDDcold (Coolong Degree Days)

ododob Heab-ergpeb bilgxrn Gogbgy
as6l-20101 55)

1:1860 000

321 .3.2.2.

Fig. 3.2.1 and Fig. 3.2.2. Map of distribution
of heating and cooling degree-days.
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<8°C
, 37 - 40 % ,

[17,19] ,
. (CHuIM 2.01.01-82 ,,CtpoutensHas Knumartonorms wn Ieodmsmka™),

<8°C
( -
Z=122 , T §=6.6°C,
: Z=91 . T & =59 °C,
Z=122-91=31
2010 ). -
[19]



1961

GEV

) [17].

1-, 5

10-, 20-, 50,100

0.70- ,
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3. 2.

Table 3. 2. Values of the correlation coefficient between the components of the
complex

0.75 0.13 0.56 0.13
-0.45 -0.69 -0.25 -0.82
0.24 -0.31 0.20 -0.25
-0.02 0.05 0.04 0.10
V:05 / I 1
05 [/ -
[17,19].
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(T
T -
18°C)
C —
T-
V -
AT=-CVy(T = T)

V-

).
[17,19].
(V)
T =T-CVX(T-T)
(
C=0,005;
A
T-
T
(%)

[17,19].

[17,19].
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(10-11 12-13 /)

. 10 - 11 /
1956-1990 2- 22°-
| - 2% 8%
(196-1990 y 01 |/
0_
14- 20°- (1990-2010 )
10- 12°- .
(26° ) ,
) -
[5,10,19],
\Y;
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[5,10,19.]

55 - 76%- ; IV

[5, 10],

22 — 28°-

[10].
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), 0°Cc (
(e)
(D)
- 5% 40
40-45°-
., 20-25°C
10

82

).
(t°)
5.
5%-
[5,10] -
- 90%- (11- 100%- ).
5- 250
5.0°-9.9°C.
91-95%
4.1%- .
3.6%-
-10, -5°C
25
25°C- -
9,3%- , 71-75%
2,7%- . -



60-90%-

50%-

0°c-

5,5%- .

0,1%-

70-75%

- 1-5%.

[50-55%]

-10%

25°-

10°C-
20-25°C,
20°- |
( : -
30%- .
25°C
1%- |
250-
80-85%.
-4,4%
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3-4°-
10°-

—-10-

55-60%- .

91-100%
20°-
, 1500

25-30°C
(0-

40-100%-

[17]. ,

-10°-



[17].

[17],
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1.2-1.3-,

VW - ) / 1

3.3.

'[17, 18] ,

[17],
10%- ,

_ Hghw

= 3.3.
1000

Table 3.3. Ratio of wind speeds in rain and any weather conditions

/

VB

VO VO I/0

1. 1.8 1.6 11

2. 2.7 2.1 1.3

3. 3.5 2.7 1.3

4, 3.0 2.4 1.2
(Ve/V) =12

1. 115 8.9 1.3

2. 16.9 141 1.2
3. 12.2 8.7 (Ve/V) =13

, 1<3.
, 3<1<5, 1>7-
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300-700
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3. 4.
Table 3. 4. Distribution of indirect rain index by orientation

0.7 0.03 | 0.01 0.1 0.01 | 0.06 0.2 0.3 0.3
7.8 0.1 0.2 0.1 2.8 0.1 3.7 0.5 0.3
1.7 001 | 001 | 0.1 05 | 001 | 001 | 0.1 1.0
14 0.08 0.1 0.2 0.08 0.1 0.09 0.5 0.2
1.7 02 | 004 | 005| 03 | 002 | 004 | 004 | 1.0
2.6 0.1 0.6 0.9 0.3 0.1 0.2 0.1 0.3
3.9 0.04 | 0.05 0.5 0.2 0.1 11 1.7 0.2
7.0 0.3 0.8 2.2 0.4 0.2 0.2 2.8 0.1

1. :

2. X

3. X

4. ;

[5,10]. ,
?2-
, 5 [5,10,19].

Z Vwi twi
=t -
2l

24.
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H,=Hg tga cos (0-0o). 2.5

3.4.

(TM-1).
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1-3

16- . , _

( 15 )300- -300 ).

100- 200 -

5 -,
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3.5. H,q
(I! HV! vaax)

Table 3. 5. Comparison of precipitation falling on the horizontal surface Hy with

characteristics of indirect rain (I, Hv, Hvmax)

2 -1
() ()

vaax
H, Hy
2360 1120 5.0 136
246 260 1.13 85
9.6 4.4 4.4 1,6

15-50
(15-20 ). ,
50
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10- , (55
550 ). ,

IV < ,
840
480 -
- 1120
840
HV
Hg ’

, 4-5 |
45°,

20
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200-300

93



94

(cddcold), ddcold
(hddheat) ddheat



NH-
NH-

NH-

[260]
. [3,270]

. [219] 12

[27]
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[87,89,100,101,142], [189],
[88]

[4,118,203,217].

[52,53],
2018
242,243,259].
[https://ka.wikipedia.org/wiki/ _Iv_
251,267].
100

[240,248,250,261]. :

[239,241,249,261,269].

[16,27,171,219].

.. [27,89,219,230,233,234,235,236,268].

96

[74,90],

[226,

[11,37,46,76,78,



1990

( )
)
(
[33],
(
[59,60,232]
[55,56].
« , ) [256].
4.1.
115
1936-1990 (NH) 123-
NT  NH-
4.1.1.

97



41.1.

NT (1936-1990

NH (1941-1990 .

Table 4.1.1. The number of meteorological stations in different climatic zones of
Georgia for recording lightning NT (1936-1990) and hail NH (1941-1990) days in the

warm period of the year

2 2.’ 2
1. 900 5 180 4 225
I 2000 8 250 9 220
1. 10900 21 520 29 375
V. 3700 10 370 10 370
V. 7000 17 410 16 440
VI. 4200 7 600 5 840
VI 5600 4 1400 4 1400
vill. 2900 2 1450 3 970
IX 9900 12 825 13 760
X 4400 2 2200 3 1470
XI. 2200 4 550 4 5500
XII. 2500 3 835 2 1250
X 2600 4 650 4 650
XV 5500 8 690 10 650
XV. 5700 8 715 7 815
70000 115 123
411 1936-1990
. [243,244].
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90
80
70
60
50
40
30
20
10

Nt

1 2 3 4 45 6 7 8 9 10 11 12 13 14 135
Climate Zone Numb er

411
1941-1990

Fig. 4.1.1. The maximum and average number of hail days in the warm period
of the year in different climatic zones of Georgia in 1941-1990.

, 411
: NT-
44- ( XII) 81-
( XV); NT- 10- ( V)
21- ( XV); NT 25- ( IV) 50-
( XV) [252].
.4.1.2 1941-1990
. [237,244].
. 4.1.2.-- , , -
, NH-
. NH 2-
( 1) 20- ( XV); XV); NH- 0.3-

(I )365- ( XV

SN 1 1 ",

V-VI, VI, IX, XII XIHI; VI-Y T, X, X XIHI; YH-X XII; 1IX XII; X

X1, XN XIHI; X1V XV. ,
90%- ,
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20
15
o 10
Z,
5 m
, L [L
1 2 5 9 15
OMax 2 4 6 § 10 8 7 12 15 7 13 § 13 13 20
OMean 0.3 037032061 1.4 1.681.061.471.580.802.031.17 1.4 3.15 3.65
Climate Zone Number
.4.1.2.
1941-1990

Fig. 4.1.2. The maximum and average number of hail days in the
warm period of the year in different climatic zones of Georgia in 1941-1990.

NT-
44-
Xl 81- XY): NT- 10-
( 1Y) 21- XY): NT 25-
(  1Y)50- (  XY).
4.1.2 (1936-1962, 1963-1990)
(1941-1965, 1966-1990)
. [237,238,244,259].
4.1.2.- ,
( - )
53%- . -
(53 ) 51%-
, 40% . -
(62 ) 55%-

100



4.1.2.

(1936-1962, 1963-1990)

(1941-1965, 1966-1990)

Table 4.1.2. Changes in the number of lightning days (1936-1962, 1963-1990) and the
number of hail days (1941-1965, 1966-1990) for the warm period

» %, » %,
+ 0 + 0
37 16 47 12 53 35
36 19 45 15 51 35
40 11 49 7 57 36
[ 60 0 40 0 0 100
I 38 25 37 22 33 44
I 24 10 66 17 52 31
\% 40 30 30 10 40 50
v 41 18 41 0 69 31
VI 43 0 57 0 60 40
Vi 25 0 75 0 50 50
il 50 0 50 33 67 0
IX 75 0 25 15 62 23
X 50 0 50 0 33 67
XI 25 0 75 0 100 0
Xl 0 33 67 0 0 100
X 0 50 50 0 50 50
XIV 37 13 50 10 70 20
XV 62 13 25 43 43 14
, 60%-
v \% 60-70%-
VI, X, 1X, X XV
50-75%- ;
XV 50%-
Xl -
50%-

101




I, vii, Xi, XH

2004; , 2022].
. NH-
( L X XY).
30
, 18 |
NH
4.2
, 1941-1990
4.2.1
1941-1990
4.2.1.

60-75%-
[ 1
, 1966-1990 . 1941-1965
. 2006-2021  1941-1990
. 10
( ) [43,259].
NT  NH

Table 4.2.1. Statistical characteristics of the average number of lightning and hail days
at the meteorological station in the warm period of the year.

Geo West Geo East Geo Geo West Geo East Geo
Max 52.5 52.9 51.9 1.82 157 2.81
Min 237 20.5 25.1 0.37 0.23 0.64
Mean 34.1 320 375 1.27 0.97 1.84
St Dev 5.56 6.19 5.54 0.40 0.33 0.59
Correlation Matrix

Geo 1 0.96 0.88 1 0.95 0.94
West Geo 0.96 1 0.72 0.95 1 0.78
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East Geo 0.88 0.72 1 0.94 0.78 1

1941-1965 34.2 322 37.3 1.54 1.18 2.24
1966-1990 34.1 31.7 37.6 0.99 0.76 1.44
1941-1990
, -34,1 1,27, -32,0
0,97, -375 1,84.
[128] , (R=0.96)
(R=0.88) NT
NT (R=0.72).
NH
(R=0.95 0.94 ). NH
(R=0.78).
[128] 1966-1990 . 1941-1965
NT
( 421, . 421), NH
( 421, .4.22
60—0—Ge0rg'|a Eastern Georgia == Western Georgia
50
%0
30
20
1940 1950 1960 1970 1980 1990
Year

.4.2.1
1941-1990
Fig. 4.2.1. Variation of the average number of days at the meteorological station in different
regions of Georgia in 1941-1990.
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( .422)

: NH = — 0,00042054 X2 + 0,0006038 X + 1,0396, (R2 =

0,625);
. : NH = -0,0005685 X2 + 0,0004756 X + 1,556,
(R2 =0,537);
. : NH = -0,0003438-X2 + 0,00067036-X + 0,7676,
(R2 =0,576), X ,1...50.
—4— Geo_Real == Geo_Trend
4.0
%.0 / _
Xl\xT AR W I'I"x LEd o
flw\x raat ]
1940 1950 1960 1970 1980 1990
Year
.4.2.2.
1941-1990

Fig. 4.2.2. Variation of the average number of days with hail at the meteorological station in
different regions of Georgia, 1941-1990

. 423 1941-1990

: NT (East Geo/West Geo) = 0,0024 X - 3,63,

(R2 = 0,0543); NH (East Geo/West Geo) = 0,007 X - 11,84, (R? = 0,0568), X —
:1941...1990.
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—4&—N_Thund, East Geo/West Geo

—8—N Hail, East Geo/West Geo

15 Y ' |
Ay, .09 A0 H_{‘g
0.5
1940 1950 1960 1970 1980 1990

.4.2.3. 1941-1990

Fig. 4.2.3. Changes in the average number of days with lightning and hail at a meteorological
station in East and West Georgia in 1941-1990.

. 4.2.3-
. : 1941-1965 . 1966-1990 NT (East
Geo/West Geo) 1.17 1.21, , NH (East
Geo/West Geo) 194  2.02( ).
[228].
42.2
: 1971-1990 1941 1960
NH- NT-
0.32 ( )  0.75¢( )
- 050 ( ) 0.70
( ), - 041 (
). 0.75( ).
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4.2.2.

Table 4.2.2. Linear regression relationship between the number of hail days and
the number of lightning days in different regions of Georgia in different
periods.

N.=a N;+b
R a b

1941-1990 0.47 0.0256 0.15

1941-1960 0.32 0.0105 | 0.862

1971-1990 0.75 0.0322 | -0.292

1941-1990 0.36 0.0383 | 0.407

1941-1960 0.50 0.0361 | 0.921

1971-1990 0.70 0.0494 | -0.513

1941-1990 0.42 0.03 0.242

1941-1960 0.41 0.018 0.948

1971-1990 0.75 0.0374 | 0.333
423 .. J
(J=100 NH/NT, %) ) -

, 1941 1990
3,73%
1,58- 6,41%- ; J-
3,04%- 1,15- 5,21%- ;
J- 4,94%- 2,26~
8,48%- . J- -
( a 0,01- ). -
4.2.3 (a
0.01- ). , -
, 42%-
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4.2.3.

Table 4.2.3. Statistical characteristics of the relationship between hail and lightning

days in different regions of Georgia at different times of the year.

max min o Cv, %

1941-1990 3.04 5.21 1.15 1.02 335

1941-1990 4.94 8.48 2.26 1.55 313

1941-1990 3.73 6.41 1.58 1.15 30.9

1941-1960 3.85 5.21 2.15 0.82 21.3

1941-1960 6.2 8.48 4.38 1.09 17.6

1941-1960 4.69 6.41 2.95 0.84 17.9

1971-1990 2.24 3.75 1.15 0.69 30.7

1971-1990 3.55 4.69 2.26 0.81 22.7

1971-1990 2.72 3.97 1.58 0.66 24.8

.4.24 J-
.4.24 J
0.81 ( ).
:J =-0,0677 X + 5,45; :J =-0,0566 X +
4,49;

:J=-0,00878 X + 7,17 (X , 0,655 <R<

0,735, 0<0,005).
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——Georgia Western Georgia =——#e—Eastern Georgia

9.0

7.0
3_3;. 5.0
3.0

1.0

1940 1950 1960 1970 1980 1990

.4.2.4.
1941-1990
Fig. 4.2.4. The average ratio of days with hail and lightning in different regions of Georgia at
one meteorological station 1941-1990.

, .4.25- 1941-1960
, 1941-
1960 . 1971-1990 4.2.4
=4 Georgia (l) == Western Georgia (l)
7.0
5.0
:,e‘
= Lo PEISOO eyt X
- EEQEEQ“%“-”
1-0 | |
20 30 40 50 60
NT

.4.25.

1941-1960  1971-1990
Fig. 4.2.5. Graphs of linear regression equations between the average number of lightning days
at the weather station and the number of hail and lightning days in the territory of Georgia, as
well as between its eastern and western parts in 1941-1960 and 1971-1990.
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4.2.4. J=aNT + b

1940-1960  1971-1990
Table 4.2.4. Coefficients of linear regression equations J=a NT + b for the
territory of Georgia, as well as for its eastern and western parts in 1940-1960
and 1971-1990.

a -0.0816 -0.0593 -0.0411
1941- b 7.428 8.09 5.341
1960 R -0.54 -0.33 -0.28
a 0.015 02 02
a 0.039 0.0137 0.05
1971- b 1.47 3.125 0.354
1990 R 0.33 0.12 0.41
a 02 <0.2 0.075
. 425 4.2.4- , J NT
[119,255], ,
J NT . )
1971-1990
( R=0.41 - , 0.12 -
), 1941-1960
( , R = -0.28,
-0.33, ) [228].
( .4.24) -
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4.3

[44]
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r

.4.3.1.

[243]
(
NT DT
1955-1974
(N5,6,7,10,14 15).
1955-1974
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12 151 g4
] st | s5 | & Y
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Zone 5 Zone 6 Zene 7 Zonz 10Zone 14 Zone 15 Zone 5 Zone 6 Zone 7 Zone [0Zcne 14 Zone 15
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152

125 12
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; 4

fig. 4.3.1. Number and duration of days in the warm half of the year in

(8

-15
),

5-10

) [44,243].

6 climatic zones of Eastern Georgia.

(317 ).
8 )
).
(71 -
(19-21 -



( Ng)
[IEC 61024-1, 1990]
N, = 0.04-(N,)** (4.3.1)
148
1891 2006

[34]. :

4.3.2.

Fig. 4.3.2. Distribution of the average annual frequency
of shore discharge in the territory of Georgia
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. 432

g, 95% Low  [INg, 95% Upp

Thilisi T ——
fiakheti e ehiad
E{\'emo Kartli |— o
Sshida Kartli | — i
'Q\irskheta Mtianeti | —n o
TMeskhetr [ T 17
Hmereti I T3 "8

Racha Lechkhumi | — 1 47

djara | ———nws e

Guria |I— 3= 35

Samegrelo-Zemo Svaneti T=T NT ¥a2

Abkhazeti | ————p 6=

0 1 2 3 4 5 6 7

.4.3.3.

Fig. 4.3.3. The upper and lower levels of the average annual number of landside discharges in
different regions of Georgia

433
95%-
(Ng > 5.3).
R H NH
0,28, a
0,001-
H
(H inm):
Ny = 0.0038-H + 31.3 (4.3.2)
) Ng- H-

( R =0,29 a 0,001- ). Ng- H-
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Ng = 0.00047-H + 2.98 (4.3.3)

[ ., 2000], 1972-1976
H :
Ng- H2-
(Ng =
5.2:10* Hy>*" min), (1978-1984 D),
1972
1976 ( .4.34)

2o

ns

4.3.4.

(25 2 ) .
Fig. 4.3.4. Distribution of average seasonal amount of lightning discharge from clouds to
ground (per 25 km?) in Kakheti area

1 2.
0,52, -15,08.
1 2~ 36
8- 12 - ( 87%);
Hm 9- 1 - .
, Ng . 4.3.3
4.3.4, . Ng- , .
4.3.3- 3.6 1 2 . 433
( 1.2- 5.6- 1 2 ).
[34] :
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4.4.

. [28, 55, 56, 230, 231]

., 2002, 2013; , 2017].
[28,55].
(
4.4.1,4.4.2) [236,241].
Apr May Jun Jul Aug Sep Oct
441,
Fig. 4.4.1. Monthly recurrence of hail days in Kakheti
(
4.4.1) ( 25%), -
( 23%), -
( 5%). ).
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100 96

.4.4.2.

4.4.2)

( 0.9% ).

16.0

14.0

12.0

10.0
ag
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40
0
0.G

,4.43.
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Fig. 4.4.3. Recurrence of hail at certain hours of the day in the Kakheti region.

[236,24].

(
( .443)

60% 5

, 1600 -  17:00 -
15,5%).

, 80%-10
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1%-
9-10

4%-

10

1982 21
240
( )
[261]. ,
(20-30 ) ( 30
10%- ,
, 9 -
5 -
[248] ,
20-30 -
100
28
: (
)1 -
A ~135 );
- ( _810 )1
363 - | ~21,6

3%-

1986

50 -
1%-

400 -

 [89]

) [57,243].

210 [235,268].

70%.
25-30%-
30-50
1%- .

[55,219,260].

[248,261]. . . -

-57 -
100-200 %

[261].

2014-2018

8- 20 - .2019

26,7 -

- 0- 26,5



[219,235,236,268], -

100%-
( 4.4)

4.4. 1= ( ), 2 -
( )3- 100% ( ),4-
Table 4.4. intensity scale. 1 — hail intensity (point), 2 — diameter of hail (mm), 3 -
damage area 100% (ha), 4 — result.

1 2 3 4

1 <5 <100

100-
2 | 6-10 500
600-
3| 11-20 1000
1100-
4 | 21-50 5000

5 >50 >5000

, (RAPO-

. 4.4.4-446 1982, 1984-1989 124
. 100%- -

100%-
[236].
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118

11-50

>50

444, 100%-
1982, 1984-1989 -126 .
Fig. 4.4.4. Recurrence of 100% hail damaged areas in Kakheti in 1982, 1984-1989.

Total — 126 days with solid precipitation.

60

40

20

%

2.0
3 < 3.0= 50<

Min, $US

445,
1982, 1984-1989
Fig. 4.4.5. Recurrence of economic losses on a hail day in Kakheti 1982, 1984-1989.

62 11-50

>50

4.4.6.
1982, 1984-1989
Fig.4.4.6. Recurrence of economic damage by areas damaged
by hail in Kakheti in 1982, 1984-1989



1- 1- 5
2. ( , 468  37,3% ).
6-10 2 100%-  7%- -
,11-50 2-9%- ,50 2- — 1%- ( .44.4).
, 100%- 4.0
100-500
( 41%- ), 100
32,5%- 9,5%-
05- 1 ,1,0-  20- ,20-
30- , 3,0- 50- , 50- 10,0- 10 .
, 6.3, 5.6, 1.6, 2.4 0.8% ( . 445)
0,827
. 446- 4
( 100%-  11-50 2, -
43.3%).
2 5- ( :
1-5 2 50 2 , 20,1
21,4%).
1- ( 1 2 '
4.0%). 3-
( 6-10 ?) ,
11,2%-
447 100%-
2016-2019
444 447-
100%- 1 =
1982, 1984-1989 2016-2019 (46,8  46,9%, -
); 15 2
(37,3 34,7%, );
6-10 2
, 2016-2019 . (6.3 16.3% ):
11-50 2 1982, 1984-1989
(8,7 2,0%,
)- 50 2.

0,8%,
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50
40
30
20
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2.0 0
— -_—

<1 1-5 6-10 11-50 >50

Km?

447, 100%-
2016-2019 . -49
Fig. 4.4.7. Repetition of 100% hail damage areas in Kakheti in 2016-2019.
Total — 49 days with solid precipitation

, 3-
, -
(
4.4. 1).
1967
1989 100%- -
. % [ 5 , 1990].
, (=88%, 4.4.2). , 2016-2020
100%- =27
( 4.4.2) 1982, 1984-1989 40 2 [236].
(
).
, 2012-2016
1958-1961 ,
71-442 (
260 - ).
( ,
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[57]
[243],
2016 2019

4.4.3.

Table 4.4.3. Statistical characteristics of hail in the clouds and on the Earth's surface
according to the average maximum diameter in Kakheti from April to September.

Parameter April ‘ May June July | August ‘ September
99% Low 0.91 1.53 1.79 1.73 0.70 1.49
Mean 117 1.69 197 1.97 1.27 1.79
99%_Upp 1.42 1.84 2.16 2.21 1.84 2.08
99%_Low 0.29 1.02 117 0.88 0.00 0.81
Mean 0.75 1.23 141 1.25 0.12 124
99%_Upp 1.09 1.42 1.65 1.58 1.06 1.61
4.4.3 ,
117 - ( )197 -
( ) )' ) 1 D
012 - )1,41 - ( ) [48,49].
.4.4.8 449
. 4.4.10 4411
99%- 0.11- 3.84 -
, D
, D
2021a.
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Hail diameter, crm.

