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Summary 

 The book presents the results of many years of the investigations of some radiatively active 

small atmospheric admixtures (RASAA). The data on the anthropogenic emissions of CO2, CH4, N2O, 

NOX, SO2 and aerosols are presented. The distribution of the number concentration of aerosols in the 

troposphere over various regions of Georgia is studied in detail. A detailed analysis of the long-term 

variations of total ozone, aerosol optical depth of the atmosphere and other RASAA is given. Estimations 

of the effect of some RASAA on the direct and diffuse solar radiation in Georgia are presented. 

 For scientists and engineers working on problems of atmospheric physics and climate change. 
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Àííîòàöèÿ 
 
 Â êíèãå ïðåäñòàâëåíû ðåçóëüòàòû ìíîãîëåòíèõ èññëåäîâàíèé â Ãðóçèè íåêîòîðûõ 
ðàäèàöèîííî-àêòèâíûõ ìàëûõ ïðèìåñåé â àòìîñôåðå (ÐÀÌÏÀ). Ïðåäñòàâëåíû äàííûå îá 
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â Ãðóçèè. 
 Ïðåäíàçíà÷åíà äëÿ íàó÷íûõ ðàáîòíèêîâ è èíæåíåðîâ, ñâÿçàííûõ â ñâîåé 
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Introduction 

 

 In the last years the problem of the forthcoming climate change 

under the conditions of growing anthropogenic impact on the environment 

has been drawing an increasing attention. This problem acquires a 

particular importance for Georgia, where almost all climate types are 

encountered except of savannahs and tropical forests. Georgia is located in 

the South-West part of Europe, to the South from the Main Caucasian 

Ridge between the Black and Caspian Seas. The area of the country 

amounts to 69700 km
2
, only 46% of which is at elevations from 0 to 1000 

m above the sea level. The territory of Georgia in its middle part is almost 

meridianwise divided by the Likhi Ridge into two different from the 

climatic point of view areas: a constantly humid area of the marine 

subtropical climate (Western Georgia) and an area transitional from the 

continental dry subtropical climate to the marine climate (Eastern Georgia). 

Each of these areas consists of zones and subzones. The mean annual 

temperature in the coastal zone of the Black Sea amounts to 14-15
O
C, the 

amount of precipitation - 1500-2500 mm. On the lowlands of Eastern 

Georgia the mean annual air temperature is between 11 and 13
O
C, while the 

amount of precipitation - 400-600 mm. In the mountainous regions the 

annual precipitation amount reaches 800-1200 mm. 

 In the winter for the whole Georgian territory a steady snow cover is 

not formed at locations below 400 m above the sea level. The sunshine 

duration on the most part of the country's territory is between 1900-2200 

hours. The period of air temperature warming up to 10
O
C in the lowland 

area amounts to 120-160 days, while in the mountainous regions reaches 

220-320 days [56]. 

 The multiformity of the climatic conditions in Georgia is determined 

by the interaction of global and local atmospheric circulation processes 

over its territory. Therefore it should be expected that even an 

inconsiderable global climate change will quickly find a response in a 

change of the Georgian climate, not to mention the forecast considerable 

warming of the atmosphere in the nearest decades as a result of the 

greenhouse effect. From this point of view the Georgian territory represents 

a natural laboratory for the indication and study of global and local climatic 

effects. 

 In Georgia there are rich traditions of investigations of the climate 

and also separate climate-forming factors of this country. However 

intensive studies of the modern climate change in Georgia were started in 

1996 by leading scientists of the Georgian Academy of Sciences (Institute 

of Hydrometeorology, Institute of Geography, Institute of Geophysics), 

Department of Hydrometeorology (National Climate Research Centre) and 

Tbilisi State University. A strong stimulus for carrying out these 
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investigations was the adoption of the United Nations Framework 

Convention on Climate Change in 1992 in Rio de Janeiro, which Georgia 

joined on 27 October 1994. During the last four years for the territory of 

Georgia long-term variations (60-100 years) of such climate elements as 

the near-ground air temperature, soil temperature [54, 64, 138, 140], air 

humidity and precipitation [32, 53], atmospheric aerosols and ozone [16, 

20, 25, 82, 83], etc. have been studied. 

 One of the main reasons for the modern climate change represents 

the human activity related to the energy consumption. Therefore a 

considerable attention was paid to the inventory of the anthropogenic 

emissions of the greenhouse gases and aerosols, having a direct effect on 

the climate formation, in Georgia [36, 37, 56]. 

 After the collapse of the former Soviet Union in Georgia during the 

following decade a strong fall-down in the industry took place. 

Correspondingly the energy consumption also decreased considerably. 

Thus, at the end of 1980-s at the average in the world the anthropogenic 

emission of the main greenhouse gas CO2 per capita per year amounted to 

about 4.5 tons, while in Georgia - about 6.4 tons. In the middle of 1990-s 

this index in Georgia fell down almost five times. Correspondingly 

considerably decreased the anthropogenic emissions of such important for 

the climate formation radiatively active small atmospheric admixtures 

(RASAA) as CH4, N2O, NOX, CO, SO2, aerosols (sulphates, nitrates, soot, 

solid emissions). Thus, in the last years in the climate change in Georgia an 

intensification of the role of external anthropogenic RASAA emission 

sources, located in neighbouring industrially developed countries must 

have been taking place. 

 The present book is one of the components of the book series 

"Modern Climate Change in Georgia", in which it is assumed to highlight 

the tendencies of the change of practically all main climate elements for the 

last 60-100 years. The book presents the results of many years of the 

investigations of some radiatively active small atmospheric admixtures in 

the atmosphere (aerosols, CO, SO2, NOX, O3), the data on the 

anthropogenic RASAA emissions (CO2, CH4, N2O, NOX, etc.) and the 

tendencies of long-term variations of their content in the atmosphere, 

theoretical estimations of the variability of some RASAA on the short-

wave solar radiation. 

 The book consists of six chapters. 

 The first chapter gives the modern concepts on the role of RASAA in 

the processes occurring in the atmosphere, their effect on the global, 

regional and local climate change. The data on the main anthropogenic 

RASAA emissions in Georgia are also presented. 
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 The second chapter is dedicated to an analysis of the particularities 

of the variations of the anthropogenic emissions of CO2, CH4, N2O, CO, 

SO2, NOX, aerosols in Georgia for the two last decades. 

 In the third chapter the data on the spatial-temporary variations of 

CO, SO2, NOX, ozone and aerosols in the near-ground atmospheric layer 

and in the troposphere are given. The main attention is paid to the issues 

related to the generation of the secondary aerosols according to the scheme 

gas  particle, aerosol-cloud interaction. 

 The results of the investigations of the total ozone on the Georgian 

territory are presented in the fourth chapter. 

 In the fifth chapter the data on the spatial-temporary characteristics 

of the aerosol optical depth of the atmosphere over the Georgian territory 

are presented. 

 The sixth chapter gives theoretical estimations of the effect of the 

variations of water vapour, ozone, aerosol content in the atmosphere and 

underlying surface albedo on the direct and diffuse solar radiation in 

Georgia. 
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Chapter I 

 

The role of radiatively active small atmospheric admixtures (RASAA) 

in the formation of climate change 

 

1.1 Effect of RASAA on the atmospheric processes, energy level 

formation  at  the Earth's  surface, climate sustainability and change 

 

 

The main importance in the climate formation and its change is 

attributed to the speed of the heat transfer to the Earth's climatic system 

(ECS). The only source of this energy represents the solar radiation. The 

atmosphere and ocean react to this heating by forming systems of air and 

oceanic flows, which redistribute heat energy on the Earth among regions 

with its excess and deficit. 

  According to Budyko's scheme [41] the Earth as a planet (together 

with the atmosphere) at the average per year absorbs 237.2 W/m
2
 of heat 

radiation. Out of this amount 156.4 W/m
2
 is absorbed by the Earth's 

surface, while 80.8 W/m
2
 - in the atmosphere [41]. 

 The radiation balance of the Earth's surface equals at the average per 

year to 104.7 W/m
2
, while the effective radiation from the Earth's surface, 

corresponding to the difference of the absorbed radiation and radiation 

balance amounts to 51.7 W/m
2
. The total amount of the outgoing Earth's 

long-wave radiation equals to the absorbed radiation amount (237.2 W/m
2
). 

In addition the ratio of the effective radiation from the Earth's surface to the 

outgoing long-wave radiation of the Earth is much less than the ratio of the 

long-wave radiation absorbed by the Earth's surface to the solar radiation 

absorbed by the Earth as a planet (21.8% and 65.9% respectively), which 

well characterizes the "greenhouse" effect on the Earth's radiation balance. 

Another characteristic of the "greenhouse" effect is the value of the 

radiation balance near the ground (104.7 W/m
2
). 

 The energy of this balance is consumed for the evaporation (87.5 

W/m
2
) and turbulent heat exchange between the Earth's surface and 

atmosphere (17.2 W/m
2
). The atmosphere receives heat energy from three 

sources: absorbed short-wave radiation (80.8 W/m
2
), vapour condensation 

heat (87.5 W/m
2
), turbulent heat transfer flux from the Earth's surface (17.2 

W/m
2
). The sum of these values amounts to 185.5 W/m

2
 and equals to the 

loss of heat due to the outgoing long-wave radiation corresponding to the 

difference between the outgoing long-wave radiation of the Earth as a 

planet and effective radiation near the ground [41]. 

 Stability of the mentioned energy balance of the Earth and ratio of its 

components determines stability of the global climate. The violation of this 

stability may be caused by the following main climateforming factors      
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[2-4,26,27,41,43,50,55,72-74,84,85,97,98,101,139,144]: changes in the 

solar energy flux (solar constant changes); variations of the cloudiness; 

changes of the underlying surface albedo; changes in the parameters of the 

Earth's orbit; changes of the water exchange in the atmosphere; variations 

of the background stratospheric and volcanic aerosol concentration; 

variability of the tropospheric aerosol content; changes of the content of 

some "greenhouse" gases in the atmosphere; variability of the systems of 

oceanic and air flows (ocean-atmospheric interactions). 

 During many years an opinion dominated that the modern global 

climate is more or less stable and its changes in the nearest future would 

not exceed the level of the natural variations. However in the recent 

decades the climate change due to anthropogenic factors has become 

obvious. 

 The generalization by WMO of the opinions of the meteorological 

services from 50 countries enabled to classify the factors of the annual 

variability of the global climate: 1) ocean-atmospheric interactions; 2) 

destruction of forests, solar activity; 3)variability of the snow and ice 

cover; 4) others (urbanization, CO2, aerosols, desertification, stratospheric 

aerosols, soil humidity). At a scale of decades the priority is given to: 1) 

CO2; 2) destruction of forests; 3) urbanization, ocean-atmospheric 

interaction; 4) others (aerosols, solar activity, desertification, volcanic 

eruptions, stratospheric ozone, anthropogenic heat emissions, snow and ice 

cover) [98]. 

 Thus, changes in the global climate occurring at present are 

conditioned to a significant extent by the changes of the contents of 

radiatively active admixtures of an anthropogenic origin in the atmosphere. 

These admixtures are carbon dioxide (CO2), methane (CH4), nitrogen 

protoxide (N2O), halocarbons (CFCs), tropospheric and stratospheric ozone 

and aerosols. Except of nonsoot aerosol particles and stratospheric ozone 

all other mentioned components play the role of heat accumulators in the 

formation of the energy level of the Earth. 

 CO2, CH4, N2O, CFCs, tropospheric ozone together with water 

vapour, whose radiative properties are quite well studied [4,106,107], 

absorb long-wave radiation emitted by the Earth's surface and create the 

"greenhouse" effect. Soot aerosols actively absorb solar radiation and warm 

the atmosphere by reemitting it. Nonsoot aerosol particles mainly scatter 

solar radiation thus diminishing its flux to the Earth's surface. In addition 

aerosols interacting with clouds change their microphysical and electrical 

characteristics, which finally results in changing of the optical properties of 

these mixed aerodiperse systems. Considering that cloudiness represents 

one of the most important factors affecting the radiation and climate, the 

role of aerosols in indirect radiative effects in the atmospheric and Earth's 

energy level formation turns out to be very significant. 
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1.2 The effect of RASAA variations on global, regional and local 

climate change 

 

 

In the last decades due to the intensive development of industry, 

power industry, transport in developed industrial countries the emission of 

radiatively active small admixtures in the atmosphere have also 

considerably increased. For example during the last 1000 years the volume 

concentration of the main "greenhouse" gas CO2 near the ground fluctuated 

within the ranges  10ppm from the mean value 280 ppm. However, the 

data of the organized in March 1958 monitoring of CO2 content in the 

atmosphere, already after 10-15 years, convincingly showed that the carbon 

dioxide concentration was considerably increasing in time. In 1994 at the 

station Mauna-Loa it amounted to 358 ppmv. The rate of the annual 

increment of the CO2 concentration in the atmosphere is also growing and 

its increase is tightly related to the intensification of fossil fuel 

consumption (the rate of the annual increment in 1960 amounted to 0.83 

ppm, in 1970 - to 1.28 ppmv, in 1980 - to 1.53 ppmv, in 1994 - to 1.6 

ppmv). In 2050-2100 a doubling of the carbon dioxide concentration in the 

atmosphere is expected [27,41,74]. 

 The content of methane in the atmosphere increased from 700 ppbv 

in the preindustrial period (1860-1880) to 1721 ppbv in 1994. The rate of 

the methane concentration increase from 1980 to 1990 amounted to 1.1-

1.3% per year. In 2030-2050 the volume concentration of methane in the 

air should reach 2000-2500 ppbv [74,78]. 

 The volume concentration of N2O in the preindustrial period 

amounted to 275 ppbv and in 1992 reached the value of 311 ppbv. It is 

expected that in 2030-2050 the N2O content in the air will amount to 350-

400 ppbv [74,78]. 

 The total concentration of CFCl3 and CF2Cl3 in the atmosphere in 

1980 was about 0.450 ppbv and in 2030-2050 it is expected to reach 1 ppbv 

[74,78]. 

 At present in comparison to the preindustrial period in the Northern 

Hemisphere the content of tropospheric ozone have increased almost twice. 

For the Southern Hemisphere a similar effect have not been detected, 

possibly because of the small number of observations [74]. 

 As it was mentioned above, atmospheric aerosols play a significant 

role in direct and indirect radiative effects and in general a growth of their 

content reduces the incident solar radiation flux. One of the most important 

aerosol components represent secondary sulphate formations of natural and 

anthropogenic origin, which have a high scattering ability and good 

condensation properties. Secondary nitrate aerosols play at a global scale in 

direct radiative effects an insignificant role. However, like sulphates, 
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having good condensation properties can considerably affect microphysical 

characteristics of clouds, thus indirectly affecting also the formation of the 

energy level near the ground [2,3,46,68,88]. 

 The sources of secondary sulphate and nitrate aerosols in the 

atmosphere are natural and anthropogenic gaseous compounds of sulphur 

(SO2, CS2, H2S, etc.) and nitrogen (NOX). These gases as a result of a 

number of photochemical reactions, particularly in humid media in 

presence of ozone and other admixtures, transform into aerosol particles 

with sizes considerably affecting the optical properties of the atmosphere 

[2,3,46,65,75,110,145]. Ionizing radiation of radon significantly accelerates 

these reactions [99]. 

 Like the "greenhouse" gas emissions in the postindustrial period the 

emission of anthropogenic aerosols and aerosolforming gases in the 

atmosphere has also considerably increased. For example, in comparison to 

the preindustrial period the emission of SO2 in the middle of 1980-s 

increased from 4-5 Tg/year to 125-130 Tg/year. 

 Table 1.1 presents the data on the emissions in the atmosphere of 

natural and anthropogenic aerosols and their mean global optical 

characteristics for the last decade [26,48,74]. As it follows from this table 

the share of the anthropogenic aerosol emission amounts to only 11% of 

the total annual amount of aerosols from all sources. However, the share of 

anthropogenic aerosols in the mean global value of the atmospheric aerosol 

optical depth ag amounts to 45%. It is noteworthy also that the share of 

anthropogenic sulphate aerosols in the value of ag amounts to 19%, while 

the share in the total emission being only 4.1%. The share of all sulphate 

aerosols in ag is 33%, the emission share being 7%. The emission of 

natural mineral and marine aerosols per year amounts approximately to 

2800 Tg (or 83% of the total emission), while their share in the value of ag 

is only 26% (23% and 3% respectively). Industrial dust, nitrates, volcanic 

dust, biological debris, soot particles do not contribute considerably in ag 

(about 13% in the aggregate). A more significant contribution in the ag 

value is made by organic matter from biogenic VOC and biomass burning 

(28%). 

 According to Table 1.1 the mean global value of the atmospheric 

aerosol optical depth amounts to 0.100 (or for the wavelength =1.0 mcm 

ag  0.055). These data are mainly in a good agreement with the data on ag 

and background values of a by other authors, which are in the ranges 

0.016-0.100 [3,19,91,92,109,112,142]. 

 In the past the Earth climate changed many times not being or being 

slightly affected by anthropogenic sources of RASAA [2,27,41,43,84,98]. 

Therefore, it is very important to estimate quantitatively the influence of 

the increase of anthropogenic RASAA emissions on the radiative forcing  
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Table 1.1 

 

Source strength, atmospheric burden, extinction efficiency and visible 

optical depth ag due to the various types of aerosol particles [26,48,74]. 

 
Source Flux 

(Tg/yr) 

Ratio per 

Total 

Emission

(%) 

Global 

Mean 

Column 

Burden 

(mg/m2) 

Mass 
Extinction 

Coefficient 
(Hydrated) 

(m2/g) 

Global 

Mean 

Optical 

Depth ag 

Ratio of 

ag per 
Total 

Value 

(%) 

Natural 

Primary 

Soil Dust  

(Mineral Aerosol) 

1500 43.72 32.2 0.7 0.023  

 

29 Sea Salt 1300 39.70 7.0 0.4 0.003 

Volcanic Dust 33 0.96 0.7 2.0 0.001 

Biological Debris 50 1.46 1.1 2.0 0.002 

Secondary 

Sulphates from Natural 

Precursors, as 

(NH4)2SO4 

102 2.97 2.8 5.1 0.014  

 

 

26 Organic Matter from 

Biogenic VOC 

55 1.60 2.1 5.1 0.011 

Nitrates from NOX 22 0.64 0.5 2.0 0.001 

Total Natural 3062 89.25   0.055 55 

Anthropogenic 

Primary 

Industrial Dust, etc. 100 2.91 2.1 2.0 0.004  

 
 

7 

Soot  

(Elemental Carbon) 
from Fossil Fuels  

8 0.23 0.2 10.0 0.002 

Soot from Biomass 

Combustion 

5 0.15 0.1 10.0 0.001 

Secondary 

Sulphates from SO2 as 

(NH4)2SO4 

140 4.08 3.8 5.1 0.019  

 

38 Biomass Burning 80 2.33 3.4 5.1 0.017 

Nitrates from NOX 36 1.05 0.8 2.0 0.002 

Total Anthropogenic 369 10.75   0.045 45 

Total 3431 100   0.100 100 

 

 

both at global and regional scales. Table 1.2 presents the data for main 

RASAA on the mean global changes of the values of anthropogenic 

components of radiative forcing F in the middle of 1990-s in comparison to 

the preindustrial period [73,74]. As it follows from the table, during the 

indicated time period (140-150 years) as a result of "greenhouse" gases the 

values of F(+) increased in the aggregate by 3.25 W/m
2
. At the same time 

the change of the stratospheric ozone content and growth of aerosol 

emissions in the atmosphere resulted in an increase of F(-) by 1.45 W/m
2
 

too. Thus, the total effect of the increase in F amounted to about +1.80 

W/m
2
. 
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Table 1.2 

 

 

Mean global change of the anthropogenic components of radiative forcing 

in the middle of 1990-s in comparison to the preindustrial period for main 

RASAA [73,74] 

 
Global - Mean Radiative Forcing (F), W/m2 

+ - 

RASAA W/m2 Ratio per F+ 

(%) 

RASAA W/m2 Ratio per F- 

(%) 

CO2 1.6 49 Stratospheric 

Ozone 

0.10 7 

CH4 0.45 14 Sulphate 0.40 28 

 

N2O 0.15 5 Biomass 

Burning 

0.20 14 

Halocarbons 

(CFCs) 

0.25 8 Tropospheric 

Aerosols - 
Indirect Effect 

0.75 

(01.5) 

52 

Tropospheric 

Ozone 

0.40 

(0.20.6) 

12    

Fossil Fuel 
Soot 

0.10 3    

Cl/Br 

Direct 

0.30 9    

Total 3.25 100 

 

Total 1.45 100 

 

 The main role among "greenhouse" gases in the increase of radiative 

forcing is played by carbon dioxide (about 50%). The decrease of F(-) is 

mainly conditioned by sulphates and tropospheric aerosols (about 80%). It 

is noteworthy that at present the share of tropospheric ozone in the increase 

of F(+) is almost the same as that of methane (12% and 14% respectively). 

The ratio between F(-) and F(+) at present amounts to about 45%. 

 Table 1.3 presents the predicted values of the variations of 

anthropogenic components of the mean global radiative forcing in 2050 

and 2100 in comparison to the preindustrial period. As it follows from the 

table the total effect of the increase of F in 50 and 100 years may amount to 

respectively 3.7 W/m
2
 and 6.5 W/m

2
. In addition the share of CO2 in the 

F(+) increase will be growing (66% and 68-74% respectively), the share of 

methane will change insignificantly (15-13%), the share of tropospheric 

ozone will decrease to 9-7%. The growth of the aerosol pollution of the 

atmosphere should result in an increase of F(-) values, which will exceed 2 

W/m
2
. In addition the share of sulphates and tropospheric aerosols (indirect 

effects) in the increase of F(-) values will be about 85-90%. 

 The growth of the aerosol pollution of the atmosphere will be 

preventing the intensification of the "greenhouse" effect. However the 

share of F(-) in F(+) will be diminishing in the nearest 100 years and in  
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Table 1.3 

 

Mean global values of the anthropogenic components of radiative forcing 

in 2050 and 2100 in comparison to the preindustrial period for main 

RASAA according to the emission scenario 1S92 [73,74]. In brackets - the 

share per F in %. 

 
Global - Mean Radiative Forcing (F), W/m2 

+ - 

RASAA 2050 2100 RASAA 2050 2100 

CO2 3.80 

(66) 
5.806.30 

(6874) 

Stratospheric 

Ozone 

0.04 

(2) 

0 

(0) 

CH4 0.84 

(15) 

1.07 

(13) 

Sulphate 0.60 

(29) 

0.60 

(29) 

N2O 0.36 

(6) 

0.53 

(6) 

Biomass 

Burning 

0.25 

(12) 

0.25 

(12) 

Halocarbons 

(CFCs) 

0.11 

(2) 

0.22 

(3) 

Tropospheric 

Aerosols - 

Indirect Effect 

1.2 

(57) 

1.2 

(59) 

Tropospheric 

Ozone 

0.50 

(9) 

0.57 

(7) 

   

Cl/Br 

Direct 

0.15 

(3) 

0.08 

(1) 

   

Total 5.76 8.278.77 
mean - 8.52 

Total 2.09 2.05 

 

2050 and 2100 will amount to 36% and 24% respectively. Thus, it is 

expected that the rate of the growth of the total anthropogenic radiative 

forcing will be increasing. Table 1.4 gives the data on the variations of 

F=(F(+)-F(-)) from 1700 to 2100, calculated according to the emission 

scenario 1S92 [73,74]. As it follows from the table in 1700-1800 the rate of 

the F increase per century amounted to 0.23 W/m
2
, from 1800 till 1900 - 

0.12 W/m
2
, in 1900-2000 - 1.45 W/m

2
. In 2000-2100 the increase rate of F 

values per century is expected to be within the ranges 2.4-6.1 W/m
2
. It is 

noteworthy also that in the increase of F in the future century, as earlier, the 

main role, becoming more and more significant with years, will be played 

by carbon dioxide. 

 In this connection in predicting models of global anthropogenic 

climate change, the main attention is paid to the radiative forcing caused by 

the growth of CO2 content in the atmosphere. For example, according to the 

data by various authors in the future century at the moment of a doubling of 

the atmospheric carbon dioxide content the mean annual near-ground air 

temperature is expected to elevate by 1.3-4.5 
O
C [27,41,42,43,52,73]. 

 While estimating the potential effect of anthropogenic RASAA on 

climate change it is important to consider that their emission is limited by 

the man-inhabited territory, which occupies an area of about 15 10
6
  km

2
 

[2,84]. In the beginning - middle of 1990-s the global anthropogenic CO2  
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Table 1.4 

 

Mean global change of the total values of anthropogenic radiative forcing 

in 1700-2100 calculated according to the emission scenario 1S92 [73,74]. 