1.95
1.8

.4.4.10
99%- .
Fig. 4.4.10 Vertical distribution of average maximum hail diameter and their lower and
upper 99% levels in August in Kakheti.

e D 99% . : 0+0,91 : . 0,82+1,53 : :
0,96+1,75 ; :0,59+1,60 ; : 00,42 1 0,54+1,49
e D . ;052117 0 1,05+1,69 1 1,24+-1,94
:1,04+1,86 ; :0+1,11 :1,05+1,79
*D 99% Upp. 1092142 :1,26+-1,84 :1,49+2,12
X :1,40+-2,11 :0,82+1,72 ; :1,46+2,09
, . 4.4.12
99% -
[49].
. 4.4.12- , D- 0o -
( - : )
1.60 - ( - ). 99% D
0 - ( - )18 -
( ,
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o

0.6

04

0.2

Low |Mean| Upp | Low [Mcan| Upp | Low |Mean| Upp | Low [Mean| Upp | L6W [Méan| Upp | Low [Mcan| Upp
Apr | Apr | Apr | May [ May | May | Jun | Jun | Jun | Jul | sul | sul | Aug | Aug | Aug | Sep | Sep | Sep
064 098 [ 127 [ 124 [ 142 150 [ 138 [ 160 [1.82 [ 105 [ 147 [ 1.77 [ 0.00 [ 0.43 [ 131 [ 108 [ 1.44 | 178
0.10 [ 064 [ 1.00 [0.92 [ 1.13 | 133 | 1.06 [ 132 | 1.56 | 0.74 | 1.14 | 1.49 [ 0.00 [ 0.00 [ 0.94 | 0.68 | 1.14 | 1.53
0.18 [ 0.69 [ 1.04 [0.96 [ 117 136 [ 100 135 [ 159 [0.79 [ 108 | 1.52 [ 0.00 [0.00 [ 098 [ 073 [ 118 | 156
029 (075 [ 109 [ 102 | 1227 ra1 [ 16 [ 141 [ 164 [ 087 [ 125 [ 1.57 [0.00 [ 010 [ 106 [ 081 [ 123 161
021071 [ 1.06 [09s |10 138 [ 102 [ 138 [ 161 [os2 [ 121 [ 154 [ 0.00 [0.00 [ 101 [ 075 [ 1.20 | 158
029 [0.74 [ 1.08 [ 101 | 121 1.40 [ 1.15 | 1.39 | 1.63 | 0.86 | 1.23 | 1.56 | 0.00 | 0.01 | 1.04 [ 0.79 | 122 | 1.59
0.08 [ 0,63 [099 [ 001 | 112|132 Los | 131|185 [0.72 [ 113 | 148 | 0.00 [0.00 [ 093 [ 066 [ 113 | 152
036 | 0.80 | 112 | 106 | 1.26 | 144 [ 1.20 | 1.44 | 167 | 093 | 1.29 | 1.61 [ 0.00 | 0.12 | 1.10 | 0.86 | 1.27 | 1.64

4.4.12. 99%-

Fig. 4.4.12. Average maximum diameter of hail and their 99% lower and upper levels in
Kakheti municipalities from April to September.

4.5

[31,35,45, 220,228,229,254,265] :
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, [23,24,

25,26,32,]. , :
(AOD) [35,36,45,262], - (B) [38,247],
(AC) [228],
(
) -
( : : )
AOD
, R
AOD (R
0,71),
(R 031-  070- ). ,
, , 1966-1990 AC
, AC
1990 1966 :
27,8%. — 34,2%, -
22,2%.
(AOD)
[228].

, AOD, B AC
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45.1. ,
( 1 ym)

Table 4.5.1. Levels of background, random and anthropogenic AOD components

AOD

(wavelength 1 pm) for six actinometric stations in Georgia at three times.

)
0.023 0.015 0.016 0.020 0.021 0.016 0.019
1928- : 0.019 0.023 0.020 0.017 0.021 0.023 0.021
1950 . 0.004 0.003 0.001 0.003 0.002 0.002 0.003
0.046 0.041 0.038 0.040 0.044 0.042 0.042
0.020 0.023 0.020 0.017 0.021 0.029 0.022
1115;% 0.037 0.032 0.016 0.026 0.024 0.026 0.027
0.080 0.071 0.051 0.063 0.066 0.071 0.067
0.032 0.042 0.028 0.032 0.025 0.031 0.032
112791) 0.090 0.077 0.035 0.058 0.056 0.060 0.063
0.144 0.134 0.079 0.111 0.102 0.106 0.113
451 NT -
AOD
1941-1990
+ Georgia Western Georgia  a Eastern Georgia

55

45

E 35

25

15

0.020 0.070 0.120 0.170 0.220
AOD
45.1.
1941-1990

Fig. 4.5.1. The number of days with lightning in the warm period of the year at different values
of the aerosol optical depth of the atmosphere in Georgia, in its western and eastern parts in

1941-1990
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.451- | NT
AOD-

NT =19.112 AOD + 39.875 (R? = 0.0139, 0>0.2).

(
45.2). ,
NH AOD
:NH =-8,7572 AOD + 1,97, . :NH =-7,1145 AOD
+1,52;
:NH =-11,536 AOD + 2,80 (0,410 <R%< 0,490, 0<0,005).
:J=-28.317 AOD + 6.01; . :J=-23.883 AOD +
4.90;
:J=-35.173- AOD + 7.86 (0.504 <R%< 0.608, 0<0.005).
, NH J
AOD-
+ Georgia Western Georgia  a Eastern Georgia
3.0
2.5
2.0
I 15
Z
1.0
0.5
0.0
0.020 0.070 0.120 0.170 0.220
AOD
.4.5.2.
1941-1990

Fig. 4.5.2. The relationship between the number of hail days in the warm period of the year and
the optical thickness of the atmospheric aerosol in Georgia, its western and eastern parts in
1941-1990.
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+ Georgia Western Georgia A Eastern Georgia

10.0
X 59
0.0
0.020 0.070 0.120 0.170 0.220
AOD
.. 4523,
1941-1990

Fig. 4.5.3. The relationship between the lightning factor in the warm period
of the year and the aerosol optical thickness of the atmosphere in Georgia,
its western and eastern parts in 1941-1990.

1967 1989
[226, 227]. ,
2015 [55,56,57].
[228,229] ,
8
( i) i) y ) ) ) )
8 ( , , :
i) ) i) ) )' 95%
1970-1989 1941-1960
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71%- 1970-1989 . — 96%.
25%-
1941-1960
(1970-1989
100%-
)
, [25,26,58,228,229]
(AOD, B, AC)
Fl
Rt.
AOD-
0.12- 0.17- ,
6000- 2800- , AOD
4000-
, AC 31-10-15/chm-m-
AC-
15/ohm-m
8000-
° B_
. B 3.0 Bg/m2

B-

1941-1960

(
97%
(
N
TD, -
LgZm,
AOD
0.17- 0.21- , -
40-10-15/ohm-m- .-
48.10-
2000-
, B-
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2000-

8000- ,B- 6-  15Bg/m’
AOD- . AOD-
0,11- 0,125- 115
40 /. : AOD
0,125- 0,185- :
AOD- 0,85- 0,195- -
30-40 70 / :
° B-
, B 1,5- 10
Bg/m2 , . B-
20 Bg/m2 ,
60- 100 -
26 Bg/m2 -
100- 50 /
AOD- (1971-1973 )
. AOD- 0.11- 0.150-
0.160- , 1D 170 - . 115
. AOD- 0.160- 0.195-
115 . 140
° B-
. B- 1,5- 10 Bg/m2 , TD-
90 . 140 . B -
10- 20 Bg/m2 : -
. B- 26 Bg/m2
TD- 180 - .
e LgZm- AQOD-
. AOD 0.090- 0.180- , LgZm
2.7- 2- . : AOD 0.180- 0.230-
, LgZm 2- 2.6-
. AOD-
LgZm- AOD- . ,
AOD 0,090- 0,170- |, Rt- -
16- 10- . : AOD 0,170- 0,230- ,Rt-
10- 12-

130



e LgZm- B-

, B 1- 10 Bg/m2 , LgZm-
2.4- 22- .B-
16 Bg/m2 , LgZm- 2.2-
3.0-

° B- -
) , B 1- 6 Bg/m2 ,

Rt- 13- 11- B-

16 Bg/m2 , Rt-
11- -145

: . 454 4.5.5- AOD, AC B

4.5.4, N- AC B-
Fig. 4.5.4. Relationship of seasonal averages N to AC and B.

N =216,14- AC -1795.-B + 216,66:B2 - 6,514-B3 -2382,1 (R2 = 0,71, a = 0,01)

140,0
120,0
100,0
80,0
60,0

40,0
20,0
0,0

455 F AOD- B-
Fig. 4.5.5. Relationship of F monthly averages with AOD and B
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F = -545194-A0D + 5401943-A0D? -23546662-A0D® +38096766-A0D" + 0.7065-B
+ 20451, (R*=0.60, a = 0.01)

1978-1983
) y e (GGO)
(LHMI)
[59,60,232].
120 .
106 , 18 88
( Rt
H) . -
, Rt=8
H >8 60 - ,
6,1-
12,8 - : -
5- 34- . 7- 152 -
; 1-
105 ;
" ¥ —6- 360-
53%-
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, 45.2
1964-1966 -
[228,229]. 45.2. -

- 1964-1966

4.5.2.

1964-1966 .
Table 4.5.2. Statistical characteristics of solid precipitation falling outside the
protected area in the Kakheti region on weekdays and weekends during the
warm half-year of 1964-1966.

Mean Min Max St Dev Count
2 0.05 18.4 2.86 216
2.28 0.05 18.4 3.14 166
- 1.04 0.05 6 1.24 50
45.3
- 1984-1989 [228,229].
45.3.

1984-1989 .
Table 4.5.3. Statistical characteristics of hail intensity in the Kakheti region in
the protected area on weekdays and weekends in the warm half of 1984-19809.

Mean Min Max St Dev Count
100% () 160.6 2.5 817 199.4 30
- 0,

100)/0 136.5 1.2 1039 250 15

566.9 50 2382 595.7 30

()
533.1 25 4876 1174 15
()
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[246], 90%,

, 1980-

4.5.4 1983-1990
. [264, 228,229].

45.4.
- 1983-1990
Table 4.5.4. Kinetic characteristics of hail damage in the North Caucasus during
weekdays and weekends in 1983-1990.

Mean Min Max St Dev Count

( ) 21.27 4 64 9.47 45

( - ) 22.36 6 44 8.3 22

( ) 5.9 2.3 175 3.095 45

( - ) 5.46 2.6 9.1 1.51 22

l2( ) 1.01 0.1 3.3 0.842 45

/2( - ) 0.72 0.01 1.8 0.52 22

/ 2( ) 98.7 0.3 413 107.9 45

/ 2( ) 85.6 0.3 361.6 84.45 22
2_

( ) 5715.5 140 26072 5351.5 45
2_

( ) 3696.8 200 8613 2330.8 22

454 )
90% -
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, [109] -

: 455
1982-1989
- [264, 228,229].

4.5.5.
- 1982-1989
Table 4.5.5. Characteristics of the structure of hail nuclei in the North Caucasus during
weekdays and weekends in 1982-1989.

Mean Min Max St Dev Count
0,
% 40.6 0 83 30.3 22
( )
0,
% 33.6 0 70 21.7 10
( )
0,
( ) % 58.3 17 100 29.5 22
0,
( ) % 65.4 30 100 22 10
[228],
[266]. , , i
: - [228,229].
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46.1

30-40%-

20-30%- ,

[13].

3-4- .

[210].

10-20%-

0-

5-
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L] L] L] - ) -

SP1 standardized precipitation index SPEI standardized precipitation
evapotranspiration index , -
. SPI

. SPEI

SPI-

SPI SPEI
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.4.6.1
Table 4.6.1 Description of drought indices

()
>2 1 50 .
1.6 bis 1.99 1-2-40 .
1.3 bis 1.59 1-2-x20 .
0.8 bis 1.29 1-2-10 .
0.5 bis 0.79 1-2-5 .
0.49 bis -0.49
-0.5 bis -0.79 1-2-5 .
-0.8 bis -1.29 1-2-10 .
-1.3 bis -1.59 1-2-20 .
-1.6 bis -1.99 1-2-40 .
<-2 1-50 .
2000-2020 . ( 461 46.2)
3 y=-0.0037x+ 0.4042
2 ) P R? ?«:'.0'0705
O -

— 5P — SPHI —— Linear (SPI)
— Linear (SPEl}) —— Linear (SPEI)
.4.6.1 12- SPI, SPEI
2000-2020 .

Fig. 4.6.1 12 month drought indices SPI, SPEI for Dedoplistskaro
for the 2000-2020 period
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< y=-0.0035x+0.4183

2
2 R*=0.0577

y=-0.0007x+0.148
R?=0.0023

[a]

200064~

== 2000-11
2001

-2 W———>3R — SPHI
3 —— Linear (SPEl) —— Linear (SPEI)
.4.6.2 12-

SPI, SPEI

——Linear (SF1)

2000-2020

Fig. 4.6.2 12 month drought indices SPI, SPEI for Telavi for the 2000-2020 period.

(PCC).
, RMSE (SPI-SPEI)

PCC SPI-SPEI-

SPI-SPEI-

.R? . RMSE
(SPI-SPEI) , . ( 4.6.2).
4.6.2. (SPI-SPEI)-
Table 4.6.2. Statistical parameters of selected stations according to (SPI-SPEI).
correll covar kurt pearson r2-spi r2-spei rmse
0.942305 | 0.857534 | -0.49676 | 0.942305 | 0.0027 | 0.0188 | 0.025909
0.942305 | 0.857534 | -0.49676 | 0.942305 | 0.0695 | 0.0695 | 0.009268
0.942305 | 0.857534 | -0.49676 | 0.942305 | 0.0013 | 0.0263 | 0.015006
0.942305 | 0.857534 | -0.49676 | 0.942305 | 0.0058 | 0.0347 | 0.017471
0.942305 | 0.857534 | -0.49676 | 0.942305 | 0.0241 | 0.0016 | 0.021206
0.942305 | 0.857534 | -0.49676 | 0.942305 | 0.0064 | 0.0918 | 0.009364
0.942305 | 0.857534 | -0.49676 | 0.942305 | 0.0034 | 0.0315 | 0.000938
0.942305 | 0.857534 | -0.49676 | 0.942305 | 0.0233 | 0.0785 | 0.016065
0.942305 | 0.857534 | -0.49676 | 0.942305 | 0.0006 | 0.0102 | 0.010778
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5.1

[18,82,99,162,168].

(1961-1985 .)  (1986-2010 .).

” “ 39- H
» "’ 70- ,
70- TCI- .

50-
TCI- - ;
W by, 1961-1985 W 1559, 1961-2010 W 5. 1986-2010
80

. 5.1. -

Fig. 5.1. Average monthly
characteristics of tourism
climate index in Batumi.
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[50,168]. , a <0.15-

(.. 85%- ).
5.2.
90
TCH6)=0.0727T-T0.113
R? = 0.0448
&0
O
[—.
70
60
1960 1970 1980 1990 2000 2010
oo
5.2.
Fig.5.2. Trend of monthly values of tourism climatic index in Batumi
5.1,
1 H )
TCI-
( . .5.4), ” -
“-11 “l 2'3%' [10].

143



5.1

TCI -

Table 5.1. TCI category for different seasons in Batumi

(

144

(

)

12

1

10

11

TCI-

5.3.)[5,18].

30




5.2.

Table 5.2. The average number of days with different categories of TCI in Batumi
during the three observation periods (1961-1985) (1986- 2010) and (1961-2010)

TCI-
(1961-1985) (1986-2010)

(1961-2010) . .

1958-1987 1988-2017 1958-2017
0 0 0

0 0 0

8 9 7

68 63 72

62 65 60

44 46 41
101 103 99
60 56 63

23 23 23

0 0 0
290 293 286
% 79.3 80.3 78.3
9.5 9.6 94

.53.TCI-

1985 (1) 1986-2010 (I1)
Table 5.5. Values of TCI in three different periods (1961-2010, 1961-1985 (1) 1986-
2010 (1) year and its change

(1961-2010, 1961-

1 2 g n 5 6

341 36.9 426 59.0 744 735

25.0 240 34.0 420 48.0 62.0

. 520 56.0 67.0 81.0 87.0 83.0

) 33.9 36.9 435 615 74.0 72.9

) 344 36.9 118 56.6 748 741
- 4.9

7 8 9 10 11 12

64.1 60.6 678 645 498 36.7

46.0 410 58.0 52.0 350 290

. 80.0 78.0 86.0 88.0 83.0 61.0

(1) 615 56.3 668 65.7 503 36,6

) 66.7 65.0 68.8 63.4 492 368

0] 52 88 20
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25

54.

1961-1985 (1)

5.4).

1986-2010 (1)
Table 5.4. The components of the tourism climate index and their changes in 1961
1985 (1) and 1986-2010 (11).

1 2 3 4 5 6
cd, . 23 2.4 27 37 48 48
an - 0.2
Cla, . 18 18 25 3.1 4.9
an - 0.1
o 0.4 0.6 0.8 2.0 2.4 0.7
an-q 0.8
s, . 1.3 1.6 1.9 2.4 3.2 3.7
an-q 0.2 0.2
w, . 2.6 2.6 3.0 3.5 3.5 3.8
am-m
7 8 9 10 11 12
cld, . 4.0 3.7 4.7 4.9 35 2.6
(an - -0.9 -1.0 -0.4 0.1
Cla, . 5.0 4.9 48 3.1 2.4 2.0
(- -0.1 -0.3 0.2 0.3
R, . 0.9 0.5 0.2 0.4 0.7 0.2
(m-q@m
s, . 2.8 2.9 3.0 2.6 1.8 1.3
(an - 0.3 0.3 -0.2
w, . 3.9 3.8 3.7 3.6 3.6 3.1
(- -0.4 -0.5 0.3
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) 1961-2010

30- . (28-29)

5.3.

TCI

W Lol 1961-1985 MULisd. 1961-2010 ™ Lisdl. 1986-2010

.5.3

Fig. 5. 3 Intra-annual distribution of tourism climate
index at Goderdzi Crossing

(84-87)
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Table 5.5. According to different TCI categories, the average number of days

55. TCI-

TCI-

1986-2010 (I1)

[10].

observations for the three periods at the Goderdze crossing

148

1961-1985((1)

1961-2010 1961-1985 1986-2010
9 5 13
37 37 37
64 79 49
67 67 67
78 78 78
64 68 60
32 22 43
11 7 15
4 2 5
0 0 0
189 178 200
% 51.7 48.7 54.7
) 6.2 58 6.6




(1958-1987)  (1988-2017)

TCI-
5.6 . 5.4. TCI
47.0 ( )79.2- ), 31.0 (
90.0- - ). TCI
5.4). TCI
( -
). TCI
.5.5.

TCI
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5.6.

1985 (1) 1986-2010 (I1).
Table 5.6. Tourism climate index values in1961-2010, 1961-1985 (1) 1986-2010 (1I).

1961-2010, 1961-

1 2 3 4 5 6
47.0 47.4 52.4 59.9 73.4 75.3
37.0 37.0 37.0 40.0 54.0 55.0
. 55.0 60.0 71.0 89.0 87.0 90.0
D) 47.2 47.6 53.6 60.3 73.6 745
() 46.9 47.2 51.1 59.6 73.3 76.1
(1=
7 8 9 10 11 12
71.4 72.8 79.2 65.3 52.4 47.7
56.0 57.0 62.0 42.0 37.0 31.0
. 88.0 84.0 90.0 89.0 67.0 60.0
(1) 69.9 69.7 78.5 66.0 51.9 47.3
. 72.9 75.9 79.9 64.6 52.9 48.2
-1 -3.0 -6.2
® 3. 1961-1985 M Lsd. 1961-2010 W -3, 1986-2010
90
30
70
=}
50
40
30 +
20 L T ™ T L T -T T
1 2 3 4 [ T 8 10 11 12
Yoo

.5.4.TCI

Fg. 5.4. Average monthly TCI values in Telavi in three observation periods

(
Cld: 2.0+4.9 (
).
( );
Cla: 1.4+5.0 (

150

5.10.):



R: 1.7+4.4 (

S: 1.6+4.0 (

W: 2.2+4.4 (
5.7.

1988-2017

Table 5.7. Average monthly values of tourist climate index components in Telavi in
1986-2010 and its variation in 1986-2010 (I1) compared to 1961-1986 (I)

(I1) 1958-1987

1988-2017

M

1 2 3 4 5 6
cld, . 2.0 2.0 2.4 34 48 47
(m-am -0.2
Cla, . 14 15 1.9 25 34 48
amn-am

R, . 44 4.1 36 25 17 18
(m-am 06

s, . 16 17 2.1 24 3.2 3.9
(m-am 0.4 -0.4
w, . 2.2 25 34 4.2 41 2.7
(m-a 0.2 03 0.4 0.3 0.3 -0.5

7 8 9 10 11 12

cld, . 35 38 4.9 36 25 2.0
(m-am -0.4 -0.8 04
Cla, 5.0 5.0 43 26 2.0 16
(m-am 03

R, . 30 28 31 32 37 4.2
(m-am 06 -05

s, . 40 40 31 25 17 16
(m-am -0.3

w, . 26 2.6 33 44 36 2.6
(m-am -0.4 -0.5 -0.5 0.4

TCI
5.5.
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— —a—5

i

20 TCL7)=-0.1224T + 314.45

80
E 70

60

TCL8)=-0.23T78T + 545.01
RZ = (1.2398
50
1960 1970 1980 1990 2000 2010
Faeno
.5.5. TCI- 1961-2010 . .

Fig. 5. 5. Trend of TCI in Telavi 1961-2010

5.11,

TCI

((
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5.8. TCI -
TABLE 5.8. TCI CATEGORY IN TELAVI IN DIFFERENT SEASONS

( ) 12 1 2
( )
( )
)
( ) 3 4 5
( )
( )
) .
( ) 6 7 8
() :
( )
) .
( ) 9 10 11
( )
( )
)
3
100-150 , 70-80%, -
2-3 | . -
TCI
(25
)
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TCI

100-150 , 70-80%,
2-3 |/

) [10].
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1961-2010

34 « ) 95-
; . ] Y

TCI- 56.2-  ( “

)835-  ( « ) . .56

. TCI-

® lisd. 1961-1985 B bsdl. 1961-2010 ® Lisd. 1986-2010

TCl

.5.6.
Fig. 5.6. Tourism Climatic index in Mestia in three observation periods

" “ (29%),
“ (0.1%).

(TCI- .)
TCI- :
. , TCI
1 (D) -
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; (2 ( - : )

; (3)
(4)
( . , : )
TCI-
HCI, , :
( ),
/
“ HCI- ,
TCI-
( )
( ). HCI
, TCI-
, HCI- [5,10],
[5,10]. ,
-HClI- ,
HCI [66,67,70,71,198,199]
HCI=4T+2A+3R+1W (5.1)
TCI- , . HClI
. 10% :
— 40%, - 30%, — 20%, —10%.
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TCI- HCI-

( : TCI- ).
HCI- TCI-

(TCI) (HC.I)

: TCI
HCI_ (TCI  HCI )
[198].

110

90
TCl = 1.4721-HCl - 48.363
- K- 0.9086

50

30

10

30 50 70 90 110
HCI

5.7. HCI- TCI-
Fig. 5.7. Linear correlation and regression between HCI and TCI in Mestia

(1986-2015 ):
(2041-2070 ) (2071-2100 )

X HCI

[10].
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5.9. HCI- :
(1986-2015, 2041-2070  2071-2100 )
Table 5.9. Average annual, seasonal and monthly values of HCI in Mestia (1986-2015,
2041-2070 and 2071-2100)

/ 1986-2015 2041-2070 2071-2100

| | ] | \Y \ \ 1l X XI X
1986-201% 4 58 59 67 7 82 g1 82 84 n 60
u2041-207! 9 59 63 45 84 86 '7 7 89 & 60
|l 2071-210 9 59 64 (?9 84 77 14 73 80 86 64

5.8 )
1986-2015, 2041-2070 2071-2100

Figure 5.8 Monthly average, annual average and seasonal average values of the climate index of
recreation for the years 1986-2015, 2041-2070 and 2071-2100.

[10,67],
11
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5.10: HCI-
Table 5.10. HCI categories for three period
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(I 1961-1985 I 1986-2010

) -
( 1 1 1 )
(60-65)
( 5.13) 30- (2041-
2070 ) 30- (1971-200 )
5.11. -

Table 5.11. Changes in basic average temperatures in individual months in the first
forecast period

4.4 2.1 2.8 24 5.9 1.6 3.5 33 2.5 2.9
34 31 29 2.7 2.8 2.1 29 3.0 29 3.0
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) 30 - 100 . 5.15-
1956-2015 . )
(61.3 ), - 0.1 ).
, 130 1956 ,
30
- 100
1956-2015
5.12.
(115.1 ), - 0.7 ).
, 330 2008
5.12.
5.12. Statistical characteristics of snow cover in Gudauri and Bakuriani
Mean Min Max
49.0 81.2 0 0 83 300
61.3 99.8 0 0 112 330
54.2 115.1 0 0 130 294
23.9 91.9 0 0 109 260
2.3 376 0 0 23 312
01 0.0 0 0 3 0
0.0 0.0 0 0 0
0.0 0.0 0 0 0
0.1 0.7 0 0 2 35
49 6.8 0 0 28 50
20.2 26.1 0 0 80 121
35.2 55.8 0 0 70 244
5.9-
, 1958-
1987 1988-2017
( 17 %- ), ( 19%- ) (
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Figure 5.9. Maximum height of snow cover in Bakuriani (a) and Gudauri (b)
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Fig. 5.10. The total number of fire alarms in different regions of Georgia in 2012-2021
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Betweaen 2nd of January 2012 and 27th of December 2021 Kakheti
experienced a total of 1,550 VIIRS Alerts fire alerts.
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.Fig. 5. 11. Progress of the 7-day number of fire alarms in Kakheti in 2012-2021.
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AFI = (FI20) + (27-T) (5.2.)
5.13. (AFI)

Table 5.13. Angstrom Fire Index (AFI) values and corresponding flammability levels.

AFI 241 40-3.0 29-25 24-2.0 <20
Level Low Moderate High Very High Extreme
a
7
AFI-
7 2012-
2016 (260 ) [1].
( .3): (36.5 %, 95 ), 1 5-
(51.2 %, 133 ), 6- 10- (7.3 %,
19 ) 11- 30- (5.0 %, 13 ).
. 5.12 AFI-
7-

B AFL 7 @eob dob. B AFL 7 ool bsd.

5.0
o 3.9
' 29 3.2 3.0 3.0
= 30 23 22 1
REX)
0.0
0 1+5 610 11430
Labsbdér o pabasdol Gomcogbmds
5.12. 7-
2012-2016

Fig. 5.12. 7-day average and minimum averaged values of Angstrom fire index in different
ranges in Kakheti in 2012-2016.

170




. 5.12-

AFI- : , -
, AFI-
1
F
1973- 2016
(1973-2016 ) -
T E 1973-1977  2012-2016
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5.13.

17.0

1973-2016
Fig. 5.13. Change of average annual values of maximum
air temperature in Telavi in 1973-2016.

. 5.13, -
1973-2016 :
( 5.13), T
169°C 1973 18,6°C- 2016 (L.7°C- ).
514 5.5 -
T
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5.14. (T, °C)
1973-1977 (1 ) 2012-2016 (Il )
AT =TI ) -T( ) .
Table 5.14. Statistical characteristics of maximum air temperature (T, °C) in Telavi in
1973-1977 (1 period) and 2012-2016 (1 period).
AT =T (Il period) average — T (I period) average.

| . 1973-1977
| I 1y | Yy [ YL [ Y|yl IX X Xl X1
Min |-6.0|-6.0|-2.0(3.0|12.0|15.0|19.0|14.0|11.0 6.0 1.0 -2.0

Max |15.0]19.0|21.0 |28.0| 30.0 | 35.0 | 36.0 | 36.0 | 37.0| 28.0 25.0 20.0

Average| 3.4 | 5.9 | 10.2|17.8/22.2 |25.7|28.1|28.3|23.3| 17.6 121 7.0

StDev| 45 | 6.1 | 47 (48| 34 | 3.7 | 38 | 43 | 44 4.9 4.4 4.3

Cv,% |133.0{102.8| 45.9 [26.9| 15.1 | 14.6 | 13.7 | 15.4| 18.9| 28.0 36.6 61.3

om |0.36|0.52|0.38 (0.39] 0.270.31|0.31|0.35|0.36| 0.40 0.36 0.35

99% |0.9211.32|0.97 {1.00| 0.69 | 0.79 | 0.79 | 0.90 | 0.93 | 1.02 0.93 0.89

I . 2012-2016

Min |-3.0|-5.2| 1.7 |65|13.1|18.3|18.2|18.3|15.6 1.9 -1.8 -2.2

Max |16.7 |19.5|23.2|28.3] 30.8 | 34.5|37.2|41.6 |33.3| 289 23.2 18.1

Average| 6.9 | 7.8 |12.3|18.7|23.4 279 |29.3|31.8|257| 18.0 12.3 7.2

StDev| 46 | 56 | 43 |46| 35|33 |34 |39 | 38 5.0 4.7 4.2

Cv,% [ 67.2|71.7|353|24.7/151|11.9|115|122|147| 28.1 38.3 58.4

om |0.37]0.47]0.35/0.38/0.28 | 0.27|0.270.310.31| 041 0.38 0.34

99% |0.95|1.20|0.90 (0.97|/0.73|0.69 | 0.70 | 0.80|0.79 | 1.04 0.99 0.86

AT 35118 |21(10|12 22|12 |35 | 24 0.4 0.2 0.1

a(t) |<0.01| 0.01 |<0.01{0.07|<0.01|<0.01|<0.01(<0.01|<0.01

, 5.14- . 1973-1977
-6.0 °C-
( , ) 37.0°C-  ( ). T-
34°C- )28.3°C- ).
2012-2016 ( 5.11)
52°C- ) 41.6°C-
( ). T- 6.9°C-
)31.8°C-  ( ).
2012-2016 1973-1977
(3.5 °C), - (1.0 °C).
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5.15. (F, %)
1973-1977 (| )  2012-2016
(n ) :
AF=F (I ) -F( ) .
Table 5.15. Statistical characteristics of minimum relative air humidity (F, %) in Telavi
in 1973-1977 (I period) and 2012-2016 (Il period).
AF = F (period I1) average — F (period I) average.

| . 1973-1977

I 1 I Y Y Yl Yl Yl IX X Xl Xl

Min 14 22 15 18 23 26 25 15 20 20 28 9

Max 93 93 93 93 88 94 94 100 94 100 93 100

Average | 59.2 | 59.8 | 54.1 | 495 | 50.8 | 53.8 | 50.7 | 46.8 | 542 | 575 | 59.0 | 59.7

StDev | 176 | 18.7 | 171 | 164 | 129 | 128 | 142 | 165 158 | 179 | 16.7 | 184

Cv% | 297|312 | 316 | 331 | 255 | 238 | 279 | 353 | 292 | 312 | 283 | 30.7

am 1.4 1.6 1.4 1.3 1.0 1.0 11 1.3 1.3 1.4 1.4 15

99%
(+-) 362 | 40 | 35 3.4 2.7 2.7 2.9 3.4 3.3 3.7 3.5 3.8

1 . 2012-2016

Min 20 27 25 25 31 23 23 25 20 24 21 22

Max 96 94 90 86 89 82 81 87 82 95 97 92

Average | 559 | 57.8 | 49.4 | 50.7 | 53.3 | 484 | 475 | 420 | 475 | 57.2 | 58.3 | 555

StDev | 16.6 | 154 | 143 | 13.0 | 104 9.9 10.0 8.8 11.2 | 153 | 173 | 164

Cv,% 29.7 | 26.6 | 289 | 25.7 | 195 | 204 | 21.1 | 210 235 | 26.8 | 29.7 | 295

om 13 13 12 11 0.8 0.8 0.8 0.7 0.9 1.2 14 13

99%
(+-) 34 | 33 | 29 2.7 2.1 2.1 2.1 1.8 2.3 3.2 3.6 3.4

AF -3.3 | 20 | 4.7 1.2 2.5 -5.4 -3.2 -4.8 -6.7 -0.2 -0.7 -4.2
a(t) 0.07 | 0.3 | 0.01 0.06 | <0.01 | 0.03 | <0.01 | <0.01 . . | 0.05
5.15 .5.12 - , 1973-1977
9% ( ) 100 %-  ( , , ). F-
468 %-  ( ) 59.8 %-
( ).
2012-2016 ( 5.13. 5.14.)
20 %-
( , ) 97 %- ( ). F-
420%- )583% ).
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. 5. 14,

1973-1977

2012-2016

Fig. 5. 14. Average monthly values of minimum relative air humidity in Telavi in 1973-1977
and 2012-2016.
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5.16. (AFI) -
1973-1977 (| ) 2012-2016 (Il )
A AF1 = AFI (11 ) —AFI (I )
Table 5.16. Statistical characteristics of Angstrom fire index (AFI) in TeIaV| in 1973-
1977 (period 1) and 2012-2016 (period I1). A AFI = AFI (11 period) average — AFI (I
period) average.

| . 1973-1977

I i1l Y Y| Y YYD IX Xl Xl Xl

Min| 24| 20| 19 13 11 09 05 02 07 15 16 21

Max| 7.7 76| 7.3 6.8 57/ 59| 55 63 60 67 73 7.7

Average| 5.3| 5.1| 44 34 3.00 28] 24 22| 31 3.8/ 44 5.0

StDev| 12| 14| 1.2 1.2 09 09 10/ 12 12 12 12 1.2

Cv,%| 22.9] 27.5] 26.5 34.6] 29| 33.1] 42.3] 54.1] 37.9] 315 26.2| 23.7

om| 0.10] 0.12| 0.09 0.10, 0.07] 0.08| 0.08] 0.10/ 0.10] 0.10] 0.10] 0.10

0,
?f//‘)’ 025 0.30] 0.24| 025 0.18| 020 0.21| 025 0.24] 025| 0.24 024

I . 2012-2016

Min| 24| 23] 19 1.3 14| 08/ 06] 03] 09 14| 20, 238

Max| 73] 72| 64 6.0 58| 48| 49| 52| 52| 72 15 74

Average| 4.8 48| 39 3.4 30 23] 21 16/ 25 38 44 48

StDev| 12| 12| 09 1.0 08 07 08 07 08 11 12 11

Cv,%| 24.7| 245| 240 29.7 26.7] 31.2| 35.1] 43.6] 31.9] 305 28.2| 224

om| 0.10{ 0.10| 0.08 0.08/ 0.07) 0.06| 0.06| 0.06| 0.07 0.09] 0.10] 0.09

0
?f/_/()) 0.25| 0.25| 0.19 0.21 0.17| 0.15| 0.16| 0.15| 0.17| 0.24| 0.26] 0.22

A AFI| -0.5] -0.3] -04 0.0 0.0 -05| -0.3] -0.6] -0.6) 0.0/ -0.1] -0.2

a(t)|<0.01| 0.08]<0.01 "1<0.01|<0.01|<0.01|<0.01

——1973-1977 —-2012-2016

6.0
5.0
4.0
3.0

AFI

2.0
1.0

I T m Iy Y YI YO YII IX X XI XI
——1073-1977/ 53 | 5.1 |44 34 | 3.0]28 242231 38 44 50
—-2012-201¢ 48 48 39 34 30 23 21 16 25 38 44 438

5.15.
1973-1977  2012-2016
Fig. 5.1 5. Average monthly values of Angstrom fire index in
Telavi in 1973-1977 and 2012-2016
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5.15

AFI-  7-
, 7
AFI- 1973-1977 2012-2016
37 34( 0.3-
). AFI- 7
1973-1977  2012-2016
26  25( 0.1-
5.17. 7
1973-1977
(I ) 2012-2016 (I ) .
AAFI = AFI (1 ) — AFI (I )

Table 5.17. Statistical characteristics of 7-day average and minimum values of
Angstrom fire index in Telavi in 1973-1977 (period 1) and 2012-2016 (period I1).
AAFI = AFI (period 11) average — AFI (period 1) average

AFIL, 7 AFL,7 AFI, 7 AFIL, 7
1973-1977 2012-2016 1973-1977 2012-2016
Min 0.6 1.0 0.2 0.3
Max 7.0 6.4 6.8 5.7
Average 3.7 3.4 2.6 2.5
St Dev 13 13 11 1.0
Cv,% 34.3 36.5 441 41.2
om 0.08 0.08 0.07 0.06
99%(+/-) 0.20 0.20 0.18 0.16
A AFI -0.3 -0.1
a(t) <0.01 0.2
.5.16 5.17 AFI-
1973-1977 2012-2016
AFI-
( o < 0.005).
2012-2016 1973-1977
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Fig. 5.16. Relationship between 7-day average and minimum
values of Angstrom fire index in Telavi in 1973-1977.
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Fig. 5. 17. Relationship between 7-day average and minimum values
of Angstrom fire index in Telavi in 2012-2016.
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m1973-1977 m2012-2016
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40.0 -
300 |
S
20.0
10.0 1
0.0
=41 4.0-3.0 2.9-25 24-2.0 =2.0
1973-1977 403 255 14.0 99 10.4
2012-2016 320 27.0 13.1 12.0 158
.5.18.
1973-1977  2012-2016.

Fig. 5.18. Recurrence of daily values of Angstrom fire index in

Telavi 1973-1977 and 2012-2016.

.5.18- , AFI-
2012-2016 2012-2016
e AFI=41( )
320%- ( -147 117
e 3.0<AFI<4.0( )
- 21.0%  ( 93 99
e 25<AFI<29( ),
131%-  ( 51 48
e 20<AFI< 24 (
%-  12.0%-  ( 36 44
e AFI<20(
158%- - ( 38 58
125- 150
20 %), -~
74- 102
38 %).
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5.18.
1973-1977
AF1<2.9(

(

Table 5.1 8. Average number of days of Angstrom Fre Index in Tel

2012-2016

)

)

<24

avi in 1973-1977

and 2012-2016 by months and seasons when AFI < 2.9 (high-extreme level of fire
occurrence) and < 2.4 (very high-extreme level of fire occurrence)

AFI <29 <24
/ 1973-1977 2012-2016 1973-1977 2012-2016
| 1 1 0 0
1 2 2 1 0
1l 4 3 1 1
Y 12 12 6 5
Y 15 16 9 8
Yl 16 25 9 19
Yl 24 27 15 22
Y 25 29 21 27
IX 14 23 8 15
X 8 9 3 2
Xl 3 3 0 1
Xl 1 1 1 0
XII-11 2 1
Hi-Y 31 31 15 14
YI-YI 65 81 45 69
IX-XI 25 35 12 19
( 518, 5.16) AFI-
: 2.9-
( ) 2012-2016 , 1973-1977-
. : AFI< 2.9 ( - ),
827% ( 16 25 , 51
%). AFI< 2.4 ( - ),
64.0%-  ( ~9mn19 , 109
%- ).
. . AFIl < 2.9 ( - ),
86.5%- 24 27 , 14
%). AFI < 2.4 ( - ),




49.0 % — 71.6 %- ( -15 22 ,

46%- ).
. cAFI<2.9( - )
81.3%-  94.8 %- -(25 29 ,
17%- ). AFI<2.4( -
), 67.1%-  88.4%  ( 21 27 ,
32 %).
. : AF1 2.9 ( - )
46.0 %-  76.0 %-  ( -14 23 , 65
%). AFI<2.4 ( - ),
26.7%-  50.7%- ( -8 15 , 90 %).
79-  104- ( 32%- )
53- 84- ( 58%- ).
( - l - )
- (46 )1
21- 18-
, 1973-1976  2012-2016 -
(AFI) -
7 2012- 2016
(260 ) AFI-
, AFI-
1973-2016 :
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T (

) F-
)
1973-2016 .
2016
T- 16.9°C-
(1.7°C- ).
2012-2016 1973-1977
. 1973-1977
9%-
100% , , ). F-
46.8 %-  ( ) 59.8 % (
2016
20 %- ( ,
( ). F-
( )58.3%-  ( )
2012-2016
: 2012-2016
125- 150 (
74- 102 (
2012-2016 1973-1977
79-  104- (
53-  84- ( 580- ).
( - 1 = )1
- (46 )
21- 18-
5.4.

2013
18,6°C-

( )

). 2012-

) 97%-
42.0 %-

1973-1977
1973-1977

20%),

38%).

32% ),

(25-30%)
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[45]

182

“)
[39,41,63,81].



(TCI) [81]

13
0,86.
TCI-
Missenard- 13-
[69].
HCI- [70,71,81].
( : : , , ).
M; -
AC, —H; - TM.
5.19.
5.19. HCI-
1980-1990

Table 5.19. Statistical characteristics of average monthly HCI values and average
monthly decade mortality from cardiovascular diseases in Thilisi in 1980-1990.

Variable HCI HCI Category Mortality
Mean 73 Very Good 105
Min 53 Acceptable 70
Max 89 Excellent 168
Range 36 98
St Dev 8.7 17.3
Cv, % 11.9 24.7
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5.19 HCI- -

- 2000-1990
. , HCI- 53-
( - ) 89- ( - ). M- -
70- 168- . HCI- -
, HCI , :
, HCI-
650
*
500 ® y=0.346x2- 14.503x + 557.31
S 550 —%—# R¥*=0.08,a=0.18 *
3 500
T 450 pa— . ﬁ
2 400 * S ‘ S —
T 350 * * *»
300 e
250
5.0 10.0 15.0 20.0 25.0 30.0 35.0
TC,°C
.5.19. TC-
2013 2015

Fig. 5.19. Relationship between average monthly values of TC and average monthly decennial
cost of hospitalization in Kakheti in 2013 and 2015.

30 y=0.0016x3 - 0.3721x2 +23.013x - 436.59
25 4 R2=(0.4552, o < 0.005
*
20 2 .
Z oy
155 &, - < 0//,’/’
o * \————_4_.—;"
102 *®
*
5
60 65 70 75 80 85
HCI
5.20. HCI-

Fig. 5.20. Relationship between mean monthly HCI values and mean mortality
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. 5.20.- HCI- -

( ). HCI
AC, H ™ : HCI
Excellent) [81].

5.20. HCI
2013 2015
Table 5.20. Statistical characteristics of HCI components and ratings of these
components in Kakheti in 2013 and 2015

Variable TC T cc A DP Rq WS W
Mean 19.8 6.0 5.8 5.8 73.6 8.5 1.0 10
Min 6.3 3.3 3.8 3.8 17.0 6.5 0.8 10
Max 33.8 9.8 8.0 8.0 202.1 9.0 1.3 10
Range 27.5 6.5 4.2 4.2 185.1 25 0.5 0
St Dev 94 1.8 1.2 1.2 48.8 0.6 0.1 0
Cv, % 47.3 30.3 20.7 20.7 66.3 7.6 11.7 0.0
5.20 HCI -
2013 2015
. TC: - - 19,8, -6,3+338; T: -
- 6,0, - 3,3+9,8; CC: - 5,8,
-3,8+8,0; A: - 5,8, - 3,8+8,0; DP:
- 73,6, - 17,0+202,1; Rd: - 8,5,
- 6,5+9,0; WS: - 1,0,
-0,8+1,3; W: - 10, - 10+10.
5.19. HCI
AC
HCI -0.37 (TC- ), -0.05
(WS- ). AC
HCI -0.30 (A-
), 0.0 (W- ).
H-

HCI -0.24 (CC- ), -0.06
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(TC- ). H
HCI -0.29 (T- ),
0.0 (W- ).

5.21. HCI

2013 2015
Table 5.21. Linear correlation coefficient between HCI components and the ratings of
these components with average monthly decade values of ambulance transfers,
hospitalizations and total mortality in Kakheti in 2013 and 2015

Variable TC T CC A DP Ry WS w
R(AC) -0.37 -0.20 -0.30 -0.30 -0.28 0.28 0.05 0.00
a (R(AC)) 0.075 0.35 0.15 0.15 0.2 0.2 no sigh | no sigh
R(H) -0.06 -0.29 -0.24 -0.24 -0.17 0.22 -0.22 0.00
a (R(H)) no sign 0.15 0.26 0.26 no sign 0.30 0.30 | nosign
R(TM) -0.57 -0.46 -0.22 -0.22 -0.25 0.26 0.35 0.00
a (R(TM)) 0.005 0.02 0.30 0.30 0.24 0.22 0.1 no sigh

™ HCI
-0.57 (TC- ),
-0.22 (CC- ). -
™ HCI -
0.46 (T- ), 0.0 (W- )
, 1C AC -
, T- AC- -
; TC H
, T- H- - ; TC
™ T TM-
, HCI- -
(
). -
, TC AC -
, T AC -
( .518 519);TS H
, T H - (
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520  5.21); TC T™ T ™M
( .5.22. 5.23)

, HCI
, : HCI
( : -
) ' -
[63]-
(
, ) -
COVID-19 (IR)
2020 1 2021 31
: IR
[69,75].
(
Wet-Bulb-Globe-Temperature [69]) IR
IR ,
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2013 , -
CEMS (
).
, CEMS- -
(Cloud data) :
1. )
: RADAR/LIDAR [213]. -
Sentinel NASA
Earth Observing System- , LandSat
[110,130].
2.
[14]. ,
3.

[212].
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2020).

70

Big Data

(Park et al.,

. Big Data

[205].

(EM-DAT) -
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: [210].
HMR ,
(NBS), : HMR-
( ., 2018). NBS
HMH-
( ., 2019). NBS -
( . )- . NBS-
. NBS-
SABER NASA- TIMED-
(CO2) (NO),
100- 300 -
SABER-
4 - Mlynczak, SABER-

190
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“(TCI) - , , -
NO . TCI
(s “) (s “Y[172,173,174].
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Fig. 5.4. Vertical distribution of HCI monthly mean from April to September.
In June and September, an increase in HCI values is observed up to an altitude of

1100 m, then a decrease. In July and August, HCI values grow to an altitude of 1400-
1500 m with a further decrease (Fig. 5.4).

Fig. 5.5. Vertical distribution of HCI monthly mean and half-year values.
In the warm half of the year, there is a slight increase in the average HCI
values up to an altitude of 1100-1200 m with a further decrease in their values. In the

cold half of the year and on average over the year, the HCI values grow to an altitude
of 1100-1200 m, and then they decrease (Fig. 5).

Comparison of TCI and HCI in Goderdzi, Khulo and Mestia in 1961-2010.

Comparison of TCI and HCI at three location of Georgia (Goderdzi, Khulo and
Mestia) in 1961-2010 is provided below (Fig. 5.6-5.9, Table 5.8).
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Fig. 5.6. Monthly and seasonal values of HCI and TCI in Goderdzi, Khulo and Mestia.
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Fig. 5.7. Correlation and regression between monthly values of HCI and TCI in Goderdzi.
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Fig. 5.8. Correlation and regression between monthly values of HCI and TCI in Khulo.
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Fig. 5.9. Linear correlation and regression between HCI and TCI in Mestia.

Table5. 8. Categories of HCI and TCI monthly mean and seasonal values in Goderdzi,
Khulo and Mestia.

Location Goderdzi Khulo Mestia
Month/Season TCI HCI TClI HCI TCI TClI
Jan Ext_Unf. Marg. Unf. Accept. Unf. Accept.
Feb V_Unf. Marg. Unf. Accept. Unf. Accept.
Mar unf. Accept. Marg. Good Marg. Good
Apr Marg. Accept. Accept. | V_Good | Accept. Good
May Marg. Good V_Good | Excell. Good V_Good
Jun Accept. Good V_Good | Excell. | V_Good | Excell.
Jul Good V_Good | V_Good | Excell. | V_Good | Excell.
Aug Good V_Good | V_Good | Excell. | V_Good | Excell.
Sep Accept. Good V_Good | Excell. | V_Good | Excell.
Oct Marg. Good Accept. | V_Good | Accept. | V_Good
Nov unf. Accept. Marg. Good Marg. Good
Dec V_Unf. Accept. Unf. Accept. Unf. Accept.
Year Marg. Accept. Accept. | V_Good | Accept. | V_Good
Cold V_Unf. Accept. Marg. Good Marg. Good
Warm Accept. Good V_Good | Excell. | V_Good | V_Good

In Fig. 5.6 the HCI and TCI monthly mean and seasonal values of in these
locations are presented.

The comparison of the values and categories of the Tourism Climate Index and
Holiday Climate Index (Fig. 5.6, Table 5.8) shows that the intra-annual distributions of
both indices in Goderdzi and Mestia is similar and has a unimodal and flat unimodal
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forms respectively. In Khulo, this distribution is flat unimodal, for TCI and bimodal
for HCI.

The relationship between monthly HCI and TCI values in Goderdzi and Khulo
has a second order polynomial form (Figures 7 and 8). In Khulo, this connection is
linear (Fig. 5.9).

Comparison of TCI and HCI categories shows, that in cold months, season and
year HCI categories on 0-3 step higher than TCI categories (Table5. 8).

Difference on 3 step in the following cases are observed: TCI_ Ext Unf. -
HCI_ Marg., in January (Goderdzi); TCI_ V_Unf. -~ HCI_ Accept., in December and
cold season (Goderdzi).