 
Total global mean radiative forcing, W/m2 

1700 1800 1850 1900 1950 1975 2000 2050 2100 

0 0.23 0.33 0.35 0.63 0.90 1.80 3.30-4.10 4.20-7.90 

 

emission in the atmosphere amounted to about 26 10
9
 T/year. The data on 

the natural and anthropogenic aerosol emission  are presented in Table 1.1 

(3062 10
6
 T/year and 369 10

6
 T/year respectively) [74]. In Georgia, which 

occupies a territory of about 70000 km
2
, the anthropogenic CO2 emission in 

the end of 1980-s was approximately 35 10
6
 T/year [36]. The 

anthropogenic aerosol emission (Chapter II) at the average was about 484 

10
3
 T/year. 

 Table 1.5 presents comparative characteristics of the emissions of 

anthropogenic carbon dioxide, natural and anthropogenic aerosols from a 

square km of territory averaged by the area of the whole Earth (510 10
6
 

km
2
) and by the mean man-inhabited territory (15 10

6
 km

2
) with the 

emissions of the indicated admixtures from the Georgian territory (70000 

km
2
). 

 

Table 1.5 

 

Emission of CO2 and aerosols from 1 km
2
 of territory (T/year) at the end  

of 1980-s. 

 
                      RASAA 

Territory 
Anthrop. CO2 Natural Aerosols Anthrop. Aerosols 

Mean Gloabal 50 6 0.7 

Mean Global  

(Man-inhabited Areas) 

1700 6 25 

Georgia 500 6 7 

 

 Table 1.5 clearly demonstrates non-uniformity of the distribution of 

RASAA emission sources on the Earth's surface. For example, the share of 

the global anthropogenic aerosol emission in the natural one amounts to 

only 12%, while on man-inhabited territories the anthropogenic aerosol 

emission is 4 times higher than the natural. The emission of anthropogenic 

CO2 from man-inhabited territories is 34 higher than the global one. This 

table also shows that from the territory of Georgia even in the Soviet period 

the RASAA emission was about 3.5 times lower than the emission from the 

man-inhabited territory throughout the  world. 
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 Non-uniformity of the distribution of RASAA emission sources on 

the Earth surface and also different life times of their components in the 

atmosphere result correspondingly in a uniform distribution over the Earth 

of those components of RASAA, whose life time is limited by hours or 

weeks (sulphates, nitrates, methane, etc.) [2,3,44,46]. For example, the 

share of sulphate aerosols in  ag in the visible wavelength range varies 

from 0.010 over the oceans in the South Hemisphere to 0.050-0.070 over 

the USA, Central Europe and Russia [3,45]. Because of non-uniformity of 

the natural and anthropogenic aerosol emissions even over the ocean 

surface of the Earth the distribution of the atmospheric aerosol optical 

depth is very inhomogeneous and varies within values different by more 

than an order [3,109]. 

 In contrast to aerosols and other RASAA with short life times the 

mean presence time of carbon dioxide in the atmosphere is about two years 

[44]. Therefore, the distribution of this gas over the Earth's surface is more 

homogeneous except of its content near large emission sources. 

Correspondingly the role of carbon dioxide in the global warming is 

expected to increase in time (Tables 1.2 and 1.3). A similar picture is in the 

case of e.g. N2O. However, the share of this "greenhouse" gas in radiative 

forcing remains inconsiderable.  

 Non-uniformity of the RASAA distribution in the atmosphere 

determines local and regional particularities of the anthropogenic climate 

change. For example, according to the models [73,74], at the moment of a 

doubling of the CO2 content in the atmosphere, at the background of a 

mean global elevation of the near-ground temperature in various regions of 

the world, variations of this temperature in comparison to the preindustrial 

period will be within the ranges -6
O
C  +6

O
C. In other words, whole 

regions, although not very large, are expected to appear in which the 

cooling effect will be taking place too. It is noteworthy that for the 

Caucasian Region at that time the elevation of the near-ground temperature 

in the model without allowance to the effect of aerosols is expected to be 2-

3
O
C and >0-2

O
C - with allowance to this effect. 

 For Georgia, occupying a small territory, on which almost all types 

of climate are encountered - from the humid subtropics with a high 

temperature background to the cold climate of eternal snows and glaciers, 

not only regional effects of anthropogenic climate change, but also local 

ones (cities, large RASAA sources, etc.) are very important. The climatic 

conditions in Georgia formed as a result of the interaction over its territory, 

having a complex relief and variety of physical-geographical conditions, of 

global and local atmospheric-circulation processes. Therefore, even 

inconsiderable anthropogenic changes in the global or regional climate will 

very quickly find a response if not over the whole Georgian territory, at 

least for its separate climatic zones. From this point of view the territory of 
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Georgia and its separate regions can be considered as a natural laboratory 

for indication and study of climatic effects of various scales and also of 

separate climateforming factors. 

 Intensive study of the modern climate change in Georgia was started 

in 1996 by leading scientists of the Georgian Academy of Sciences 

(Institute of Hydrometeorology, Institute of Geography, Institute of 

Geophysics), Department of Hydrometeorology (National Climate 

Research Centre) and Tbilisi State University. Within a short time period 

were studied multiyear (60-100 years) variations of the near-ground air and 

soil temperature for the Georgian territory [54,64,138,140], variations of 

humidity, water circulation and precipitation [32,53]. The temporary 

variations of the vertical distribution of temperature and humidity in the 

atmosphere were also investigated [141]. For separate long-term 

meteorological stations long-period trends of the near-ground wind were 

studied [77]. Particular attention was paid to the investigation of temporary 

variations of such radiatively active small atmospheric admixtures as 

aerosols [16,23,25,39,132,134,135] and ozone [20,82,83]. For this purpose 

both the direct radiative effects of aerosols and ozone [17,21,24] and the 

effects of their interaction with such climate elements as cloudiness, fogs, 

thunderstorms, hail, etc. [12,15,17,18,22,81,87] were considered. Also 

considerable attention was drawn to the study of the climate change effect 

on the Black Sea level variations in the coastal zone of Georgia [58], etc. 

 One of important results of these works was an empiric model of the 

near-ground temperature variations for the Georgian territory from 1906 till 

1995 [140]. It was established that air temperature trends for various 

regions of Georgia were inhomogeneous, which resulted in a spotty 

distribution of the mean annual values of temperature anomalies in these 

regions within the ranges <-0.3 
O
C - >0.5 

O
C during 90 years. In the 

aggregate for Western Georgia a cooling was observed, while for Eastern 

Georgia - a warming. For Eastern Georgia the maximum increase of the 

mean annual near-ground air temperature (>+0.5 
O
C) in the mentioned 

period approximately coincides with the value of the mean global 

temperature growth [73,140]. One of main reasons of such inhomogenity of 

the temperature trends on the Georgian territory may be the particularities 

of the distribution of anthropogenic RASAA sources on this territory. 
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1.3 Main anthropogenic sources of RASAA emissions in Georgia 

 

 

Georgia is located in the middle and Western parts of the Caucasus, 

between 41
O
07' and 43

O
47' N.L. and 40

O
01' and 46

O
44' E.L. (Fig. 1.1). 

Intermediary geographical location of Georgia at the borders of Europe and 

Minor Asia, between the Black Sea and dry areas to the East, together with 

the relief particularities determines a big variety of its nature. Georgia is 

located in a large belt of foldy mountain systems. Only 12.8% of the whole 

Georgian territory lies at elevations below 200 m, 33.4% is situated 

between 200 and 1000 m, while 53.8% of the country's territory is at 

elevations higher than 1000 m. 

 The presence of a high barrier in the form of the Main Caucasian 

Ridge protects Georgia from an immediate invasion of cold air masses 

from the North. The open area from the Black Sea side conduces the 

penetration of warm humid air masses. Fig. 1.2 presents a scheme of air 

mass movements by directions in the atmospheric layer from 0.5 to 5.0 km 

above the sea level in various regions of Georgia in January and July [90], 

which clearly demonstrates the above-said. 

 Main anthropogenic sources of RASAA in Georgia are industry 

(chemical, food, etc.) and power industry, agriculture, forestry, transport, 

aviation, waste recycling and biomass consumption. 

 Fig. 1.1 presents the location of the biggest anthropogenic RASAA 

emission sources in Georgia (power industry, industry, transport) in Tbilisi, 

Telavi, Sokhumi, Rustavi, Gardabani, Kaspi, Zestaponi, Kutaisi, Chiatura, 

Batumi, Tkvarcheli. In this figure the location of six main (Tbilisi, Telavi, 

Tsalka, Anaseuli, Senaki, Sokhumi) and 2 auxiliary (Jvari Pass, Kazbegi) 

actinometric stations is presented, whose data were used for the 

determination of the atmospheric aerosol optical depth (see Chapter IV). 

 In the last years in Georgia with assistance of the national 

government, UNDP and GEF a national inventory of sources of 

"greenhouse" gases and aerosols was carried out for the period from 1980 

till 1996. Estimations of anthropogenic emissions of CO2, CH4, N2O, NOX, 

CO, NMVOC, SO2, solid and secondary sulphate and nitrate aerosols were 

made according to [51,57,62,63,73,101,115,143,147]. Main results of these 

works are presented in [36,37,56]. 

 Table 1.6 presents the data on the mean annual emission in 1985-

1996 of anthropogenic RASAA in Georgia according to [36,37,56]. As it 

follows from this table, the main anthropogenic "greenhouse" gases in 

Georgia are CO2, CH4 and N2O. Nitrogen oxides, despite their sufficiently 

high share in the total emission of "greenhouse" gases (9.4% in CO2 

equivalent), because of the short presence time in the atmosphere play a 

considerable role in the "greenhouse" effect only at local scales. The total  
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Fig 1.1 

 

Disposition of actinometric stations () and main anthropogenic RASAA 

emission sources () on the Georgian territory. 1 - Tbilisi (403 m above the 

sea level); 2 - Telavi (568 m); 3 - Tsalka (1457 m); 4 - Anaseuli (158 m); 5 

- Senaki (40 m); 6 - Sokhumi (116 m); 7 - Jvari Pass (2396 m); 8 - Kazbegi 

(3656 m). 9 - Rustavi (374 m); 10 - Gardabani (300 m); 11 - Kaspi (522 

m); 12 - Zestaponi (200 m); 13 - Kutaisi (116 m); 14 - Chiatura (350 m); 15 

Batumi (6m); 16 - Tkvarcheli (418 m); Sign (  ) designates air pollution 

control sites in relatively low polluted towns. 17 - Gori (588 m); 18 - 

Akhaltsikhe (982 m); 19 - Marneuli (406 m); Sign (  ) designates stations, 

where total ozone measurements were carried out. 20 - Ruispiri (550 m); 21 

- Abastumani (1700 m). There is a  similar station in Tbilisi.  
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Fig. 1.2 

 

Occurrence of the air mass movement directions in the atmospheric layer 

0.5 - 5.0 km above the sea level in various regions of Georgia. a) January, 

b) July. (Site numbers are the same as in 1.1) 
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mean annual direct industrial emissions of solid particles and secondary 

sulphate and nitrate aerosols in the mentioned time period in Georgia 

amounted to 317 thousand tons. The share of secondary sulphates and 

nitrates from the total aerosol emission amounts to about 60%, which is in 

a good agreement with the same ratio for the global emissions of 

anthropogenic aerosols (Table 1.1). 

 It is noteworthy that sources of anthropogenic emissions of RASAA 

on the Georgian territory have a very non-uniform distribution. For 

example, in Eastern Georgia, the share of anthropogenic RASAA emissions 

in the total emission amounts to about 66%. In addition to a considerable 

number of industries and power plants, approximately a quarter of all 

transport of Georgia is concentrated in Tbilisi. Correspondingly the share 

of anthropogenic RASAA emissions in the city is about 36% of the total 

emission in Georgia. It should be noted also that in Eastern Georgia main 

sources of anthropogenic RASAA emissions are located in a line of 80-100 

km in Kaspi, Tbilisi, Gardabani, Rustavi (Fig. 1.1). Considering the 

character of the air mass dynamics in Eastern Georgia and the fact that 

RASAA from large anthropogenic sources can be easily transported at 

distances of several tens and even hundreds of kilometers around the 

sources in a 2-3 km atmospheric layer [38,67,113], one could presume that 

all agricultural regions to the East of the Kaspi-Gardabani line (Fig. 1.2) 

get under the impact of these sources. 

 

Table 1.6 

 

Emission of gaseous and aerosol components of RASAA in Georgia in 

1985-1996 

 
RASAA Thous. T     

per year 

CO2 equiv. 

thous. T      per 
year 

Ratio in CO2 

equiv. % 

Carbon dioxide CO2 25000 25000 65.4 

Methane CH4 300 6300 16.5 

Nitrogen protoxide N2O 6.6 2050 5.4 

Nitrogen oxides NOX 90 3600 9.4 

Carbon oxide CO 430 1300 3.4 

NMVOC 25   

Sulphur dioxide SO2 170   

Solid emissions 122   

Soot 3.5   

Sulphates from SO2 129   

Nitrates from NOX 62   

Total of greenhouse gases 25827 38250  

Total of aerosols 317   

Total of secondary aerosols 191   
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 In Western Georgia anthropogenic RASAA emissions are less 

concentrated - twice as lower as in Eastern Georgia. Correspondingly local 

effects of the atmospheric pollution by RASAA in Western Georgia are 

considerably weaker than in Eastern Georgia. 
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Chapter II 

 

The particularities of the anthropogenic RASAA emission change  

in Georgia 

 

2.1 The anthropogenic emission of  some gaseous components of 

RASAA in Georgia in 1980-1996 

 

 

Before the collapse of the former Soviet Union in Georgia were quite 

developed such branches of economy as power industry, light and heavy 

industry, food industry, transport, agriculture, etc. Table 2.1 presents the 

data on the mean annual emission of some gaseous components of RASAA 

in Georgia in 1980-1990 classified according to their sources [36,37,56]. 

The mean annual CO2 emission in the mentioned period in Georgia 

amounted to 37 mln. tons. The main sources of anthropogenic CO2 

emissions were power plants and heating facilities (29.5%), metal 

production and processing plants including machine industry (20.4%) and 

accommodational fuel consumption and transport (10.2%). Almost 3/4 of 

the total emission of CO2 in Georgia was by the mentioned sources. 

 The mean annual methane emission in the atmosphere in Georgia 

from 1980 to 1990 was 391 thousand tons. The main contributions in the 

methane were made by such sources as waste (38.1%), agriculture and 

volatile products fuel combustion (27.3% each). 

 The main sources of N2O emissions in the atmosphere in the 

mentioned period were agriculture (79.1%) and industrial processes 

(15.6%). The total share of these sources was almost 95% from the mean 

annual N2O emission in the atmosphere amounting to about 9 thousand 

tons. 

 The NOX emission (Table 2.1) reached 134 thousand tons per year. 

Main sources of this RASAA component were transport (29.4%), power 

plants and heating facilities (20.1%), metal production and processing 

industries including machine industry (18.1%), accommodational fuel 

consumption (11.4%). Altogether these sources made up almost 80% of the 

total mean annual  NOX emission. 

 CO emissions at the average per year amounted to 626 thousand 

tons. The main part of these emissions was by transport (50%), forest use 

(33.9%) and agriculture (9.3%). Total - 93.2%. 

 The major part of NMVOC emissions was attributed to transport 

(74.4%) and industrial processes (17.7%) the total emission of the 

mentioned RASAA component being 48 thousand tons per year. 

 The mean annual SO2 emission in 1980-1990 amounted to 254 

thousand tons. Main emission sources of this gas were power plants and  
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Table 2.1 

 
Emission of gaseous components of RASAA in Georgia in 1980-1990 (thousand tons). 

In brackets - ratio per total emission of the corresponding RASAA in %. 

 
                                                          

RASAA 

Type of emission per year 

CO2 CH4 N2O NOX CO NMVOC SO2 

1. Power industry 
1.1 Power production and heating 

10919
(29.5) 

0.206 
(0.05) 

0.037
(0.4) 

27.00 
(20.1) 

3.02 
(0.5) 

0.794 
(1.7) 

93.80 
(36.9) 

1.2 Metal industry 6052 

(16.4) 

0.426

(0.11) 

0.067

(0.7) 

19.53

(14.6) 

4.84 

(0.8) 

0.953 

(2.0) 

52.00 

(20.5) 

1.3 Chemical, celulose, paper 

industry 

1238 
(3.3) 

0.088
(0.02) 

0.013
(0.15) 

4.00 
(3.0) 

1.00 
(0.15) 

0.171 
(0.4) 

10.61 
(4.2) 

1.4 Food industry, drinks, tobacco 1330 
(3.6) 

0.094 
(0.02) 

0.015 
(0.2) 

4.29 
(3.2) 

1.06 
(0.2) 

0.184 
(0.4) 

11.42 
(4.5) 

1.5 Industry of building materials 1462 
(4.0) 

0.103 
(0.03) 

0.016 
(0.2) 

4.71 
(3.5) 

1.17 
(0.2) 

0.202 
(0.4) 

12.55 
(4.9) 

1.6 Machine industry and metal 

processing 

1469 
(4.0) 

0.103 
(0.03) 

0.016 
(0.2) 

4.74 
(3.5) 

1.17 
(0.2) 

0.203 
(0.4) 

12.61 
(5.0) 

1.7 Accomodational needs 4725 
(12.8) 

0.333 
(0.09) 

0.053 
(0.6) 

15.24 
(11.4)  

3.78 
(0.6) 

0.652 
(1.4)  

38.6 
(15.2) 

1.8 Agriculture, forestry, fishery 2246 
(6.1) 

0.158 
(0.04) 

0.025 
(0.3) 

7.24 
(5.4) 

1.80 
(0.3) 

0.310 
(0.6) 

19.08 
(7.5) 

1.9 Transport and aviation 3778 
(10.2) 

0.600 
(0.15) 

0.055 
(0.6) 

39.42 
(29.4) 

313.0 
(50.0) 

35.73 
(74.4) 

2.2 
(0.9) 

1.10 Emission from biomass 436 
(1.2) 

1.573 
(0.4) 

0.011 
(0.1) 

0.37 
(0.3) 

22.95 
(3.7) 

  

1.11 Volatile emissions of fuel (coal, 
oil, gas) 

 106.6 
(27.3) 

     

2. Industrial processes 1181 

(3.2) 

0.300 

(0.08) 

1.397 

(15.6) 

0.37 

(0.3) 

1.82 

(0.3) 

8.49 

(17.7) 

1.04 

(0.4) 

3. Forest use 1360 
(3.8) 

24.5 
(6.3) 

0.168 
(1.9) 

6.09 
(4.5) 

212.5 
(33.9) 

  

4. Agriculture 806 
(2.2) 

106.7 
(27.3) 

7.085 
(79.1) 

0.96 
(0.7) 

57.94 
(9.3) 

  

5. Waste  149 

(38.1) 

     

Total 37000 391 8.96 134 626 48 254 

 

heating facilities (36.9%), metal production and processing industries 

including machine industry (25.5%), accommodational fuel consumption 

(15.2 %) and agriculture (7.5%). Thus, the share of the mentioned sources 

in the total SO2 emission made up a little more than 85%. 

 After the collapse of the USSR because of the destruction of 

economical relations, political conflicts and for other reasons in Georgia 

the level of industrial and agricultural production fell down strongly, the 

infrastructure changed, an energy-fuel crisis began. Correspondingly the 

emission of gaseous components of RASAA considerably decreased in 

1991-1996 (Table 2.2). The distribution of main emission sources of 

gaseous components of  RASAA and their share in the total emission also 

changed. 

 The mean annual emission of CO2 in Georgia in 1991-1996 

amounted to 13 mln. tons. The main CO2 emission sources according to 
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their shares in the total emission of this gas redistributed in the following 

order: power and heat production (35.9%), accommodational fuel 

consumption (15.5%) and transport (12.0), metal production and processing 

industries including machine industry (11.9%). As in the first time period 

(1980-1990) the emissions from these sources in the second period (1991-

1996) made up 3/4 of the total CO2 emission. However, the share of CO2 

emissions due to power and heat production and also accommodational fuel 

consumption and transport increased considerably. At the same time the 

CO2 emissions by metal production and processing decreased almost twice. 

 

Table 2.2 

 
Emission of gaseous components of RASAA in Georgia in 1991-1996 (thousand tons). 

In brackets - ratio per total emission of the corresponding RASAA in %. 

 
                                                          

RASAA 

Type of emission per year 

CO2 CH4 N2O NOX CO NMVOC SO2 

1. Power industry 

1.1 Power production and heating 

4673 
(35.9) 

0.087
(0.04) 

0.016 
(0.4) 

11.40 
(23.6) 

1.27 
(0.5) 

0.336 
(10.2) 

39.63 
(47.7) 

1.2 Metal industry 1207 
(9.3) 

0.085 
(0.04) 

0.013
(0.3) 

3.84 
(7.8) 

0.95 
(0.4) 

0.168 
(5.1) 

10.32 
(12.4) 

1.3 Chemicals, celulose, paper 
industry 

147 
(1.1) 

0.008 
(0.004) 

0.002
(0.05) 

0.47 
(1.0) 

0.12 
(0.05) 

0.02  
(0.6) 

1.24 
(1.5) 

1.4 Food industry, drinks, tobacco 293 

(2.3) 

0.021 

(0.01) 

0.003 

(0.07) 

0.93 

(1.9) 

0.23 

(0.09) 

0.040 

(1.2) 

2.48 

(3.0) 

1.5 Industry of building materials 113 
(0.9) 

0.008 
(0.004) 

0.002 
(0.05) 

0.36 
(0.7) 

0.09 
(0.04) 

0.015 
(0.5) 

0.96 
(1.2) 

1.6 Machine industry and metal 

processing 

343 
(2.6) 

0.024 
(0.01) 

0.004 
(0.09) 

1.09 
(2.3) 

0.27 
(0.1) 

0.047 
(1.4) 

2.91 
(3.5) 

1.7 Accomodational needs 2015 
(15.5) 

0.140 
(0.07) 

0.022 
(0.5) 

6.42 
(13.3) 

1.59 
(0.6) 

0.274 
(8.3) 

16.7 
(20.1) 

1.8 Agriculture, forestry, fishery 957 
(7.4) 

0.067 
(0.03) 

0.011 
(0.3) 

3.05 
(6.3) 

0.76 
(0.3) 

0.129 
(3.9) 

8.12 
(9.8) 

1.9 Transport and aviation 1558 
(12.0) 

0.369 
(0.2) 

0.029 
(0.7) 

17.53 
(36.3) 

122.0 
(48.8) 

0.878 
(26.6) 

0.4 
(0.5) 

1.10 Emission from biomass 58 
(0.4) 

0.200 
(0.1) 

0.002 
(0.05) 

0.06 
(0.1) 

3.00 
(1.2) 

  

1.11 Volatile emissions of fuel 

(coal, oil, gas) 

 32.95 
(16.3) 

     

2. Industrial processes 312 
(2.4) 

0.057 
(0.03) 

0.858 
(19.9) 

0.15 
(0.3) 

0.73 
(0.3) 

1.384 
(41.9) 

0.13 
(0.2) 

3. Forest use 731 
(5.6) 

8.900 
(4.4) 

0.060 
(1.4) 

2.93 
(6.1) 

77.95 
(31.2) 

  

4. Agriculture 593 
(4.6) 

73.87 
(36.6) 

3.291 
(76.4) 

0.07 
(0.1) 

41.38 
(16.6) 

  

5. Waste  85.18 
(42.2) 

     

Total 13000 202 4.31 48.3 250 3.3 83 

 

 Emissions of CH4 in the second time period at the average per year 

in Georgia amounted to 202 thousand tons. Approximately 95% of this 

emission was determined by the same sources as in 1980-1990. However 

the share of CH4 emissions by waste increased up to 42.2%, while by 
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agriculture  - to 36.6%. At the same time the share of methane emissions 

due to volatile products of fuel combustion decreased down to 16.3%. 

 The emission of N2O in 1991-1996 at the average per year amounted 

to 4.31 thousand tons. As in the first time period the main sources of the 

mentioned RASAA component were agriculture and production (76.4% 

and 19.9 % of the total N2O emission respectively). 

 In the second time period the NOX emission in the atmosphere in 

Georgia amounted at the average per year to 48.3 thousand tons (Table 

2.2). In comparison to the previous time period the NOX emission by 

transport rose up to 36.3%, to 23.6% - by power and heat production, to 

13.3% - by accommodational fuel consumption. At the same time the share 

of NOX emissions by metal production and processing industry including 

machine industry decreased to 10.1%. In the aggregate for the mentioned 

sources the NOX emission share in the second time period changed 

insignificantly and amounted to 83.3% versus 80% in 1980-1990. 

 Emissions of CO at the average per year in 1991-1996 amounted to 

250 thousand tons. The share of  transport and forest use emissions 

diminished to a certain extent (48.8% and 31.2% respectively). At the same 

time the share of CO emissions by agriculture rose up to 16.6%. The total 

share of the mentioned sources in the CO emissions amounted to 96.6%. 

 Emissions of NMVOC in the second time period decreased at the 

average per year to 3.3 thousand tons. The share of emissions due to 

production was 41.9%, transport - 26.6%, power and heat production - 

10.2%. 