Difference on 2 step: TCl_ V_Unf. - HCI_ Marg., in February (Goderdzi);
TCI_ Unf. — HCI_ Accept., in January, February and December (Khulo, Mestia); in
March and November (Goderdzi); TClI_Marg. - HCI_Good, in March (Khulo,
Mestia); in May and October (Goderdzi); in November and cold season (Khulo,
Mestia); TCI_ Accept. - HCI_V_Good, in April, October and mean annual (Khulo,
Mestia)

Difference on 1 step: TCI_Marg. — HCI_ Accept., in April and mean annual
(Goderdzi); TCI_ Accept. - HCI_Good, in June, September and warm season
(Goderdzi); TCI_ Good HCI_V_Good, in May (Mestia), in July and August
(Goderdzi); TCI_ V_Good -~ HCI_ Excell., in May (Khulo), from June to September
(Khulo, Mestia), warm season (Khulo).

The same category”Very Good” for TCI and HCI only in warm season mean in
Mestia is observed.

So the valuee and categories of TCI is lower than the HCI ones. In general, on
our opinions, at least in Georgia HCI more adequately determines the bioclimatic state
of the environment for the development of certain types of tourism (mountain tourism,
winter tourism, extreme tourism, etc.) than TCI.

Changeability of HCI in the Mountainous Regions of Georgia in 1956-2015.

Data on changeability of HCI and its category are presented in Fig. 5.10-5,11,
Tables 5.9-5.

On Fig.5. 10 the information about difference between HCI monthly mean and
seasonal values in 1986-2015 and 1956-1985 (AHCI) in 13 locations of Georgia are
presented.
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Fig. 5.10. Difference between HCI monthly mean and seasonal values in 1986-2015
and 1956-1985 in 13 locations of Georgia.

For individual locations, significant values of AHCI and their tendencies (a <
0.15) are observed in the following months and seasons of the year.

Bakhmaro — increase in August. Bakuriani — increase in March, May, June,
September, for mean annual and warm season mean. Borjomi — increase in March and
April, decrease from June to August and for warm season mean. Goderdzi — decrease
in January and for cold season mean. Gudauri — increase from May to September and
for mean annual and warm season mean. Khaishi — decrease from May to August, in
December and for mean annual and warm season mean. Khulo — decrease in January,
July, August, for mean annual and warm season mean. Lentekhi — decrease from May
to August, in October, November and for mean annual, cold and warm seasons mean.
Mestia — decrease in January, July, August, November, December and for mean
annual, cold and warm seasons mean. Pasanauri — increase from February to April, in
September and for mean annual; decrease in July and August. Shovi — decrease in
January, July and August; increase in April May and September. Stepantsminda —
increase in March, from June to September and for mean annual and warm season
mean; Tianeti — increase in March, May, September and for for mean annual and cold
season mean; decrease in July, August and December.

In Tables 5.9 and 5.10 data on the coefficients of the linear trend (a for R <
0.15) of monthly and seasonal HCI values for 13 points of Georgia in 1956-
2015 are presented.
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Table 5.9. Coefficients of the linear trend of monthly and seasonal HCI values for 13
points of Georgia in 1956-2015 (October-March, average for the year, average in the
cold half-year). HCI=a-X+b, (X — year).

Location | Parameter Jan Feb Mar Oct Nov Dec Year Cold

Bakh a
Bakh b

Bak a 0.0546 0.0474

Bak b -49.0 -25.0

Borj a 0.1029 0.0812 0.0425
Borj b -139.6 -83.0 -19.4
God a

God b

Gud a 0.0867 0.0636

Gud b -116.5 -63.9

Kha a -0.0273

Kha b 125.9

Khu a -0.1295 -0.0478

Khu b 328.6 166.0

Lent a -0.1314 -0.0669 | -0.0409
Lent b 335.0 2015 141.6
Mest a -0.0846 -0.0446 -0.0487 -0.0508
Mest b 224.1 146.1 166.9 161.7
Pas a 0.0851 0.091 0.0244 0.0383
Pas b -107.1 -116.6 24.5 -10.5
Sho a

Sho b

Step a 0.0485 0.0366

Step b -34.7 -2.9
Tian a 0.0803 0.0275
Tian b -96.2 10.8

—®—Bak_Sep —&—Lent Jun

100
HCI Bak=0.1847-X-286.79
95 R*=0.1674
90
85
—
@]
o 80
75
70
65 bent=-0.1671-X+410.35
) R*=10.2403
a0
1955 1965 1975 1985 1995 2005 2015

Fig. 5.11. Example of linear trend of HCI monthly values in Bakuriani (September) and
Lentekhi (June) in 1956-2015
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Example of linear trend of HCI monthly values in Bakuriani (September) and
Lentekhi (June) in 1956-2015 is presented on Fig 5.11.

In Table 11 data about changeability of monthly mean and seasonal HCI
categories in some research locations in 1986-2015 compared with 1956-1985 are
presented.

Table 5.10. Coefficients of the linear trend of monthly and seasonal HCI values for 13
points of Georgia in 1956-2015 (April-September, average in the warm half-year).
HCl=a-X+b, (X — year).

Location | Parameter Apr May Jun Jul Aug Sep Warm

Bakh a 0.089
Bakh b -100.2

Bak a 0.0785 0.1868 0.1847 0.0815
Bak b -87.0 -293.1 -286.8 -85.3
Borj a 0.0911 -0.1033 -0.1303 -0.1522 -0.0495 -0.0527
Borj b -107.3 287.8 335.4 379.0 184.4 184.4
God a

God b

Gud a 0.1058 0.1155 0.1178 0.1119 0.1372 0.0978
Gud b -152.4 -164.0 -159.9 -146.9 -201.8 -127.9
Kha a -0.1194 -0.0769 -0.0828 -0.0616
Kha b 317.7 231.3 242.9 203.2
Khu a -0.0954 -0.0995 -0.054
Khu b 271.6 278.5 188.5
Lent a -0.0627 -0.1671 -0.1291 -0.1097 -0.0928
Lent b 206.8 4104 330.2 291.4 261.4
Mest a -0.0958 -0.12 -0.0467
Mest b 272.9 321.8 172.1
Pas a 0.0965 -0.0844 -0.1006 0.1205

Pas b -122.6 248.6 282.2 -152.1

Sho a 0.0732 0.1916 -0.1178 -0.1628 0.0947

Sho b -82.2 -308.5 316.9 407.2 -108.1

Step a 0.0994 0.0896 0.1542 0.0542
Step b -114.8 -93.8 -221.7 -32.7
Tian a 0.0905 -0.1355 -0.1571 0.0912

Tian b -102.2 351.5 395.8 -94.0
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Table 5.11. Changeability of monthly mean and seasonal HCI categories in some
investigation locations in 1986-2015 compared with 1956-1985.

. HCI Category, | HCI Category, . HCI Category, | HCI Category,
Location | Month | ™o % B | " tomsaots | Location | Month | 7ot e | 1ombo015
Bakh Sep Good V_Good Khu Nov Good Accept.
Bak Mar Accept. Good Lent Apr V_Good Good
Bak May Good V_Good Lent Jun Excell. V_Good
Bak Jun V_Good Excell. Lent Nov Good Accept.
Bak Sep V_Good Excell. Lent Cold Good Accept.
Bak Oct V_Good Good Lent Year V_Good Good
Bak Year Good V_Good Mest Mar Good Accept.
Borj Warm Excell. V_Good Mest Year V_Good Good
God Dec Accept. Marg. Mest Warm Excell. V_Good
Gud Sep Good V_Good Pas Apr Good V_Good
Kha Jun Excell. V_Good Sho Sep V_Good Excell.
Kha Jul Excell. V_Good Step Sep V_Good Excell.
Kha Aug Excell. V_Good Step Year Good V_Good
Khu Aug Excell. V_Good Tian Apr Good V_Good

As follows from Table 5.11, changes in HCI categories occur only by one step
downward or an improvement in its rating. However, these changes do not fall outside
the 99% confidence interval of mean HCI values.

In Annex 7 information about repetition (%) of monthly values of HCI
categories at 13 locations of Georgia in 1956-1985, 1956-2015 and 1986-2015 are
presented. In Annex 8 data about number of days in year of various categories of HCI
at 13 locations of Georgia in 1956-1985, 1956-2015 and 1986-2015 are presented. As
it follows from Table 5. 11 the changeability of monthly values of HCI categories and
number of days per year of various categories of HCI for separated locations are as
follows.

Bakhmaro

In the period from 1956 to 2015 the highest repeatability of HCI values was in
the “Good” category (29.7% of cases), the lowest — in the “Ideal” category (0.8% of
cases). In the second period, compared to the first in Bakhmaro, there was an increase
in the HCI category by one notch in September (“Good” - “Very Good™).

Repeatability of HCI category “Very Unfavorable” did not change — 1.1% of
cases (respectively, 4 days a year), category “Unfavorable” increased from 2.5% to
4.2% of cases (respectively, 9 and 15 days a year), category “Marginal” decreased
from 10.0% to 8.6% of cases (37 and 31 days a year, respectively),  category
“Acceptable” decreased from 29.7% to 28.1% of cases (109 and 102 days a year,
respectively), category “Good” increased from 29.4% to 30.0% of cases (108 and 110
days, respectively) per year), category “Very Good” decreased from 22.5% to 19.2% of
cases (82 and 70 days per year, respectively), category “Excellent” increased from
4.2% to 7.8% of cases (15 and 28 days per year, respectively), category “ Ideal “grew
from 0.6% to 1.1% of cases (2 and 4 days a year, respectively).
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Bakuriani

In the period from 1956 to 2015 the highest repeatability of HCI values was in
the “Good” category (34.3% of cases), the lowest — in the “Marginal” category (0.8%
of cases). In the second period of time, compared to the first in Bakuriani, climate
change led to an increase in HCI categories by one level in March (“Acceptable” -
“Good”), May and on average per year (“Good” - “Very Good”), June and September
(“Very Good” — “Excellent”), decreasing by one notch — in October (“Very Good” -
“Good”).

Repeatability of HCI category “Marginal” decreased from 1.1% to 0.6% of
cases (4 and 2 days per year, respectively), category “Acceptable” remained practically
unchanged =23.2% of cases (respectively, 85 days per year), category “Good”
decreased from 35.6% to 33.1% of cases (respectively 130 and 121 days a year),
category “Very Good” decreased from 21.7% to 17.2% (respectively 79 and 63 days a
year), category “Excellent” increased from 15.8% to 21.4% of cases (respectively 58
and 78 days a year), the “Ideal” category increased from 2.8% to 4.4% of cases (10 and
16 days a year, respectively).

Borjomi

Over the entire observation period, the highest repeatability of HCI values was in
the “Good” category (31.0% of cases), the lowest — in the “Marginal” category (0.1%
of cases). In the second period of time, compared to the first in Borjomi, climate
change led to an increase in the HCI category by one level only in the warm half of the
year (“Excellent” - “Very Good”).

The repeatability of the HCI category “Marginal” decreased from 0.3% to 0.0%
of cases(respectively 1 and 0 days a year), category “Acceptable” increased from
11.4% to 13.3% of cases(respectively 42 and 49 days a year), category “Good”
decreased from 32.8% to 29.2% of cases (respectively 120 and 107 days a year), the
“Very Good” category increased from 23.9% to 32.2% of cases (87 and 118 days a
year, respectively), the “Excellent” category decreased from 29.7% to 21.9% of cases (
109 and 80 days a year respectively), category “Ideal” increased from 1.9% to 3.3% of
cases (7 and 12 days a year, respectively).

Goderdzi

In the period from 1956 to 2015 the highest repeatability of HCI values was in
the “Acceptable” category (38.2% of cases), the lowest — in the “Ideal” category (0.3%
of cases). In the second time period, compared to the first in Goderdzi, climate change
led to a decrease in HCI categories by one level only in December (“Acceptable” —
“Marginal”).

The repeatability of HCI category “Very Unfavorable” increased from 0.8% to
1.9% of cases (3 and 7 days per year, respectively), category “Unfavorable” increased
from 2.2% to 2.8% of cases (respectively, 8 and 10 days a year), category “Marginal”
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increased from 11.7% to 12.8% of cases (43 and 47 days a year, respectively), the
“Acceptable” category decreased from 39.4% to 37.2% of cases (144 and 136 days a
year, respectively), the “Good” category decreased from 30.3% to 27.8% of cases
(respectively 111 and 101 days a year), the “Very Good” category decreased from
12.2% to 11.1% of cases (45 and 41 days a year, respectively), the “Excellent”
category increased from 3.3% to 5.8% of cases (12 and 21 days a year, respectively. ),
the “Ideal” category increased from 0.0% to 0.6% of cases (0 and 2 days a year,
respectively).

Gudauri

Over the entire observation period, the highest repeatability of HCI values was in
the “Good” category (35.8% of cases), the lowest — in the “ldeal” category (0.1% of
cases). In the second period of time, compared to the first in Gudauri, climate change
led to an increase in HCI categories by one level only in September (“Good” - “Very
Good”).

The repeatability of the HCI category “Very Unfavorable” did not change —
0.3% of cases (respectively, 1 day per year), category “Unfavorable” decreased from
1.9% to 0.8% of cases (respectively, 7 and 3 days a year), category “Marginal”
increased from 6.9% to 8.6% of cases (25 and 31 days per year, respectively), the
“Acceptable” category decreased from 33.3% to 27.8% of cases (122 and 101 days a
year, respectively), category “Good” decreased from 37.2% to 34.4% of cases (136
and 126 days per year), category “Very Good” increased from 16.9% to 20.0% of cases
(respectively 62 and 73 days per year), category “Excellent” increased from 3.3% to
7.8% of cases (respectively 12 and 28 days per year), category “ldeal” increased from
0.0% to 0.3% of cases (0 and 1 day per year, respectively).

Khaishi

In the period from 1956 to 2015 the highest repeatability of HCI values was in
the “Excellent” category (29.3% of cases), the lowest — in the “Very Unfavorable”
category (0.1% of cases). In the second period compared to the first in Khaishi, climate
change led to a decrease in the HCI category by one notch only in the summer months,
from June to August (“Excellent” - “Very Good”).

The repeatability of the HCI category “Very Unfavorable” increased from 0.0%
to 0.3% of cases (0 and 1 day per year, respectively), category “Unfavorable”
decreased from 1.1% to 0.6% of cases (respectively, 4 and 2 days per year), category
“Marginal” decreased from 4.2% to 3.1% of cases (15 and 11 days a year,
respectively), the ”Acceptable” category increased from 8.9% to 18.3% of cases (32
and 67 days a year, respectively), the “Good ” category decreased from 27.5% to
22.5% of cases (100 and 82 days a year), the “Very Good” category increased from
22.8% to 24.7% of cases (83 and 90 days a year, respectively), the “Excellent”
category decreased from 30.8% to 27.8% of cases (113 and 101 days a year,
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respectively) , category “ldeal” decreased from 4.7% to 2.8% of cases (17 and 10
days per year, respectively).

Khulo

In the period from 1956 to 2015 the highest repeatability of HCI values was in
the “Excellent” category (32.1% of cases), the lowest — in the “Very Unfavorable”
category (0.3% of cases). In the second time period compared to the first in Khulo,
climate change led to a decrease in the HCI category by one notch in August
(“Excellent” - “Very Good”) and November (“Good” — “Acceptable™).

The repeatability of HCI category “Very Unfavorable” did not change — 0.3% of
cases (respectively, 1 day per year), category “Unfavorable” increased from 1.4% to
2.5% of cases (respectively, 5 and 9 days per year), category “Marginal” increased
from 5.3% to 6.9% of cases (19 and 25 days a year, respectively), the “Acceptable”
category decreased from 13.6% to 11.1% of cases (50 and 41 days a year,
respectively), the “Good” category increased from 23.6% to 25.0% of cases (86 and 91
days per year respectively), category “Very Good” increased from 17.5% to 19.7% of
cases (respectively 64 and 72 days a year), the category “Excellent” decreased from
34.7% to 29.4% of cases (respectively 127 and 108 days a year), the category “ Ideal
“grew from 3.6% to 5.0% of cases (13 and 18 days a year, respectively).

Lentekhi

Over the entire observation period, the highest repeatability of HCI values was in
the “Very Good” category (26.5% of cases), the lowest — in the “Very Unfavorable”
category (0.1% of cases). In the second period of time, compared to the first in
Lentekhi, climate change led to a decrease in the HCI category by one level in April
and on average per year (“Very Good” - “Good”), June (“Excellent” — “Very
Good”), November and in the cold half of the year ("Good” — “Acceptable”).

The repeatability of the HCI category “Very Unfavorable” increased from 0.0%
to 0.3% of cases (0 and 1 day per year, respectively), category “Unfavorable”
decreased from 1.9% to 0.8% of cases (respectively, 7 and 3 days per year), category
“Marginal” did not changed — 4.4% of cases (16 days a year, respectively), the
“Acceptable” category increased from 13.3% to 26.1% of cases (49 and 95 days a year,
respectively), the “Good” category decreased from 26.9% to 22.2% of cases (98 and 81
days, respectively per year), category “Very Good” increased from 25.8% to 27.2% of
cases (respectively, 94 and 99 days per year), category “Excellent” decreased from
25.8% to 18.6% of cases (respectively, 94 and 68 days per year), category “ Ideal
“decreased from 1.7% to 0.3% of cases (6 and 1 days per year, respectively).

Mestia
In the period from 1956 to 2015 the highest repeatability of HCI values was in
the “Excellent” category (29.3% of cases), the lowest — in the “Unfavorable” category
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(0.1% of cases). In the second period of time compared to the first in Mestia, climate
change led to a decrease in the HCI category by one level in March (“Good” -
“Acceptable™), on average per year (“Very Good” - “Good”) and in the warm half of
the year (“Excellent* - “Very Good).

The repeatability of the HCI category “Unfavorable” increased from 0.0% to
0.3% of cases (0 and 1 day per year, respectively), category “Marginal” increased from
0.6% to 1.4% of cases (respectively, 2 and 5 days per year), category “Acceptable”
increased from 21.7% to 30.0% of cases (79 and 110 days a year, respectively), the
“Good” category decreased from 29.4% to 19.7% of cases (108 and 72 days a year,
respectively), the “Very Good” category increased from 13.9% to 19.2% of cases
(respectively 51 and 70 days a year), the “Excellent” category decreased from 30.3% to
28.3% of cases (111 and 103 days a year, respectively), the “Ideal” category decreased
from 4.2% to 1.1% of cases (15 and 4 days per year, respectively).

Pasanauri

In the period from 1956 to 2015 the highest repeatability of HCI values was in
the “Good” category (36.9% of cases), the lowest — in the “Marginal” category (0.7%
of cases). In the second time period compared to the first in Pasanauri, climate change
led to an increase in the HCI category by one notch only in April (“Good” - “Very
Good™).

The repeatability of the HCI “Marginal” category decreased from 0.8% to 0.6%
of cases (3 and 2 days per year, respectively), the “Acceptable” category decreased
from 8.9% to 6.4% of cases (32 and 23 days per year, respectively), the “Good”
category did not change — 36.9% of cases (135 days a year), category “Very Good”
increased from 17.2% to 23.6% of cases (respectively 63 and 86 days a year), category
“Excellent” decreased from 31.4% to 25.3% of cases (respectively 115 and 92 days a
year), the “Ideal” category increased from 4.7% to 7.2% of cases (17 and 26 days a
year, respectively).

Shovi

Over the entire observation period, the highest repeatability of HCI values was in
the “Acceptable” category (27.1% of cases), the lowest — in the “Very Unfavorable”
and “Unfavorable” categories (0.1% of cases). In the second period of time, compared
to the first in Shovi, climate change led to an increase in the HCI category by one notch
only in September (“Very Good” — “Excellent”).

The repeatability of HCI categories “Very Unfavorable” and “Unfavorable”
increased from 0.0% to 0.3% of cases (0 and 1 day per year, respectively), category
“Marginal” decreased from 2.8% to 1.7% of cases (10 and 6 days per year,
respectively), category “Acceptable” increased from 24.2% to 30.0% of cases
(respectively 88 and 110 days a year), category “Good” decreased from 31.4% to
22.5% of cases (respectively 115 and 82 days a year), category “Very Good” increased
from 16.1 % to 18.3% of cases (59 and 67 days a year, respectively), the “Excellent”
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category increased from 23.3% to 26.7% of cases (85 and 97 days a year, respectively),
the “Ideal” category decreased from 2.2% to 0.3% of cases (respectively 8 and 1 days a

year).

Stepantsminda

In the period from 1956 to 2015 the highest repeatability of HCI values was in
the “Good” category (48.2% of cases), the lowest — in the “Marginal” category (0.3%
of cases). In the second period of time, as compared to the first in Stepantsminda,
climate change led to an increase in the HCI category by one notch in September
(“Very Good” — “Excellent”) and for the whole year (“Good” - “Very Good”).

The repeatability of the HCI category “Marginal” decreased from 0.6% to 0.0%
of cases (respectively 2 and 0 days per year), category “Acceptable” increased from
9.2% to 10.3% of cases (respectively, 33 and 38 days per year), category “Good”
decreased from 50.6% to 45.8% of cases (185 and 167 days a year, respectively), the
“Very Good” category decreased from 24.4% to 23.1% of cases (89 and 84 days a
year, respectively), the “Excellent” category increased from 12.8% to 16.4% of cases (
47 and 60 days a year, respectively), the “Ideal” category increased from 2.5% to 4.4%
of cases (9 and 16 days a year, respectively).

Tianeti

In the period from 1956 to 2015 the highest repeatability of HCI values was in
the “Good” category (34.3% of cases), the lowest — in the “Ideal” category (5.8% of
cases). In the second time period compared to the first in Tianeti, climate change led to
an increase in HCI categories by one notch in April (“Good” - “Very Good”).

The repeatability of the HCI category “Acceptable” decreased from 11.7% to
8.6% of cases (43 and 31 days per year, respectively), category “Good” practically did
not change — = 34.3 of cases (respectively, 125 days per year), category “Very Good”
increased from 19.7 % to 24.4% of cases (72 and 89 days a year, respectively), the
“Excellent” category decreased from 29.2% to 26.1% of cases (107 and 95 days a year,
respectively), the “ldeal” category increased from 5.0% to 6.7% of cases(18 and 24

days a year).
In 1956-1985, 1956-2015 and 1986-2015, the number of days in the range of
HCI categories “Marginal” — “ldeal” for the studied locations, respectively, is the

following: Bakhmaro (352-349-346), Goderdzi (354-351-348), Gudauri (357-359-
361), Khaishi (361-362-362), Khulo (359-357-355), Lentekhi (358-360-361), Mestia
(365-365-364), Shovi (365-345- 363); Bakuriani, Borjomi, Pasanauri, Stepantsminda
and Tianeti (for all three time periods — by 365 days).

Expected Changes of HCI by 2041-2070 and 2071-2100 on the Example of Mestia.

Data about expected changes of HCI and its categories by 2041-2070 and 2071-2100 in
Mestia in are presented on Fig. 5.12 and Table 5.12.
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Fig. 5.12. Average monthly, annual and seasonal values of HCI in Mestia (1986-2015, 2041-
2070 and 2071-2100).

Table 5.12. Average monthly, average annual and seasonal values of HCI category
in Mestia (1986-2015, 2041-2070 and 2071-2100).

Month /Period | 99% Low | 99% Upp | 1986-2015 | 2041-2070 | 2071-2100
January Accept. Accept. Acceptable | Acceptable | Acceptable
February Accept. Good Acceptable | Acceptable | Acceptable

March Accept. Good Acceptable Good Good
April Good Good Good Good Good
May V_Good V_Good Very Good | Excellent Excellent
June Excell. Excell. Excellent Excellent | Very Good
July Excell. Excell. Excellent | Very Good | Very Good
August Excell. Excell. Excellent | Very Good | Very Good
September Excell. Excell. Excellent Excellent Excellent
October Good V_Good Very Good | Excellent Excellent
November Accept. Good Good Good Good
December Accept. Accept. Acceptable | Acceptable | Acceptable
Year Good V_Good Good Very Good | Very Good
Cold period Good Good Good Good Good
Warm period V_Good Excell. Very Good Excellent | Very Good

A significant change in HCI values and their categories in 2041-2070 and 2071-2100
compared to the 99% confidence interval of the average HCI values in 1956-2015 is
expected in May and October (an increase in HCI values and a corresponding
improvement in its category by one level, “Very Good” — “Excellent”), as well as in July
and August (a decrease in HCI values and a corresponding deterioration in its category by
one notch, “Excellent” - “Very Good”). In June 2071-2100, the HCI category will
deteriorate by one notch, “Excellent” — “Very Good” (Fig. 5.12, Table5. 12).