 The mean annual SO2 emission in 1991-1996 decreased in Georgia 

to 83 thousand tons. The share of the emissions of this gas by power and 

heat production rose up to 47.7%, by accommodational fuel consumption - 

to 20.1%, by agriculture - to 9.8%. At the same time the share of SO2 

emissions by metal production and processing industry fell down to 15.9% 

versus 25.5% in the previous time period. The share of the mentioned 

sources in the total SO2 emission in the second time period amounted to 

93.5%, which is approximately by 8.5% higher than the same figure in 

1980-1990. 

 In the aggregate the ratio of the emissions of the gaseous components 

of RASAA in Georgia in 1991-1996 to their emissions in 1980-1990 was: 

for CO2 - 35.1%, CH4 - 51.7%, N2O - 48.1%, NOX - 36.0%, CO - 39.9%, 

NMVOC - 6.9%, SO2 - 32.7%. It means that the emission of CO2, NOX, 

CO and SO2 in the second time period in comparison to the first one 

decreased approximately three times, while CH4 and N2O - two times. 

Thus, in 1991-1996 in comparison to the previous period an increase in the 

share of methane and N2O in the total "greenhouse" gas (CO2, CH4, N2O, 

NOX, CO) emission took place, which is clearly demonstrated in Fig. 2.1 

and Table 2.3. 
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 Fig. 2.1 presents the dynamics of the variations of the annual 

anthropogenic emission of the mentioned "greenhouse" gases in Georgia in 

1980-1996 in CO2 equivalent. The same picture gives the data on the total  

 

Fig. 2.1 

 

Emission of greenhouse gases in Georgia in 1980-1996  

in CO2 equivalent (mln. T/year) 

 

emission of these gases. Table 2.3 presents the data on the mean annual 

values of the "greenhouse" gas emissions in Georgia in 1980-1990 and 

1991-1996 in CO2 equivalent. It follows from the table that in the second 

period in comparison to the first one the share of NOX and CO emissions in 

the total "greenhouse" gas emission in CO2 equivalent changed 

inconsiderably. At the same time the share of N2O rose up a little (by 

1.3%), considerably increased the share of methane (by 5.1%) and 

correspondingly reduced the share of carbon dioxide (by 5.9%). 

 It is noteworthy that in the last period the CO2 emission from 1km
2
 

of Georgian territory fell down to 185 tons per year versus 500 tons in the 

middle of 1980-s (Table 1.5). Thus, at present from the Georgian territory 

in the atmosphere gets at the average 9 times less of anthropogenic carbon 

dioxide than from the man-inhabited territory. Considering the close 

location of Georgia to highly developed industrial countries of Europe and 

Asia and Aslo the air mass movement dynamics (Fig. 1.2) one can maintain 

that the content of "greenhouse" gases in the atmosphere on this territory  is 
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Table 2.3 

 

Mean annual anthropogenic emission of CO2, CH4, N2O, NOX and CO in 

Georgia in 1980-1990 and 1991-1996 in CO2 equivalent (thous. T). 

 
                                            RASAA 

 

CO2 CH4 N2O NOX CO Total  

I) 1980-1990 37000 8211 2778 5360 1878 55227 

Ratio per total emission (%) 67.0 14.9 5.0 9.7 3.4 100 

II) 1991-1996 13000 4242 1336 1932 750 21260 

Ratio per total emission (%) 61.1 20.0 6.3 9.1 3.5 100 

Ratio (II/I) (%) 35.1 51.7 48.1 36.0 39.9 38.5 

 

mainly determined by external sources of their emission. As an example it 

can be mentioned that these countries contribute almost a half in the global 

"greenhouse" gas emission [49]. In particular, in the Netherlands only the 

transport emission of CO2 in the atmosphere in 1995 amounted to 27 mln. 

tons [71]. This is more than two times higher than the whole mean annual 

anthropogenic CO2 emission in Georgia in 1991-1996. Thus, it can be 

presumed that the effect of local emission sources of "greenhouse" gases in 

Georgia on their content in the atmosphere has a local character (Fig. 1.1). 

It seems that their impact is significant for areas from several hundreds to 

several thousand square kilometers [38,44]. However, due to the fact that 

Georgia occupies only about 70 thousand square kilometers, even local 

changes in climatic elements carry a big importance for the economy of 

this country. 
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2.2 The anthropogenic emission of the aerosol component of RASAA in 

Georgia in 1985-1996 

 

 

In Georgia the main anthropogenic sources of aerosol emissions in 

the atmosphere represent fuel combustion for accommodational and 

production purposes, transport, combustion of waste, emissions due to the 

technological cycles, etc. Estimation of the share of the aerosol component 

of RASAA is associated with certain difficulties and in a number of cases 

is even impossible. However, generally such estimations can be made 

[51,56,57,73,101,115,143,147]. 

 

Table 2.4 

 

Emission of anthropogenic aerosols in Georgia (thous. T/year) by main 

industries, power industry and transport 

 
Years Solid 

Emissions 

Soot Secondary Aerosols Total Amount 

of Emissions Sulphates 

from SO2 

Nitrates 

from NOx 

1985 188 3.9 208 94 494 

1986 241 3.9 194 90 529 

1987 223 4.0 196 90 513 

1988 201 4.2 194 90 489 

1989 173 4.3 189 88 454 

1990 145 4.3 189 87 425 

1991 90 6.3 147 76 319 

1992 80 No data 103 32 215 

1993 47 1.3 54 22 124 

1994 30 0.3 36 14 80 

1995 24 1.8 15 18 59 

1996 15 4.4 23 34 76 

1985-1990 (I) 195 4.1 195 90 484 

1991-1996 (II) 48 2.8 63 33 147 

II/I (%) 25 >68 32 37 30 

Ratio per Total Aerosol Content (%) 

1985-1990 40 1 40 19 100 

1991-1996 33 2 43 22 100 

 

 Table 2.4 presents the data on the emissions in Georgia of solid 

aerosols by industry, power industry and heating facilities, soot particles by 

transport using petrol and dizel fuel, secondary sulphate and nitrate 

aerosols formed from sulphur dioxide and NOX emitted by the sources 

indicated in Tables 2.1 and 2.2. As it follows from Table 2.4 in 1991-1996 

the total emission of all aerosols at the average per year amounted to 147 

thousand tons per year and made up about 30% of the emission in the first 

period. The share of solid particles in the total aerosol emission in 1985-

1990 was 40%, soot particles - 1%, secondary sulphate and nitrate aerosols  
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Fig. 2.2 

 

Mean annual emission of aerosols (in thous. tons) by large industries in 

Georgia in 1985-1990 (a) and 1991-1996 (b). (The numbers of towns are 

the same as in Fig. 1.1.) (For N 2 - Telavi, the data on aerosol emissions 

due to the hail prevention activities in Kakheti are presented.) 
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- 59%. In 1991-1996 the share of solid particles fell down to 33%, the share 

of soot particles rose up to 2%, secondary sulphate and nitrate aerosols 

increased to 65%. 

 Fig. 2.2 as an illustration presents the data on the mean annual 

emission of solid aerosols by large industries in Georgia in 1985-1990 and 

1991-1996. In the second time period in comparison to the first one the 

emission of solid aerosols decreased four times, while the emission of 

secondary sulphates and nitrates - three times (Tables 2.4, Fig. 2.2). It is 

noteworthy also that in 1985-1990 direct emissions of solid aerosols by 

industries in Eastern Georgia amounted to 90% of the emission by all large 

industries. In 1991-1996 this share rose up to 97% (Fig. 2.2). 

 As in the case of "greenhouse" gases the atmospheric pollution over 

the Georgian territory by anthropogenic aerosols is mainly determined by 

external emission sources located in developed industrial countries of 

Europe and Asia (Table 1.5, Fig.1.2). Local sources of anthropogenic 

aerosols in Georgia affect their content in the atmosphere over local areas 

near these sources (Fig.1.1 and 2.2). 
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Chapter III 

 

Spatial-temporary characteristics of the distribution of some RASAA 

in the troposphere over the Georgian territory 

 

 

 The information on the vertical distribution of various 

microadmixtures in the atmosphere can be acquired by aircraft, balloon, 

lidar, satellite, etc. measurements [2,12,31,38,76,81,113,116,133,144,145]. 

For example, it has been established [35,38,146] that within the 50 

kilometer atmospheric layer the volume concentration of CO2 in middle 

latitudes varies little with elevation (relative variation range is only 9%). 

The volume concentration of CO in comparison to the near-ground values 

increases up to the elevation of 2.0 km by 28%, then decreases up to the 

elevation of approximately 25.0 km by 82%. In the layer 25-50 km the CO 

content varies little with height and amounts approximately to 19% of the 

near-ground concentration. The main part of total ozone ( 90%) is 

concentrated in the stratosphere. In the troposphere the ozone content 

varies inconsiderably with elevation. Significant variations of tropospheric 

ozone take place during winds, thunderstorm processes, photochemical 

smogs [9,81,144]. During photochemical smogs elevated concentrations of 

ozone are observed up to the height of 3 km. The ozone content in this 

atmospheric layer decreases approximately linearly and at the height 3 km 

it amounts to about 40% of the near-ground concentration [114]. 

 In Georgia investigations of various RASAA components drew 

particular attention [1,7,9,10,12,16,17,19,24,25,28-31,39,59,60,69,81-

83,95,96,118,128,133,134,136-138]. A considerable part of these works is 

related to the study of physical properties of aerosols, the effect of 

meteorological conditions on their content in the atmosphere [9,10,12,28-

31,59,60,69,95,118]. Attention was paid also to the study of the distribution 

of natural radioactive aerosols in the atmosphere and various aspects of 

their use as passive tracers for the investigation of some atmospheric 

processes [6,7,12,117,119]. In the last years the "passivity" in the 

atmosphere of natural and artificial origin has been revised and their role in 

the formation of the microphysical and electrical structure of clouds, 

secondary aerosols, etc. has been studied [70,99,111]. Similar 

investigations have been started also in Georgia [12,15]. 

 A number of works is dedicated to questions related to the problems 

of the air pollution by aerosol and gaseous admixtures, monitoring and 

prediction of this pollution [1,29,30,59,60,69,94]. Since 1975 in Georgia 

systematic measurements of the content in the atmosphere of CO, SO2, 

NOX, dust and other admixtures in big cities have been carried out [59,60]. 
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 Georgia has rich traditions also in the field of atmospheric ozone 

investigations, which have been carried out since 1957. An important role 

in these investigations belongs to the Institute of Geophysics of the 

Georgian Academy of Sciences, where during a long time spatial-

temporary variations of total ozone, its vertical distribution and near-

ground concentration in Georgia have been studied [9,81-83].The next 

chapter of this book gives a detailed description of the results of the recent 

investigations of the total ozone variability over the territory of Georgia. 

 Wide-scale investigations have been carried out in the field of the 

study of optical properties of atmospheric aerosols, spatial-temporary 

variations of the atmospheric aerosol optical depth over the territory of 

Georgia, direct and indirect climatic effects of atmospheric aerosols [16-

19,23-25,39,50,54,87,126-128,131-134,136,137]. The priority in these 

investigations in Georgia belongs to the Institute of Geography of the 

Georgian Academy of Sciences. In Chapter V of this book the latest results 

of the investigations of the dynamics of the aerosol pollution of the 

atmosphere in Georgia are presented. 
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3.1 The content of some RASAA near the ground and in the troposphere 

in various regions of Georgia 

 

 

The distribution of RASAA near the ground on the Georgian 

territory, as well as their emission sources, also has a non-uniform 

character. Table 3.1 presents the data on the mean annual content of dust, 

CO, SO2, NOX and soluble sulphates near the ground in various towns of 

Georgia in 1985-1990 [60,69]. As it follows from this table depending on a 

site location and the strength of a RASAA emission source the content of 

dust near the ground varies from 0.2 to 1.0 mg/m
3
, CO - from 2 to 5 mg/m

3
, 

SO2 - from 0.03 to 0.18 mg/m
3
, NOX - from 0.05 to 0.14 mg/m

3
, soluble 

sulphates  - from 0.010 to 0.040 mg/m
3
. The ozone concentration near the 

ground at 15 o'clock at the average per year in 1985-1990 amounted to 

0.038 mg/m
3
. 

 

Table 3.1 

 

Mean annual contents of some RASAA in the near-earth atmospheric layer 

in various towns of Georgia in 1985-1990 [60,69] in mg/m
3
. 

 
Town N on 

Fig.1.1 

Dust CO SO2 NOX Solvable 

sulphates 

Tbilisi 1 0.5 5 0.11 0.09 0.015 

Sokhumi 6 0.3 3.5 0.08 0.06 0.015 

Rustavi 9 0.6 3 0.15 0.14 0.020 

Kaspi 11 0.5 3 0.08 0.07 0.010 

Zestaponi 12 0.5 4 0.10 0.07 0.040 

Kutaisi 13 1.0 5 0.11 0.06 0.030 

Batumi 15 0.2 3 0.11 0.07 0.015 

Tkvarcheli 16 0.2 2 0.18 0.06 - 

Gori 17 0.3 2 0.03 0.05 - 

Akhaltsikhe 18 0.3 2 0.03 0.05 - 

Marneuli 19 0.3 4 0.03 0.05 - 

 

 It is noteworthy that the main sources of anthropogenic RASAA 

emissions are not located in Gori, Akhaltsikhe and Marneuli. Nevertheless 

their concentrations here are though lower than in large industrial centers, 

still sufficiently high. This indicates once more that in Georgia with its 

small territory the effect of industrial regions on the atmosopheric pollution 

level in agricultural areas is quite essential. 

 The content of the mentioned RASAA near the ground varies during 

a day. Table 3.2 presents the data on variations of the mean annual 

concentrations of dust, CO, SO2, NOX and ozone from 07 till 21 o'clock 

local time in Tbilisi. The data are normed by the value of the mean daily 

concentrations of the corresponding admixtures. As it follows from this  
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Table 3.2 

 

Daily content variations of some RASAA in the near-earth atmospheric 

layer in Tbilisi [60,81]. Normed per mean daily concentration (%). 

 
RASAA Time (hours) 

07 10 13 15 18 21 

Dust 88 108 106 102 102 92 

CO 75 100 125 117 108 92 

SO2 95 101 107 110 102 98 

NOX 97 103 109 108 100 98 

O3 83 76 121 131 109 79 

 

table the amplitude of the oscillations in the near-ground layer in Tbilisi of 

dust amounts to 88-108% at 07 and 10 o'clock respectively; CO - 75-125% 

at 07 and 13 o'clock; SO2 - 95-110% at 07 and 15 o'clock; NOX - 97-109% 

at 07 and 13 o'clock; ozone - 76-131% at 10 and 15 o'clock. Such daily 

variations of the mentioned RASA near the ground is quite characteristic 

for industrial cities and is related mainly to the industrial activity and 

transport[12,44,59]. The minimum ozone content at 10 o'clock coincides 

with the maximum dust content in the air. The maximum near-ground 

ozone content at 15 o'clock follows the maximum NOX content in the air at 

13 o'clock and is determined by photochemical transformations of nitrogen 

oxides into ozone. A more detailed description of the near-ground ozone 

concentration variations in Georgia under conditions of a photochemical 

smog can be found in [12,81]. It can be noted only that the ozone content in 

the atmosphere  is in an inverse corelation with the content of aerosols, 

which represent one of its sink sources. In addition, ozone together with 

sulphur oxides participates in the secondary aerosol formation according to 

the scheme gasparticle [12,44,46,99] and its part is consumed during the 

mentioned chemical transformations. In the second half of a day in the 

near-ground atmospheric layer during photochemical reactions nitrogen 

oxides generate more ozone than it is consumed for the secondary particle 

formation and oxidation of the already existing aerosols. This very fact 

together with the daily variations of meteorological factors (temperature, 

turbulence, solar radiation, etc.) determines the maximum near-ground 

ozone content in the second half of a day. A similar daily variation of the 

near-ground ozone concentration is inherent to rural areas. However, in 

different seasons of a year there is a considerable difference between the 

near-ground ozone concentrations in rural and urban areas. For example, at 

15 o'clock from April till August in Tbilisi the atmospheric ozone content 

according to the data of 1984-1985 amounted at the average to 0.050 

mg/m
3
, while in the village of Ruispiri (10 km to the West from Telavi) - 

0.041 mg/m
3
. In other months (September-March) in Tbilisi the ozone 

content was 0.016 mg/m
3
, in Ruispiri - 0.043 mg/m

3
 [81]. These data 
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clearly demonstrate the role of anthropogenic air pollution in the 

photochemical ozone formation and sink processes in the atmosphere. 

 Table 3.3 presents the data on monthly dust, CO, SO2, NOX and 

ozone concentrations in some towns in Georgia. In order to be 

demonstrative the data are given in the form of the relative variation 

%100
minmax








 

X

XX
. As it follows from this table (with exception of dust 

in Sokhumi and Rustavi, CO in Tbilisi, Kutaisi and Batumi, NOX in Batumi 

and ozone in Tbilisi) monthly variations of the concentrations of the 

mentioned RASAA near the ground are mainly absent (do not exceed 25% 

from the mean annual values). The biggest monthly variations were 

observed in the mean monthly near-ground ozone concentration  in Tbilisi 

(variation - 186%). In Ruispiri the variation of the mean monthly near 

ground ozone concentration amounts to 111%. Thus, the effect of 

anthropogenic pollution is well observed in the near-ground ozone 

concentration. 

 

Table 3.3 

 

Variational scale of mean monthly near-ground concentrations of RASAA 

in various towns of Georgia [60,81]. Normed per mean annual    

concentration (%). 

 
            RASAA  

Town 

Dust CO SO2 NOX O3 

Tbilisi 25 40 18 17 186 

Sukhumi 33 25 12 0 - 

Rustavi 38 25 12 17 - 

Zestaponi 20 0 18 20 - 

Kutaisi 25 40 13 25 - 

Batumi 0 33 23 40 - 

 

 It is noteworthy that near-ground dust, CO, SO2, and NOX control 

sites are located mainly not far from their emission sources (industries, 

highways) [59]. Correspondingly the data presented in Tables 3.1-3.3 

characterize the mean level of the air pollution by these admixtures and 

their variations for such large RASAA emission sources as cities. 

 The decrease of the anthropogenic RASAA emissions after the 

collapse of the former Soviet Union affected their concentrations near the 

ground. Table 3.4 presents the data on the mean annual concentrations in 

the near-ground atmospheric layer of  CO, SO2, NOX and ozone in Tbilisi 

and Rustavi in 1991-1996 [60,69]. A comparison of Tables 3.1 and 3.4 

shows that in Tbilisi and Rustavi in the mentioned time period in 

comparison to 1985-1990 the content of dust amounts to 60% and 50% 

respectively, CO - 60% and 100%, SO2 - 9% and 27%, NOX - 44% and 
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43%. It means that the concentration of SO2 in the atmosphere decreased 

most of all. The concentration of the near-ground ozone on the contrary 

rose up by 42% in 1991-1996 in comparison to the previous period. This 

effect is probably related to a less consumption of ozone for the aerosol 

oxidation and secondary particle formation during photochemical reactions. 

 

Table 3.4 

 

Mean annual content of dust, CO, SO2, NOX, and ozone in the near-earth 

atmospheric layer in Tbilisi and Rustavi in 1991-1996 [60,69]. (In mg/m
3
).  

 

 
Town Dust CO SO2 NOX O3 

Tbilisi 0.3 3 0.01 0.04 0.054 

Rustavi 0.3 3 0.04 0.06 - 

 

 

 Let's estimate how the amount of secondary sulphate particles near 

the ground in Tbilisi could change in the last years. For this purpose the 

data given in [99] are used. In particular as a result of laboratory 

experiments  it was shown in this work that humid air in a presence of SO2 

and ozone (0.53 and 0.1 mg/m
3
 respectively) about 8.4 10

3
 cm

-3
 Aitken 

nuclei were observed. A presence of radon in this mixture in the amount 

7.4 Bk/m
3
 increased the Aitken nuclei concentration in the air 

approximately 2.9 times. Adding of ethilen in the concentration of 0.12 

mg/m
3
 to a mixture humid air+SO2+O3+radon increased the Aitken nuclei 

concentration in comparison to a mixture humid air+SO2+O3 7.9 times, 

while to a mixture humid air+SO2+O3+ethilen 4.4 times. In a mixture 

humid air+SO2+radon Aitken nuclei were not generated. Thus, a presence 

of radon (or air ionisation) conduces intensification of secondary aerosol 

formation processes in reactions gasparticle. 

 The same work [99] presents the data on the mean monthly values of 

the concentrations of Aitken nuclei (NA), SO2, O3, ethilen and radon near 

the ground in Trombay (India) during altogether 14 months from 1982 till 

1983. The concentrations varied within the following ranges: relative 

humidity from 40 to 86%, SO2 from 0.0045 to 0.025 mg/m
3
, the mean 

value being 0.012 mg/m
3
, O3 from 0.002 to 0.057 mg/m

3
, the mean value 

being 0.022 mg/m
3
, ethilen from 0.0019 to 0.066 mg/m

3
, with the mean 

value 0.016 mg/m
3
, radon from 0.3 to 5.0 Bk/m

3
 with the mean value 2.2 

Bk/m
3
. A statistical analysis of these data in all observation months showed 

that the content of Aitken nuclei in the air in Trombay is well correlated to 

the SO2 and radon concentrations (corelations +0.74 and +0.67 

respectively). The corelation of NA with ethilen and ozone is not important 

(+0.28 and +0.04 respectively). Thus, a presence of ozone with a 
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concentration at least 0.002 mg/m
3
 conduces the formation from SO2 in the 

air of Aitken Nuclei, whose content is practically independent from the 

near-ground ozone variations. A presence of ethilen creates auspicious 

conditions for the Aitken nuclei formation but also does not affect their 

content in the atmosphere. At the same time variations of the SO2 and 

radon concentration in the air considerably influence the concentration of 

Aitken nuclei. A multiregression analysis showed that the aggregate 

corelation between NA, SO2 (NSO2) and radon (NRn) concentration amounts 

to +0.82. A multiregression equation of the dependence of the Aitken 

nuclei concentration on the SO2 and radon concentrations in Trombay has 

the following form: 

 

  33

RnSOA cm10N3.8N290027N
2

    (3.1) 

 

where NSO2 is in mg/m
3
; NRn - in Bk/m

3
. 

 The mentioned relation allows to estimate the contribution of each 

component in the NA variation. For example, for mean values of NSO2       

(0.012 mg/m
3
) and NRn values between the maximum and minimum (0.3-

5.0 Bk/m
3
) in Trombay the Aitken nuclei concentration may change from 

66 10
3
 to 104 10

3
 cm

-3
 (or 1.6 times). For mean values of NRn and NSO2 

values between the maximum and minimum NA can be from 59 10
3
 to 120 

10
3
 cm

-3
 (or increase more than twice). 

 It is noteworthy that in the air ionization near the ground except of 

radon and short living products of its decay contribute cosmic rays, beta 

and gama radiation of the Earth's surface. Without radon and products of its 

decay the ionization intensity near the ground amounts approximately to 

5.5 ion couples/cm
3
sec [40]. Radon, radium A and radium C' in the 

equilibrium radon concentration 1.0 Bk/m
3
 creates about 0.8 ion 

couples/cm
3
sec. Thus in the near-ground layer in Trombay the ionization 

intensity amounted at the average per month to 7.3 ion couples/cm
3
sec 

with variations from 5.8 to 9.5 ion couples/cm
3
sec. This means that for 

mean values of NSO2 the growth of the ionization intensity in the near-

ground atmosphere in Trombay 1.6 times led to an increase of NA also 1.6 

times. 

 In Tbilisi the mean monthly relative humidity varies between 57 and 

75% [47]. The radon content according to the data of multiyear 

observations varies at the average per month from 1.8 to 9.3 Bk/m
3
 [119]. 

Correspondingly the ionization intensity in the near-ground air in Tbilisi 

varies at the average per month approximately from 7.0 to 13 ion 

couples/cm
3
sec. The SO2 and ozone content in Tbilisi (Tables 3.1 and 3.4)  
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Fig. 3.1 

 

Trend of mean annual total tropospheric ozone  in Tbilisi in 1973-1995 

 

is sufficient for secondary aerosol generation. Thus the conditions in 

Trombay and Tbilisi (at least for the last years) are quite similar. Following 

this let's assume NA in Tbilisi depends on NSO2 and NRn in the same way as 

in Trombay (equation (3.1)). Then in 1985-1990 with the mean SO2 

concentration in Tbilisi 0.11 mg/m
3
 the concentration NA of sulphate 

aerosols amounted at the average per year to approximately 400 10
3
 cm

-3
, 

while in 1991-1996 with the mean SO2 content 0.01 mg/m
3
 - about 100 10

3
 

cm
-3

. 

 These estimations may be justified also by the following 

calculations. The mass of sulphate aerosols of submicron sizes 0.2 10
-2

 - 

0.4 10
-2

 mcm makes up about 5% of their total mass [2]. Correspondingly 

in Tbilisi in 1985-1990 the mean annual amount of sulphates is 

approximately 0.75 mcg/m
3
 (Table 3.1). The density of sulphate aerosols 

equals to about 1.8 g/cm
3
 [2]. Easy calculations show that for the Aitken 

nuclei concentration in Tbilisi 400 10
4
 cm

-3
 their weight content within the 

mentioned submicron range could vary between 0.24-1.9 mcg/m
3
. Thus for 

rough estimations of the sulphate condensation nuclei content near the 

ground in Tbilisi the expression (3.1) is quite acceptable. Correspondingly 

-15

-10

-5

0

5

10

15

20

25

30

1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995

Years

D
.U

.