Thus, in Mestia, at least until 2100, it is expected to maintain favorable
bioclimatic conditions for tourism.
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It is planned in future to continue the climatic resources study of various regions
of Georgia for tourism, recreation and treatment (mapping the territory on HCI and
TCI, long-term forecasting of HCI and TCI, determining other modern climatic and
bioclimatic indicators for tourism, recreation and treatment, assessing the adequacy of
bioclimatic indicators scales to human health, etc.).

Chapter 6. Modern methods of studying weather and climate change

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

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

1. Large volumes of data are collected via remote sensing, typically from
satellite sensing or aircraft-borne sensing devices, including an increasing use of
drones. This includes passive sensing, such as photography or infrared imagery, and
active sensing, e.g., RADAR/LIDAR. The increasing availability of open satellite data
is a major trend in earth and environmental sciences. For example, the EU Copernicus
program and the associated Sentinel missions, or NASA’s Earth Observing System
satellites, LandSat archive are regularly mined for data for a variety of applications

2. Other data are collected via earth monitoring systems, which consist of a range
of sensor technologies measuring various physical entities. Namely weather stations
and monitoring systems

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

Hydro-meteorological hazards such as severe floods, storm surges,
landslides, avalanches, hail, windstorms, droughts, etc. are expected become more
frequent and severe due to climate change, degradation of ecosystems, population
growth and urbanization. Innovative solutions in which natural processes and
ecosystems help solve different types of societal and environmental challenges —
so-called Nature-Based Solutions (NBS) — have emerged as effective means to
respond to such challenges.

Machine Learning
Machine learning is an important component of the growing field of data
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science. Through the use of statistical methods, algorithms are trained to make
classifications or predictions, and to uncover key insights in data mining projects.
These insights subsequently drive decision making within applications and businesses,
ideally impacting key growth metrics. As big data continues to expand and grow, the
market demand for data scientists will increase. They will be required to help identify
the most relevant weather and climate forecast questions and also the Big Data to
answer them.

To use Earth system models to perform weather and climate predictions requires
the use of supercomputers. Machine learning can help to reduce the amount of
computing which is required for conventional modelling. This has several reasons.

Conventional models are very complex and require the use of many different
mathematical algorithms and very big computing codes. In contrast, the algorithms that
are used for machine learning — and in particular for deep learning — are often
comparably simple. This does not only mean that the code which is used can be very
short and that many components of the code can be reused several times, which
reduces complexity, it also means that the numerical operations and data structures are
very simple in comparison to conventional models which makes it easy to optimize the
code on different hardware such as CPUs or GPUs.

Deep learning tools can often be based on so-called dense linear algebra. This
includes simple linear components — such as a matrix-matrix multiplication — which
require many operations per data unit which is moved and stored. In contrast,
conventional tools often move many data units and require a comparably small number
of operations per data unit. However, modern hardware can be used much more
efficiently if many operations are performed per data unit and a heavy use of dense
linear algebra is optimal to achieve good performance.

In numerical models, specific variables need to be represented by a specific
number of numerical bits. Conventional models are typically using 32 or 64 bits per
variable which is stored. In contrast, a deep learning tool can often work at much lower
numerical precision — such as 16, or 8 or even 4 numerical bits. This allows to process
the data much faster and to reduce computational cost.

Progress in Al is based on the use of supercomputers. The global market of
artificial intelligence is gigantic with trillions of dollars being invested every year. This
is dwarfing all equivalent investment for other application areas in supercomputing.
Consequently, all leading hardware vendors are developing computing hardware which
is optimized for use in applications of artificial intelligence or machine learning, for
example via customized accelerator to allow for the use of low numerical precision and
dense linear algebra. Even if no machine learning would be used in the Earth system
models of the future, developers would still need to change the way how they design
the models to make sure they can run efficiently on the new machine learning
hardware.

There is a lot of new software that enable scientists to make quick progress when
developing machine learning tools. There are libraries — such as PyTorch or
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TensorFlow — which enable domain scientists who are no specialists in machine
learning to build powerful machine learning tools with minimal effort. And the
software is not only easy to use, it also allows to run the tools that are developed
efficiently on supercomputers on many different hardware configurations.

Finally, the need for energy and compute cost is often different in conventional
Earth system models and machine learning. Conventional models need compute power
during the development and the scientific studies of the models. They also need
significant compute power when used for operational weather and climate predictions.
In contrast, machine learning tools need a lot of power and compute power during the
training, but they are often very efficient when applying the tools to make predictions
once the machine learning tools are ready for use. To generate the actual forecast is
often the most time-critical part for weather and climate predictions and requires the
largest part of a supercomputer. The machine learning tools are therefore cheap when it
is important and time-critical and costly during the development phase when time and
resources are available.

Water is a compound and polar molecule, which is liquid at standard
temperature and pressure. It has the chemical formula H,O, meaning that one molecule
of water is composed of two hydrogen atoms and one oxygen atom. Water is found
almost everywhere on earth and is required by all known life. About 70% of the Earth's
surface is covered by water. The important feature of the water molecule is its polar
nature. The water molecule forms an angle with hydrogen atoms at the tips and oxygen
at the vertex. Since oxygen has a higher electronegativity than hydrogen, the side of the
molecule with the oxygen atom has a partial negative charge. Usually the molecule
with such charge difference is called a dipole. The charge differences cause water
molecules to be attracted to each other and to other polar molecules. This attraction is
known as hydrogen bonding. This bonding gives water unusual properties. Many
studies and experiments with HT equipments are made to understand water properties .

The interaction of light (photon) and cloud particles according main guantum
assumption that system internal energy is composed by bound microparticles (cluster)
under certain conditions can obtain allowed discrete significances has been discussed
in the article. The objective is to calculate the transition probability from one state into
another caused by inner forces or any internal processes. The cluster may be presented
as multipole system. The multipole is the system composed by couple opposite charges
that have definite symmetry type. The simplest is the dipole. If the transition is
forbidden in dipole approach it may happen in higher approaches — quadrupole
(electric) or magnetic dipole. Their probability is approximately 10° times less than
dipole. To search out transition probability of cluster from basic state into exciting or
virtual one interacting with electromagnetic field the identification of Einstein factors
have to be needed .

The some peculiarities of microstructure of cloud formations have been
discussed using quantum disperse forces or VVan-Der-Vaals forces that are typical for
water particles. To obtain the expression for interaction potential the wave functions of

349



basic and exited states of clusters and dispersion matrix have been introduced
describing by virtual photon. It has been turned out that virtual photon interaction
causes potential holes and barriers that are decreased by height and width. The isolated
long wave quant may be the radiation that is generated throughout observed
microphysical processes.

Methods

The water H,O is the molecule everybody knows and life is impossible without
it. But for all its familiarity and import for life, aspects of water's behavior have been
hard to understand, including its transformation in cloud medium.

Meteorology is an extraordinarily interdisciplinary subject, with quantitative
links to many of the applied sciences and now in presented paper cloud medium is
discussed using quantum theory.

Microparticles are described using wave function in quantum mechanics. The
quantum system state is considered defined if its wave function (Schrddinger) or ket-
vector (Dirac) is given.

The system energy change comes with quantum transportation from one
energetic level into another. If E;>E; than system emits energy equal to E;-E, and if
E;>E, then absorbs. Such transportations happen while interaction with
electromagnetic radiation. Emitted or absorbed photon energy is defined by Bohr
frequency law:

thZ = |E2 —E1| (1)

Molecules full energy may be presented by the Kinetic energy sum connected with
mass center and by internal energy sum. Molecules energy may be considered as
compound from three parts:

1. Electron energy connected with their rotation around nuclei

2. Eqs — oscillation energy connected with nuclear vibration towards mass center

3. Eot —rotation energy connected with molecules rotation towards mass center
Diatomic molecule rotates around mass center located on symmetry axis of molecule.
Rotation energy is defined as:

E,, =h* X80 = BR(K +1) @)

where 1=MR,? inertial moment;
B- rotation constant;
K=0, 1, 2, 3 rotation quantum number

M ,,,| = K (K +1)% - impulse momentum of rotation
Vibration energy may be defined as following

E,. =hwy(q+1)—hwor(g+1)? 3)

B . .
where x = % << 1 —is nonharmonic constant.
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Characterization of electric terms doesn’t differ from diatomic molecule terms.
In molecule nucleus electic field have no central symmetry thus the full orbital moment
haven’t been kept. In diatomic molecule the electric field has axial symmetry and in
this case the component on the axis passing through the nucleus of orbital momentum
has been kept. It is called molecule orbital quantum number and gets discrete values
0,12,...

Molecule state is also chracterized by full electron spin S and it has internal
quantum number Q=A+S§

The light is considerd as the combination of photons with ka state and—7aw , fik

impulses. Photon or molecular system interaction happens by forming or disappearance
of light quants. During this process energy and impulse are keeping. Quantum
trasformation is system trasportation from one energetic state into another. The task is
to identify transformation probability from one energetic state into another. Clusters
may be presented as multipole systems. Multipole is the system compound from couple
of opposite charges, obtaining definite symmetry. The simpliest is dipole. If
transpostation is prohebitated in dipole approach it may happen in higher approach —
quadropole (electric) or magnetic dipolic.

Their probability is 10° time less than dipole. To identify transportation
probability the Einstein members have to be defined according clusters properties.
Spontaneous and forced motion members may be identifies.

Quantum transition combination is characterized by D., numbers two
dimensional unity and is infinite matrix:

Dll,D12’ ..... Dln
D21’D22’ D2n
Dnl'DnZ’ Dnn'

where D° =ejy. Py, dv

is dipole transition matrix element

The nondiagonal matrix elements are time functions and corresponds light
absorption or emitting by those frequencies defined from Bohr frequency selection
low.

And Einstein members can be defined as for spontaneous and forced transition
probabilities:

3
Wmn

_ 2
A = 3ggahc’ (D""') — spontaneous transition probability

z 2
B = 12qgh? (D'"”) -forced transition probability
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Amn is approximately 108 sec ™

If some matrix element equals 0 it is called prohibited then this transition doesn’t
happens in dipole approach and happens in magnetic. If transitions are prohibited or
banned for clusters higher energetic level the lower energetic level is called metastable
and clusters life duration is 102 sec. or more.

If transition is allowed in dipole approach then system life duration is of
spontaneous transition probability order. If transition is banned in dipole approach or
Dmn=0 it doesn’t mean that it haven’t happen generally as cluster has electric quadruple
or magnetic dipole moment. If transition is banned for clusters high energetic level
than lower level in electric dipole interactions is called as metastable level. In this
clusters life duration is 10 sec or more. In first quantum transition approach there acts
Bohr prohibition principle. If such transition still happens it would be on the second or
higher approach order and probability will be also less. Such are light scattering in
viscous medium, mist, aerosols and etc.

This process on molecular level happens as follows: if outer emitting frequency
differs from absorption frequency energy quant is anyway transmitted to the cluster
which transforms into virtual state with short life period and will be defined from the
uncertainty principle. Then it emits same frequency photon and returns at initial state. |
definite conditions cluster may transform into final state from virtual. | simple case the
falling wave is flat and emitted spherical. Energy and impulse are kept as usual except
virtual state, when energy isn’t keeping. For those transitions it is necessary that the
electron-photon interaction matrix element have to be differs from 0.

In definite conditions cluster may transform from virtual into final state that will
be differ from initial. Also emitted photon has different polarization and frequency.

In second approach it is possible the existence of two photon absorption process.
After absorbing photon system transits into virtual state where it absorbs another
photon and then transports into stationary state

In classical mechanics, the possible states of system S are all positive normalised
functions (Distribution function) on the phase space P and possible observables are all
real function on P. P is fixed and uniquely associated with the system alone and forms
the basis of this kinematic description. Hence, transitions between different sets of
observables similar to those described above would be impossible in classical
mechanics. They are only enabled in quantum mechanics by the non-objective
character of observables: not only their values cannot be ascribed to microsystem S
alone but some of them are not even registrable in principle due to external conditions
in which S is. It is assumed that the quantum kinematics of a microsystem is defined
mathematically by the possible states represented by all positive normalised (trace one)
operators, and possible observables represented by some self-adjoint operators, on the
Hilbert space associated with the system. Then the transitions of states and observables
that go with changes of separation status cannot be viewed as a part of a dynamical
trajectory due to some new version of the dynamics of S, but as a change of its
kinematic description. Thus, although the change of separation status is similar to the
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collapse of the wave function (the non-local character included), it is both more radical
and better understood.

On Earth the dimpliest and common is water molecule that has essential
significance in existence of organ and nonorganic life. The most of its properties are
preconditioned by the fact that three component atoms aren’t placed on one line.
Negative charge prevailed on oxygen atoms part and positive on hydrogen. Thus water
molecule is electrically polarized. The cloud properties and their stability may be
explain from water molecules properties and characterizing forces that reach maximum
for Imicro-meter particles and are separated from each other on 50km distance

The comparison between the experimental and calculated molecular dipole
moments is difficult, as the experiments are measuring the dipole moment in the
vibrational ground state x0, whereas the calculations are carried out for the equilibrium
dipole moment we, and thus we would have to carry out a vibrational averaging in
order to speak of the same quantity. However, there are a few experimental values for
we. However it is estimated as H,O= 1.8473(10) [6,7].

For the total molecular energy, i.e., E in the molecular SchrAodinger equation,
there is no experimental counterpart. and we examine it in order to establish a feeling
on the severity of the approximations involved in the calculation. We should recall that
there were a third class of approximations in addition to the truncation of one- and N-
electron spaces: approximations in the molecular Hamiltonian ~H . To investigate the
validity of the use of the non-relativistic Hamiltonian, we include the leading-order
one-electron relativistic corrections that include the spin-orbit interaction (SO), mass-
velocity (MV), and the Darwin (Dar) corrections. The leading-order two-electron
contributions, such as the two-electron Darwin contribution and the spin-spin contact
interaction, are smaller by at least one order of magnitude. The MV and Dar
corrections are always of opposite sign. The calculation is carried out using the
CCSDT model for the water molecule in the cc-pCVXZ bases, at a CCSD(T)/cc-
pCVQZ geometry.

Total energy [Eh]
CCSDT HF

Dz -76.24121 -76.02680

TZ -76.33228 -76.05716

QZ -76.35981 -76.06482

52 -76.36899 -76.06708

Among atoms and molecules acts force that always has attractive character. It is
intermolecular dispersive or Van-Deer-Vaalse force. It is only one of the expressions
of electromagnetic force. It acts among electrically neutral systems such as dipole or
quadruple. In dipoles force reduces by r* inverse proportional and in quadrupole by r®.
It is not temperature dependent and it s nature is quantum [8,9]. By increasing dipole
number their interaction increases. But its interaction is limited by the matter that light
speed is finite

353



For cluster stable and exiting states wave functionw =w(x,y,z,r) have been used.
Its physical essence is that it is particle detection probability in d, volume for t time
moment.

Probability is defined as

2 *
W=y ozt =¥y (4)

¥ is complex conjugated quantity of v .
[[¥(x.y.z0) dv=1- is rationing condition and w function that assure this condition

standardized.

For cluster stable and exiting states wave function v =w(x,y,z,r) have been used.
Its physical essence is that it is particle detection probability in d, volume for t time
moment.
Probability is defined as

W= |‘{’(x,y,z,t)|2 =¥y
¥ is complex conjugated quantity of v .
[[¥(x.y.z0)dv=1- is rationing condition and w function that assure this condition

standardized.
Generally it is expressed as:

¥(x,y,2,0) = g(P., P, P t)exp(izg2m) 22 )
Suppose ¢, ¢,
are clusters basic and exited states wave functions. Their interaction in lower approach
is descriped by so called scattering matrix

@ (x,1) = S(t,15)p(x,10),

where
S(1,1) = exp(—LH (t - 1,)).

(6)

H is system Hamiltonian. The matrix elements of scattering operator define transition
probability from initial quantum state into another.

Sy = —if dﬂd?zdtcol* P U (r)p 0, Xp(—i(Ey, + Ey — Eyp — E,)1),

where £:£ s clusters basic and final states kinetic energies.
The interaction potential may be connected with averaged scattering matrix that is

described by one-photon resonant exchange Hamiltonian
H =—d,E,(r) - doEy(r)

where d.k are dipole moment and field tension operators. Then for potential the
following is obatained:
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U(F)=45 Tda)a) Za’k (w)D, (@,7),
- (7)
Where Dy is photon Green function and
a, =+6, > |d, 2[(50” —o-il )+ (0, +0- iFn)’l],

is the polarization tensor.

(8)

After integration (7) considering (8) the following expression is obtained for potential
U(r)= —&%Zrﬂ’l d, za)f exp(~-) cos 2~ 9)

In equation summarization occurs for all levels.

Conclusion

The century long of theoretical research and the on-going revolution in computer
technology have made quantum mechanics applicable to small molecules, where
guantum-mechanical calculations have reached the accuracy that challenges
experimental results. However, limitations of existing quantum mechanical methods to
describe the large molecular systems, that modern molecular science often deals with,
is real obstacle to forth going. The extremely different approaches must be taken to
describe such systems.

Thus one photon resonance exchange creates decreasing potential holes by
height and depth. From this expression may be obtaied solution for isolated long-wave
radiation potentials. isolated long-wave quants may be the radiation which happens
when on cluster surface or cristallyne lattice additional molecule enters or in drop
while molecule difussion.

During cristalization and condensation the some portion of latent heat may be
trasformed in characterized radiation. The transformation energy is distributed between
existed and new energetic levels. They are called as phase radiation and is depended on
medium optical properties. The cloud medium may be imagined as unity of clusters
that are on different energetic levels, interacting through energy emition-absorbtion.
According to this Earth surrounding environment is one of possible renewable energy
source, the use of which gives chanse on transition into new energy transportation
means.

Chapter 7. Perturbations in the atmosphere

Two of the questions that now face scientists studying climate change are:
1.How has human activity influenced the climate?

2.How would the global climate change without human influence?

In order to answer the first question, scientists must answer the second question.
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The total energy output of the sun is nearly constant. At the top of Earth’s
atmosphere the total irradiance from the sun is about 1366 W/m2. Imagine thirteen 100
Watt light bulbs shined all of their energy onto a square meter. During the course of an
11-year solar cycle, the average output of the sun changes by about 1-2 W/m2 or about
0.1%. Thus, the solar constant varies between 1365 and 1367 W/m? and is therefore,
not really a constant.

In other wavelengths such as the ultraviolet and extreme ultraviolet parts of the
solar spectrum, the solar variability can be quite large. In the x-ray wavelengths, the
sun can change brightness by a factor of 100 or even 1000 in just a few minutes but
these wavelengths only affect the upper reaches of our atmosphere. Figure 2 shows a 5-
year sequence of x-ray images of the sun from solar maximum to solar minimum. It is
thought that the total solar output of the sun has changed by larger amounts over longer
time scales. There is evidence that the total solar output may have been as low as 1360
W/m? during the 19th century and even lower than that during the 17th century. Thus
over centennial time scales, the solar output may have changed by 0.5%.

The NOAA Space Environment Center (SEC) combines scientific research and
an operational Space Weather Center to maintain a vigilant watch on solar activity.
SEC’s primary mission is studying the affects of a variable sun on the upper
atmosphere and the near-Earth space environment. Monitoring and understanding the
solar effects on the middle and lower atmosphere is a new component of SEC’s
mission. Present NOAA/SEC activities include monitoring the sun in x-ray and
ultraviolet wavelengths as well as sunspots. NOAA recognizes the need for new efforts
in this area and will include solar extreme ultraviolet measurements on the next
generation of GOES spacecraft and total solar irradiance and solar spectral irradiance
measurements as part of its upcoming NPOESS spacecraft mission.

The sun plays a role in our climate in direct and indirect ways. The sun changes
in its activity on time scales that vary from 27 days to 11, 22, 80, 180 years and more.
A more active sun is brighter due to the dominance of faculae over cooler sunspots
with the result that the irradiance emitted by the sun and received by the earth is higher
during active solar periods than during quiet solar periods. The amount of change of
the solar irradiance based on satellite measurements since 1978 during the course of
the 11 year cycle just 0.1% (Frohlich and Lean 1998) has caused many to conclude that
the solar effect is negligible especially in recent years. Over the ultra long cycles (since
the Maunder minimum), irradiance changes are estimated to be as high as 0.4% (Hoyt
and Schatten (1993), Lean et al. (1995), Lean (2000), Lockwood and Stamper (1999)
and Fligge and Solanki (2000)).

However this does not take into account the sun’s eruptional activity (flares,
solar wind bursts from coronal mass ejections and solar wind bursts from coronal
holes) which may have a much greater effect. This takes on more importance since
Lockwood et al., (1999) showed how the total magnetic flux leaving the sun has
increased by a factor of 2.3 since 1901. This eruptional activity may enhance warming
through ultraviolet induced ozone chemical reactions in the high atmosphere or
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ionization in higher latitudes during solar induced geomagnetic storms. In addition, the
work of Svensmark (1997), Bago and Butler (2000) Tinsley and Yu (2002) have
documented the possible effects of the solar cycle on cosmic rays and through them the
amount of low cloudiness. It may be that through these other indirect factors, solar
variance is a much more important driver for climate change than currently assumed.
Because, it is more easily measured and generally we find eruptional activity tracking
well with the solar irradiance, we may utilize solar irradiance measurements as a
surrogate or proxy for the total solar effect. Correlations with Total Solar Irradiance
studies vary on the importance of direct solar irradiance especially in recent decades.

When Gleissherg (1958) first investigated solar cycle lengths, he found short
cycles had high sunspot numbers and strong eruptive activity while long cycles were
characterized by low maxima and fewer solar eruptions. This may explain why Friis-
Christensen and Lassen (1991) found a correlation of solar cycle length with
temperatures. With major geomagnetic storms, there is ionization warming in the polar
auroral zone, an increase in solar wind with more general warming. Landscheidt
(2003) showed a r* correlation of 0.92 between smoothed yearly global temperature
anomalies and a smoothed geomagnetic index (aa index) with a tendency for
temperatures to lag the solar by 4 to 8 years.

lonization of the air occurs due to cosmic rays (CR), from the decay of trace
radioactive isotopes, ionization by solar ultra violet light and electrical effects such as
lightning. At cloud forming altitude ( > 1000 m) over the land and at all altitudes over
the sea CR are thought to dominate the production of ionization in the troposphere.

It was suggested long ago that CR could be connected with the weather and the
climate and various mechanisms have been suggested.. Much publicity has been given
to the observation that the reduction in the low cloud cover (LCC) observed during
solar cycle 22 correlates well with the decrease in the cosmic ray (CR) rate as
measured by neutron monitors. This led the groups to hypothesize that the reduction
was caused by the influence of ionization from CRs on cloud cover. Furthermore, it has
been suggested that this is a significant contributor to global warming. The basis of the
suggestion is that the cosmic ray rate has been observed to decrease over the last
century. This leads to less ionization in the atmosphere, reducing cloud cover
according to the hypothesis, allowing more sunlight to warm the Earth. This suggestion
has been questioned on the grounds of inconsistencies between different methods of
measuring cloud cover and on the grounds of imperfect data analyses. Attempts have
been made to look for local or regional correlations which find either nothing, the
opposite correlation or some correlation. We discount these in order to investigate the
hypothesis further and on a global scale. We further discount the likelihood that CR
effects would change mainly the depth of the clouds, rather than the cloud cover. The
suggestion was also questioned in a study of the long term CR rate where it was shown
that this rate began to increase in 1985 yet global warming continued. Nevertheless,
there may be some connection between clouds and ionization since it is well known
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that charged drops grow at smaller radii than uncharged drops, providing that the
supersaturation is high enough.

A key aspect of the sun’s effect on climate is the indirect effect on the flux of
Galactic Cosmic Rays (GCR) into the atmosphere. GCR is an ionizing radiation that
supports low cloud formation. As the sun’s output increases the solar wind shields the
atmosphere from GCR flux. Consequently the increased solar irradiance is
accompanied by reduced low cloud cover, amplifying the climatic effect. Likewise
when solar output declines, increased GCR flux enters the atmosphere, increasing low
cloudiness and adding to the cooling effect associated with the diminished solar
energy. The conjectured mechanism connecting GCR flux to cloud formation
received experimental confirmation in the recent laboratory experiments of Svensmark
(Proceedings of the Royal Society, Series A, October 2006), in which he demonstrated
exactly how cosmic rays could make water droplet clouds.

Changes of 1 to 2% in low cloudiness could have a significant effect on
temperatures through changes in albedo. K. Labitzke and H. van Loon have
discovered a statistically significant connection between temperature-dependent 30-hP
heights in the stratosphere and extreme in the 11-year sunspot cycle, which involves
the troposphere and is strongest in special geographical regions. It is an indication of
feed-back or resonance amplification that the temperature difference in the stratosphere
between minimum and maximum of the 11-year cycle reaches 1.8° C and in the
troposphere still 0.9° C. In the Subtropic troposphere this difference even amounts to
2° C. Northern and Southern Hemisphere show such sunspot related temperature
patterns in a mirror-symmetric way. The geographic distribution of the temperature
effect corroborates the hypothesis that a modulation of Hadley cell circulation is
involved. Experiments with models have shown that winds in the lower stratosphere
can have an impact on circulation in the troposphere. Strong temperature variations
following the course of the 11-year sunspot cycle were not only observed in recent
decades. According to M. Stuiver, P. M. Grootes, and T. F. Braziunas the GISP
delta **0 climate record shows a close correlation with the 11-year sunspot cycle for
hundreds of years. This data points to a regional temperature variation of 2.6°
C following the sunspot rhythm.

A climatic effect caused by total irradiance variations becomes more effective
when its impact lasts longer. The Milankovitch theory in its modern form shows that a
change of 0.1% effective during a very long interval can release a real ice-age . So it
may be expected that the 90-year Gleissberg cycle of sunspot activity, which
modulates the intensity of the 11-year cycle, possesses a considerable potential to
accumulate an effective surplus of irradiance, or to induce a steadily decreasing level
of radiant flux density, particularly since the Gleissberg cycle can reach a length of 120
years.

When satellite observations had established that the solar constant is variable,
phenomenological regression models were developed which assess the variations in
irradiance in past decades and centuries. The model developed by D. V. Hoyt and K.
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H. Schatten, is based on proxy data related to secular changes in the convective energy
transport or the convective velocities in the sun. They include the solar cycle length,
the equatorial solar rotation rate, and sunspot structure. This solar-irradiance model has
only two parameters: the amplitude of variations of the 11-year cycle and the
Gleissberg cycle. The thick curve in fig.1 shows the output of the model. The
corresponding vertical axis on the left measures the irradiance in W/m” The dashed
curve represents the smoothed annual mean Northern Hemisphere temperature
variations (right scale) for 1700 — 1879 from B. S. Groveman and H. E. Landsberg, and
for 1880 to the present from J. E. Hansen and S. Lebedeff. The two curves show a
close correlation that point to a strong link between solar activity and climate.

The ultraviolet range of the spectrum lies between 100 A and 3800 A.
Wavelengths below 1500 A are called extreme ultraviolet (EUV). The variation in
radiation between extrema of the 11-year sunspot cycle reaches 35% in the EUV-
range, 20% at 1500 A, and 7% around 2500 A. At wavelengths above 2500 A, the
variation reaches still 2%. At the time of energetic solar eruptions, the UV-radiation
increases by 16%. At a sunspot maximum the EUV-radiation raises the temperature in
the lonosphere by 300% in relation to the minimum. Yet most important is that the
UV-radiation below 2900 A is completely absorbed by ozone in the stratosphere. The
resultant rise in temperature is augmented by positive feed-back, as the UV-radiation
also generates new ozone. Satellite observations show that the ozone content grows by
2% from sunspot minimum to maximum

Variations in radiation are not the sun’s only way to influence climate. Between
energetic solar eruptions and galactic cosmic radiation modulated by the solar wind on
the one hand and electric parameters of the atmosphere on the other, exist couplings,
the strength of which varies by 10% in the course of days, years, and even decades .
The most important change is to be found in the downward air-earth current density,
which flows between the ionosphere and the surface. R. Markson and M. Muir have
shown how this affects the thunderstorm activity, while B. A. Tinsley assumes that
electrically induced changes in the microphysics of clouds (electrofreezing) enhance
ice nucleation and formation of clouds. These approaches have the advantage to be
independent of dynamic coupling between different layers of the atmosphere, since
these variations affect the whole atmosphere

The most convincing argument yet, supporting a strong impact of the sun’s
activity on climate change, is a direct connection between cloud coverage and cosmic
rays, discovered by H. Svensmark and E. Friis-Christensenin 1996. It is shown
in fig.2.. Clouds have a hundred times stronger effect on weather and climate than
carbon dioxide in the atmosphere. Even if the atmosphere’s CO2 content doubled, its
effect would be cancelled out if the cloud cover expanded by 1%, as shown by H. E.
Landsberg. Svensmark’s and Friis-Christensen’s result is therefore of great importance.
The thin curve in fig.2 presents the monthly mean counting rates of neutrons measured
by the ground-based monitor in Climax, Colorado (right scale). This is an indirect
measure of the strength of galactic and solar cosmic rays. The thick curve plots the 12-
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month running average of the global cloud cover expressed as change in percent (left
scale). It is based on homogeneous observations made by geostationary satellites over
the oceans. The two curves show a close correlation. The correlation coefficient is r =
0.95.

Short-range variations in the intensity of cosmic rays, caused by energetic solar
eruptions, have the same effect, though shorter. The plot shows that strong cosmic rays
go along with a larger cloud cover, whereas weak cosmic rays shrink the cloud cover.
The global cloud coverage diminished from its peak at the end of 1986 to its bottom in
the middle of 1990 by more than 3%. According to observations by V. Ramanathan, B.
R. Barkstrom, and E. F. Harrison, clouds have a net cooling effect of-17
W/m? . Svensmark and Friis-Christensen conclude from the diminution of this cooling
effect between 1986 and 1990 that the solar irradiance has increased by about 1.5
W/m? within these three and a half years. A change of this order is quite remarkable,
since the total radiative forcing by carbon dioxide accumulated since 1750 has been
estimated by the IPCC not to go beyond 1.5 W/m?. This means that cosmic rays,
strongly modulated by solar activity, achieve an effect within three and a half years for
which the accumulation of carbon dioxide in the atmosphere needs centuries. This
shows clearly to what extent the greenhouse effect has been overestimated in
comparison with the solar contribution to climate change, which turns out to be the
most important factor.

The primary cause of the solar modulation of cosmic rays is not the level of
sunspot activity, but the varying strength of the solar wind. This supersonic outflow of
plasma originates in the very hot corona of the sun and carries ionized particles and
magnetic field lines from the sun. While it is expanding towards the boundary of the
solar system, cosmic ray particles interacting with it lose energy. When the solar wind
blows heavily, cosmic rays are weak, and when the solar wind is in a lull, cosmic rays
become strong. The highest velocities in the solar wind are caused by energetic solar
eruptions and coronal holes. Strong eruptions (flares and eruptive prominences) avoid
sunspot maxima and even occur close to sunspot minima. So sunspots are not a good
indicator of solar wind strength. As cosmic rays, which have such a strong impact on
cloud cover, are strongly modulated by eruptional features of the sun’s activity, the
solar contribution to climate change can no longer be considered negligible. This is all
the more so as the already described changes in irradiance has an additional effect.

Cycles of big fingers have a mean length of 35.8 years (178.8 years [big hand] /
5 = 35.76 years [big fingers]). They are closely connected with solar activity. They
coincide with maxima and minima in the Gleissberg cycle and open up the possibility
of predicting these crucial phases many years ahead. They also define the length of the
22.1-year magnetic cycle of sunspot activity (Hale cycle). As far as climatic change is
concerned, cycles of a length of 36 years are not new. Francis Bacon has already
pointed to a cycle with a length of 35 to 40 years with cool and wet phases followed by
warm and dry periods. E. Brickner discovered this cycle again in 1887. He
demonstrated that varied climatic phenomena in different regions of the world show
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synchronized phases in a cycle of 33 to 37 years. H. W. Clough found the Brlckner
cycle not only in 12 meteorological variables, but also in sunspots and especially in
variations in the length of the 11-year sunspot cycle.D. V. Hoyt and K. H.
Schatten think that the reality of the cycle is confirmed by Scandinavian tree ring data
which show its rhythm over hundreds of years.

The discovery of the radiation belts was the first discovery of the space age,
observed in 1958 by the Explorer | spacecraft. The radiation belts are dynamic
doughnut-shaped regions around our planet, extending high above the atmosphere,
made up of high-energy particles, both electrons and charged particles called ions,
which are trapped by Earth's magnetic field. Radiation levels across the belts are
affected by solar activity that causes energy and particles to flow into near-Earth space.
During active times, radiation levels can dramatically increase, which can create
hazardous space weather conditions that harm orbiting spacecraft and endanger
humans in space. It is the goal of the Van Allen Probes mission to understand how and
why radiation levels in the belts change with time.

Scientists soon realized that the belts can change shape in concert with incoming
disturbances from the sun, sometimes quite dramatically. In February 2013, researchers
announced observations from NASA's Van Allen Probes, showing a previously
undetected configuration. The belts showed a distinct unusually narrow ring beyond
the inner belt persisting for a month in September 2012 while additional particles
funneled in to create a third, larger, outermost belt. This previously unknown
configuration of three bands, changed what was previously understood about the belts.

The Van Allen Probes can measure the widest range of energies and particle
types ever observed. Therefore, there were accurate measurements of particles in this
narrow ring — moving up to 99.9 percent of the speed of light — which could shed light
on physical processes never before seen. By comparing computer simulations of the
belts with data from the Van Allen Probes, scientists determined that one commonly
understood method for how particles are accelerated to high energies did not work for
these ultra-fast particles. The mechanism depends on one of the many unique and
varied waves that can be present in an environment of charged particles, otherwise
known as plasma, such as exists in the radiation belts.

Waves known as Very Low Frequency Chorus waves move so that they can
easily buffet particles in the belts up to higher speeds, much the way a perfectly timed
push on a swing increases its speed. These same waves can be responsible for causing
particles to precipitate down out of the belts into the atmosphere. These VLF Chorus
waves affect fast electrons but not ultra-fast electrons. On the other hand, fast electrons
in the belts are not affected by another wave called Electromagnetic lon Cyclotron or
EMIC waves, but this study showed just how strongly EMIC waves can affect the
fastest moving particles. Indeed, the EMIC waves can help quickly deplete the most
energetic particles, leaving behind only a narrow ring of radiation protected inside the
boundary known as the plasmapause, as seen in the September 2012 event.
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Another kind of VLF wave called Hiss is found inside this plasmapause
boundary, and this wave does not strongly affect the ultra-fast particles that the Van
Allen Probes observed residing in the persistent narrow ring. This explains why the
narrow ring was stable for such a long time. VLF wave is known as plasmaspheric
hiss. The process might take only a few days for the slower particles, but took much
longer for higher energy ones.

The magnetosphere is a large region of space where the Earth’s magnetic field
controls the motion of charged particles, namely electrons, protons, and other ion
species, which form space plasmas. Energetic particle populations are observed in
various parts of the magnetosphere. Recently, using the Van Allen probes launched in
August 2012, researchers showed those electrons with energies over 2.5 MeV had been
accelerated within the radiation belts, rather than being transported from elsewhere.
But what is the local acceleration mechanism? The discovery by the STEREO
spacecraft of very strong “whistler” waves in the Earth’s radiation belts suggested that
electrons could “surf” these waves to accelerate to MeV energies. Whistlers are
particular electromagnetic modes propagating in magnetized plasma that can
resonantly interact with fast particles. However, to be effective in the radiation belts,
this process requires a seed population of electrons that already have energies of about
a hundred keV, much larger than the electron thermal energy.

Large-amplitude whistler waves were observed on October 8 and 9, 2012, but
only on the latter day did the 2.5-MeV relativistic electron fluxes increase by nearly
three orders of magnitude. On the earlier day, October 8, no double-layer streams were
observed in conjunction with the whistlers, suggesting that large-amplitude whistlers
alone cannot accelerate electrons if the seed population is absent. Conversely, on
October 9, double layers were observed, together with large-amplitude whistlers and a
marked increase in the relativistic electron fluxes. Therefore, the acceleration of MeV
electrons is a two-step process: first double-layer streams and then whistler resonant
interaction.

These results have several far-reaching implications. First, they complete the
long-standing goal of understanding extreme acceleration of electrons in the Earth’s
radiation belts. Second, the observations show that the Earth’s magnetosphere can be
used as a laboratory for studying energetic particle acceleration while “changing” the
experimental conditions (with or without double layers and with or without whistlers),
just as we would do in our laboratory. Third, a detailed understanding of the
acceleration mechanisms in the Earth’s magnetosphere can be exported to other
astrophysical systems, like the solar corona, with observed particle energies up
to 1 GeV, and to the other planetary magnetospheres, as well as far more distant
objects like supernova remnants, with cosmic-ray energies as high as 1015 eV and
more. Indeed, beams of particles moving along the magnetic field, which are the likely
origin of double layers, are also envisaged for those objects. This prompts new
questions: Why are electron acoustic waves and the associated double layers formed?
Why do double layers occur in streams of thousands? What conditions allow such large
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electric potential differences to exist? What drivers of the magnetospheric dynamics
can also be found in other astrophysical systems?

These results join other observations and models of near-Earth phenomena that
have broader astrophysical relevance. For example, terrestrial gamma rays in the upper
atmosphere may give insight into the origin of gamma-ray bursts from the most distant
objects in the Universe, and magnetic-field reconnection similar to that at the Earth’s
magnetopause may accelerate high-energy cosmic rays. These findings show that
studying geospace plasmas is not only worthwhile per se, but that the Earth’s broad
environment is a real laboratory for high-energy astrophysics.

Chapter 8. Geo-magnetic indices and dependence of weather and climate
parameters on them

Heaviside advanced the idea that the Earth's uppermost atmosphere contained an
ionized layer known as the ionosphere; in this regard, he predicted the existence of
what later was dubbed the Kennelly—Heaviside layer. In 1947 Edward Victor Appleton
received the Nobel Prize in Physics for proving that this layer really existed.

Its existence was predicted in 1902 independently and almost simultaneously by
the American electrical engineer Arthur Edwin Kennelly (1861-1939 ) and the British
physicist Oliver Heaviside (1850-1925). However, it was not until 1924 that its
existence was shown by British scientist Edward V. Appleton, for which he received
the 1947 Nobel Prize in Physics. Physicists resisted the idea of the reflecting layer for
one very good reason; it would require total internal reflection, which in turn would
require that the speed of light ("¢") in the ionosphere would be greater than in the
atmosphere below it. Since the latter speed is essentially the same as the speed of light
in vacuum, scientists were unwilling to believe the speed in the ionosphere could be
higher. Nevertheless, Marconi had received signals in Newfoundland that were
broadcast in England, so clearly there must be some mechanism allowing the
transmission to reach that far. The paradox was resolved by the discovery that there
were two velocities of light, the phase velocity and the group velocity. The phase
velocity can in fact be greater than ¢, but the group velocity, being capable of
transmitting information, cannot, by special relativity, be greater than ¢. The phase
velocity for radio waves in the ionosphere is indeed greater than ¢, and that makes total
internal reflection possible, and so the ionosphere can reflect radio waves. The
geometric mean of the phase velocity and the group velocity cannot exceed ¢, so when
the phase velocity goes above ¢, the group velocity must go below it. In 1925,
Americans Gregory Breit and Merle A. Tuve first mapped its variations in altitude. The
ITU standard model of absorption and reflection of radio waves by the Heaviside
Layer was developed by the British lonospheric physicist Louis Muggleton in the
1970s.
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Solar Indices

A solar flare is an explosion on the Sun that happens when energy stored in
twisted magnetic fields (usually above sunspots) is suddenly released. Flares produce a
burst of radiation across the electromagnetic spectrum, from radio waves to x-rays and
gamma-rays. Scientists classify solar flares according to their x-ray brightness in the
wavelength range 1 to 8 Angstroms. There are 3 categories: X-class flares are big;
they are major events that can trigger planet-wide radio blackouts and long-lasting
radiation storms. M-class flares are medium-sized; they can cause brief radio
blackouts that affect Earth's polar regions. Minor radiation storms sometimes follow an
M-class flare. Compared to X- and M-class events, C-class flares are small with few
noticeable consequences here on Earth.

Each category for x-ray flares has nine subdivisions ranging from, e.g., C1 to C9,
M1 to M9, and X1 to X9. In this figure, the three indicated flares registered (from left
to right) X2, M5, and X6. The X6 flare triggered a radiation storm around Earth
nicknamed the Bastille Day event.

Class Peak (W/m’)between 1 and 8 Angstroms

B 1<10°

C |10°<=1<10°
M [10°<=1<10"
X [1>=10"

Solar Minimum is underway, and it’s a deep one. Sunspot counts suggest it is
one of the deepest minima of the past century. The sun’s magnetic field has become
weak, allowing extra cosmic rays into the solar system. Neutron monitors at the
Sodankyla Geophysical Observatory in Oulu, Finland, show that cosmic rays are
percentage points away from a Space Age record:

Researchers at the Sodankyla Geophysical Observatory have been monitoring
cosmic rays since 1964. When cosmic rays hit Earth’s atmosphere, they produce a
spray of secondary particles that rain down on Earth’s surface. Among these particles
are neutrons. Detectors in Oulu count neutrons as a proxy for cosmic rays.

As the top panel shows, cosmic rays naturally wax and wane with the 11-year
solar cycle. During Solar Maximum cosmic rays are weak; during Solar Minimum they
are strong. The Space Age record for cosmic rays was set in late 2009-early 2010 near
the end of a very deep Solar Minimum.

Records, they say, are meant to be broken. As 2019 comes to a close, neutron
counts at Oulu are approaching the very high levels seen in 2009-2010. A new record
could be just weeks or months away. This is important because excess cosmic rays
pose a health hazard to astronauts and polar air travelers, affect the electro-chemistry of
Earth’s upper atmosphere, and may help trigger lightning.
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Solar activity may be represented by several solar indices. Two classical
indices are related to the electromagnetic output of the Sun: the Wolf (sunspot) number
(WN) series is the longest and most commonly used solar proxy, and the radio flux
F10.7 series is the longest series of instrumental solar observation. The international
daily sunspot number index is available from 1850 on, at e.g., ftp:\\ftp.ngdc.org. The
decimetric F10.7 index is a daily measurement of the radio flux at 10.7 cm made at
Penticton Observatory, available since 1947 (ftp://ftp.ngdc.noaa.gov). This index
appears to be better correlated with EUV irradiance than sunspot number [Donnelly et
al., 1983; Floyd et al., 2005; Dudok de Wit et al., 2009]. Both indices carry essentially
the same information in the present study when running means over 1-yr or more are
calculated.

More recently, data relevant to the solar wind and the interplanetary magnetic
field have become available (, http://omniweb.gsfc.nasa.gov/form/dx1.html): the
magnitude |B| of the IMF and the solar wind plasma speed v at the Earth’s orbit. An
important and useful composite index is B.v2 [e.g., Rouillard et al., 2007; Finch and
Lockwood, 2007]. Daily data for these parameters are available with reasonable
coverage since 1965, although the total number of gaps remains episodically high until
1995.

General Behavior of Indices
Anomalies in Cycles 20 and 23

The largest of the two main periods of significant drops of correlation coefficient
between geomagnetic and solar indices (since 1955) that we have identified occurred in
the early 1970s in the declining phase of cycle 20. It is so strong that it is immediately
seen in some original data, without any processing. The other main period of low
correlation occurred in the ascending phase of solar cycle 23.

It has long been noted that cycle 20 was the weakest cycle since 1930 (cycles 12
to 16, from 1878 to 1933 all being smaller, but cycles 17 to 23 included, i.e., from
1933 to 2008, all being larger). Gosling et al. [1977] emphasized the unusual aspect of
geomagnetic variations during cycle 20. They noted the very large peak in
geomagnetic activity that occurred 6 years after sunspot maximum. They showed that
whereas cycle 20 was rather normal in terms of sunspot number (using as a basis the
average of the nine cycles 11 to 19, i.e., 1868 through 1965), it was strongly anomalous
in terms of yearly aa index. This is clearly seen in Figure 1 around 1975. Gosling et al.
[1977] further calculated cross-correlation curves between geomagnetic and sunspot
activity and found that in cycle 20 the former lagged the latter by

5 years, compared to the average 1 or 2 years in the nine previous cycles. They
attributed the large secondary peak in aa index during 1972.5-1975 to an unusual
combination of very broad, recurrent, major geomagnetic disturbances, closely coupled
to an average solar wind speed unusually greater near solar minimum than near solar
maximum. They also concluded that coronal holes must have been in some
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way unusual at that time. The anomalous length (Daily record of sunspot groups
of the Royal Greenwich Observatory (RGO), National Geophysical Data Center,
Boulder, Colorado, 1996, available at ftp.ngdc.noaa.gov) and shape [Wilson et al.,
1996] of cycle 20 have also been noted. Blanter et al. [2005] showed that there was a
strong anomaly in the Markov radius of correlation of both sunspot number WN and aa
index.

The irregularity of solar cycle 20 is also reflected in the evolution of the 1-yr
running means of the z index: the fundamental _11-yr period observed in all solar
cycles 19 to 23 takes a remarkable form in cycle 20, displaying a series of smaller
oscillations with a quasi-biennial period (_1.8 yr; Figure 8). Other observations of
phenomena in the same period range include fluctuations in sudden storm
commencements (SSC) during cycles 11 to 22, with periods in the 1.6-1.9 yr range
[Mendoza et al., 1999], cosmic ray intensity variations in the outer heliosphere
measured by Voyager, with period _1.8 yr [Kato et al., 2001], and cosmic ray intensity
as recorded at Huancayo observatory, with period _1.68 yr [Valdes-Galicia et al., 1996;
see also Rouillard and Lockwood, 2004]. Periods of all these phenomena

are close to the one we observe.

The anomalous character of cycle 23 has been discussed by, e.g., de Toma et
al. [2004], Agee et al. [2010], and Russell et al. [2010]. It is also anomalously long and
has an unusual shape; strong irregularities in UV/EUV radiation [Lukianova and
Mursula, 2011] and solar flares [Kossobokov

et al., 2011] have been reported. Cycle 23 also violates the even-odd sequence of
solar cycles [Gnevyshev and Ohl, 1948]. There is a large variation in predictions of the
following cycle (24) given by different techniques [Pesnell, 2008] and even by similar
techniques [Hathaway and Wilson, 2006; Hathaway, 2008].

Solar activity

Approximately every 11 years, the Sun undergoes a complete personality change
from quiet and calm to violently active. The height of the sun’s activity, known as solar
maximum, is a time of numerous sunspots, with profound eruptions that send radiation
and solar particles out into the far reaches of space.

However, the timing of the solar cycle is far from precise. Since humans began
regularly recording sunspots in the 17th century, the time between successive solar
maxima has been as short as nine years, but as long as 14, making it hard to determine
its cause. Now, researchers have discovered a new marker to track the course of the
solar cycle—brightpoints, little bright spots in the solar atmosphere that allow us to
observe the constant roiling of material inside the sun. These markers provide a new
way to watch the way the magnetic fields evolve and move through our closest star.
They also show that a substantial adjustment to established theories about what drives
this mysterious cycle may be needed.