 
46 

 

 
 

the decrease 11 times of the SO2 content near the ground in Tbilisi in 1991-

1996 in comparison to 1985-1990 led to the decrease of the sulphate 

condensation nuclei amount 4 times. This, together with the increase of the 

total weight concentration of aerosols resulted in an intensive growth of the 

near-ground ozone concentration in Tbilisi in 1991-1996. 

 Finally it should be noted that in Tbilisi as well as in other industrial 

regions of the world in the last decades a positive trends has been observed 

not only in the near-ground ozone, but also in its column concentration in 

the troposphere. Fig. 3.1 presents the data on the variations of the 

difference of the mean annual values of total ozone X in Tbilisi and 

Abastumani (Fig. 1.1). The ozonometric station in Abastumani is located at 

the elevation 1700 m above the sea level, approximately 80 km to the West 

from Tbilisi in a nonindustrial area of Georgia. Therefore the difference 

between the total ozone in Tbilisi and Abastumani may be considered as a 

characteristic of the tropospheric total ozone over Tbilisi. As it follows 

from the Fig. 3.1 in 1973-1995 over Tbilisi a positive trend of X values 

was observed. Equations of linear regression relating X values with time 

has the form: 

 

X=0.32(t-1972)+6.5 D.U.                   (3.2) 

 

where t - years, 1973  t  1995. 
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3.2 The distribution of aerosols over the Georgian territory in the lower 

troposphere 

 

At the Institute of Geophysics of Georgian Academy of Sciences 

during a number of years investigations of the vertical distribution of 

aerosols and radon decay products in the lower 5 kilometer layer of the 

atmosphere were carried out by means of a flying laboratory IL-14. The 

measurements of the number concentration of aerosols were made using 

membrane filters and impactors with a subsequent determination of the 

particle concentration and sizes by means of a microscope 

[7,11,12,31,81,118]. In a number of cases simultaneously the vertical 

distribution of the weight and number concentrations were measured, 

which allowed to determine their density at various elevations [95]. 

Synchronous measurements of the content of radon decay products and 

small ions in the air allowed to estimate the concentration of condensation 

nuclei [5,7,40]. In particular, it was shown that cumulus cloudiness 

conduces an increase of the aerosol content in the lower troposphere 

[9,12,81]. Later similar results were presented also in [34]. Below are 

presented the results of a generalized analysis of the existing information 

on the distribution of aerosols of the radiatively active size range in the free 

atmosphere over the territory of Georgia. 

 Table 3.5 presents the data on the vertical distribution in the lower 5 

kilometer atmospheric layer of the number concentration of aerosols with 

radii more than 0.35 mcm over Tbilisi, Zestaponi and Kakheti. Over Tbilisi 

and Zestaponi the measurements were carried out in cloudless days. The 

data of the measurements in Kakheti are divided in three groups: cloudless 

days (I), sunny days with cumulus clouds (II), sunny days with all types of 

clouds including cumulus (III). As it follows from Table 3.5 the content of 

aerosols over Tbilisi for cloudless days is higher than their content over 

Zestaponi and Kakheti at all elevations. The variations of the aerosol 

concentration in the layer 1.0-3.0 km over Tbilisi and Telavi in cloudless 

days are approximately similar (31  CV  57%). Over Zestaponi in the 

same atmospheric layer the aerosol concentration variations are higher (48 

 CV  104%). In cloudy days the number concentration of aerosols over 

Kakheti considerably increases and becomes practically the same as over 

Tbilisi in cloudless days. At the same time the variations of the aerosol 

content in the layer 1.0-3.0 km over Kakheti in cloudy days also increase 

(38  CV  103%). 

 Table 3.6 presents the data on the size distribution of aerosols at 

various elevations for the vertical profiles of the aerosol concentration 

given in Table 3.5. These data are presented in the form of number 

concentrations of aerosols normed by the number concentration of aerosols 

with sizes more than 0.35 mcm in three size ranges: 0.35 < r  1.0 mcm, 
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1.0 < r  2.0 mcm and r > 2.0 mcm. As it follows from this table within the 

lower 5 kilometer atmospheric layer the size distribution of aerosols for all 

observation regions has quite a stable character and varies little with 

elevation and under the impact of cloudiness. Over Tbilisi the small-

disperse fraction prevails to some extent. This seems to be related with a 

large amount of secondary aerosols here in comparison to other regions. 

 

Table 3.5 

 

Vertical distribution of number concentration of aerosols with sizes r>0.35 

mcm over various regions of Georgia according to data 1973-1976 (warm 

season). 

 
Region    El.s.l. km 

 

Param. 

 

0.5 

 

1.0 

 

1.5 

 

2.0 

 

2.5 

 

3.0 

 

3.5 

 

4.0 

 

4.5 

 

5.0 

Tbilisi 

(clear days) 

cm-3 - 6.1 4.5 4.2 4.9 4.3 - 4.2 - 1.4 

N of cases - 10 11 11 11 10 - 4 - 1 

 - 2.9 2.0 2.0 2.7 1.9 - 1.8 - - 

cV (%) - 48 44 48 55 44 - 43 - - 

Zestaponi 

(clear days) 

cm-3 11.0 3.3 2.9 2.6 2.7 2.7 1.5 1.8 - - 

N of cases 3 7 6 6 6 7 2 2 - - 

 8.9 1.6 1.9 1.8 1.5 2.8 0.5 0.6 - - 

cV (%) 81 48 66 69 56 104 33 33 - - 

Kakheti (I) 

(clear days) 

cm-3 - 2.8 2.1 1.8 1.6 1.4 1.4 1.2 0.4 0.4 

N of cases - 5 5 5 5 5 2 2 1 1 

 - 1.2 0.9 0.7 0.5 0.8 1.4 0.9 - - 

cV (%) - 43 43 39 31 57 100 75 - - 

Kakheti (II) 

(days with 

cumulus 

clouds) 

cm-3 - 3.2 2.3 1.8 2.1 2.8 1.4 1.6 2.2 2.3 

N of cases - 9 9 9 9 9 4 3 2 2 

 - 1.2 1.0 1.1 1.5 1.1 0.8 0.4 0.9 2.0 

cV (%) - 38 43 61 71 39 47 25 41 87 

Kakheti (III) 

(days with 

clouds of 

various types 

incl.cumulus) 

cm-3 12.6 5.6 5.0 3.9 3.5 4.4 4.7 2.3 2.3 2.1 

N of cases 2 20 21 21 21 18 6 5 2 3 

 1.5 3.4 3.9 4.0 2.9 3.5 6.5 1.1 0.9 1.6 

cV (%) 12 61 78 103 83 80 138 48 39 76 

 

 The size distribution of aerosols is often presented in the form of 

Junge's distribution [76] 

 

dN/dr=Cr
-(+1)

               (3.3) 

 

where dN is the number of particles in the size range dr, C- constant. The 

parameter  for the middle and upper atmosphere equals usually to 3. In 

our case for the lower 5 kilometer atmospheric layer the mean values of   

depending on an observation region varies between 1.3 and 1.7 (Table 3.6). 

It should be noted here also that the estimations of  were carried out quite 

approximately due to the absence of a large number of particle ranges (only 
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three). In addition the upper boundary of particle sizes is not fixed. 

Nevertheless, the value of  gives an idea about the character of the aerosol 

distribution over industrial and agricultural regions of Georgia and also 

about the variation of this distribution under the impact of cloudiness. 

Thus, it follows from Tables 3.5 and 3.6 that cloudiness does not affect the 

size distribution of aerosols. It changes only their content in the air towards 

increasing. 

 

Table 3.6 

 

Size distribution of aerosols over various regions of Georgia according to 

the data 1973-1976 (%) 

 
Region    El.s.l. km 

 

 

Radius 

(mcm) 

 

0.5 

 

1.0 

 

1.5 

 

2.0 

 

2.5 

 

3.0 

 

3.5 

 

4.0 

 

4.5 

 

5.0 

Mean 

in layer 

0.55.0 
km 

 

Junge 

coeff. 

 

Tbilisi 

(clear 

days) 

0.351.0 - 66 64 60 61 56 - 69 - 71 64  

1.7 1.02.0 - 25 27 26 24 30 - 21 - 21 25 

>2.0 - 9 9 14 15 14 - 10 - 8 11 
Zestaponi 

(clear 

days) 

0.351.0 62 45 52 54 59 59 53 50 - - 54  

1.5 1.02.0 27 33 28 27 26 30 33 33 - - 30 

>2.0 11 22 20 19 15 11 14 17 - - 16 
Kakheti 

(I) 
0.351.0 - 64 62 61 56 50 64 58 50 50 57  

1.3 1.02.0 - 25 24 33 25 29 21 25 25 25 26 

>2.0 - 11 14 6 19 21 15 17 25 25 17 
Kakheti 

(II) 
0.351.0 - 59 52 61 62 64 53 62 55 57 58  

1.3 1.02.0 - 22 26 22 24 22 29 25 30 25 25 

>2.0 - 19 22 17 14 14 18 13 15 18 17 
Kakheti 

(III) 
0.351.0 53 57 56 59 60 61 47 61 53 52 56  

1.3 1.02.0 31 23 24 26 23 20 21 26 30 38 26 

>2.0 16 20 20 15 17 19 32 13 14 10 18 

 

 The most radiatively active size range of aerosols is between their 

radii from 0.1 to 2.0 mcm. Therefore it is very interesting to estimate the 

amount of aerosols in this range for Georgia. Such estimations require 

information on the density of aerosols, their number concentration and size 

distribution. The data on the two last parameters are given in Tables 3.5 

and 3.6. The data on the vertical distribution of the aerosol density over 

Tbilisi are borrowed from [95]. Using these data and assuming that the 

aerosol density over Tbilisi is the same as in Zestaponi and Kakheti, 

estimations of the weight concentration of aerosols in the size range from 

0.1 to 2.0 mcm by radius were carried out. The results of these calculations 

are presented in Table 3.7. The same table gives the data on the vertical 

distribution over Tbilisi of the mean aerosol density and concentration 

taken from [95]. In the lower row of the table the data on the total mass of 
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aerosols in an atmospheric column with a 1 m
2
 cross-section and 3 and 5 

km height are given. 

 It follows from Table 3.7 that a main part of aerosols (more than 

70%) is concentrated in the lower 3 kilometer atmospheric layer. The mass 

of aerosols with sizes from 0.1 to 2.0 mcm amounts to a little less than 60% 

of the total aerosol mass (for Tbilisi). The effect of the anthropogenic air 

pollution and cloudiness on the total aerosol mass in the radiatively active 

range of their sizes is well observed. For example, over Tbilisi,  the total 

mass of radiatively active aerosols in a vertical air column is higher than 

the mean global value of the same parameter for natural aerosols 

approximately 4 times (Table 1.1), over Zestaponi and Kakheti (in 

cloudless days) - approximately 3 and 1.4 times respectively. 

 

Table 3.7 

 

Vertical distribution of mean density and weight concentration of aerosols 

over Tbilisi [95] and calculated weight concentration of aerosols in the size 

range 0.1  r  2.0 mcm over some regions of Georgia. 

 
 

Elev. sea lev. km 

Measurement Calculation according to Table 3.5 and 3.6 

Tbilisi [95] Tbilisi Zestaponi Kakheti(I) Kakheti(II) Kakheti(III) 

g/cm3 mg/cm3 mg/m3 

0.5 3.2 0.23 0.125 0.160 0.045 0.062 0.202 

1.0 2.5 0.13 0.070 0.053 0.026 0.035 0.058 

1.5 2.1 0.08 0.045 0.034 0.019 0.026 0.042 

2.0 1.9 0.07 0.042 0.028 0.013 0.013 0.029 

2.5 1.6 0.06 0.040 0.020 0.013 0.013 0.019 

3.0 1.6 0.05 0.040 0.020 0.013 0.016 0.026 

3.5   0.035 0.014 0.010 0.013 0.022 

4.0   0.027 0.017 0.010 0.010 0.013 

4.5   0.017 0.011 0.003 0.016 0.013 

5.0   0.007 0.008 0.003 0.016 0.013 

Total in 

layer 

(mg/m2) 

0.53.0 km  240 140 112 50 64 131 

0.55.0 km   190 140 66 90 165 

  

 

 The mean ( r ) and mean cubic ( 3r ) radii of radiatively active aerosols 

according to our estimations amount respectively: over Tbilisi to 0.23 mcm 

and 0.40 mcm, over Zestaponi to 0.24 mcm and 0.45 mcm, over Kakheti to 

0.28 and 0.50 mcm. Thus, the mean sizes of radiatively active aerosols in 

various regions of Georgia do not differ much from each other. It is 

noteworthy that the mean geometric sizes of sulphate aerosols [2] in 

various regions of the world vary between 0.24-0.66 mcm, which does not 

disagree with our data on the mean sizes of radiatively active aerosols. 

Now let's assume that the vertical distribution of sulphate aerosols is 

proportional to the vertical distribution of the vertical distribution of the 
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weight concentration of aerosols with sizes from 0.1 to 2.0 mcm. In this 

case using the data of Tables 3.1 and 3.7 the mass of sulphates in a 5 

kilometer atmospheric column over Tbilisi-Rustavi and Zestaponi my be 

estimated to be 15 mg/m
2
 and 16 mg/m

2
 respectively. These estimations are 

also in a good agreement with the data for the global distribution of 

sulphates in the world according to which over the Caucasian region the 

mass of sulpahtes amounts to 10-12 mg/m
2
 [3]. 

 The share of mineral aerosols in their total amount in various 

industrial regions of the world amounts to 30-60% [2]. In the Caucasus the 

near-ground concentration of mineral aerosols with sizes 0.1-100 mcm for 

April is estimated to be 0.1 mg/m
3
 [3]. Considering the relation between the 

weight concentration of aerosols in the radiatively active size range and 

their total concentration (Table 3.7), the column concentration of 

radiatively active aerosols over Tbilisi (and Georgia in general) may be 

estimated as  100 mg/m
2
. Then using the data of Table 1.1, various 

components of the atmospheric aerosol optical depth a over Tbilisi in the 

visible wavelength range can be estimated by the following values: a of 

mineral aerosols  0.070, of sulphates  0.77, a of anthropogenic aerosols 

 0.150. The total value of a for April amounts approximately to 0.300. 

For the wavelength =1.0 mcm these values amount to: 0.038, 0.042, 0.083 

and 0.165 respectively. It is noteworthy that the values of a for April 

approximately equal to its mean annual values. The content of sulphates in 

the atmospheric precipitation in Tbilisi in 1972-1978 and from 1982 up to 

1987 changed insignificantly [60]. Therefore, one can assume that the 

content of sulphates in the atmosphere during the period of the aircraft 

investigations does not differ much from the data of Table 3.1. Thus, in the 

last decades till 1990 over Tbilisi the atmospheric aerosol optical depth 

exceeded its mean global value approximately three times (Table 1.1). At 

the same time in Tbilisi the share in a of mineral aerosols amounted up to 

23%, sulphates - 26%, industrial dust, nitrates, etc. - 50%. Considering that 

almost a half of the sulphate a is anthropogenic (Table 1.1), the share of 

the anthropogenic component of the atmospheric aerosol optical depth in 

Tbilisi may be estimated as approximately 60%. 

 Finally let's estimate the emission of mineral aerosols from the 

Georgian terriotory using the data on the sedimentation velocity of particles 

in the radiatively active size range [118] and on their concentration in the 

near-ground atmosphere [3]. According to [118] the sedimentation velocity 

of aerosols with sizes up to 2.0 mcm is estimated as 3.1 10
-3

 m sec
-1

. The 

concentration of mineral aerosols according to [3] and considering Table 

3.7 in the radiativley active size range is about 0.54 mg/m
3
. In this case 

each second the aerosol emission from a square meter of the Earth's surface 

amounts approximately to 1.7 10
-4

 mg, or 5.4 tons from a square kilometer 
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per year. This estimation is in quite a satisfactory agreement  with the mean 

global mineral aerosol emission (Table 1.5), which equals to 6 tons from a 

square kilometer per year. 
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3.3 The interaction of aerosols with cloudiness 

 

 

As it was noted in the first chapter in the impact of atmospheric 

aerosols on climate their direct and indirect radiative effects are 

distinguished. The scheme of the effect of atmospheric aerosols on 

radiative forcing [3] is presented in Fig. 3.2. As it follows from the scheme 

the indirect radiative effects of atmospheric aerosols are mainly related to 

their influence on the variations of microphysical properties of clouds and 

fogs. In addition clouds represent accumulators of mineral and generators 

of secondary aerosols [2,3,10,12,34,81,105,117]. Therefore, after the 

destruction of clouds, zones with high aerosol concentrations remain in the 

atmosphere. It is particularly well observed in a presence of "good weather" 

clouds including convective ones in the atmosphere ([3,12,34], Table 3.5, 

3.7). In addition, clouds conduce redistribution of aerosols in the 

atmosphere transfering them from polluted regions to cleaner ones. At 

present the share of indirect radiative effects of tropospheric aerosols in the 

decrease of radiative forcing is the same as of stratospheric ozone, 

sulphates and biomass burning together. In the next century this share will 

be increasing (Table 1.2 and 1.3). Therefore, during the last years a 

particular attention is paid to the study of the indirect radiative effects of 

atmospheric aerosols. 

 A detailed analysis of the investigations of aerosol-cloud interactions 

in the aspect of climate change is presented e.g. in [2,3]. Except of a 

mechanical accumulation of mineral aerosols in clouds, a number of 

chemical reactions taking place in them with participation of the short-

wave solar radiation and OH radicals, results in generation of additional 

aerosol particles - condensation nuclei [2,3,65,102]. Thus, not only spatial 

redistribution of atmospheric aerosols but also generation of new particles 

occurs according to the scheme gasparticle. 

 The formation of particles is very intensive in a humid or liquid 

droplet system in a presence of SO2, NOX, ozone, carbon, etc. [2,3,110]. A 

presence of carbon particles intensifies the process of the sulphate aerosol 

formation [110]. The mentioned microadmixtures are present everywhere 

in the atmosphere and clouds of any type. Correspondingly everywhere 

takes place the formation of secondary aerosols according to the 

gasparticle scheme. Depending on conditions (the concentration of 

admixtures and their combination, temperature and humidity of the air, 

cloud aqueousity, solar radiation, etc.) the aerosol particle formation may 

occur during time from several hours to several days [2,3,110]. 

 As in the near-ground atmosphere (see sec. 3.1) the ionizing 

radiation of radioactive admixtures (radon, nuclear explosion products, 

etc.) and cosmic rays should lead to an acceleration of the secondary 
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aerosol formation in clouds. On the basis of the data on the content in 

convective clouds of  
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Fig. 3.2 

 

A schematic diagram showing the relationship between the radiative 

forcing of atmospheric aerosols and climate response [3]. 
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radon, light ions, and also the values of the ionization intensity by cosmic 

rays [5,7,8,11,117] we estimated the concentration of condensation nuclei 

NA in them. The values of NA were determined from the well-known 

balance equation relating the formation and disappearing of light ions: 

 

q - '
2
 - 'NA = 0                    (3.4) 

 

where: q is the intensity of ion formation,  - the concentration of light 

lions, ' - recombination coefficient, ' - coefficient of the capture of light 

ions by condensation nuclei. 

 In our case all parameters, except ' in the equation (3.4) are known. 

Therefore, we calculated the values of 'NA. Inasmuch as the value of ' for 

clouds of the same type may be considered a constant NA can be evaluated 

in relative units. 

 Table 3.8 presents the data on the concentration of condensation 

nuclei in cumulus clouds depending on ionization intensity. The 

importance level of  according to Student's criterium for differences 

between NA in the I and II rows amounts to 0.2, in II and III rows - to 0.25, 

in I and III rows - to 0.01. Thus, Table 3.3 clearly demonstrates a direct 

dependence of the concentration of condensation nuclei on the ionization 

intensity. It is noteworthy that for the cases presented in Table 3.8 the share 

of the ionization intensity by radon and its decay products did not exceed 

10%. 

 

Table 3.8 

 

Concentration of condensation nuclei (in relative units) in cumulus clouds 

with various levels of ionization intensity. 

 
N Number of 

cases 

Condensation nuclei concentration NA Ionization intensity q (cm-3sec-1) 

NA (%)  CV(%) q  CV(%) 

I 12 100 33 33 5.75 0.37 6.4 

II 5 125 40 32 6.4 0.22 3.4 

III 7 156 45 29 8.0 0.65 8.1 

 

 A direct dependence of NA on q is observed under the conditions of a 

high ionization. For example, calculations of NA, carried out using the data 

from [13] show that in the New-Athon cave at almost 100% air humidity 

variations of q from 126 ion couples per cm
3
/sec to 1041 ion couples per 

cm
3
/sec leads to an increase of NA almost four times. The main source of 

air ionization in the cave represents radon and its decay products. Thus, 

cosmic and radioactive air ionization can considerably affect the processes 

of the secondary aerosol formation in the atmosphere and clouds changing 

indirectly their radiative properties too. 
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 In addition to the effect on the condensation nuclei formation 

radioactive substances conduce the processes of crystallization of water 

droplets [111] affect the intensity and duration of thunderstorm processes, 

hail activity of clouds [15,70]. Considering that in thunderstorm clouds due 

to electric discharges a considerable amount of nitrogen oxides and ozone 

is generated [81,93], they create particularly auspicious conditions for the 

condensation nuclei generation. For example, according to the data of [14] 

in the precipitation from thunderstorm clouds in comparison to 

nonthunderstorm ones the content of NO3
-
 is elevated by 147%, NH4

+
 - by 

102%, SO4
2-

 - by 51%. Thus, in thunderstorm clouds in comparison to 

nonthunderstorm intensification of the secondary aerosol formation takes 

place. 

 The processes of aerosol-cloud interactions are generally quite 

complex. There are several schemes of such interactions. For example in 

[3,102] schemes of the generation in the atmosphere, marine and 

continental clouds of condensation nuclei from natural and anthropogenic 

aerosolforming gases (SO2, NOX, etc.) are presented. [12] offers a scheme 

of the stimulation of the heterogenic ice nucleation in clouds due to 

oxidation of aerosols and ozone. The thunderstorm processes are also 

considered in this scheme. Fig. 3.3 presents a specified in comparison to 

[12] scheme of aerosol-climate interactions. 

 This scheme shows how versatile the relations between processes in 

clouds and the clear atmosphere are. On one hand aerosols being modified 

in the atmosphere and getting into cloud media as a result of being 

humidified or interacting with cloud droplets conduce the generation of ice 

crystals. A change in the phase state of the cloud media leads to a change in 

its electric activity (cloud-to-cloud, intracloud, cloud-to-ground 

discharges). Discharging activity changes the chemical composition of the 

cloud media (formation of nitrogen oxides, ozone, etc.). The mentioned 

gases together with radon, sulphur oxides and other components under 

conditions of a high humidity and cosmic ionization lead to an intensive 

generation of condensation nuclei. Condensation of water vapour on these 

nuclei leads to local oversaturations, activation of inactive aerosols in the 

interdroplet media and generation of crystallization nuclei and ice crystals, 

i.e. again to a change in the phase state of the cloud media. At the same 

time the effect of high ozone concentrations on inactive soil aerosols in the 

interdroplet media activates them in the sense of the ice formation [12,81]. 

Phase transformations and ionization processes lead to changing of the 

electric activity of a cloud and the cycle repeats anew. 

 Breaking through the troposphere strong vertical air flows can carry 

into the stratosphere considerable amounts of water vapour, aerosols,  
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Fig. 3.3 

 

A scheme of the convective clouds - aerosol interaction and formation of 

condensation and crystallization nuclei and ice crystals in the atmosphere 

and clouds. IN - ice nuclei; IC - ice crystals; CN - condensation nuclei; 

MIF - modification by ice-forming reagents.  
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ozone, SO2, NOX and other admixtures. Thus cumulus, big convective and 

thunderstorm clouds in addition to direct climatic effects (solar radiation 

attenuation, precipitation, near-ground temperature changes, etc.) can 

considerably contribute to variations of the chemical composition of the 

atmosphere and the content of aerosols in it. The latter also affect radiative 

forcing and climate change. 

 The effect of convective cloudiness on the content of aerosols in the 

atmosphere in various regions can manifest itself in different ways. In 

Georgia this effect appears both for cumulus cloudiness (Table 3.5 and 3.7) 

and for big thunderstorm-hail clouds [22]. According to the data of [22] an 

increase of the number of thunderstorm-hail clouds in the warm season 

over the territory of Kakheti 3 times leads to an increase of the mean 

seasonal values of the column concentration of radiatively active aerosols 

in the atmosphere 1.5 times. Thus, cloudiness as well as atmospheric 

aerosols affect radiative forcing in a direct and indirect ways. 
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Chapter IV 

 

The particularities of the total ozone distribution and variability in 

Georgia 

 

4.1 The distribution of total ozone 

 

 

Total ozone (TO) varies both in time and depending on latitude and 

longitude. In addition local geographical conditions and orography also 

affect it in some extent [89]. 