Historically, theories about what's going on inside the sun to drive the solar cycle
have relied on only one set of observations: the detection of sunspots, a data record that
goes back centuries. Over the past few decades, realizing that sunspots are areas of
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intense magnetic fields, researchers have also been able to include observations of
magnetic measurements of the sun from more than 90 million miles away.
In the giant system that connects Earth to the sun, one key event happens over and
over: solar material streams toward Earth and the giant magnetic bubble around Earth,
the magnetosphere helps keep it at bay. The parameters, however, change: The
particles streaming in could be from the constant solar wind, or perhaps from a giant
cloud erupting off the sun called a coronal mass ejection, or CME. Sometimes the
configuration is such that the magnetosphere blocks almost all the material, other times
the connection is long and strong, allowing much material in. Understanding just what
circumstances lead to what results is a key part of protecting our orbiting spacecraft
from the effects of such space weather. NASA's THEMIS mission observed how dense
particles normally near Earth in a layer of the uppermost atmosphere called the
plasmasphere can send a plume up through space to help protect against incoming solar
particles during certain space weather events. Now, for the first time, a study shows
that in certain circumstances a pool of dense particles normally circling Earth, deep
inside the magnetosphere, can extend a long arm out to meet — and help block —
incoming solar material. Now, for the first time, a study shows that in certain
circumstances a pool of dense particles normally circling Earth, deep inside the
magnetosphere, can extend a long arm out to meet — and help block — incoming solar
material. Closer to Earth, scientists could also study the sphere of cold dense gas at the
very top of our atmosphere. This region is called the plasmasphere and it's made of
what's known as plasma, a gas made of charged particles. GPS signals travel through
the plasmasphere and they travel at different speeds depending on how thick or thin the
plasmasphere is along the journey. Tracking the GPS radio signals, therefore, can help
researchers map out the properties of the plasmasphere.

The Sun is the source of the energy that causes the motion of the atmosphere and
thereby controls weather and climate. Any change in the energy from the Sun received
at the Earth’s surface will therefore affect climate. During stable conditions there has to
be a balance between the energy received from the Sun and the energy that the Earth
radiates back into Space. This energy is mainly radiated in the form of long wave
radiation corresponding to the mean temperature of the Earth.

The effects of the radiation and particles that stream out from the Sun would be
quite deadly for the inhabitants of Earth if not for two protective features. The first one
is Earth’s atmosphere, which blocks out the x-rays and most of the ultraviolet
radiation. When x-ray or ultraviolet photons encounter the atmosphere they hit
molecules and are absorbed, causing the molecules to become ionized; photons are re-
emitted but at much longer (and less biologically destructive) wavelengths. The second
protective mechanism is the Earth’s magnetic field. This protects living organisms
from the charged particles that reach the planet steadily as part of the solar wind and
the much greater bursts that arrive following mass ejections from the Sun. When
charged particles encounter a magnetic field, they generally wrap around the field
lines. Only when the path of the particle is parallel to the field can it travel without
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deflection. If the particle has any motion across the field lines it will be deflected into a
circular or spiral path by the Lorentz Force. Most charged particles in the solar wind
are deflected by the Earth’s magnetic field at a location called the Magnetopause, about
10 Earth radii above the Earth on the day side. Inside the Magnetopause, the Earth’s
magnetic field has the dominant effect on particle motion, and outside, the solar wind’s
magnetic field has control (www.spaceweather.gov ).

Until 1960, Earth’s magnetic field, called the geomagnetic field, was thought to
be a simple dipole field like that of a bar magnet. We do not yet know the details of
what produces the geomagnetic field, except that there must be currents circulating
inside Earth, probably associated with the molten core. With the discovery of the solar
wind, physicists realized that the magnetic field of Earth is pushed away from the Sun.
The solar wind exerts a pressure on Earth’s magnetic field which compresses it on the
Sun-facing side and stretches it into a very long tail on the side away from the Sun.
This complex magnetic envelope is called the magnetosphere .On the Sun-facing side,
the solar wind compresses the magnetosphere to a distance of about 10 Earth radii; on
the downwind side, the magnetotail stretches for more than 1000 Earth radii. The
magnetosphere is filled with tenuous plasmas of different densities and temperatures,
which originate from the solar wind and the ionosphere. The ionosphere is the highly
charged layer of Earth’s atmosphere which is formed by the ionizing effect of solar
radiation on atmospheric molecules. This extension of the Sun’s magnetic field is
called the interplanetary magnetic field and it can join with geomagnetic field lines
originating in the polar regions of Earth. This joining of the Sun’s and Earth’s
magnetic fields is called magnetic reconnection, and happens most efficiently when the
two fields are anti-parallel. Through reconnection the magnetic fields of Sun and Earth
become coupled together Solar wind particles approaching Earth can enter the
magnetosphere because of reconnection and then travel along the geomagnetic field
lines in a corkscrew path. Positive ions and electrons follow magnetic field lines (in
opposite directions) to produce what are called field-aligned currents. The solar wind
and the magnetosphere form a vast electrical generator which converts the Kinetic
energy of solar wind particles into electrical energy. The very complex plasmas and
currents in the magnetosphere are not fully understood. Some of the solar wind
particles travel back along the magnetotail in currents which make the tail look like it
has a giant battery in it. Some particles follow the field lines that converge near the
polar regions of the earth and bounce back and forth, trapped in a magnetic mirror.
Other particles are injected into the ionosphere and form an oval of light around the
polar regions of Earth, called the Auroral ovals. The northern lights are called the
Aurora Borealis, while the southern lights are called the Aurora Australis .

Since the early 1900’s scientists have suspected that both the auroras and the
variations in the Earth’s magnetic field must be caused by some kind of currents which
flow in the upper atmosphere. Today we know that there are many currents which flow
in the magnetosphere caused by the very complicated interplay between the solar wind
and Earth’s magnetic field. Although these currents are only partially understood at
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present, the one that has been studied most extensively is the Birkeland current, which
is associated with the auroras. When the solar wind encounters the Earth’s magnetic
field about 50,000 km above Earth, an electromotive force (EMF) of about 100,000
volts is generated. This applied EMF is distributed throughout the magnetosphere and
Earth’s upper atmosphere, much as the voltage from a electric utility generator is
distributed around a power grid. A portion of the solar-wind-generated EMF, perhaps
10,000 volts, accelerates electrons down magnetic field lines into the ionosphere at
altitudes of about 100 km. These electrons first travel horizontally and then back up to
the upper atmosphere to form a closed circuit. Although this circuit has many
similarities to a simple circuit with wires and a battery, it is also very complex since it
occurs in three-dimensional space and varies wildly in time as the solar-wind intensity
changes. It is the high-speed electrons near the bottom of this current loop which
collide with molecules and atoms of the atmosphere that produce the auroras. The
strongest Auroral emission comes from altitudes of about 100 km. As with any simple
circuit, energy is dissipated as the electrons flow around the loop. Some of this energy
shows up as the light of the auroras, but most of it becomes thermal energy—heating
the atmosphere. Another important result of the Birkeland current is that, like any
current loop, it produces a magnetic field. This field extends down to the Earth’s
surface where it adds to the geomagnetic field, causing it to fluctuate. These
fluctuations in magnetic field can then induce currents in the Earth’s surface, or in
conductors like power lines or pipelines. All of this is determined by the behavior of
the solar wind reaching Earth, which in turn is determined by the events taking place
on the Sun. It also means that many of our electronic systems on Earth may become
disrupted or even damaged. Our sun produces high-energy solar cosmic rays (protons
and ions) in Solar Proton Events (SPEs). These particles generally have energies in the
range of 10 MeV to 100 MeV [4]. Very energetic SPE events are also capable of
generating near-relativistic protons in the order of 20 GeV.4 Table 3 gives the arrival
time of the protons based on energy level after the solar flare first becomes visible on
the Earth. In general, SPEs take from hour to minutes to reach Earth depending on their
energy. High-energy protons in SPEs produce ultraviolet auroras, invisible to the
human eye, when they collide with Earth’s atmosphere. These reactions produce NOx
byproducts that eventually settle on the planet’s surface. The nitrates from large SPEs
are detectable in the ice cores. The observations show that a massive SPE can also
produce a short-lived major magnetic spike on Earth. Protons in SPEs and CMEs have
energy spectrums ranging from around 10 KeV to above 20 GeV. However, solar
events producing protons with energies above 1 GeV are rare. Due to geomagnetic
shielding solar energetic particles with energies less than 100 MeV can only reach the
Earth’s atmosphere over Polar Regions where they lose their energy in collision with
atoms in the atmosphere creating a cosmic ray shower of particles. If the particles have
energies greater than 500 MeV, the cosmic ray shower can penetrate to the planet’s
surface

The complex coupling of the solar wind and the geomagnetic field produces
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many effects near Earth. Earth is embedded in the outer atmosphere of the Sun and
therefore is affected by events which occur in the surface layers and coronal regions of
the Sun. Terrestrial effects are the result of three general types of conditions on the
Sun: eruptive flares, disappearing filaments and coronal holes facing Earth.

Mid-latitude coronal holes (usually occurring during the phase of solar activity
following solar maximum) are sources of high-speed solar wind streams, which buffet
Earth in synchronism with the 27-day solar rotation. Previously the cause of these
recurring geomagnetic storms was unknown, so the regions were called M-regions, M
for mysterious. Non-recurrent major storms and large geomagnetic storms are almost
always associated with coronal mass ejections (CMEs) and with the shock waves
associated with CMEs.

Several centuries ago, the disruptive effects of the Sun were totally unnoticed by
humans. But as technology developed that utilized currents, conductors, and eventually
electromagnetic waves, the disruptive effects of the Sun became evident. Early
telegraph systems in the 1800s were subject to mysterious currents that seemed to be
generated spontaneously.

When an intense surge of solar wind reaches Earth, there are many changes
which occur in the magnetosphere. The day side of the magnetosphere is compressed
closer to the surface of Earth and the geomagnetic field fluctuates wildly. This type of
event is generally called a geomagnetic storm. During a geomagnetic storm the high-
latitude currents which occur in the ionosphere change rapidly, in response to changes
in the solar wind. These currents produce their own magnetic fields which combine
with Earth’s magnetic field. At ground level, the result is a changing magnetic field
which induces currents in any conductors that are present.

When a mass of plasma is ejected from the Sun, the plasma travels outward in
the solar wind. These plasma bursts have their own magnetic fields which are carried
along with the plasma. How these fields are oriented when they arrive at Earth
determines whether magnetic reconnection will occur. When the direction of the solar
wind field is opposite the direction of Earth’s field, magnetic reconnection occurs, and
the geomagnetosphere essentially becomes a part of the solar magnetic field. In this
condition, Earth is much more prone to the effects of the solar wind. Solar wind
particles can enter the magnetosphere more easily, and those already within the
magnetosphere are energized. Changes in solar wind magnetic fields cause wild
fluctuations in the magnetospheric fields. In response to these fluctuations, in
accordance with Lenz’s Law, massive currents flow throughout the magnetosphere. It
is these high altitude currents that induce voltages at ground level. If the magnetic field
of the solar wind is in the same direction as the Earth’s field, then magnetic
reconnection does not occur and the magnetosphere is much more separated and
protected from the solar wind [6]. The Sun-Earth environment has variables, which are
changing on regular basis due to starbursts. These variables are the Kp, proton flux and
E-flux. Sudden changes in these parameters may abruptly influence the environment of
the Earth. If an E-flux hike is responsible for global warming, then an E flux lowering
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may lead to snowfall, thunderstorms and erratic rainfall. The effect of earth directed
CME would not only trigger the earthquake, but affect the whole environment of the
Earth, including the destruction of ozone layers leading to climate change.

The effect of Earth directed Coronal Mass Ejections (CME) from the Sun reveals
a sensational impact on the atmosphere and geosphere. It has been observed that there
is a close relationship between Kp values (Planetary Indices) and particle flux
(Electron flux and Proton Flux) with the CME. The response of the magnetosphere to
interplanetary shocks or pressure pulses can result in sudden injections of energetic
particles into the inner magnetosphere. Solar active regions usually reach kilogauss
values in their magnetic field. When the earth directed CME glances along the
magnetic shield, local disturbances in the atmosphere of the Earth have been noticed.
Cyclic changes of the general atmosphere circulation are of prime interest as are the
transformation and recurrence of circulation forms, which characterize planetary wave
dynamics. The changes of the atmospheric pressure in geomagnetically and
electronically excited cases (including the solar activity effect) in comparison to the
variations in geomagnetically and electronically quiet cases.

In order to identify connection between geomagnetic activity and synoptic and
circulation processes 2015-17 warm period (I11-IX months) various synoptic and
geomagnetic indices daily data (http://SunSpotWatch.com) have been studied for
Georgian conditions.

Table 8.1. Geomagnetic activity indices and meteorological elements daily data for
2015-17 warm period in Georgia

Geostorms Insignificant cloudiness (700 hpa) Showers. Thunderstorm

Geomagn. | Geomagn Number of Circulation Number of Circulation processes

index storm type events processes events

K4 Active 10 South-west wave 20 South-east wave South-west

wave
High pressure area High
pressure area (1 event)

K5 Minor storm 25 South-west wave 10 South-east wave South-west
wave
K6 Moderate 23 High pressure area | 8 South-east wave South-west
storm (8 event) wave
K7 Strong storm 4 High pressure area | 3 South-west wave
(3 event)
K8 Severe storm 1 High pressure area

It is ascertained that during all magnetic storms south-west or south-east wave
processes have been formed and strong storms create high pressure areas. Depending
on the synoptic situation wave processes leads the formation of thunderstorm and
heavy showers. In addition, through geomagnetic storms the direction of circulation
processes may drastically be changed.

The NOAA Space Environment Services Center (SESC) in Boulder is one of the
world centers that make forecasts of solar and geomagnetic activity. Daily predictions
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are issued for the likelihood of solar flares, proton flares, x-ray events and magnetic
storms. Longer-range forecasts are also made so that the launches of manned
spaceflights can be planned with more safety. The SESC is a worldwide nerve center
for about 1400 data streams, including x-ray and particle flux data from the GOES
satellites, H_ images and magnetograms from observatories around the world,
measurements of the geomagnetic field at many locations, and 10.7-cm radio levels
from several radio telescopes. Each day the features of the solar disk are mapped by
hand so that the evolution of active regions, coronal holes, filaments, and neutral lines
may be carefully studied. Forecasters attempt to consider all of this information when
making their daily forecasts of solar effects on Earth. At the present time, these
forecasts are not very reliable; major flares are sometimes not forecast and predictions
that are made often do not come true. Even though forecasters have a large amount of
data to work with, the physics of the Sun, the magnetosphere, and the interplanetary
medium is not well understood. At the present time, many partial mathematical models
have been developed, but there is no comprehensive model of the Solar-Terrestrial
environment.

In most cases, the ability to predict the behavior of nature comes from a
mathematical model. For example, the motion of an object falling in a gravitational
field can be modeled using the mathematical expression v = g _ ¢ . Earth weather
forecasters have been trying for the last 30 years to construct a mathematical model of
the global weather using the very complex equations of fluid dynamics to describe the
circulation of the oceans and atmosphere. Even with the best supercomputers to run
these models, it has proven impossible to precisely model Earth weather. Modeling the
solar-terrestrial environment is vastly more complex. The physics necessary to do this
includes not only fluid dynamics but also Maxwell’s equations. This combination is
known as magnetohydrodynamics (MHD) [8], and at the present time the equations of
MHD cannot be completely solved analytically. Numerical solutions exist which
involve the use of a computer in a “trial and error” fashion. Numerical solutions,
however, can give incorrect results and at best are an approximation. There is some
suspicion that we have not yet developed the physics necessary to fully understand the
Sun, where strong magnetic fields are erupting and plasmas swirl at ultra-high
temperatures. The issue needs further investigation applying quantum filed theory that
is more suitable for description of photon-photon or photon-charged particle
interaction. It may be assumed that for weather forecasting the only existed numerical
weather models aren’t sufficient and they have to be enhanced by electromagnetic
models to make forecasting more precise.

The Sun is the source of the energy that causes the motion of the atmosphere and
thereby controls weather and climate. Any change in the energy from the Sun received
at the surface will affect Earth climate. During stable conditions there has to be the
balance between the energy received from the Sun and the energy that the Earth
radiates back into the Space. This energy is mainly radiated in the form of long wave
radiation corresponding to the mean temperature of the Earth.
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Solar transients; Solar Flares, Coronal Mass Ejections (CMES), Solar Energetic
Particles (SEPs) are the drivers of the Space Weather Effect in Geo-Space. When the
gigantic cloud of plasma released through solar transient phenomena interacts with the
Earth’s magnetic environment it leads to the geomagnetic storms. Geomagnetic storms
can be characterized by depression in the H component of geomagnetic field. This
depression in H component of earth’s magnetic field is caused by the Ring Current
encircling the Earth in a westward direction. Earth’s ionosphere responds to varying
solar and magnetospheric conditions. During geomagnetic storm due to the
compression of earth’s magnetosphere by solar wind electric fields have been observed
along the geomagnetic field lines to the high latitude ionosphere. Sometimes this
electric field penetrates to low latitudes and energetic particles precipitate into the
lower thermosphere and below, increasing ionospheric conductivity and expanding the
auroral zone [2, 3]. These intense electric currents are responsible for the coupling of
high latitude ionosphere with magnetosphere and the enhanced energy input leads to
considerable heating of the ionized and neutral gases. There are two types of effects, in
time scale, on the Earth produced by solar transients; prompt and delayed.
Geomagnetic Storm effects are delayed effects due to cloud of particles ejected from
Sun.

The sun undergoes cyclical (~22 year) pattern of magnetic pole reversals
observable in the frequency of sunspot activity. This pattern is comprised of two ~11
year solar cycles phases. In the first phase, the sun’s magnetic poles reverse polarity. In
the second phase, the sun reverses the magnetic polarity again returning the poles back
to its original polarity. Solar storm activity is strongly phase dependent. Accordingly
Earth magnetic field is influenced by this reverse.

Solar flares are magnetically driven explosions on the surface of the sun.
Approximately 8 minutes after solar flare occurs on the surface of the sun, a powerful
burst of electromagnetic radiation in the form of X-ray, extreme ultraviolet rays,
gamma ray radiation and radio burst arrives at Earth. The ultraviolet rays heat the
upper atmosphere which causes the outer atmospheric shell to expand. The x-rays strip
electrons from the atom in the ionosphere producing a sudden increase in total electron
content. Solar flares produce satellite communications interference, radar interference,
shortwave radio fades and blackout and atmospheric drag on satellite producing an
unplanned change in orbit and other disturbances in upper atmosphere.

CMEs are vast clouds of seething gas, charged plasma of low to medium energy
particles with imbedded magnetic field, blasted into interplanetary space from the Sun.
When a CME strikes Earth, the compressed magnetic fields and plasma in their leading
edge smash into the geomagnetic field. This produces temporary disturbance of the
Earth’s magnetosphere called a geomagnetic storm and the equatorial ring of currents,
differential gradient and curvature drift of electrons and protons in the Near Earth
region. The birthplace of CMEs are often seen to originate near the site of solar flares.

The severity of a geomagnetic storm depends on the orientation of Earth's
magnetic field in relation to the solar storm magnetic orientation. If the particle cloud
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has a southward directed magnetic field it will be severe, while if northward the effects
are minimized.

A CME can produce the following affects: electrostatic spacecraft charging,
shifting of the Van Allen radiation belt, space track errors, launch trajectory errors,
spacecraft payload deployment problems, surveillance radar errors, radio propagation
anomalies, compass alignment errors, electrical power blackouts, oil and gas pipeline
corrosion, communication landline & equipment damage, electrical shock hazard,
electrical fires, heart attacks, strokes, and traffic accidents. Magnetospheric storm is a
1-3 day long phenomenon spanning all the magnetosphere regions, and it features
sharp depressions in the magnetic field. During storms and substorms, the ionosphere
undergoes rather significant Joule heating with a great power of precipitating energetic
particles. Huge energy increases the ionosphere temperature and causes large-scale ion
drifts and neutral winds.

The Sun continuously provides solar radiation to the Earth, and there is
considerable variation in the spectral density. This radiation is sporadically modified
by flare events that affect the magnetosphere, thermosphere, and ionosphere. The
quasi-steady flow of the solar wind is also modified by coronal mass ejections (CMES),
which accelerate energetic particles and cause geomagnetic storms during subsequent
impacts on Earth. Observations have suggested that energetic particle forcing may
affect wave propagation, zonal mean temperatures, and zonal winds in the Northern
Hemisphere winter stratosphere. However, the mechanisms by which these changes
occur are still not known. As changes in the Earth’s atmosphere occur, whether due to
changes in solar forcing or in response to enhanced anthropogenic activity and
increased greenhouse gas (GHG) concentrations, the energy balance of the Earth’s
atmosphere is altered and this affects its dynamics. Changes can occur in the
propagation of atmospheric gravity waves, planetary waves, and tides, which play
important roles in driving the general circulation of the middle atmosphere. The
thermosphere-ionosphere system is known to vary substantially with altitude, latitude,
longitude, universal time, season, solar cycle and geomagnetic activity, as a result of
mechanisms inherent to the system, as well as a result of space weather. The primary
driving mechanism is solar radiation (EUV and UV), but precipitation of charged
magnetospheric particles and magnetospheric electric fields also have significant
effects on the ionosphere-thermosphere system. The driving processes determine the
density, composition, and temperature of the ionized and neutral constituents of the
upper atmosphere.

The solar wind conditions that are effective for creating geomagnetic storms are
sustained (for several to many hours) periods of high-speed solar wind, and most
importantly, a southward directed solar wind magnetic field (opposite the direction of
Earth’s field) at the dayside of the magnetosphere. This condition is effective for
transferring energy from the solar wind into Earth’s magnetosphere.

The largest storms that result from these conditions are associated with solar
coronal mass ejections (CMES) where a billion tons or so of plasma from the sun, with
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its embedded magnetic field, arrives at Earth. CMEs typically take several days to
arrive at Earth, but have been observed, for some of the most intense storms, to arrive
in as short as 18 hours. Another solar wind disturbance that creates conditions
favorable to geomagnetic storms is a high-speed solar wind stream (HSS). HSSs plow
into the slower solar wind in front and create co-rotating interaction regions, or CIRs.
These regions are often related to geomagnetic storms that while less intense than
CME storms, often can deposit more energy in Earth’s magnetosphere over a longer
interval.

To establish influence of geomagnetic activity on the formation of weather
pattern geomagnetic indices achieve and meteorological observation database for
2014-18 have been analyzed. The 4 location were chosen namely: Thilisi- (Kartli
Region), Batumi- Adjara Region, Telavi-Kakheti Region and last one in high mountain
zone-Mta-Sabueti. The results showed that always weather pattern change: increase
wind velocity; temperature change (decrease); precipitation amount increase follows
geomagnetic activity. Here Thilisi data is used.

To identify connection between geomagnetic activity and meteorological
processes 2014-17 period precipitation, wind, temperature observation data and
geomagnetic indices daily data (http://SunSpotWatch.com) have been studied for
Georgian conditions. Below presented charts show the correlation between
meteorological parameters with geo-magnetic activity expressed in indices.

The analysis has been conducted for current, pre and aftershock 3 and 5 days.
For meteorological parameters current day is crucial and 3,5 day time lapse is reliable
for circulation processes. It is ascertained that during all magnetic storms south-west or
south-east wave processes have been formed and strong storms create high pressure
areas. Depending on the synoptic situation wave processes leads the formation of
thunderstorm and heavy showers. In addition, through geomagnetic storms the
direction of circulation processes may drastically be changed

The Vere River tragedy in 13 June, 2015 is clear evidence of how meteorological
disaster triggered geo-hazard. On this day, flash-flood on Vere River flooded part of
Thilisi city, destroyed buildings, infrastructure, Zoo, many Zoo habitats and 18 humans
were dead. After analyzing satellite data and synoptical situation it became clear what
happened. During several days from 9 to 14 June 2 MEV high energy electrons
penetrate atmosphere. The abundant amounts of electrons create stable clusters in
lower atmosphere resisting precipitation infall. After they became so massive that
couldn’t resist gravitation the great amount of rain water has been fallen out from
clouds, causing flooding.

It is not fully clear the physical mechanism of this correlation and the issue needs
further investigation applying quantum filed theory that is more suitable for description
of photon-photon or photon-charged particle interaction as during geomagnetic activity
great amount of charged particles and photons penetrate atmosphere.