 As a result of the study of the spatial and temporary variations of 

ozone, distribution maps of the mean annual and seasonal values of TO in 

1973-1995 were composed. Considering that TO observations in Georgia 

were carried out mainly in Abastumani, Tbilisi and Ruispiri (in Ruispiri 

only in the warm season) the data of 13 nearest to Georgia ozonometric 

stations were also used. This allowed to compose approximate large-scale 

maps of the TO distribution for the Caucasian territory. Using these large-

scale maps and the data of short period (up to several months) observations 

carried out in various times and locations in Georgia, an attempt was made 

to compose relatively small-scale TO distribution maps for the territory of 

Georgia. In addition, in order to determine the magnitude and direction of 

the TO variations in time the data of the multiyear observations in Tbilisi 

and Abastumani were used. 

 The determination of the long-term change of TO was considerably 

complicated by a clear, complex structure of the annual, seasonal and daily 

variations of TO. Attempting to reveal the tendency of the TO variations 

investigators often used only mean annual values of TO and did not 

consider its short period variations receiving therefore weak negative 

(sometimes zero) trends of TO. On the basis of an analysis of 50 year data 

(1932-1982) it was claimed in [61] that the stratospheric ozone layer 

represented a stable formation and the strength of modern anthropogenic 

factors was not sufficient to cause significant TO changes. 

 Important results of TO investigations were achieved as a result of a 

fundamental study of its seasonal and monthly variations.  

 Attempts to determine the global change of TO were complicated 

also by many other reasons. Among others it was important to establish the 

TO variations versus latitude. It is already known at present that the 

minimum of TO is observed on the equator, while the maximum - near the 

poles. The mean annual minimum of TO on the equator amounts to 262 

D.U., the maximum at 80
O
 N.L. - 415 D.U. and 60

O
 S.L. - 360 D.U. [66]. 

The variability versus longitude is characterized by two maxima: in Sibiria 

and the West of Greenland. According to [66] the TO maximum is possibly 
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related to quasistationary systems of low atmospheric pressures in the 

mentioned regions. It is interesting that the maximum of TO in the West of 

Greenland and Canada, established by satillite and ground observations, is 

concentrated near the magnetic pole where almost constantly an invasion of 

charged particles occurs. These particles cause perturbations of the F layer 

of the ionosphere. It is noteworthy that TO practically does not change 

during a year in the West of Greenland. 

 Total ozone in the atmosphere depends also on orography. In [86] 

the TO magnitude of 120 D.U. observed in Kabul in 1950, which did not 

agree with the latitudinal TO distribution, was explained by the orographic 

effect. 

 In [86] it was established that the Asian Mountain System plays a 

considerable role in the TO distribution. In particular, in the upper layer of 

the troposphere ozone is destroyed due to the interaction with water vapour 

and aerosols [86]. 

 In [89] it was proved that in comparison to the coastal zone TO 

decreases inside the continent, for example in the Caucasus and Alma-Ata. 

This effect, which is observed mainly in the summer is called the 

continental effect. In [79] it was shown, on the basis of quite a large 

amount of statistical data, that the corelation between TO and vertical air 

flows is negative and varies between 0.6 and 0.9. This means that 

downflows are related to a TO increase, while upflows - to a decrease. It is 

known that when there are downflows in the atmosphere they carry to 

lower layers air masses relatively rich with ozone and vice versa [103] (this 

process is known as the Dobson-Normand principle). This effect was 

confirmed experimentally in [79]. Thus, TO variations can be caused by 

those atmospheric processes, which generate vertical air flows in the 

stratosphere. One of such atmospheric processes represents the "jet flow", 

which is observed mainly in lower stratospheric and upper tropospheric 

layers. A jet flow arises in the area of atmospheric fronts. On its left side a 

downflow, while on the right an upflow prevails. Due to these very flows 

on the left side of a jet flow a TO increase, while on the right side a TO 

reduction is observed [80,81,103]. 

 A map of the geographical distribution of TO for the Northern 

Hemisphere was for the first time presented in [86]. There were three 

continental maxima in this map: to the North-East of America (TO>460 

D.U.); North-Eastern Europe (TO>420 D.U.) and North-Eastern Asia 

(TO>420 D.U.). Such maxima were clearer in the spring than autumn. 

 In [104] maps of the monthly distribution of TO are presented. For 

this purpose the data of 114 observatories for 1957-1964 were used. 

According to these maps over North-Eastern Asia a TO maximum was 

observed in the winter-spring season (TO varied between 450 and 463 

D.U.). A second weaker maximum was over Canada, a third still weaker 
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maximum over Scandinavia in the spring, while a TO minimum was 

observed over Middle Asia in the spring (the mean value of TO in 

Dushanbe was 226 D.U.). 

 In [33] maps of the TO distribution and variability in the Northern 

Hemisphere are presented. For this purpose the data of world-wide 

observations for 1957-1983 were used. A map for the Southern Hemisphere 

was also composed using the data of the world network and Nimbus-4 

satellite. According to these maps the main maximum of TO except of the 

spring season is located in the region of Akhot Sea. A second relatively 

weaker maximum is over the East of Canada. The main minimum is in 

Europe [33]. 

 In order to compose TO distribution maps for Georgia the data of TO 

observations in 1973-1995 were used (the data before 1973 were 

considered invalid [33]). At first a climatic TO map was composed for the 

region located between 35-54
O
 N.L. and 22-77

O
 E.L. The data of the 

following stations were used: Abastumani, Tbilisi, Ruispiri, Pheodosia, 

Odessa, Tsimliansk, Guriev, Samara, Ashkhabad, Chardjou, Dushanbe, 

Aral Sea and Alma-Ata. 

 First of all for the mentioned stations periods with synchronous 

observations were selected and using them a large-scale total ozone 

distribution map was composed for the Caucasus and nearby territories. 

Then out of the 13 stations those with relatively complete observational 

data were singled out (Abastumani, Tbilisi, Pheodosia, Odessa, Kuibishev, 

Ashkhabad, Alma-Ata). Corelations between them were established and 

small missing periods were recovered by the method of splitting of random 

functions into orthogonal vectors [100]. Using the recovered homogeneous 

data, maps of the mean annual and seasonal distribution of TO were 

composed for the mentioned region (Fig. 4.1 a-e). 

 On the basis of the composed large-scale maps relatively small-scale 

maps of the TO distribution were composed (Fig. 4.2 a-e) for the Georgian 

territory, for which all the existing data of ozone observation in Georgia in 

1973-1995 were used. 

 Fig. 4.1 (a-e) clearly demonstrates the latitudinal character of the 

ozone distribution with a maximum over Samara and minimum over 

Ashkhabad. These variations, which manifested themselves as a result of 

the composition of small-scale maps of TO in Georgia were probably 

caused by the orography and related atmospheric processes (jet flows, 

foehn winds, atmospheric fronts, etc.). 
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Fig. 4.1 

 

Mean annual (a), winter (b), spring (c), summer (d) and autumn (e) total 

ozone distribution in the atmosphere between 35-55
O
 N.L. and 30-80

O
 E.L. 

1 - Tbilisi, 20 - Ruispiri, 21 - Abastumani, 22 - Pheodosia, 23 - Odessa,    

24 - Tsimliansk, 25 - Guriev, 26 - Samara, 27 - Ashkhabad, 28 - Chardjou, 

29 - Dushanbe, 30 - Aral Sea, 31 - Alma-Ata. 
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Fig. 4.2 

 

Mean annual (a), winter (b), spring (c), summer (d) and autumn (e) total 

ozone distribution in the atmosphere in Georgia. 

1 - Tbilisi, 20 - Ruispiri, 21 - Abastumani. 
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4.2 The variability of total ozone in Georgia and its relation to the global 

processes of the ozone variability 

 

 

In order to establish the tendency of the total ozone variations in 

Georgia the data of Abastumani and Tbilisi observations were used. For an 

analysis of the observational data, as it was mentioned above, also the data 

from the stations Pheodosia, Odessa, Samara, Ashkhabad, Alma-Ata, 

Tsimliansk, Guriev, Aral Sea, Chardjou and Dushanbe, the corelations 

between them and the method of splitting of a random function into 

orthogonal vectors were used. 

 At first the data for the whole observational period (1957-1995) were 

taken. An analysis showed a tendency of increase. But considering the fact 

that the data of the ozonometric network of the former USSR before 1973 

are not sufficiently reliable [33], only the data after 1973 were used. The 

mean annual and seasonal (winter, spring, summer, autumn) variations 

were studied for the period 1973-1995 (Fig. 4.3 a-e). 

 The dependence of TO on time was approximated by a linear 

equation: 

 

U=U0+K (-1973) 

 

where U and U0 are the mean annual (seasonal) TO value for any year of 

the period and for the beginning of the period respectively. K - the mean 

variation of total ozone per year during the period, while  - years between 

1973 and 1995. Table 4.1 presents the mean annual and seasonal calculated 

values of U0 and K for Georgia and observational stations near the country. 

 Fig. 4.2 (a-e) and Table 4.1 show that in Abastumani the TO 

maximum (375 D.U.) is in the spring, while the minimum (306 D.U.) - in 

the autumn. Ozone decreases throughout a year with the maximum 

intensity in the spring (K=-1.32 D.U. per year), and minimum in the 

summer. Least of all TO decreases in Odessa in the autumn (-0.41 D.U.), 

then in Tbilisi in the autumn (-0.45 D.U.) and in Abastumani in the summer 

(-0.50 D.U.). The ozone reduction is mainly more intensive in the winter-

spring season, which is in a good agreement with the results by other 

authors for other regions. 

 Table 4.1 shows that the annual reduction of TO in Tbilisi amounts 

to -0.2%, while in Abastumani it equals -0.3%. This means that in Tbilisi 

smog ozone compensates the global ozone reduction. The most intensive 

decrease of TO in Abastumani is observed in the spring and amounts to -

0.35%. In the summer the TO reduction in Abastumani and Tbilisi is the 

same and amounts to -0.18%. Such low value of the TO reduction in 

Abastumani must be caused by a compensation of the global ozone 
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reduction by ozone generated from gases of the methane group (methane, 

isoprene, terpene, etc.) emitted by plants. As regards Tbilisi, the global 

reduction is compensated by smog ozone. 

 

Table 4.1 

 

Variations of total ozone in 1973-1995 

 
Observation point Season TO - U1970  

D.U. 

K   

D.U./year 

K - % 

 

 

Abastumani 

Annual 334 -1.00 -0.30 

Winter 353 -1.04 -0.29 

Spring 375 -1.32 -0.35 

Summer 311 -0.50 -0.16 

Autumn 306 -1.27 -0.42 

 

 

Tbilisi 

Annual 340 -0.68 -0.20 

Winter 341 -1.04 -0.30 

Spring 378 -0.50 -0.13 

Summer 338 -0.54 -0.16 

Autumn 308 -0.45 -0.15 

 

 

Odessa 

Annual 369 -1.77 -0.48 

Winter 347 -1.09 -0.31 

Spring 408 -1.82 -0.45 

Summer 355 -0.77 -0.22 

Autumn 317 -0.41 -0.13 

 

 

Samara 

Annual 363 -0.73 -0.20 

Winter 372 -1.36 -0.36 

Spring 409 -1.23 -0.30 

Summer 363 -1.41 -0.39 

Autumn 325 -0.91 -0.28 

 

 

Ashkhabad 

Annual 325 -1.35 -0.42 

Winter 347 -1.04 -0.30 

Spring 352 -1.95 -0.55 

Summer 308 -1.91 -0.62 

Autumn 301 -1.18 -0.39 

 

 

Alma-Ata 

Annual 354 -1.09 -0.31 

Winter 390 -1.36 -0.35 

Spring 379 -1.00 -0.26 

Summer 338 -1.36 -0.40 

Autumn 317 -0.59 -0.19 

 

 Thus, in Georgia as well as globally a reduction of total ozone in the 

atmosphere takes place, which is to a significant extent determined by the 

growing global atmospheric pollution. 

 The near-ground ozone concentration has regular daily and seasonal 

variations, which depend on atmospheric processes, variations of 

meteorological elements and the atmospheric pollution and relief. 

 Total ozone has seasonal variations with a maximum in the spring 

and minimum in the autumn. 
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(d) 

(e) 

 

Fig. 4.3 

 

Mean annual (a), winter (b), spring (c), summer (d) and autumn (e) total 

ozone variations in 1973-1995 (1 - Tbilisi, 21 - Abastumani, 23 - Odessa,    

26 - Samara, 27 - Ashkhabad, 31 - Alma-Ata) 
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Chapter V 

 

Spatial-temporary characteristics of the atmospheric aerosol optical 

depth in Georgia. 

 

 

As it was mentioned above, one of important atmospheric 

components directly affecting the climate formation and change represent 

atmospheric aerosols [2,50,96]. In order to study the effect of aerosols on 

climate four main problems should be solved [2]: 1. Determination of the 

spatial-temporary variability of aerosols in the atmosphere; 2. creating 

aerosol-radiation models necessary for climate modeling; 3. consideration 

of aerosols in the climate formation theory; 4. study of the interaction of 

aerosols and main climateforming processes and factors (transformation of 

the underlying surface, icing, precipitation and cloud formation, etc.). 

 Activities in this direction have been carried out in Georgia since 

long ago. In the beginning of 1960-s, when the modern climate warming 

was already undoubted F. Davitaia was one of the first scientists in the 

world who presented a hypothesis that the process of climate warming was 

mainly caused by atmospheric aerosols [50]. According to this hypothesis 

the growing atmospheric pollution and circulation processes should cause a 

reduction of the underlying surface albedo at the global scale. This, of 

course, is followed by a warming process till the aerosol concentration has 

reached a critical value, when the effect of aerosol scattering of the 

radiation begins to prevail. The subsequent growth of the aerosol 

concentration radically changes the climate change direction and causes a 

strong cooling. This theory is already undoubted at present and is known in 

literary sources as "nuclear winter". 

 A quantitative estimation of the effect of both atmospheric aerosols 

and all other factors on the climate change processes was possible only by 

creating a Sun-atmosphere-Earth energy-balance model. In the 1960-s this 

turned out to be impossible due to the absence in literary sources of any 

information on the optical properties of aerosols. Owing to F. Davitaia's 

assistance and leadership, for the first time in the world, a study of the 

optical properties of marine and continental aerosols began in Georgia. 

With this purpose in Adjaria (the Black Sea coast) a special experimental 

base was established, which is still functioning at present. A special method 

and appropriate equipment were developed for the study of the optical 

properties of aerosols [122-125,130]. During years experimental and 

theoretical investigations were carried out, as a result of which optical-

meteorological models of marine and continental atmospheric aerosols 

were created [126,127], effects of meteorological elements and 

atmospheric processes on them were established [128,129], which gave a 
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possibility to create an energy-balance model. It is noteworthy that the 

results were used abroad. 

 The main indicator of the air pollution represents the atmospheric 

aerosol optical depth (a). It characterizes the total attenuation of the solar 

radiation for the whole atmospheric height for all types of aerosols (natural, 

anthropogenic, generated from the gaseous phase, mineral, marine, organic, 

etc.). Determination of a values is possible under "clear sky" conditions by 

the data of observations on the direct solar radiation and a number of other 

physical parameters of the atmosphere [133]. In this chapter a values are 

given for the wavelength =1 mcm and midday hours. 

 a was determined at six main actinometric stations of Georgia - 

Tbilisi, Telavi, Anaseuli, Senaki, Sokhumi, Tsalka and two auxiliary - 

Kazbegi and Jvari Pass (Fig. 1.1). For Tbilisi the data of actinometric 

observations includes the period 1928-1990; for Telavi, Anaseuli, Senaki, 

Sokhumi, Tsalka - 1956-1990; for Kazbegi - 1955-1964; for Jvari Pass - 

1969-1985. For the mentioned 5 main actinometric stations the data on a 

for 1928-1955 were recovered using the method [100,133] and data of 

Tbilisi. An application of these methods became possible due to high 

corelations of the a data between the stations. Corelations between Tbilisi 

and other stations in those years, for which synchronous data on a are 

available amounted to: 0.89 for Telavi, 0.75 for Tsalka, 0.82 for Sokhumi, 

0.85 for Anaseuli, 0.78 for Senaki. The recovering accuracy was: 95% for 

Telavi, 91 for Tsalka, 90% for Sokhumi, 88% for Anaseuli, 87 for Senaki. 
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5.1 The method of determination of the atmospheric pollution level 

 

 

As it was mentioned above, the role of aerosols in the climate 

formation is quite essential. Another very important problem is the 

adaptation of the biosphere to the growing atmospheric pollution. A lot of 

cases of a highly negative effect of the air pollution on the human health 

are known [51,96]. The atmospheric pollution negatively affects also water 

and soil surfaces, conduces the destruction of plants and forests on 

considerable territories. Together with water and food hazardous 

substances can get into the human organism. Pollutants considerably 

damage buildings, various building materials and products. For example 

the rate of the corrosion of iron and its alloys in industrial centers is 20 

times, while of aluminum 100 times higher than in rural areas [51]. 

 All the above-mentioned emphasizes the social and economic 

importance of the atmospheric pollution problem. 

 Since long ago it has been known that small invisible particles can 

get into the atmosphere from the space or Earth's surface and staying for 

years in the atmosphere determine global or regional atmospheric pollution 

levels. But there were no grounds to think that these particles (aerosols) had 

any effect on atmospheric processes. Therefore, till 1950-s there were no 

systematic observations on atmospheric aerosols. As far as it is known first 

in 1959 in Germany a short information was published that in one of 

industrial regions during the last 20 years the amount of aerosols in the 

atmosphere had grown 3 and more times and this was attributed to an 

anthropogenic effect [108]. Later in 1964, as it has been already mentioned, 

F. Davitaia presented a hypothesis, according to which the modern climate 

warming was caused by the growth of the atmospheric pollution. 

 At present atmospheric aerosols draw a world-wide attention. By a 

proposal of the World Meteorological Organization a special monitoring 

has been established, which systematically controls the concentration of 

aerosols in the atmosphere. This organization suggested two methods. One 

of them foresees sampling and a subsequent laboratory analysis of the near-

ground air. The other - determining of the atmospheric aerosol optical 

depth (a) by measuring the spectral Sun radiation. The first one enables to 

determine the chemical composition of aerosols, but is informative only for 

the near-ground atmospheric layer being at the same time not quite accurate 

due to the destruction of the natural aerosol structure during sampling. The 

other one (s.c. "actinometric monitoring") determines the aerosol 

concentration sufficiently accurately without destroying their natural 

structure, but can not distinguish their chemical composition. At the same 

time it requires a complex equipment and qualified personnel. 
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 Considering these difficulties at the Institute of Geography of 

Georgian Academy of Sciences a method was developed, which allows to 

determine the atmospheric aerosol optical depth using the integral solar 

radiation [121,122]. The latter is measured systematically in the world 

actinometric network. The method was subsequently specified [130,133] 

and is presently used for the study of the aerosol pollution of the 

atmosphere. The main idea of the method is described below. 

 The irradiance of the direct integral solar radiation I(m) with an 

incidence angle  after going through an atmospheric mass m can be 

expressed as: 

 





0

0 ),(),()()(  dmPmPImI a
         (5.1) 

 

where m=sec; I0() - the spectral solar constant; P(,m) - transmittance of 

an "aerosol-free" atmosphere; Pa(,m) - transmittance of atmospheric 

aerosols;  - wavelength. 

 If P(,m) is known, then in (5.1) remains unknown Pa(,m). Due to 

the fact that the equation belongs to ill posed problems an additional 

condition is required for its solution. This condition can be the Angstroem 

formula for the dependence of Pa on : 
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where a and n represent the s.c Angstroem parameters, while a0 and 0 are 

fixed values. In order to facilitate calculations it is usually assumed that 

n=1 (this assumption is used almost in all model calculations). Considering 

this assumption and (5.2) only one unknown parameter a is left in (5.1) (it 

is proportional to the aerosol concentration). After certain transformations 

(5.1) can be reduced to a form easy for computer calculations, which 

require a measured irradiance of the integral solar radiation, total column 

concentrations in the atmosphere of ozone, water vapour and carbon 

dioxide and their absorption coefficients for the whole spectral range, the 

vertical distribution of temperature and absolute humidity and the elevation 

above the sea level (for calculating the molecular diffusion of radiation). 

The derived parameter a enables to determine a for any wavelength. The 

aerosol optical depth calculated by the mentioned method is in a good 

agreement  with the same parameter derived by spectral measurements 

under clear sky conditions in any optical situation [123,133]. 

 Considering the fact that the atmospheric aerosol optical depth 

represents one of the first indicators of the atmospheric pollution level the 
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Institute of Geography of the Georgian Academy of Sciences proposed a 

special scale for atmospheric pollution estimation (Table 5.1) [16]. 

  

Table 5.1 

 

Scale of atmospheric pollution level 

 
N I II III IV V VI VII VIII IX 

a <0.050 0.050 

0.080 

0.081 

0.110 

0.111 

0.130 

0.131 

0.150 

0.151 

0.190 

0.191 

0.230 

0.231 

0.310 

>0.310 

Pollution 

Level 

Ideally 

Clean 

Very 

Clean 

Clean Mainly 

Clean 

Normal Slightly 

Turbid 

Fairly 

Turbid 

Turbid Very 

Turbid 

 

 

Fig. 5.1 

 

Dependence of the mortality due to cardiovascular diseases per million 

inhabitants in Tbilisi (N) on atmospheric pollution level (a) 

 

 Table 5.1 shows that atmospheric pollution is divided in 9 categories 

from "ideally clean" to "very turbid". In order to test the validity of the 

scale (Table 5.1) the data of the mean monthly mortality due to 

cardiovascular diseases per million inhabitants in Tbilisi in 1980-1990 were 

analyzed. In the cold season and at a background of considerable variations 

of the main meteorological elements it is difficult to distinguish the effect 

of the pollution. Another picture is observed in the warm season of a year, 

particularly from June till September. In this period in Tbilisi the mortality 

decreases down to the minimum and, as it turned out, one of the main risk-
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factors affecting the human health together with meteorological elements, 

magnetic disturbances, thunderstorms, etc. was the atmospheric pollution. 

Fig. 5.1 presents histograms of the dependence of the mortality due 

to cardiovascular diseases on the air pollution in Tbilisi from June till 

September. As the figure shows the maximum intensification of the 

mortality takes place at a "turbid" atmosphere and in comparison to the 

"normal" pollution level this growth amounts to 12%. Thus, the scale is 

quite representative for the estimation of an atmospheric pollution state in 

the medical and biological aspect and can be used in medical meteorology. 

At the same time the importance of the monitoring of the atmospheric 

aerosol optical depth by the actinometric network is confirmed [16]. 
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5.2 The annual variations of the atmospheric pollution in some regions 

of Georgia in 1928-1990 and the role of background, anthropogenic 

and strong random pollution sources in the formation of the total 

pollution level 

 

 

An analysis of the data on a variations showed that from 1928 till 

1990 for the whole territory of Georgia a growth of the atmospheric 

pollution level had been taking place. It is noteworthy that in Tbilisi in 

1928-1965 a increased linearly [122], while in 1965-1985 - exponentially 

[39]. According to the specified data of the last years (Fig. 5.2 c) in 1986-

1990 some reduction of the a values occurred. In order to compare with 

the Tbilisi data (the highest pollution level in Georgia) Fig. 5.2 a,b presents 

the mean annual a values for Tsalka (the lowest pollution level in Georgia) 

and Anaseuli (a middle pollution level characteristic for Western Georgia). 

 Fig. 5.3 a, b, c present the a variations in 1928-1990 in Tsalka, 

Anaseuli and Tbilisi in the four seasons of a year. 

 As a first approximation the a variations in Georgia may be 

presented in a linear form: 

 

a = at + b      (5.3) 

 

where t designates years beginning from 1928, while a and b are empiric 

coefficients. Their values were determined by the least square method and 

are presented in Table 5.2. 

 Fig. 5.2-5.3 and Table 5.2 show that the character of the annual and 

seasonal a variations in Georgia is the same for the whole territory of 

Georgia - a gradual increase in 1928-1990. The highest increase rate of a 

(for both seasonal and annual values) is observed in Tbilisi, while the 

lowest in Tsalka. In Western Georgia (Anaseuli, Senaki, Sokhumi) the 

pollution variations are not very considerable. a here is lower than in 

Eastern Georgia (Tbilisi, Telavi), but higher than in Tsalka. 

 In comparison to 1928 the mean atmospheric pollution growth per 

year for various regions of Georgia amounts to: 13% in Tbilisi, 15% in 

Telavi, 8.7% in Anaseuli, 5.5% in Senaki, 6.6% in Sokhumi, 3.6% in 

Tsalka, 8.8% at the average for Georgia. In other words in 1990 the air 

pollution grew in comparison to 1928: in Tbilisi 8 times, in Telavi 9 times, 

in Anaseuli 5.4 times, in Senaki 6 times, in Sokhumi 4.1 times, in Tsalka 

2.2 times. According to the scale presented in Table 5.1 at the average per 

year a "clean" atmosphere (a<0.110) was observed till: 1969 in Tbilisi, 

1973 in Telavi, 1984 in Anaseuli and Sokhumi, 1988 in Senaki. If the rate  
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(a) 

(b) 

 

(c) 

 

Fig. 5.2 

 

Variations of mean annual values of a in (a) Tsalka, (b) Anaseuli, (c) 

Tbilisi in 1928-1990. 1 - total, 2 - random, 3 - anthropogenic,                      

4 - background a levels. 
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of the pollution increase remains the same in the nearest future, a "clean" 

atmosphere in Tsalka will last till 2017. 

 

Table 5.2 

 

Values of a and b coefficients of (5.3) for the six actinometric stations of 

Georgia in 1928-1990 (monthly, seasonal, annual) 

 
     Station 

 
 
Mon./Seas. 

 

     Tbilisi 

 

Telavi 

 

Tsalka 

 

Anaseuli 

 

Senaki 

 

Sokhumi 

I a 0.00156 0.00148 0.000644 0.000959 0.000776 0.00101 

b 0.0107 -0.000729 0.00990 0.00840 0.0137 0.0113 

II a 0.00197 0.00174 0.000852 0.00118 0.00122 0.00132 

b 0.0126 -0.000300 0.00928 0.00664 0.0173 0.0126 

III a 0.00215 0.00194 0.000929 0.00174 0.00123 0.00152 

b 0.0134 0.0106 0.0214 0.0131 0.0236 0.0189 

IV a 0.00246 0.00237 0.00104 0.00192 0.00153 0.00170 

b 0.0181 0.0146 0.0279 0.0218 0.0260 0.0256 

V a 0.00272 0.00248 0.00107 0.00229 0.00174 0.00201 

b 0.0193 0.00986 0.0348 0.0262 0.0318 0.0301 

VI a 0.00268 0.00253 0.00115 0.00219 0.00197 0.00208 

b 0.0224 0.0180 0.0408 0.0272 0.0330 0.0330 

VII a 0.00308 0.00302 0.00135 0.00234 0.00200 0.00223 

b 0.0225 0.0358 0.0475 0.0293 0.0396 0.0361 

VIII a 0.00287 0.00267 0.00119 0.00220 0.00202 0.00213 

b 0.0208 0.0377 0.0451 0.0280 0.0358 0.0330 

IX a 0.00248 0.00241 0.00104 0.00177 0.00165 0.00168 

b 0.0148 0.0244 0.0331 0.0190 0.0264 0.0234 

X a 0.00196 0.00194 0.000807 0.00136 0.00125 0.00111 

b 0.0126 0.00431 0.0149 0.0123 0.0190 0.0170 

XI a 0.00163 0.00158 0.000645 0.000928 0.000799 0.000857 

b 0.0110 0.00203 0.00779 0.00781 0.0147 0.0121 

XII a 0.00157 0.00144 0.000616 0.000797 0.000744 0.000899 

b 0.0098 -0.000609 0.00593 0.00767 0.0121 0.00960 

Winter a 0.0017 0.0015 0.0007 0.00098 0.0009 0.0011 

b 0.0110 -0.0033 0.0085 0.0076 0.0143 0.0111 

Spring a 0.0024 0.0023 0.0010 0.0020 0.0015 0.0017 

b 0.0017 0.0116 0.0281 0.0203 0.0271 0.0249 

Summer a 0.0029 0.0027 0.0012 0.0022 0.0020 0.0021 

b 0.0220 0.0305 0.0445 0.0283 0.0361 0.0340 

Automn a 0.0020 0.0020 0.0008 0.00135 0.0012 0.0012 

b 0.0128 0.0103 0.0183 0.0129 0.0200 0.0173 

Annual a 0.00231 0.00214 0.000941 0.00164 0.0014 0.00155 

b 0.0154 0.0118 0.0250 0.0173 0.0243 0.0220 

 

 It is very interesting to compare the rate of the pollution increase in 

Georgia to similar data from other regions of the world, particularly those 

with a low pollution level. Table 5.3 presents the mean values of a for six 

regions of Georgia and Tibet (Mt. Qomolungma) [92], derived as a result 

of observations carried out in 1966-1986, and also a increase rates in  

 



 
78 

 

 
 

(a) 

(b) 

 

(c) 

Fig. 5.3 

Variations of mean seasonal values of a in (a) Tsalka, (b) Anaseuli, (c) 

Tbilisi in 1928-1990. 1 - winter, 2 - spring, 3 - summer, 4 - autumn        
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comparison to 1966. It is noteworthy that at the high-mountain stations of 

Georgia the mean annual a values amounted for the Jvari Pass to 0.066 

(1969-1985) and for Kazbegi 0.049 (1955-1964). 

 

Table 5.3 

 

Mean values of a and their increase rates in 1966-1986  

in  Georgia and Tibet 

 
Station Tbilisi Telavi Tsalka Anaseuli Senaki Sokhumi Tibet 

Elev. above  

Sea Lev. (m) 

403 568 1457 158 40 116 6300 

a 
(1966-1986) 

0.127 
0.037 

0.120 
0.031 

0.073 
0.017 

0.096 
0.035 

0.089 
0.033 

0.096 
0.033 

0.024 
0.009 

a Increase 
Rate (%) 

2.7 5.7 2.8 4.8 5.0 3.7 1.8 

 

 Table 5.3 shows that the pollution level in Georgia is higher than in 

Tibet: for low pollution regions (Tsalka) approximately 3 times, for highly 

polluted regions (Tbilisi, Telavi) 5 times and more. The increase rate in 

1966-1986 is also higher (at the average in Georgia 4.1%, in Tibet 1.8%). 

All this indicates that in Georgia together with global pollution sources a 

considerable role is played by local sources of air pollution. 
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5.3 The dynamics of the random and anthropogenic components of the 

atmospheric aerosol optical depth in 1928-1990. 

 

 

In order to estimate the effect of various factors in the formation of 

the atmospheric pollution level an attempt was made to establish the role of 

background, anthropogenic and random sources in the total pollution. 

 The following considerations were taken into account: 1. The 

background pollution always exists in the atmosphere and its value (b) is 

invariable, therefore as a b value for a certain region is taken the minimum 

a in 1928-1990. 2. Also random sources of pollution (forest fires, 

volcanoes, nuclear explosions, etc.) always exist and vary in a wide range. 

But considering their nature, their variation range is invariable too. 3. 

Anthropogenic pollution sources (industries, transport, etc.) represent main 

contributors into the total atmospheric pollution level. Considering the 

above-mentioned, if on a curve of a variations the minimum points are 

selected and connected by a line, the profile of the 

background+anthropogenic pollution will be derived. Such curves and 

approximating functions were found in an empiric way and using the least 

square method: 
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      (5.4) 

 

where b is a background value of a for any region, T - certain year, t - 

years from 1928 to 1990, A and B - coefficients. Using ant+b it is very easy 

to find anthropogenic and background levels: 

 

ant = ant+b - b; r = a - ant+b; 

 

 The results of these estimations are given in Fig. 5.2 (curves 2, 3, 4) 

and Tables 5.4-5.5. 

 Table 5.5 shows that the background level varies little for the whole 

territory of Georgia: not more than 21% from the mean value. Random 

pollution levels also changed inconsiderably in 1928-1970. In 1971-1990 

an increase of about 45% was observed in the random pollution level. A 

particular contribution into this increase was made by the El-Chichon 

volcano erupted in 1982. It is noteworthy that in 1970-1990 the highest 

values of the random pollution was observed in Telavi. This was probably 

caused by such sources as hail prevention activities, which had a random 
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character in comparison to industrial, transport and other constant 

anthropogenic sources. However the highest after Tbilisi level of pollution 

in Telavi is in our opinion mainly caused by the transport of RASAA from 

Tbilisi, Rustavi, Kaspi, Gardabani (Fig. 1.1 and 1.2). 

 

Table 5.4 

 

Values of A and B coefficients and T and b parameters of (5.4) for the six 

actinometric stations of Georgia in 1928-1990 

 
     Station 

 
Parameter 

 

Tbilisi 

 

Telavi 

 

Tsalka 

 

Anaseuli 

 

Senaki 

 

Sokhumi 

A 1.029 0.890 0.518 0.713 0.739 0.760 

B -0.013 -0.013 -0.010 -0.012 -0.011 -0.011 

T 1935 1935 1937 1936 1936 1936 

b 0.0227 0.0152 0.0159 0.0205 0.0212 0.0160 

 

Table 5.5 

 

Background, random and anthropogenic levels of the atmospheric pollution 

in various regions of Georgia 

 
Period 

(Years) 

Station Tbilisi Telavi Tsalka Anaseuli Senaki Sokhumi Mean for 

Georgia 

 

 

 

1928-

1950 

Backgr. 0.023 0.015 0.016 0.020 0.021 0.016 0.019 

Random 0.019 
0.012 

0.023 
0.011 

0.020 
0.005 

0.017 
0.009 

0.021 
0.007 

0.023 
0.008 

0.021 
0.008 

Anthr. 0.004 
0.005 

0.003 
0.004 

0.001 
0.002 

0.003 
0.003 

0.002 
0.003 

0.002 
0.003 

0.003 
0.003 

Total 0.046 
0.013 

0.041 
0.012 

0.038 
0.005 

0.040 
0.009 

0.044 
0.008 

0.042 
0.009 

0.042 
0.009 

 

 

1951-

1970 

Random 0.020 
0.013 

0.023 
0.010 

0.020 
0.006 

0.017 
0.010 

0.021 
0.007 

0.029 
0.007 

0.022 
0.009 

Anthr. 0.037 
0.014 

0.032 
0.012 

0.016 
0.006 

0.026 
0.010 

0.024 
0.009 

0.026 
0.010 

0.027 
0.010 

Total 0.080 
0.020 

0.071 
0.013 

0.051 
0.008 

0.063 
0.012 

0.066 
0.011 

0.071 
0.014 

0.067 
0.013 

 

 

1971-

1990 

Random 0.032 
0.018 

0.042 
0.017 

0.028 
0.014 

0.032 
0.021 

0.025 
0.021 

0.031 
0.021 

0.032 
0.019 

Anthr. 0.090 
0.013 

0.077 
0.011 

0.035 
0.004 

0.058 
0.007 

0.056 
0.007 

0.060 
0.008 

0.063 
0.008 

Total 0.144 
0.023 

0.134 
0.025 

0.079 
0.015 

0.111 
0.025 

0.102 
0.028 

0.106 
0.025 

0.113 
0.022 

 

The background and random pollution levels do not differ much 

from each other, while the anthropogenic pollution level in comparison to 

the background increases intensively. For example, in 1971-1990 this 

increase amounted to: 470% in Tbilisi, 400% in Telavi, 180% in Tsalka, 
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300% in Anaseuli, 315% in Sokhumi, 255% in Senaki. Thus, in the growth 

of a in Georgia contribute mainly global and local anthropogenic sources. 

 The random component of the atmospheric aerosol optical depth is 

determined mainly by volcanic activity. As an example Fig. 5.4 and 5.5 

present the mean annual values of r in Tbilisi and the relative mean 

monthly variations of the atmospheric aerosol optical depth in Anaseuli. 

The times of volcanic eruptions and amounts of emitted aerosols are also 

given [84]. Fig. 5.4 shows that in 1928-1990 an intensive increase of a is 

observed after a strong volcanic eruption. The same picture indicates an 

intensification of the volcanic activity in the last three decades. 

 In contrast to anthropogenic changes of aerosols variations caused by 

strong random pollution sources (volcanic eruptions, forest fires, nuclear 

explosions, etc.) are not monotonous and occur during relatively short time 

intervals. As an illustration Fig. 5.5 presents the relative monthly pollution 

variation in 1980-1990. This is the period when as a result of an eruption of 

the El-Chichon volcano in Mexico (February 1982) a particularly large 

amount of aerosols got in the stratosphere and raised intensively the global 

pollution level during 3-4 years. The figure clearly shows that in Georgia, 

namely in Anaseuli (approximately the same picture was detected at other 

actinometric stations of Georgia), the pollution effect manifested itself 

about 5-6 months after the eruption and the atmosphere cleaned only in 

more than 2 years. 

 As it was mentioned above there are stable corelations between the 

mean annual values of the atmospheric aerosol optical depth in various 

regions of Georgia. In Table 5.6 corelation matrices of the mean annual 

values of a and its random component in 1955-1990 for the six 

actinometric stations of Georgia are presented. 

 According to the table even for the random values of a quite high 

corelations are observed. This indicates that in the random component of a 

contribute mainly global sources of pollution. 

 At the same time local factors also considerably affect the random 

levels of a. This is indicated by higher corelations between stations located 

close to each other in comparison to corelations between stations located at 

large distances. As regards the total a values (Table 5.6) in this case high 

corelations are observed between all stations i.e. variations of the 

atmospheric pollution for the whole territory of Georgia are approximately 

similar. The temporary variations of the anthropogenic component of a is 

in a good coherence with the change of the anthropogenic emissions of the 

aerosol component of RASAA in Georgia (Table 5.7). However, the rate of 

the reduction of the aerosol emissions from 1986 till 1990 is considerably 

higher than the rate of the a decrease.  
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Fig. 5.4 

 

Variations of the atmospheric aerosol optical depth levels caused by strong 

random sources of pollution in 1928-1990 in Tbilisi. Arrows indicate 

volcanic eruptions and amounts of emitted aerosols according to [84]. 

Numbers indicate strong volcanic eruptions. 

1 - Sierra Asul     10.04.1932, 7.8 mln.T. 

2 -  Nameless     30.03.1956, 4.9 mln.T. 

3 -  Agung     17.03.1963, 15 mln.T. 

4 -  Avu      12.08.1966, 4.4 mln.T. 

5 -  Fuego      17.10.1974, 4.5 mln.T. 

6 -  El Chichon     04.04.1982, 10-15 mln.T. 

a(rand.)=0.000273(t-1927)+0.0147 
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Fig. 5.5 

 

Variations of relative (a/a) values of atmospheric aerosol optical depth 

from January 1980 till December 1990 in Anaseuli. Arrows and numbers 

indicate volcanic eruptions and amounts of emitted aerosols according to 

the data of [84]. 

1 -  St. Helens     18.05.1980, 0.32-0.5 mln.T. 

2 -  Ulawun     10.1980, 0.25 mln.T. 

3 -  Alaid      27.04.1981, 0.5 mln.T. 

4 -  Nameless     01.1982, 1.0 mln.T. 

5 -  El Chichon     04.04.1982, 10-15 mln.T. 
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This confirms a considerable role of global anthropogenic RASAA 

emission sources in the air pollution in Georgia (Table 1.5). 

 

Table 5.6 

 

Corelation matrix for six actinometric stations of Georgia according to 

mean annual values of the atmospheric aerosol optical depth (upper right 

part) and a caused by strong random pollution sources (left lower part) 

 
Station Tbilisi Telavi Tsalka Anaseuli Senaki Sokhumi 

Tbilisi 1 0.92 0.87 0.87 0.83 0.84 

Telavi 0.61 1 0.81 0.84 0.86 0.81 

Tsalka 0.63 0.47 1 0.75 0.71 0.72 

Anaseuli 0.58 0.50 0.39 1 0.81 0.89 

Senaki 0.46 0.57 0.31 0.51 1 0.89 

Sokhumi 0.49 0.38 0.32 0.69 0.70 1 

 

Table 5.7 

 

Variations of anthropogenic emissions of aerosols (Table 2.4) and mean 

value of the anthropogenic component of  a in Georgia in 1985-1990 

(normed per 1986) 

 
            Year 

Parameter 
1985 1986 1987 1988 1989 1990 

a(anthr.) % 99.6 100 99.3 96.8 95.9 93.6 

Aer. em. % 93.4 100 97.0 92.4 85.8 80.3 

 

 Finally it is noteworthy that the approach used in this chapter for the 

estimation of the background, random and anthropogenic components of 

the atmospheric aerosol optical depth is not very rough. For example in 

Tbilisi (Table 5.5) the share of the anthropogenic component of a in the 

total value of the atmospheric aerosol optical depth in 1971-1990 amounted 

approximately to 60%. This figure is in a good agreement with the 

analogous estimation of the aerosol content over Tbilisi, carried out in 

Chapter 3. The share of the anthropogenic a in its total value at the global 

scale is 45% (Table 1.1). A similar figure (44%) is observed at the station 

Tsalka in 1971-1990 (Table 5.5), which also confirms a satisfactory 

accuracy of the mentioned method. 
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5.4 The monthly variations of the atmospheric pollution in some regions 

of Georgia in 1928-1990. 

 

 

Investigation of the monthly variations of the mean monthly values 

of the atmospheric aerosol optical depth are of a considerable interest. 

 Fig. 5.6 presents the mean monthly variations of a in 1928-1990 at 

three actinometric stations of Georgia. Fig. 5.7 presents the dynamics of the 

mean monthly values of a for the same three actinometric stations in three 

time periods from 1928 till 1990. The figures show that the highest level of 

the atmospheric pollution and its increase rate is observed in Tbilisi, the 

lowest - in Tsalka. In Western Georgia (Anaseuli) the variations of the 

atmospheric pollution level is quite homogeneous for the whole territory. a 

values are lower here than in Tsalka. The a variations (Fig. 5.6-5.7) have a 

clear seasonal profile with a maximum in the summer (mainly in July) and 

a minimum in the winter. The highest increase rate of a in Georgia is 

observed in the summer (Fig. 5.3, Table 5.2). 

 Table 5.8 presents the data on the occurrence of the mean monthly a 

values in three periods for the six actinometric stations of Georgia. 

According to the scale of air pollution presented in Table 5.1, for various 

regions of Georgia the following picture is observed: in 1928-1950 a "clean 

atmosphere" (a0.110) was on the whole territory of Georgia. In 1951-

1971 a considerable growth of the air pollution occurred. The pollution 

level up to the gradation "clean atmosphere" amounted approximately to 

86% of cases in Tbilisi, 87% in Telavi and Sokhumi, 91% in Anaseuli, 

93% in Senaki. "Clean atmosphere" practically remained in Tsalka - 99% 

of cases. In 1971-1990 the pollution level increased intensively again. In 

Tbilisi the atmospheric pollution level up to the gradation "clean 

atmosphere" amounted already to only 32% of cases, while in Telavi - 

38%. In Western Georgia "clean atmosphere" was still observed in more 

than a half of cases (Anaseuli - 53%, Senaki - 66%, Sokhumi - 55%). In 

Tsalka the occurrence of the mean monthly values up to this gradation 

amounted to 79%. 

 The biggest amplitude of the mean monthly variations of a in 1971-

1990 was observed in Tbilisi (all 9 gradations of atmospheric pollution, 

Table 5.1). In Tsalka this amplitude varied within I-VII, while in other 

towns - within I-VIII gradations. In the mentioned time period the highest 

occurrence was observed for "slightly turbid" in Tbilisi, "clean" and 

"slightly turbid" in Telavi, "very clean" in other towns. 

 In comparison to the second period in 1971-1990 considerable 

inhomogenities of the a distribution according to the gradations (Table 5.8) 

took place. For example, in the second period at all six stations one  
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(a) 

(b) 

(c) 

 

Fig 5.6 

 

Variations of mean monthly values of atmospheric aerosol optical depth in 

1928-1990 in (a) Tsalka, (b) Anaseuli, (c) Tbilisi 
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(a) 

(b) 

(c) 

 

Fig 5.7 

 

Monthly variations of mean monthly values of atmospheric aerosol optical 

depth averaged for three 20 year periods in (a) Tsalka, (b) Anaseuli, (c) 

Tbilisi. 1 - 1928-1950; 2 - 1951-1970; 3 - 1971-1990. 
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Table 5.8 

 

Occurrence of mean monthly values of a in three time periods for six 

stations of Georgia. I) 1928-1950; II) 1951-1970; III) 1971-1990 (%) 

 
      a 

 

Periods 

0.010 

0.050 

0.051 

0.080 

0.081 

0.110 

0.111 

0.130 

0.131 

0.150 

0.151 

0.190 

0.191 

0.230 

0.231 

0.310 

0.311 

0.325 

Tbilisi 

I 65.22 31.16 3.62       

II 15.00 41.67 29.17 6.67 3.75 3.75    

III 1.67 11.67 18.33 13.75 11.25 21.67 15.42 5.00 1.25 

Telavi 

I 67.03 26.45 6.52       

II 32.92 31.67 22.50 8.33 3.33 0.83 0.42   

III 3.75 15.00 19.17 13.33 12.08 19.17 12.50 5.00  

Tsalka 

I 70.29 29.71        

II 50.42 40.83 7.50 1.25      

III 26.67 28.33 25.42 12.08 5.42 1.25 0.83   

Anaseuli 

I 72.10 27.54 0.36       

II 42.92 30.42 17.50 7.92 1.25     

III 9.17 22.92 20.83 14.17 11.67 14.58 5.42 1.25  

Senaki 

I 65.22 32.61 2.17       

II 34.17 35.00 23.33 6.67 0.83     

III 13.75 25.83 25.00 9.17 6.67 12.08 6.67 0.83  

Sokhumi 

I 68.84 29.35 1.81       

II 33.33 30.00 23.33 7.92 5.42     

III 8.75 26.67 19.17 15.42 12.92 12.92 3.75 0.42  

 

Table 5.9 

 

Corelation matrix of mean monthly values of a for Tbilisi in 1928-1990  

 
Mont

h 

I II III IV V VI VII VIII IX X XI XII 

I 1 0.825 0.797 0.865 0.889 0.844 0.797 0.779 0.781 0.712 0.845 0.794 

II  1 0.851 0.817 0.891 0.811 0.880 0.852 0.815 0.788 0.823 0.835 

III   1 0.862 0.813 0.804 0.842 0.842 0.794 0.741 0.820 0.863 

IV    1 0.902 0.869 0.860 0.822 0.829 0.846 0.859 0.873 

V     1 0.915 0.910 0.908 0.865 0.830 0.869 0.888 

VI      1 0.843 0.821 0.857 0.805 0.881 0.889 

VII       1 0.924 0.872 0.840 0.838 0.873 

VIII        1 0.843 0.815 0.820 0.839 

IX         1 0.872 0.929 0.866 

X          1 0.848 0.865 

XI           1 0.905 

XII            1 

 

extremum was observed, while in the third period one extremum was 

observed only in Tsalka. In other towns two extrema of the a distribution 

were detected, one of which was in the II or III gradation, while the other 

one in the gradation "slightly turbid atmosphere". 
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 Table 5.9 presents a corelation matrix of the mean monthly values of 

a for all months in 1928-1990 in Tbilisi. The table shows that a high 

corelation is observed among all months. This verifies a high stability of 

the aerosol pollution of the atmosphere. In addition this matrix can be used 

for prediction of mean monthly values of the air pollution by means of the 

data of observations in previous periods. 
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Chapter VI 

 

Estimations of the effect of some RASAA on the direct and diffuse 

solar radiation regime in Georgia 

 

6.1 Methods of the calculation of the direct and diffuse solar radiation 

 

 The process of the transfer of electromagnetic radiation in disperse 

media is described by the following equation: 

 

 












I)k('d)'s,s,z()'s,z(I

4
kE

z

Icos
  (6.1) 

 

Considering the atmosphere as a disperse media and the Sun as a radiation 

source the parameters of the equation acquire the following sense: I - 

irradiance of the direct monochromatic Sun radiation on a surface 

perpendicular to the rays, E - irradiance of the thermal monochromatic 

radiation of the atmosphere, z - vertical coordinate directed upwards (the 

atmosphere is considered to be a plane homogeneous system, therefore the 

parameters of (6.1) do not change along x and y axes),  - density of the 

media at the z elevation, k - absorption, while  - diffusion coefficients, 

(z,s,s') - scattering indicatrix at the z elevation in the s direction, when a 

ray comes from the s' direction in the atmosphere, d' - space angle in the 

s' direction. 

 If the terms corresponding to the diffuse and thermal radiation are 

neglected, the equation has the form: 

 

I)k(
z

Icos









    (6.2) 

 

whose solution with the boundary condition 

 

0z
II 


     (6.3) 

 

is 
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

 z

dz)k(m
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where 



cos

1
m , while the expression 




z

dz)k(  represents the 

atmospheric optical depth in the vertical direction beginning from the z 

elevation. If this expression is designated by , then it is composed of the 

following components: 

 

aCOOz 23
      (6.5) 

 

where aCOOz ,,,,
23

   are respectively the optical depths of an ideally 

clean atmosphere, ozone, carbon dioxide, water vapour and atmospheric 

aerosols. 

 They can be determined by the following formulas: 

 

)z(Ae00879.0 h

z

09.4
z 


    (6.6) 

 

 - wavelength (mcm), h - reduced height of the  atmosphere (~ 8 km), 

A(z) - considers the nonisothermity of the free atmosphere. 