The most of water properties are preconditioned by the fact that three component
atoms aren’t placed on one line. Negative charge prevailed on oxygen atoms part and
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positive on hydrogen. Thus water molecule is electrically polarized. Among atoms and
molecules acts force that always has attractive character. It is intermolecular dispersive
or Van-Deer-Vaalse force. It is only one of the expressions of electromagnetic force. It
acts among electrically neutral systems such as dipole or quadruple. In dipoles force
reduces by r* inverse proportional and in quadruple by r®. It is not temperature
dependent and it s nature is quantum. By increasing dipole number their interaction
increases.

From analyzing of historical records of meteorological observations and
geomagnetic activity this correlation became more obvious. Many dangerous
hydrometeorological event (flood, landslide) occurred over Georgian territory has
driven by this activity, as the result of intensification of precipitation amount. Even hail
processes intensification are the result of increasing atmosphere electricity and
thunderstorm activity, that are produced by high energy charged particles intrusion into
upper atmosphere.

These kinds of studies are essential in understanding of Earth magnetism and the
Sun-Earth environment. It may be assumed that for weather forecasting the only
existed numerical weather models aren’t sufficient and they have to be enhanced by
magnetic models to make forecasting more precise.

Chapter 9. Weather and climate change models and future scenarios

Weather regional forecasting is the hard mathematical task especially for
Georgian complex relief. The Georgian relief may be characterized by three sharply
expressed orographic elements: in north Caucasus, in south — Georgian south uplands
and lowland or intermountain depression located between those two risings. This one
begins from The Black Sea shore by triangular Kolkheti Lowland and spreads up to
eastern Georgia like narrow strip. Between those two uplands small scaled orographic
elements can be allocated. Such complicated relief has definite influence on air masses
motion in atmosphere lower layers. Mainly west and eastern atmospheric processes
prevailed over Georgian territory. Due to complex orographic conditions and influence
of the black Sea in Georgia exist most of Earths climatic types, from marine wet
subtropical climate in west Georgia and steppe continental climate in east Georgia up
to eternal snow and glaciers in high mountain zone of Great Caucasus, and also
approximately 40% Current geodynamics and orographic properties of Georgia play an
important role in formation of weather various patterns. Such complex relief conditions
the formation and evolution of various scaled circulation systems and heterogeneous
spatial distribution of meteorological elements. This is verified by the fact, that
precipitation annual distribution has diverse type, with sharply expressed spatial in
homogeneities. The local circulation systems developed on the background of
synoptical processes play significant role in the spatial-temporal distribution of weather
determining parameters. For present leading weather research centers develop and run
real time global and regional forecasting systems. Based on mentioned modeling
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system Georgian weather forecasting service calculates main meteorological
parameters on high resolution grid. Instead of abovesaid operational service still needs
creation of such methods that will be able to describe with high spatial-temporal
decision and high quality of adequacy. For short-term operational forecasting the use
of confined area models became available in several national meteorological services.
The range of those models is quite diverse from which special attention deserve
regional Mesoscale models also atmosphere dynamical models with artificial
boundaries where model variables are defined from coarse value grid from global
model outputs. Such models can describe real weather conditions invisible for global
models that form in atmosphere small-scale processes.

Local area (space) model structure may be divided in dynamical and physical
package. Its configuration for Caucasus region considers relevant adjustment of
physical package such as local landscape-geographical properties (including: relief
parameters, land use and soil types, soil temperature, plant seasonal distribution and
etc.). Dynamical core provides general circulation processes transformation influenced
by Caucasus relief and proximity of The Black and Caspian Seas resulting in local
weather. The specification of those processes is possible by optimal configuration
selection of schemes describing physical processes. Besides ARW provides
introduction of higher spatial-temporal resolution horizontal grid that focuses on target
sub-region and significantly increases model resolution (from 15km to 5 km.).
Complex relief of Caucasus significantly influences on weather formation thus relief
consideration in model is one of most important assignment. It may be realized by
relief parameterization or statistical type or by using both of them.

As calculations show Caucasus orographic is considered at high level in regional
model that is proved by atmosphere boundary level pressure forecasting.

a. Clearly fixed local circulation formation in west Georgia during western
circulation processes;

b. Also well fixed high pressure area formation in River Mtkvari valley during
eastern processes and on the contrary — low pressure area in Rioni River gorge
(Kolkheti lowland). Mentioned facts give possibility to predict with high accuracy the
beginning and end of western and eastern incursions on Georgian territory also their
intensity, specifically western and eastern wind power in Mtkvari and Rioni rivers.
Numerical forecasting models based on complete hydrothermodynamical equations
give possibility to detail involve physical factors describing atmospheric phenomena
that greatly influenced or sometimes define atmospheric circulation processes. The
consideration of those factors in numerical models provides improvement forecasting
quality. Realization of weather forecasting issue on confined area is characterized by
definite difficulties. Such is the formulation of boundary conditions on the borders of
forecasting area. The lack of meteorological data on region borders influenced
researches to seek problem solution different ways. By using telescopization or
embedded grid method became one of the most effective mean for this. Except
boundary conditions telescopization method gives possibility to solve those main
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issues that are essential for weather forecasting on confined area. Specifically reducing
spatial grid step on target area in such way that didn’t increase model realization time,
also detail describe region orographic features, realize interconnection between
largescale, regional and mesoscale meteorological processes using

Bilateral and unilateral interaction of solutions from different grids. Based on
atmospheric processes nonstationary mesoscale model [1] for Georgian territory the
peculiarities of mesoscale flows in troposphere under conditions when undisturbed
background flow undergo significant transformations and atmospheric circulation
regime has been changed by another one. Many efforts and methods have been
dedicated to the problem of precipitation formation and convective cloud evolution
processes for Georgian conditions. Among others it is remarkable to mention
operational thermohydrodynamical convective cloud model created for research of
natural and artificial precipitation formation and can be used in weather modification
[2]. In model for crystallization and melting processes have been introduced new
parameterization schemes. One of most important precipitation formation
microphysical process—coagulation describing integral-differential equations has been
analytically solved considering income of cloud particles. The results evidently showed
redistribution of ice crystals and rain drops in cloud dispersive medium.

Many researchers and scientists remark that in weather forecasting models detail
considering of cloud microphysics would be preferable but as they are micro scale
processes usually parameterization schemes are used.

The information provided by global models is the primary source used to predict
future climate and assess climate impacts at any scale, from global to local. Existing
global models typically operate at very coarse scales (a few hundred kilometers) and
fail to provide useful information and the fine-scale detail necessary for climate impact
and adaptation research. To obtain such climatic information, a horizontal scale of 10-
15 km is required, especially in regions with complex orography and sea coasts, such
as the South Caucasus-Black Sea basin region. Information obtained from global
models as a result of processing regional climate models and statistical methods
reaches this scale and accuracy. Climate modeling, in addition to scientific-
technological potential, requires the appropriate resources of calculation and
placement, which are quite limited in the conditions of Georgia, and thus, we have to
limit ourselves to the simulation of the global/regional model based on one scenario,
although we determine its compatibility with existing studies and results. The Third
National Communication on climate change of Georgia includes a forecast calculated
by the global climate model — MPI-ESM-MR according to the A1B scenario, which
was reduced to a 20 km grid using the RegCM_v.4.0 regional climate model for the
territory of the South Caucasus region. Based on this simulation, climate scenarios
were built for 33 meteorological stations.

In the Third National Communication, the climate forecast based on the SRES-
scenario was made. These scenarios were developed based on IPCC recommendations,
which provide numerical estimates of future emissions based on current knowledge of
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greenhouse gases and their drivers. They are grouped into 4 so-called around the story
and create 4 families of scenarios, which combine 40 scenarios. They are
conventionally designated as A1, A2, B1 and B2. In general, index A corresponds to a
way of developing the world, when priority is given to economic development, and
ecological problems are ignored. Opposite trends are described by index B. And
numbers 1 and 2 respectively indicate 2 opposite trends of development — globalization
and regionalization. Since 2014, new scenarios RCP (Representative Concentration
Pathway scenarios) have been developed under the guidance of the IPCC, which are
not based on socio-economic scenarios, but on the prediction of the global thermal
regime of the radiation budget (this is the difference between the total incoming and
outgoing radiation, measured in W/sq.m- za) by means of stabilization. In the new
scenarios, there are also three categories of severe (RCP 8.5W/m2 for 2100), moderate
(RCP 4.5W/m2) and mild (RCP 2.6 W/m2), which are based on SRES scenarios A2,
A1B and B1. The 4th National Communication uses the RCP 4.5W/mz2 scenario, which
is less stringent than the A1B scenario in the previous report.

The RCP4.5 scenario is used to predict the expected climate change, which
implies the stabilization of the radiation budget at the level of 4.5 W/m2. Compared to
the A1B scenario used in the Third National Communication, the RCP4.5 scenario is
less stringent.

RegCM regional climate model version 4.6.0 was used to improve the global
forecast scale. In this version, the mechanisms of description and parameterization of a
number of physical and chemical processes are refined. We took into account the
effects of dust and aerosols in this model, which was preceded by a study: Taking into
account the effect of dust particles in the simulation of the climate of the South
Caucasus. In addition, RegCM version 4.6.0 allows for improved horizontal scaling
with one way nesting. All regional climate model simulations were first performed on a
coarser scale (30 km) and relatively large area, and then rescaled to a 10 km grid.

Based on the mentioned simulation, comparing two 30-year periods (2041-2070
and 2071-2100) with the 30-year period of 1971-2000, the future trends of climate
change were estimated for 39 stations of the Georgian meteorological network. The
scenarios were constructed as monthly and annual mean values for basic climatic
parameters such as air temperature, total precipitation, relative synovial temperature
and wind. In addition, specialized climatic parameters were calculated — indices, which
can be used to assess the impact of climate change on individual sectors.
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CONCLUSION

The monograph " Weather, climate and their change regularities for the
conditions of Georgia™ is a joint effort of three organizations, the National
Environment Agency of the Ministry of Agriculture and Environmental Protection of
Georgia and the world-renowned scientific and research institutes in this field — the
Hydrometeorology of the Technical University of Georgia, the Institute of Geophysics
named after M. Nodia of the Thilisi State University A product in which the issues of
weather formation, variability and climate change are studied in a complex manner,
which is its value and practical significance.

The scientific value of the paper is also represented by the fact that, for the first
time in Georgia, the regularities of weather changes and current trends of climate
change have been studied in a new way using modern technologies in a complex
manner based on the processing of multi-year data. Using satellite observation data of
the Earth Observing Mission, the provoking factors of weather change have been
identified. New indices such as geomagnetic indices, total electron content,
thermospheric climatic index have been introduced for weather studies. Satellite
observation data allows for a more detailed and new assessment of the processes taking
place in the atmosphere. For particle collisions in the atmosphere, the wave model is
flexible considering the resonant exchange photon. An image of the interaction
potential for the van der Waals force between macroparticles is obtained for
atmospheric clusters. The atmosphere is imagined as a set of clusters at different levels
that interact by absorbing and emitting energy. The Earth's environment is one of the
possible sources of renewable energy, the use of which is an opportunity to switch to
new energy carriers.

The trends of changes of individual climatic parameters in time and space
according to the regions of Georgia have been determined in accordance with the
modern technologies introduced by the World Meteorological Organization. For the
first time, the spatio-temporal regularities of the distribution of various complex
climatic parameters in the conditions of Georgia, such as different types of effective air
temperature (combination of temperature, relative air humidity and, in some cases,
wind speed), tourism climate index (combination of seven meteorological parameters:
average and maximum air temperature) , average and minimum relative humidity,
atmospheric precipitation, sunshine duration, wind speed), rest climate index
(combination of five climatic variables: maximum air temperature, average relative
humidity, cloud cover, precipitation and wind). The monograph can be used as an
auxiliary guide at the faculties of universities of a similar profile. It is desirable to be a
prerequisite for the expansion of the Earth Sciences program.

In the presented scientific work, the research material performed by the authors
on the formation and variability of weather, climate is collected. Such a joint work has
not been created in Georgia yet, and it will be printed in both Georgian and English
languages. Ground observation, satellite and model data are used for the research. The
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calculations are performed using modern software packages, the newly created weather
and climate characteristic indices are used in the research, the calculation results of
modern weather forecasting models for the territory of Georgia are given. The Earth's
magnetic field model and its coupling perspective in weather forecasting are discussed.

Chapter 1 ""Climate and its forming natural and anthropogenic factors™
discusses the main natural and anthropogenic factors that determine the formation and
change of climate in Georgia, which has a complex terrain and extremely
heterogeneous sources of atmospheric aerosol and gas pollution. The significant
heterogeneity of solar radiation distribution in the territory of Georgia, air and soil
temperature, atmospheric circulation, precipitation regime, various atmospheric
phenomena, etc. have led to the existence of 11 climatic zones.

Chapter 2 "Regularities of changes in the main elements of climate
(temperature, precipitation, wind, solar radiation, himidity)" discusses the
peculiarities of long-term changes of such basic factors of climate formation in
different regions of Georgia, such as air temperature and humidity, wind speed, solar
radiation and precipitation. In particular, data are provided on the average monthly air
temperature and rainfall in Thilisi in the period from 1844 to 2018; Based on the
analysis of data on global and zonal air temperature and air temperature variability in
Thilisi from 1880 to 2021. It is shown that the warming of the climate in Thilisi
practically coincides with the zonal increase in air temperature at latitudes 24°N-64°N;
Data are given on the total monthly variation of precipitation in different regions of
Georgia in the period from 1936 to 2020; The variability of the wind regime was
studied in the period from 1956 to 2015, etc.

Chapter 3 ""Changes in Complex Climate Parameters™ provides long-term
mean values and variability of such complex climate parameters that affect the
environment, such as different types of effective air temperature (a combination of
temperature, relative air humidity and, in some cases, wind speed), KIT tourism.
Climate index (combination of seven meteorological parameters: average and
maximum air temperature, average and minimum relative humidity, precipitation,
sunshine duration, wind speed), climatic rest index KIO (combination of five climatic
variables: maximum air temperature, average relative humidity, cloud cover,
precipitation and wind), the forest fire index in Angstrom (a combination of
temperature and relative humidity). In particular, the correlations between the specified
indices were studied; The nature of annual distribution of KIT and KIO values
depending on the altitude of the territory was studied; The vertical distribution of
average monthly values of KIT and KIO was studied; The impact of climate change on
KIT, KIO, effective temperature values of different air types and Angstrom forest fire
danger index were evaluated; The variation of KPI values over several decades at
individual points in Georgia was evaluated.

Chapter 4 "Natural Atmospheric Events™ discusses the natural events
developed in the territory of Georgia. Namely: hail, torrential rain, thunder, extreme
wind, temperature. Hydro-meteorological hazards such as severe floods, storms,
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landslides, avalanches, hailstorms, hurricanes, droughts, etc. are expected. It will
become more frequent and severe due to climate change, ecosystem degradation,
population growth and urbanization.

Worldwide, economic and other losses from natural disasters are increasing.
According to the International Disaster Database (EM-DAT), over the past 70 years,
hydrometeorological disasters have shown the highest growth rate of any type of
natural disaster. Natural disasters in Georgia should be considered as a permanent
negative factor for the sustainable development of the state. The significance of the
problems arising from the listed threats stimulates the active study of their underlying
causes and physical processes.

Statistical structure and spatial and temporal characteristics of the number of
days with thunderstorms and hail, the relationship between the duration of
thunderstorms and the number of days with thunderstorms, characteristics of the long-
term dynamics of the intensity of hail processes in the area. The relationship between
hail processes and thunderstorms, features of thunderstorm activity in Kakheti, and the
relationship between electrical and radar parameters of thunderstorms are studied.
Taking into account these connections and the data of radar parameters of convective
clouds, a map of the distribution of ground lightning for Kakheti was constructed. The
results of hail distribution modeling in the territory of Kakheti according to the average
maximum diameter using the data of the freezing level in the atmosphere and the radar
measurements of the maximum sizes of hail in the clouds are presented. Characteristics
of long-term dynamics of process intensity. The relationship between hail processes
and thunderstorms, features of thunderstorm activity in Kakheti, and the relationship
between electrical and radar parameters of thunderstorms are studied. Taking into
account these connections and the data of radar parameters of convective clouds, a map
of the distribution of ground lightning discharges for Kakheti was drawn up. The
results of hail distribution modeling in the territory of Kakheti according to the average
maximum diameter using the data of the freezing level in the atmosphere and the radar
measurements of the maximum sizes of hail in the clouds are presented.

The connection of atmospheric precipitation, thunder and hail processes with
anthropogenic pollution of the atmosphere in the conditions of Eastern Georgia was
studied. Statistical models of the relationship between thunderstorm activity and
atmospheric aerosol pollution have been developed. In particular, it was determined
that the intensity of thunder and hail processes significantly depends on the aerosol
pollution of the atmosphere (including radioactive), although this dependence is quite
complex. In general, an increase in non-radioactive aerosol pollution of the atmosphere
has led to an increase in the intensity of hail damage and, therefore, a decrease in the
effectiveness of anti-hail operations.

In chapter 5 ""Considering the climate in the planning of some sectors of the
economy (agriculture, tourism, construction, health care)" — comparing two 30-
year periods (2041-2070 and 2071-2100) with the 30-year period of 1971-2000, the
future trends of climate change in Georgia were assessed. for 39 stations of the
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meteorological network. Scenarios were constructed for the main climatic parameters
such as monthly and annual average values of air temperature, total precipitation,
relative synovial temperature and wind. In addition, specialized climatic parameters
were calculated — indices, which can be used to assess the impact of climate change on
individual sectors.

Chapter 6 ""Modern methods of studying weather and climate change” —
high-quality weather forecast in the territory of Georgia is quite demanding, but at the
same time difficult to make. 85% of the country's territory is mountainous and has the
most difficult orographic character. 3/4 of Georgia's territory is particularly vulnerable
to floods, landslides and mudslides. The mentioned areas are characterized by a
complex orography and are divided by river valleys and ravines of different exposures.
The period of water abundance of most rivers is spring, when ultra-short-term and
short-term accurate forecast of convective precipitation will make the implementation
of hydrological models much more effective, high-quality hydrological forecast is a
very urgent problem for Georgia. The interaction of air masses with these complex
forms of relief at any time of the year is characterized by a variety of local weather
conditions and often extremes. Convective processes with accompanying events: fog
and low clouds, local precipitation-producing events; Weather in winter conditions
(snow, ice, sleet, avalanche) This is a short list of events whose short-term and short-
term forecasting is very valuable for Georgia. Despite significant improvement of
weather models at the expense of variational analysis and latent heat initiation, the
quality of short-term forecast in 0-6 hours is still relatively low.

For individual synoptic events, the spatial range of which varies from a few
meters to 2000 km, the prediction time of ultra-short and short-term forecasts varies
from a few minutes to 12 hours. The accuracy of such a forecast is highly dependent on
ground network frequency, radar and satellite information, and a high-resolution local
weather model. Traditionally, short-term forecasting is a temporal extrapolation of the
trend of observational data, which is obtained by heuristic methods, while short-term
forecasting mainly relies on the results of weather models. The monograph discusses
existing methods and models of different complexity created by leading centers in
Georgia and internationally.

In Earth sciences, the term Big Data has become popular thanks to new
technologies and innovations that have emerged in the past decade, considering the
need to analyze large volumes and rapidly generated heterogeneous data, therefore
collection and processing is done at high speed. Artificial intelligence technologies
make it possible to integrate big data into predictive and purposeful management tools
to improve the resilience of climate systems.

Big data aims to facilitate action on climate-related risks by providing the
volume, variety and quality of data to identify patterns and make data more accessible.
Thus, a big data approach can become a key source of information for decision makers
in terms of creating and adapting appropriate strategies, identifying current and future
problems, and identifying recovery steps for timely action.
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Within the framework of the Earth Observing System (EOS) program, the study
of the Earth with satellite observation data began, within the framework of the NASA,
NOAA and EUMETSAT programs, satellites equipped with different types of sensors
were launched. The task of ionosphere weather has become relevant, according to
which the formation of weather on Earth begins in the upper layers of the atmosphere.
NASA's magnetic field observation satellite MMS, THEMIS and solar observation
satellites SOHO, SDO, SOLAR PROBE, etc. After launch, they will continuously
transmit information about changes in solar parameters, the characteristics of cosmic
rays, and the response of the Earth's magnetic field to these changes.

For particle collisions in the atmosphere, the wave model is flexible considering
the resonant exchange photon. An image of the interaction potential for the van der
Waals force between macroparticles is obtained for atmospheric clusters. The
atmosphere is imagined as a set of clusters at different levels that interact by absorbing
and emitting energy. The Earth's environment is one of the possible sources of
renewable energy, the use of which is an opportunity to switch to new energy carriers.

Chapter 7, Atmospheric Disturbancies, discusses events that occur in the outer
layers of the atmosphere: solar wind, coronal massive eruptions (CMEs), solar
energetic particles (SEPs) that generate space weather in geo-space. They can cause the
following types of effects: changes in the electronics of flying machines, displacements
of the Van Allen radiation belt, changes in the trajectory of planned space flights,
damage and errors in navigation systems, electrical blockages, corrosion of oil and gas
pipelines, the risk of electric shock, electrical fires, cardiovascular diseases.
Aggravation and traffic accidents.

The Earth's magnetic field is a shield that protects against cosmic shortwave
radiation and is constantly under great influence. It is particularly vulnerable to solar
coronal eruptions, sunspots, the solar magnetic field, and cosmic rays. Charged
particles: protons, electrons, mesons, positive and negative ions and neutrons cause the
magnetic field to break and enter the atmosphere. At the poles, they cause the so-called
Aurora Borealis. In general, on Earth, geomagnetic storms play a major role in shaping
the weather on Earth. Different charged particles act as cloud condensation nuclei and
cause increased cloud cover, and also act as additional nuclei for rain and ice crystals,
causing increased precipitation in specific areas. Also, charged particles in the
atmosphere strengthen the electric field, which is manifested in the increase in the
intensity of lightning. The total electron content parameter transmitted by the NASA
satellite THEMIS has been widely used for ionospheric weather forecasting.

Sunspots are places where most storms form. The Sun rotates on its axis with a
period of about 27 days, and most sunspots remain active for several revolutions,
producing cyclical 27-day solar storms.

Solar flares are eruptions on the surface of the Sun. About 8 minutes after the
eruption, powerful electromagnetic radiation reaches the Earth in the form of gamma
rays, extreme ultraviolet, X-rays and radio waves. Ultraviolet waves heat the upper
layers of the atmosphere. X-rays knock electrons out of atoms and create an extra large

384



electron cloud in the radiation belts. Solar flares jam satellite communications, radar
communications, jam short-wave radio communications, often cause changes in
satellite orbit parameters, and other concerns. The strength of geomagnetic storms
depends on the orientation of the Earth's magnetic field with respect to the Sun's field.
If it is south, then it is strong, if it is north, it is weak.

Chapter 8 "Geo-magnetic indices and the dependence of weather and
climate parameters ' — the purpose of the research is to study the possible influence
of magnetic storms on the development of meteorological processes in the atmosphere
and changes in meteorological parameters. Meteorological events caused by the solar
wind are currently poorly represented in weather and climate models. Geomagnetic
indices are measures of geomagnetic activity that occur over short periods of time. dst,
kp, and aa indices and observational data of meteorological parameters (temperature,
precipitation, wind) of 3 days before and after the storm and synoptic maps are used for
correlation analysis. For particle collisions in the atmosphere, the wave model is
flexible considering the resonant exchange photon. An image of the interaction
potential for the van der Waals force between macroparticles is obtained for
atmospheric clusters. The atmosphere is imagined as a set of clusters at different levels
that interact by absorbing and emitting energy. The Earth's environment is one of the
possible sources of renewable energy, the use of which is an opportunity to switch to
new energy carriers.

Chapter 9 ""Weather and climate change models and future scenarios™ — the
RCP4.5 scenario is used to predict the expected climate change. RegCM regional
climate model version 4.6.0 was used to improve the global forecast scale. In this
version, the mechanisms of description and parameterization of a number of physical
and chemical processes are refined. This model also takes into account the effects of
dust and aerosols. In addition, RegCM version 4.6.0 allows for improved horizontal
scaling with one way nesting. All regional climate model simulations were first
performed on a coarser scale (30 km) and relatively large area, and then rescaled to a
10 km grid.

The conclusion summarizes the important results of the research
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