 

uk
33 OO       (6.7) 

 

3Ok - absorption coefficient of ozone in a narrow range of wavelengths, 

while u - total ozone in the atmosphere (atmcm).  

 

vk
22 COCO        (6.8) 

 

2COk  and v - absorption coefficient and total content of carbon dioxide.  

 

  k       (6.9) 

 

k  and  - absorption coefficient and total content of water vapour. 

 

      



a

a               (6.10) 

 

a - aerosol extinction coefficient. 

 After determining the corresponding optical depths by (6.2-6.10) the 

integral irradiance on a surface perpendicular to the radiation direction can 

be calculated by the following expression: 
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

 
0

)(m
0 de)(I)m(I            (6.11) 

 

At a given m the irradiance of the direct solar radiation on a horizontal 

surface is determined by the equation 

 

          cos)m(I)m('I             (6.12) 

 

I'(m) is calculated for five values of m at 6
30

, 9
30

, 12
30

, 15
30

, 18
30

 o'clock 

and then considering the times of the sunrise and sunset daily sums are 

determined. Ranges of the division of the integral according to wavelengths 

and the absorption coefficients in the corresponding ranges and also the 

values of the solar constant (I0) are given in [133]. 

 In order to test the model monthly sums of the direct solar radiation 

on a horizontal surface under the clear sky conditions were calculated for 

1954, 1960 and 1965 in Tbilisi. The results are presented in Fig. 6.1 a,b,c 

and Table 6.1 

 

Table 6.1 

Comparison of the calculated and actual monthly sums of the direct solar 

radiation (MJ/m
2
) 

 
 1954 1960 1965 

Month Actual Calc. Diff. % Actual Calc. Diff. % Actual Calc. Diff. 

% 

1 191.90 192.32 -0.22 214.53 184.36 14.06 178.49 188.13 -5.40 

2 313.83 267.74 14.69 308.38 274.45 11.01 274.45 275.28 -0.31 

3 530.04 499.87 5.69 390.93 531.71 -36.01 442.46 513.69 -16.10 

4 626.41 624.73 0.27 667.89 603.36 9.66 559.37 601.27 -7.49 

5 623.05 710.21 -13.99 748.33 622.22 16.85 653.22 609.23 6.74 

6 696.80 714.81 -2.58 711.46 621.38 12.66 692.61 607.13 12.32 

7 602.52 670.82 -11.34 670.82 604.62 9.87 653.22 581.99 10.90 

8 532.55 588.70 -10.54 624.73 544.70 12.81 580.32 523.75 9.75 

9 514.95 495.26 3.82 457.97 503.64 -9.97 461.74 504.06 -9.17 

10 320.95 392.18 -22.19 355.73 318.86 10.37 358.66 325.56 9.23 

11 212.85 271.93 -27.76 233.38 206.57 11.49 228.36 213.69 6.42 

12 155.03 175.14 -12.97 134.08 157.54 -17.50 174.30 156.71 10.10 

Year 5320.88 5603.29 -5.31 5518.23 5173.39 6.25 5257.19 5100.49 2.98 
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(a) 

(b) 

(c) 

 

Fig. 6.1 

Actual (dashed curve) and calculated values of the monthly sums of the 

direct solar radiation in Tbilisi: a - 1954, b - 1960, c - 1965 
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 Mathematical modeling of the diffuse radiation in the atmosphere is 

based on the solution of the integral differential equation (6.1) using 

boundary conditions. In the approximation of the nonpolarization of the 

radiation and a nonradiating atmosphere the equation has the following 

form [120]: 

 























H
Hz0z

z0 q);ss(S R 

SD

           (6.13) 

 

here  
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






 

R S D
 

 

and  ,q,,,,z,  and S  represent respectively the irradiance function, 

elevation from the ground, zenith angle cosine, azimuth, scattering 

indicatrix, albedo of the underlying surface, media density and solar 

constant. The boundary conditions in (6.13) physically mean that outside 

the atmosphere the downward radiation equals to the solar constant, while 

the upward radiation near the ground complies with the s.c. Lambert low, 

i.e. is the same in all directions and equals to the flux of the downward 

radiation per a space angle unit. 

 For practical calculations it is convenient to introduce new variables 

and namely using the following equation: 

 

    dz)k(d              (6.14) 

 

where  is the optical depth of the atmosphere, the differential and integral 

operators in (6.13) have the form: 

 

         






 'ds)'s,s,()'s,()(;1 S D           (6.15) 

 

where 





k
)(  represents the s.c. scattering albedo and actually 

determines the share of the extinction by scattering in the total extinction. 

 It is impossible to solve (6.13) analytically and therefore numerical 

methods should be used. The traditional way of the solution represents the 
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s.c. method of iterations according to scattering multiplicity [120]. Its 

scheme has the form: 

 

      )( 0
)N(1)1N(  

SD            (6.16) 

 

In order to get (6.16) explicitly, the solution of (6.13) should be rewritten in 

a semi-analytical form. Integrating a differential equation of the first order 

easily gives: 
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    (6.17) 

 

where   and   represent respectively the upward and downward 

radiation functions, ]1,0[ , ]0,1[ , while )ss(S 00
 

  

and 


 
HH

qR .  

 Let us reduce (6.17) to a form convenient for numerical calculations. 

With this purpose the  argument of   and   functions is incremented 

by an arbitrarily small value   and the following designations are 

introduced: 
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It gives: 
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Finally introducing a grid }s,{ ji  an iteration scheme is derived: 
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here the upper index in parentheses designates the number of an iteration. 

 The condition of stopping the iterations is : 

 

        


 

)N(

)N()1N(

              (6.21) 

 

where   is an arbitrarily small number. During computer calculations due 

to large computing errors at big N-s the process may not converge. 

Therefore along with (6.21) the following condition is also used: 
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where 
a

H  is the absorption part of the optical depth. (6.22) follows from 

the energy conservation low: a sum of the reflected, transmitted and 

absorbed radiation should be equal to the initial radiation flux. 

 The scattering indicatrix was borrowed from [145]. It has the 

following analytical form: 

 

     );009.0e(
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3 3
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




                    (6.23) 

 

where R  can be calculated by (6.6), while  is the optical depth of the 

atmosphere. 

 Finally in order to test the model in Fig. 6.2 a and b and Table 6.2 the 

actual and calculated diffuse radiation values under the clear sky conditions 

for 1980 and 1981 in Tbilisi are given. 
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Table 6.2 

Comparison of actual and calculated diffuse radiation values for 12
30

 

o'clock in Tbilisi (KW/m
2
) 

 
 1980 1981 

Month Actual Calc. Diff. % Actual Calc. Diff. % 

1 0.120 0.079 34 0.076 0.080 -05 

2 0.120 0.101 16 0.113 0.100 12 

3 0.120 0.104 13 0.126 0.123 2 

4 0.190 0.173 9 0.150 0.143 5 

5 0.150 0.173 -15 0.118 0.159 -35 

6 0.170 0.198 -16 0.175 0.144 18 

7 0.210 0.253 -20 0.136 0.137 -1 

8 0.130 0.195 -50 0.153 0.139 9 

9 0.110 0.140 -27 0.132 0.116 12 

10 0.110 0.110 0 0.147 0.111 24 

11 0.070 0.060 15 0.082 0.093 -13 

12 0.090 0.071 21 0.077 0.073 5 

 

(a) 

(b) 

 

Fig. 6.2 

Actual (dashed curve) and calculated values in Tbilisi of the diffuse 

radiation in Tbilisi. a - 1980, b - 1981  
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6.2 The effect of atmospheric aerosols on the attenuation of the direct 

solar radiation in Georgia 

 

 In this part of the book using the methods of the calculation  of the 

solar radiation (part 6.1) and the data on the atmospheric aerosol optical 

depth (part 5.3) the results of the estimations of the aerosol attenuation of 

the direct solar radiation in Georgia from 1928 to 1990 are presented. The 

ozone content in the atmosphere was considered constant and equaled to 

0.3 atmcm. The water vapour content was calculated using the mean 

annual values of the air humidity according to the method [133]. The 

calculations were carried out for 12
30

 o'clock. 

 

Fig. 6.3 

Attenuation of the direct solar radiation by aerosol components, nonaerosol 

components of the atmosphere and real atmosphere in 1928-1990 in Tbilisi 

 

 Fig. 6.3 and 6.4 present the dynamics of the mean annual values of 

the direct solar radiation attenuation by various aerosols, nonaerosol 

components and real atmosphere in 1928-1990 in Tbilisi and Tsalka 

respectively. An analogous picture is observed for the other 4 actinometric 

stations of Georgia (Telavi, Anaseuli, Senaki, Sokhumi). 

 Fig. 6.3 and 6.4 show that an increase of the direct solar radiation 

attenuation in the atmosphere during the last 20-30 years is caused by an 

increase of the anthropogenic aerosol content. Other factors (nonaerosol 

components, aerosols generated by background and random sources) cause 

though sometimes strong but still short-term variations of the direct solar 

radiation attenuation and have little effect on the long-term variations. 

However it should be mentioned that in Tsalka despite a quite clear 

increasing trend in the direct solar radiation attenuation, it does not yet 
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affect the whole atmospheric attenuation dynamics. This is caused by the 

fact that in Tsalka in comparison to the other five stations the atmospheric 

pollution level is considerably lower, besides this station is located at 1457 

m above the sea level, due to which the effect of the atmospheric aerosols 

on the solar radiation attenuation is considerably less in comparison to the 

other atmospheric components. 

 

 

 

 

 

Fig. 6.4 

 

Attenuation of the direct solar radiation by aerosol components, nonaerosol 

components of the atmosphere and real atmosphere in 1928-1990 in Tsalka 

 

 The dynamics of the direct solar radiation attenuation was 

approximated linearly: 

 

y = a  (t - 1927) + b (6.24) 

 

where t is a year from 1928 to 1990, y - approximated attenuation, while a 

and b - empirical coefficients. 

 Table 6.3 presents the values of a and b coefficients from (6.24) for 

the aerosol and total atmospheric attenuation at the six actinometric stations 

of Georgia. 
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 A comparison of a coefficients for the aerosol and total atmospheric 

attenuation shows that on the Georgian territory the increase of the direct 

solar radiation attenuation is mainly determined by the anthropogenic 

aerosols. It may be seen also that in the case of Tsalka the atmospheric 

aerosols do not yet dominate in the direct solar radiation variations at this 

station. 

 

Table 6.3 

Values of a and b coefficients from (6.24) for the aerosol and total 

atmospheric attenuation at the six actinometric stations of Georgia 

 
 Tbilisi Telavi Tsalka Anaseuli Senaki Sokhumi 

Coefficient a b a b a b a b a b a b 

Aerosol attenuation 3 30 2.6 20 0.6 17 2.6 37 2.4 53 2.5 45 

Atmospheric 

attenuation 

2.9 458 2.6 439 0.4 378 2.6 495 2.4 523 2.3 515 

 

 According to Table 6.3 the mean annual aerosol attenuation in Tbilisi 

in 1990 increased by 279% in comparison to 1928, which corresponds to an 

increase of the total atmospheric attenuation by 37% in the same period. In 

Telavi the same values amount to: 289% and 35%; in Tsalka - 156% and 

6%; in Anaseuli - 234% and 31%; in Sokhumi - 208% and 27%; in Senaki - 

181% and 26%. According to this at five actinometric stations of Georgia 

(except of Tsalka) in 1928-1990 an increase of the aerosol attenuation at 

the average 2-2.5 times caused an increase of the total atmospheric 

attenuation approximately by a third. 

 It is interesting to check how significant statistically the mentioned 

attenuation is. With this purpose in Table 6.4 the mean annual values of the 

total atmospheric attenuation of the direct solar radiation averaged for three 

20 year periods are presented together with their corresponding dispersions 

in the ultraviolet, visible and infrared wavelength ranges. 

 The table shows that in Tbilisi, Telavi, Anaseuli, Senaki and 

Sokhumi the increase in the total atmospheric attenuation of the direct solar 

radiation is statistically significant in all mentioned wavelength ranges, 

while in Tsalka does not exceed the ranges of the mean square deviation. It 

should be mentioned also here that the increase of the aerosol attenuation 

of the direct solar radiation in Tsalka is doubtless. Simply it does not have a 

considerable effect on the total atmospheric attenuation variations. 
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Table 6.4 

Values of the direct solar radiation attenuation (W/m
2
) in various regions of 

Georgia in three twenty year periods 

 
Period Range Tbilisi Telavi Tsalka Anaseuli Senaki Sokhumi 

 

1928- 

1950 

UV 654 633 573 652 672 663 

Vis. 13717 12412 9110 14010 15311 14614 

IR 2938 2856 24128 3236 33118 3316 

Total 49528 47219 38936 52818 55128 54321 

 

1951- 

1970 

UV 663 663 583 683 692 683 

Vis. 16017 14816 9710 16412 17712 17416 

IR 3048 2928 24416 3326 3437 3375 

Total 53027 50626 39929 56420 58919 57922 

 

1971- 

1990 

UV 732 703 603 723 733 723 

Vis. 21719 19322 1108 21322 21729 21324 

IR 3279 31310 22912 35110 35813 35010 

Total 61729 57634 39917 63634 64844 63536 

 

 Table 6.5 gives the results of the calculations of the ratio of the 

aerosol and total atmospheric attenuation of the direct solar radiation 

averaged for the period 1928-1990 to the values in 1928. 

 

Table 6.5 

Increase of the mean attenuation of the direct solar radiation in 1928-1990 

in comparison to 1928 (%) 

 
Attenuation Range Tbilisi Telavi Tsalka Anaseuli Senaki Sokhumi 

 

Aerosol 

UV 268 260 150 226 174 189 

Vis. 276 286 152 231 178 205 

IR 289 302 169 242 188 221 

 

Total 

UV 17 18 8 17 14 15 

Vis. 87 90 33 74 61 71 

IR 18 16 4 13 12 9 

 

 Thus, according to Tables 6.4 and 6.5 in Georgia the increase of the 

atmospheric pollution in 1928-1990 caused a considerable decrease in the 

direct solar radiation irradiance. This effect manifested itself most 

intensively in Tbilisi and Telavi. The least attenuation of the direct Solar 

radiation was observed at station Tsalka. 
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6.3 Effect of the variability of some RASAA on the short-wave solar 

radiation fluxes. 

 

 Short-wave direct (S) (also on a horizontal surface (S')) and diffuse 

(D) solar radiation coming to the Earth's surface depend on the content in 

the atmosphere of water vapour () and ozone (u), optical depth of 

atmospheric aerosols (a) and also the albedo of the underlying surface (Ak) 

(for D) [2,133]. Schemes of the calculation of S, S' and D considering , u, 

a and Ak are given in 6.1. In 6.2 the direct solar radiation attenuation was 

studied depending on a and considering the total ozone invariability (u=0.3 

atmcm) and inconsiderable variations of water vapour. In particular it 

turned out that an increase in a from 0.025 to 0.200 (for the wavelength 

=1 mcm the direct solar radiation attenuation increases linearly. 

 In this part the results of S, S' and D calculations are presented for a 

wide range of variations of atmospheric aerosol (a) and ozone content at 

various levels of  and Ak. The mentioned calculations are carried out for 

January and July for the conditions of Tbilisi. 

 Fig. 6.5 a and b give the dependence of S' on the atmospheric aerosol 

optical depth at various values of  and for u=0.3 atmcm in January and 

July respectively. Fig. 6.6 a and b present the dependence of the diffuse 

radiation (D) on the atmospheric aerosols optical depth at various values of 

water vapour and short-wave albedo (Ak) in January and July. Finally Fig. 

6.7 a and b present the dependence of the total radiation (Q=S'+D) on the 

atmospheric aerosol optical depth at various values of  and Ak and for 

u=0.3 atmcm. All calculations were carried out for the clear sky 

conditions. Mean monthly values of S', D and Q are given in Mj/m
2
. 

 As the calculations showed, S and S' depend considerably on  and 

a and insignificantly on the total ozone. Diffuse radiation increases 

significantly with a and Ak. D does not depend on the total ozone. The 

total radiation decreases with a and increases with Ak (Fig. 6.5-6.7, Table 

6.6). The dependence of S and S' on u and D on Ak has a linear character at 

fixed values of  and a. S, S', D and Q variations at variations of u from 

0.2 to 0.4 atmcm and Ak from 0.1 to 0.7 are presented in Table 6.6. As the 

table shows the relative differences %100
3.0

4.02.0



 

u

uu

S

SS
 and  %100

'

''

3.0

4.02.0



 

u
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S

SS
 

vary at various values of a and  in January and July from 0 to 2.4%. The 

effect of the underlying surface albedo on D relative difference variations 

are much more considerable. D values in January and July vary from 2.3 

to 11.8% at various values of a and  (Table 6.6). Finally, the effect of Ak 

on Q variations for u=0.3 atmcm and various values of a and  are not 

considerable - 1.3-3.4%.  
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(a) 

 

(b) 

 

Fig. 6.5 

Dependence of the direct solar radiation on a horizontal surface on the 

atmospheric aerosol optical depth at various values of water vapour and for 

the total ozone 0.3 atmcm. a - January, b - July 
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(b) 

 

Fig. 6.6 

Dependence of the diffuse solar radiation on the atmospheric aerosol 

optical depth at various values of water vapour and albedo  

a - January, b - July. 
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(a) 

(b) 

 

Fig. 6.7 

Dependence of the total solar radiation on the atmospheric aerosol optical 

depth at various values of water vapour and albedo.  

Total ozone is 0.3 atmcm. a - January, b - July. 
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Table 6.6 

Variations of S and S' - (X) and D and Q - (Y) 

%100
3.0

4.02.0



 


u

uu

X

XX
X ; %100

5.0

3.07.0



 


k

kk

A

AA

Y

YY
Y  (January) 

%100
2.0

1.03.0



 


k

kk

A

AA

Y

YY
Y , (July). u=0.3 atmcm 

 
January 

 g/cm2 a S(%) S'(%) D(%) Q=(S'+D)(%) 

0.5 0.05 1.7 1.2 9.1 2.3 

0.35 0.9 1.2 5.1 2.8 

1.65 0.05 1.8 1.5 11.5 3.2 

0.35 1.2 0.0 5.6 3.2 

2.8 0.05 2.0 2.4 11.8 3.4 

0.35 1.9 1.7 4.7 2.8 

July 

1.2 0.05 1.2 0.9 9.3 1.4 

0.35 0.8 0.8 3.6 1.4 

3.5 0.05 1.4 1.0 7.7 1.3 

0.35 0.9 0.6 3.5 1.5 

5.8 0.05 1.4 1.1 8.8 1.6 

0.35 1.2 1.0 3.6 1.5 

 

 

The calculation results enabled to establish empirical expressions for 

calculating the direct and diffuse solar radiation considering the water 

vapour and ozone content in the atmosphere and optical depth of 

atmospheric aerosols. The expressions have the following form: 

 

Jan.: S=(19.9


uexpa




Jul.: S=(39.7


uexpa

Jan.: S'=(7.0


uexpa


   (6.25) 

Jul.: S'=(27.0


uexpa




Jan.: D=4.60





Ak


lna 

Jul.: D=13.0





Ak


lna 

 

where S, S' and D are in Mj/m
2
 per day;  is in g/cm

2
; u(O3) is in atmcm; 

January: 0.5    2.8, 0.3  Ak  0.7; July: 1.2    5.8, 0.1  Ak  0.3;  

0.2  u  0.4; 0.05  a  0.35. 
k
1+kln, if kln<<1 and in this case the 

expressions (6.25) can be considerably simplified. 

 Using (6.25) it is possible with quite a high precision (Table 6.7) to 

calculate S, S', D and Q values at stations where actinometric observations 

are not carried out. Therefore they have a significant practical value in 

determining the radiation fluxes. 
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Table 6.7 

Accuracy of (6.25) expressions with respect to the calculated values of S, S' 

and D. ( %100
x

Cv


 ); n - number of cases. 

Jnuary July 

S S' D S S' D 

n=27 n=27 

0.85 0.73 1.4 0.94 0.33 4.1 

 

 Thus, the main factors affecting the solar radiation attenuation are 

atmospheric aerosols and water vapour. S and S' decrease 2.0 - 2.3 times 

with an increase in a from 0.05 to 0.35 in January at  from 0.5 to 2.8 

g/cm
2
 and 1.5 - 1.7 times in July, at  values from 1.2 to 5.8 g/cm

2
. S and 

S' decrease 1.3 - 1.4 times with an increase in  from 0.5 to 2.8 g/cm
2
 in 

January and 1.2 - 1.3 times in July with an increase from 1.2 to 5.8 g/cm
2
 at 

a values from 0.05 to 0.35. 

 Variations of the diffuse radiation depend first of all on the aerosol 

optical depth, then on the albedo of the underlying surface and finally on 

the water vapour content. Besides a and Ak increase causes a D increase, 

while it decreases versus . 

 The main factors affecting the total radiation in the atmosphere are 

water vapour and atmospheric aerosols. Thus an increase in a from 0.05 to 

0.35 causes a decrease in Q approximately 1.22 times for  values from 0.5 

to 2.8 g/cm
2
 and Ak values from 0.3 to 0.7 in January and 1.1 times for  

from 1.2 to 5.8 g/cm
2
 and Ak from 0.1 to 0.3 in July. Q decreases 1.25 

times with an  increase from 0.5 to 2.8 g/cm
2
 in January and 1.21 times at 

 from 1.2 to 5.8 g/cm
2
 in July (Ak varies from 0.3 to 0.7 and from 0.1 to 

0.3 respectively) at a values from 0.05 to 0.35. 

 Finally using the expressions (6.25) it is possible to estimate the 

decrease of the total solar radiation near the ground in various regions of 

Georgia as a result of the atmospheric pollution elevation in the period 

from 1928 till 1990. The results of the calculations are presented in Table 

6.8. It is noteworthy that the mean values of , Ak and u for the 

corresponding stations in the periods indicated in the table differ 

insignificantly from each other. 

 This table shows that at the end of 1980-s due to an increase of the 

atmospheric pollution on the whole Georgian territory a decrease  of the 

total radiation Q occurred in comparison to the periods with a "very clean" 

atmosphere (Table 5.1). The increase of the aerosol pollution of the 

atmosphere occurred mainly due to an increase in its anthropogenic 

component and also some increase in the random component (Part 5.3). 

Considering the results presented in Table 5.4 it is possible to estimate the 

share of the anthropogenic component in the variations of the atmospheric 

aerosol optical depth in Table 6.8. In January in Tbilisi this share amounted 
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to 100%, in Telavi - 80%, in Tsalka - 67%, in Western Georgia - at the 

average 70%. In July in Tbilisi and Telavi the share of the anthropogenic 

increase in a amounted to about 89%, in Tsalka - 68%, in Western Georgia 

- 83%. Correspondingly the decrease Q due to the anthropogenic increase 

in a amounts in January: in Tbilisi to 2.2, in Telavi to 1.1, in Tsalka to 0.5, 

in Western Georgia to 0.6 W/m
2
, while in July: to 12.5, 11.5, 5.5 and 7.5 

W/m
2
 respectively. 

 

Table 6.8 

Aerosol effect of the decrease of the total solar radiation near the ground in 

various regions of Georgia in 1986-1990 in comparison to the period with a 

"very clean" atmosphere. 12 aa
QQQ   , W/m

2
. 

 
 January July 

Stations Period a1 a2 Q Period a1 a2 Q 

Tbilisi Beginning 

of 1950-s 

0.050 0.100 -2.2 Beginning 

of 1930-s 

0.060 0.220 -14 

Telavi Middle of 

1960-s 

0.050 0.080 -1.4 Middle of 

1960-s 

0.070 0.220 -13 

Tsalka Middle of 

1970-s 

0.050 0.065 -0.8 Middle of 

1970-s 

0.050 0.150 -8.0 

W.Georgia 

(Anaseuli, 

Senaki, 

Sokhumi) 

End of 

1960-s 

Beginning 

of 1970-s 

 

0.050 

 

0.070 

 

-0.8 

End of 

1960-s 

Beginning 

of 1970-s 

 

0.060 

 

0.175 

 

-9.0 

 

 In Tbilisi the share of the anthropogenic sulphate component of a 

amounts approximately to 20% of its total anthropogenic component    

(Part 3.2). Therefore the decrease of Q due to the anthropogenic sulphates 

in Tbilisi may be estimated as 2.5 W/m
2
 in July and 0.4 W/m

2
 in January. 

The value Q for January coincides with the mean global decrease of the 

sulphate component of radiative forcing (Table 1.2). In the Central Europe 

and over Eastern China, where the industry is developed considerably more 

than in Georgia, the decrease of the sulphate radiative forcing in July 

equals respectively to 11 and 7.2 W/m
2
 [73,74]. In the future it is planned 

to specify the mentioned estimations with allowance to the variations of 

water vapour, ozone in the atmosphere and also the albedo of the 

underlying surface. 
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Conclusion 

 

 The present book is a result of many years of the investigations of 

some radiatively active small atmospheric admixtures  (RASAA) in 

Georgia. 

 A detailed analysis of the particularities of the variations of the 

anthropogenic RASAA emissions in Georgia during the last two decades 

has been made. Thus, the share of various RASAA components in the 

period of 1991-1996 in comparison to 1980-1990 amounted to: CO2 - 

35.1%, CH4 - 51.7%, N20 - 48.1%, NOX - 36.0%, CO - 39.9%, SO2 - 

32.7%, aerosols (sulphates, nitrates, soot, solid emissions) - about 30%. 

This is related to a considerable fall-down in the industry of Georgia after 

the collapse of the former USSR. Correspondingly in industrial cities the 

near-ground concentrations of dust, CO, SO2, NOX decreased. Thus, in 

Tbilisi in the period from 1991 till 1996 in comparison to the previous six 

year period the content of dust and CO amounted to 60%, NOX - 44%, SO2 

- 9%. The content of the near-ground ozone increased on the contrary by 

42%. In the same time period in comparison to 1985-1990 the amount of 

the generated secondary sulphate condensation nuclei decreased four times. 

 The vertical distribution of the number concentration of aerosols 

with sizes more than 0.35 mcm in radius has been studied for various 

regions of Georgia. In particular it was shown that within the lower five 

kilometer atmospheric layer the size distribution of aerosols is quite steady 

and varies little with elevation and under the influence of cloudiness. 

However at days with cumulus clouds in comparison to cloudless days the 

mass of aerosols in the lower five kilometer layer increases approximately 

1.4 times, while at days with clouds of various types including cumulus - 

2.5 times. 

 A scheme of the interaction of atmospheric aerosols and convective 

clouds and also generation in the atmosphere and clouds of condensation, 

crystallization nuclei and ice crystals with allowance to ionization and 

electrization processes occurring in the atmosphere has been proposed. 

 The variations of total ozone from 1973 till 1995 have been studied. 

It was shown that in the mentioned period of time both in Georgia and in 

neighbouring regions (Odessa, Samara, Ashgabad, Alma-Ata) negative 

trends of total ozone both for the mean monthly and for the mean annual 

values were observed. 

 A detailed analysis of the spatial-temporary characteristics of the 

aerosol optical depth of the atmosphere a over Georgia has been carried 

out. For the whole territory of Georgia from 1928 till 1990 considerable 

positive trends of the aerosol optical depth of the atmosphere, determined 

by an increase in the anthropogenic pollution of the atmosphere, were 

observed. Estimations of the dynamics of the background, anthropogenic 
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and random components of the aerosol optical depth of the atmosphere 

were given. Thus, if in 1928-1950 in various regions of Georgia the share 

of the anthropogenic component of a amounted to 3-9% of its total value, 

in 1971-1990 this share amounted to 44-63% (Tsalka and Tbilisi 

respectively). 

 For the estimation of the atmospheric pollution by the aerosol optical 

depth a nine grade scale has been used. The representativity of the scale 

was confirmed by an increase of the mortality by cardio-vascular diseases 

in Tbilisi versus an increase of a values in the scale. 

 Calculations of the effect of some RASAA on the direct and diffuse 

solar radiation in Georgia have been carried out for the clear sky 

conditions. In particular it was shown that as a result of an increase in the 

atmospheric pollution level in 1990 in comparison to 1928 in Tbilisi the 

attenuation of the direct solar radiation increased by 37%, in Telavi by 

35%, in Western Georgia (Anaseuli, Senaki, Sokhumi) by 28%, in Tsalka 

by 6%. Estimations of the effect of the variations of water vapour, ozone, 

aerosols in the atmosphere and underlying surface albedo on the short-

wave solar radiation were given. In particular, by the end of 1980-s due to 

the anthropogenic increase in the atmospheric pollution  in January the 

short-wave radiation in Tbilisi decreased by 2.2 W/m
2
, in Telavi by 1.1 

W/m
2
, in Western Georgia by 0.6 W/m

2
, in Tsalka by 0.5 W/m

2
. In July 

this decrease amounted respectively to: 12.5, 11.5, 7.5 and 5.5 W/m
2
. 
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ãàñéåìà 

 

 üèìàëãäáàðä ëíìíâðàôèà üàðëíàãâäìñ ñàõàðçåäêíøè æíâèäðçè 

ðàãèàúèóêàã àõòèóðè ëúèðä àòëíñôäðóêè ëèìàðäåèñ 

ëðàåàêüêèóðè éåêäåäáèñ øäãäâñ. 

 ëí÷åàìèêèà ñàõàðçåäêíøè àë ëèìàðäåäáèñ àìçðíîíâäìóðè 

äëèñèäáèñ çàåèñäáóðäáäáèñ ãàüåðèêäáèçè àìàêèæè áíêí íðè 

àçüêäóêèñçåèñ. àñä, ðàãèàúèóêàã àõòèóðè ëúèðä àòëíñôäðóêè 

ëèìàðäåäáèñ ñþåàãàñþåà øäëàãâäìêèñ äëèñèäáèñ üèêëà 1991-1996 

üêäáèñ îäðèíãøè 1980-1990 üêäáçàì øäãàðäáèç øäàãâèìà: 35.1%, 

CO2-ñçåèñ, 51.7% CH4-ñçåèñ, 48.1% N2O-ñçåèñ, 36.0% NOX-ñçåèñ, 

39.9% CO-ñçåèñ, 32.7% SO2-ñçåèñ, 30% àäðíæíêäáèñçåèñ 

(ñóêôàòäáè, ìèòðàòäáè, ýåàðòêè, ë÷àðè âàëíìàáíêõåè). äñ 

ãàéàåøèðäáóêèà ñàõàðçåäêíøè üàðëíäáèñ ëìèøåìäêíåàìè 

ãàõåäèçäáèç ñàáýíçà éàåøèðèñ ãàøêèñ øäëãäâ. øäñàáàëèñàã, 

ñàëðäüåäêí õàêàõäáøè ëèüèñîèðà ¾àäðøè øäëúèðãà ëòåðèñ, CO-ñ,  

SO2-èñ ãà NOX-èñ øäëúåäêíáà. àñä, çáèêèñøè 1991-1996 üêäáèñ 

îäðèíãøè üèìà äõåñ üäêçàì øäãàðäáèç ëòåðèñà ãà CO-ñ øäëúåäêíáàë 

øäàãâèìà 60%, NOX - 44%, SO2 - 9%. ëèüèñîèðà íæíìèñ øäëúåäêíáà, 

îèðèõèç, âàèæàðãà íçþÿäð 42% - èç. àëàåä îäðèíãøè 1985-1990 

üêäáçàì øäãàðäáèç íçþÿäð øäëúèðãà ëäíðàãè ñóêôàòóðè 

àäðíæíêäáèñ üàðëíõëìà. 

 øäñüàåêèêèà 0.35 ëéë-æä ëäòè ðàãèóñèñ ëõíìä àäðíæíêäáèñ 

çåêàãè éíìúäìòðàúèèñ åäðòèéàêóðè âàìàüèêäáà ñàõàðçåäêíñ 

ñþåàãàñþåà ðäâèíìèñ çàåæä. éäðûíç, ãàãâèìãà, ðíë àòëíñôäðíñ 

õåäãà þóçéèêíëäòðèàìè ôäìèñ ôàðâêäáøè àäðíæíêäáèñ æíëäáèñ 

ëèþäãåèç âàìàüèêäáàñ ñàéëàðèñàã ëãâðàãè þàñèàçè àõåñ ãà ìàéêäáàã 

èúåêäáà ñèëàöêäñçàì äðçàã ãà öðóáêèàìíáèñ âàåêäìèç. çóëúà, 

âðíåà öðóáêèàì ãöääáøè óöðóáêí ãöääáçàì øäãàðäáèç 

àäðíæíêäáèñ ëàñà õåäãà þóçéèêíëäòðèàì ôäìàøè èæðãäáà 

ãààþêíäáèç 1.4-ÿäð, þíêí ñþåàãàñþåà òèîèñ (ëàç øíðèñ âðíåà) 

öðóáêèàì ãöääáøè - 2.5-ÿäð. 

 øäëíçàåàæäáóêèà àòëíñôäðóêè àäðíæíêäáèñà ãà éíìåäõòóðè 

öðóáêäáèñ óðçèäðçõëäãäáèñ ãà, àñäåä, àòëíñôäðíøè ãà öðóáêäáøè 

éíìãäìñàúèèñ, éðèñòàêèæàúèèñ áèðçåäáèñ ãà ÷èìóêèñ éðèñòàêäáèñ 

üàðëíõëìèñ áêíé-ñõäëà àòëíñôäðíøè èíìèæàúèèñà ãà äêäõòðèæàúèèñ 

îðíúäñäáèñ âàçåàêèñüèìäáèç. ìàùåäìäáèà, ðíë ëûêàåð éíìåäõòóð ãà 

ñàäêýäõí öðóáêäáñ ëìèøåìäêíåàìè üåêèêè øäàõåç îèðãàîèð ãà 

àðàîèðãàîèð ðàãèàúèóê äôäõòäáøè. 

 âàëíéåêäóêèà íæíìèñ ñàäðçí ðàíãäìíáèñ åàðèàúèäáè 1973-

1995 üêäáøè. ìàùåäìäáèà, ðíë ãðíèñ àë îäðèíãøè ðíâíðú 

ñàõàðçåäêíøè, èñäåä àþêíëãäáàðä ðäâèíìäáøè (íãäñà, ñàëàðà, 

àøþàáàãè, àêëà-àòà) ãàèëæèðäáíãà íæíìèñ ñàäðçí ðàíãäìíáèñ 
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óàð÷íôèçè òðäìãè, ðíâíðú ñàøóàêí ñäæíìóðè, èñä ñàøóàêí 

üêèóðè ëìèøåìäêíáäáèñçåèñ. 

 ùàòàðäáóêèà àòëíñôäðóêè àäðíæíêäáèñ íîòèéóðè 

ñèëéåðèåèñ a-ñ ñèåðúóê ãðíèçè ëàþàñèàçäáêäáèñ ãàüåðèêäáèçè 

àìàêèæè ñàõàðçåäêíñ òäðèòíðèèñçåèñ. ìàùåäìäáèà, ðíë ëçäêè 

ñàõàðçåäêíñçåèñ 1928-1990 üêäáøè ãàèëæèðäáíãà àòëíñôäðóêè 

àäðíæíêäáèñ íîòèéóðè ñèëéåðèåèñ ëìèøåìäêíåàìè ãàãäáèçè 

òðäìãäáè, ðíëêäáèú àòëíñôäðíñ àìçðíîíâäìóðè âàýóý÷èàìäáèç è÷í 

âàìîèðíáäáóêè. ëí÷åàìèêèà àäðíæíêäáèñ íîòèéóðè ñèëéåðèåèñ 

ôíìóðè, øäëçþåäåèçè ãà àìçðíîíâäìóðè ëãâäìêäáèñ ãèìàëèéèñ 

øäôàñäáà. àñä, çó 1928-1950 üêäáøè ñàõàðçåäêíñ ñþåàãàñþåà 

ðäâèíìøè a-ñ àìçðíîíâäìóðè ëãâäìêèñ üèêè ëèñ ñàäðçí 

ëìèøåìäêíáàøè 3-9%-ñ øäàãâäìãà, 1971-1990 üêäáøè äñ üèêè 44 - 

63%-ëãä (üàêéà ãà çáèêèñè øäñàáàëèñàã) âàèæàðãà. 

 àòëíñôäðóêè àäðíæíêäáèñ íîòèéóðè ñèëéåðèåèñ 

ëìèøåìäêíáäáèç àòëíñôäðóêè âàýóý÷èàìäáèñ ãíìèñ øäñàôàñäáêàã 

øäëíçàåàæäáóêè èõìà úþðà ãèàîàæíìèàìè ñéàêà. ñéàêèñ 

ðäîðäæäìòàòóêíáà ãàãàñòóðãà õ. çáèêèñøè âóê-ñèñþêûàðöåçà 

ãààåàãäáäáèç âàëíüåäóêè ñèéåãèêèàìíáèñ æðãèç a-ñ 

ëìèøåìäêíáäáèñ ñéàêàøè ëí÷åàìèêè âðàãàúèäáèñ ëèþäãåèç æðãàñçàì 

äðçàã.  

 ùàòàðäáóêèà æíâèäðçè ðàãèàúèóêàã àõòèóðè ëúèðä 

àòëíñôäðóêè ëèìàðäåèñ ëæèñ îèðãàîèðè ãà âàáìäóêè ðàãèàúèèñ 

ðäïèëæä âàåêäìèñ çäíðèóêè âàëíçåêäáè ñàõàðçåäêíñ 

òäðèòíðèèñçåèñ ëíüëäìãèêè úèñ îèðíáäáøè. éäðûíç, ìàùåäìäáèà, ðíë 

àòëíñôäðóêè âàýóý÷èàìäáèñ æðãèñ øäãäâàã 1990 üäêñ 1928 üäêçàì 

øäãàðäáèç çáèêèñøè ëæèñ îèðãàîèðè ðàãèàúèèñ øäñóñòäáà âàèæàðãà 

37%-èç, çäêàåøè 35%-èç, ãàñàåêäç ñàõàðçåäêíøè (àìàñäóêè, ñäìàéè, 

ñíþóëè) - 28%-èç, üàêéàøè - 6%-èç. ëí÷åàìèêèà ëæèñ ëíéêäòàêöèàì 

ðàãèàúèóê ìàéàãäáæä àòëíñôäðíøè ü÷êèñ íðçõêèñ, íæíìèñ, 

àäðíæíêäáèñ øäëúåäêíáèñ ãà õåäôäìèêè æäãàîèðèñ àêáäãíñ 

âàåêäìèñ øäôàñäáà. éäðûíç, ëèöäáóêèà, ðíë 1980-èàìè üêäáèñ áíêíñ 

àòëíñôäðíñ àìçðíîíâäìóðè âàýóý÷èàìäáèñ æðãèñ âàëí èàìåàðøè ëæèñ 

ëíéêäòàêöèàìè ðàãèàúèèñ èìòäìñèóðíáà øäëúèðãà çáèêèñøè 2.2 

åò/ë2-èç, çäêàåøè 1.1 åò/ë2-èç, ãàñàåêäç ñàõàðçåäêíøè 0.6 åò/ë2-èç, 

üàêéàøè 0.5 åò/ë2-èç. èåêèñèñ çåäøè äñ øäëúèðäáà øäñàáàëèñàã 

øäàãâäìãà: 12.5, 11.5, 7.5 ãà 5.5 åò/ë2-ñ. 
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Çàêëþ÷åíèå 
 
 

 Íàñòîÿùàÿ êíèãà ÿâëÿåòñÿ èòîãîì ìíîãîëåòíèõ 
èññëåäîâàíèé íåêîòîðûõ ðàäèàöèîííî-àêòèâíûõ ìàëûõ ïðèìåñåé 
â àòìîñôåðå (ÐÀÌÏÀ) â óñëîâèÿõ Ãðóçèè.  
 Ïðîâåäåí ïîäðîáíûé àíàëèç îñîáåííîñòåé èçìåíåíèÿ 
àíòðîïîãåííîé ýìèññèè ÐÀÌÏÀ â Ãðóçèè â òå÷åíèè ïîñëåäíèõ 
äâóõ äåñÿòèëåòèé. Òàê, äîëÿ ýìèññèè ðàçëè÷íûõ ñîñòàâëÿþùèõ 
ÐÀÌÏÀ â ïåðèîä ñ 1991 ïî 1996 ã.ã. ïî ñðàâíåíèþ ñ ïåðèîäîì ñ 
1980 ïî 1990 ã.ã. ñîñòàâèëà: äëÿ CO2 - 35.1%, CH4 - 51.7% N2O - 
48.1%, NOX - 36.0%, CO - 39.9%, SO2 - 32.7%, àýðîçîëåé 
(ñóëüôàòû, íèòðàòû, ñàæà, òâåðäûå âûáðîñû) - îêîëî 30%. Ýòî 
ñâÿçàíî ñ ñóùåñòâåííûì ïàäåíèåì â Ãðóçèè ïðîìûøëåííîãî 
ïðîèçâîäñòâà ïîñëå ðàñïàäà Ñîâåòñêîãî Ñîþçà. Ñîîòâåòñòâåííî â 
ïðîìûøëåííûõ ãîðîäàõ â ïðèçåìíîì ñëîå âîçäóõà óìåíüøèëîñü 
ñîäåðæàíèå ïûëè, CO, SO2, NOX. Òàê â Òáèëèñè â ïåðèîä ñ 1991 
ïî 1996 ã.ã. ïî ñðàâíåíèþ ñ ïðåäûäóùåé øåñòèëåòêîé ñîäåðæàíèå 
ïûëè è CO ñîñòàâëÿëî 60%, NOX - 44%, SO2 - 9%. Ñîäåðæàíèå 
ïðèçåìíîãî îçîíà, íàïðîòèâ, âîçðîñëî íà 42%. Â ýòîò æå 
ïðîìåæóòîê âðåìåíè ïî ñðàâíåíèþ ñ 1985-1990 ã.ã., êîëè÷åñòâî 
îáðàçóþùèõñÿ âòîðè÷íûõ ñóëüôàòíûõ ÿäåð êîíäåíñàöèè 
óìåíüøèëîñü â ÷åòûðå ðàçà. 
 Èçó÷åíî âåðòèêàëüíîå ðàñïðåäåëåíèå ñ÷åòíîé 
êîíöåíòðàöèè àýðîçîëåé ðàçìåðàìè áîëåå 0.35 ìêì ïî ðàäèóñó 
íàä ðàçëè÷íûìè ðàéîíàìè Ãðóçèè. Â ÷àñòíîñòè ïîëó÷åíî, ÷òî â 
ïðåäåëàõ íèæíåãî ïÿòèêèëîìåòðîâîãî ñëîÿ àòìîñôåðû 
ðàñïðåäåëåíèå àýðîçîëåé ïî ðàçìåðàì èìååò äîñòàòî÷íî 
óñòîé÷èâûé õàðàêòåð è ìàëî ìåíÿåòñÿ ñ âûñîòîé è ïîä âëèÿíèåì 
îáëà÷íîñòè. Îäíàêî â äíè ñ êó÷åâûìè îáëàêàìè ïî ñðàâíåíèþ ñ 
áåçîáëà÷íûìè äíÿìè ìàññà àýðîçîëåé â ïÿòèêèëîìåòðîâîì ñëîå 
àòìîñôåðû ðàñòåò ïðèìåðíî â 1.4 ðàçà, à â äíè ñ îáëàêàìè 
ðàçëè÷íûõ òèïîâ, âêëþ÷àÿ è êó÷åâûå - â 2.5 ðàçà. 
 Ïðåäëîæåíà áëîê-ñõåìà âçàèìîäåéñòâèÿ àòìîñôåðíûõ 
àýðîçîëåé è êîíâåêòèâíûõ îáëàêîâ, à òàêæå îáðàçîâàíèÿ â 
àòìîñôåðå è îáëàêàõ ÿäåð êîíäåíñàöèè, êðèñòàëëèçàöèè è 
ëåäÿíûõ êðèñòàëëîâ ñ ó÷åòîì ïðîòåêàþùèõ â àòìîñôåðå 
ïðîöåññîâ èîíèçàöèè è ýëåêòðèçàöèè. Ïîêàçàíî, ÷òî ìîùíûå 
êîíâåêòèâíûå è ãðîçîâûå îáëàêà ñïîñîáíû âíîñèòü ñóùåñòâåííûé 
âêëàä â ïðÿìûå è êîñâåííûå ðàäèàöèîííûå ýôôåêòû. 
 Èññëåäîâàíû âàðèàöèè îáùåãî ñîäåðæàíèÿ îçîíà â ïåðèîä ñ 
1973 ïî 1995 ã.ã. Ïîêàçàíî, ÷òî â óêàçàííûé ïåðèîä âðåìåíè êàê 
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â Ãðóçèè, òàê è â ïðèëåãàþùèõ ðåãèîíàõ (Îäåññà, Ñàìàðà, 
Àøõàáàä, Àëìà-Àòà) íàáëþäàþòñÿ îòðèöàòåëüíûå òðåíäû îáøåãî 
ñîäåðæàíèÿ îçîíà êàê äëÿ ñðåäíåñåçîííûõ, òàê è ñðåäíåãîäîâûõ 
çíà÷åíèé. 
 Ïðîâåäåí ïîäðîáíûé àíàëèç ïðîñòðàíñòâåííî-âðåìåííûõ 

õàðàêòåðèñòèê àýðîçîëüíîé îïòè÷åñêîé òîëùè àòìîñôåðû à íàä 
Ãðóçèåé. Ïîêàçàíî, ÷òî äëÿ âñåé òåððèòîðèè Ãðóçèè â ïåðèîä ñ 
1928 ïî 1990 ã.ã. íàáëþäàëèñü ñóùåñòâåííûå ïîëîæèòåëüíûå 
òðåíäû àýðîçîëüíîé îïòè÷åñêîé òîëùè àòìîñôåðû, 
îáóñëîâëåííûå ðîñòîì àíòðîïîãåííîãî àýðîçîëüíîãî çàãðÿçíåíèÿ 
àòìîñôåðû. Ïðèâåäåíû îöåíêè äèíàìèêè ôîíîâîé, ñëó÷àéíîé è 
àíòðîïîãåííîé ñîñòàâëÿþùåé àýðîçîëüíîé îïòè÷åñêîé òîëùè 
àòìîñôåðû. Òàê, åñëè â ïåðèîä ñ 1928 ïî 1950 ã.ã. â ðàçëè÷íûõ 

ðàéîíàõ Ãðóçèè äîëÿ àíòðîïîãåííîé ñîñòàâëÿþùåé à ñîñòàâëÿëà 
îò åå îáùåé âåëè÷èíû  3-9%, òî â ïåðèîä ñ 1971 ïî 1990 ã.ã. ýòà 
äîëÿ ñîñòàâëÿëà 44-63% (Öàëêà è Òáèëèñè ñîîòâåòñòâåííî).  
 Äëÿ îöåíêè óðîâíÿ çàãðÿçíåííîñòè àòìîñôåðû ïî 
çíà÷åíèÿì àýðîçîëüíîé îïòè÷åñêîé òîëùè àòìîñôåðû 
ïðåäëîæåíà äåâÿòè äèàïàçîííàÿ øêàëà. Ðåïðåçåíòàòèâíîñòü 
øêàëû ïîäòâåðæäàåòñÿ ðîñòîì ñïåðòíîñòè â Òáèëèñè îò ñåðäå÷íî 

ñîñóäèñòûõ çàáîëåâàíèé ñ ðîñòîì óêàçàííûõ â íåé çíà÷åíèé à ïî 
ãðàäàöèÿì.  
 Ïðîâåäåíû òåîðåòè÷åñêèå ðàñ÷åòû âëèÿíèÿ íåêîòîðûõ 
ÐÀÌÏÀ íà ðåæèì ïðÿìîé è ðàññåÿííîé ñîëíå÷íîé ðàäèàöèè â 
Ãðóçèè â ÿñíûå äíè. Â ÷àñòíîñòè ïîêàçàíî, ÷òî â ðåçóëüòàòå ðîñòà 
àýðîçîëüíîãî çàãðÿçíåíèÿ àòìîñôåðû â 1990 ãîäó ïî ñðàâíåíèþ ñ 
1928 ãîäîì â Òáèëèñè îñëàáëåíèå èíòåíñèâíîñòè ïðÿìîé 
ñîëíå÷íîé ðàäèàöèè óâåëè÷èëîñü íà 37%, â Òåëàâè íà 35%, â 
Çàïàäíîé Ãðóçèè (Àíàñåóëè, Ñåíàêè, Ñóõóìè) - íà 28%, â Öàëêå - 
íà 6%. Ïðèâåäåíû îöåíêè âëèÿíèÿ íà ïîòîêè êîðîòêîâîëíîâîé 
ñîëíå÷íîé ðàäèàöèè èçìåí÷èâîñòè ñîäåðæàíèÿ â àòìîñôåðå 
âîäÿíîãî ïàðà, îçîíà, àýðîçîëåé è âåëè÷èí êîðîòêîâîëíîâîãî 
àëüáåäî ïîäñòèëàþùåé ïîâåðõíîñòè. Â ÷àñòíîñòè ïîëó÷åíî, ÷òî ê 
êîíöó âîñüìèäåñÿòûõ ãîäîâ â ðåçóëüòàòå àíòðîïîãåííîãî ðîñòà 
àýðîçîëüíîãî çàãðÿçíåíèÿ àòìîñôåðû â ÿíâàðå ìåñÿöå 
èíòåíñèâíîñòü êîðîòêîâîëíîâîé ñîëíå÷íîé ðàäèàöèè 
óìåíüøèëàñü â Òáèëèñè íà 2.2 âò/ì2, â Òåëàâè íà 1.1 âò/ì2, â 
Çàïàäíîé Ãðóçèè íà 0.6 âò/ì2, â Öàëêå íà 0.5 âò/ì2. Â èþëå ìåñÿöå 
ýòî óìåíüøåíèå ñîîòâåòñòâåííî ñîñòàâèëî: 12.5, 11.5, 7.5 è 5.5 
âò/ì2. 
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