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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 CO,, CH,, N,O,
NOy, SO, 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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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?, 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°C, the
amount of precipitation - 1500-2500 mm. On the lowlands of Eastern
Georgia the mean annual air temperature is between 11 and 13°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°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
Thilisi 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 CO, 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, N,O, NOx, CO, SO, 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, SO,, NOx, O3), the data on the
anthropogenic RASAA emissions (CO;, CH4 NO, NOy, 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 CO,, CH4, N,O, CO,
SO;, NOy, aerosols in Georgia for the two last decades.

In the third chapter the data on the spatial-temporary variations of
CO, SO,, 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 |

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? of heat
radiation. Out of this amount 156.4 W/m? is absorbed by the Earth's
surface, while 80.8 W/m? - in the atmosphere [41].

The radiation balance of the Earth's surface equals at the average per
year to 104.7 W/m?, 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?. The total amount of the outgoing Earth's
long-wave radiation equals to the absorbed radiation amount (237.2 W/m?).
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?).

The energy of this balance is consumed for the evaporation (87.5
W/m?) and turbulent heat exchange between the Earth's surface and
atmosphere (17.2 W/m?). The atmosphere receives heat energy from three
sources: absorbed short-wave radiation (80.8 W/m?), vapour condensation
heat (87.5 W/m?), turbulent heat transfer flux from the Earth's surface (17.2
W/m?). The sum of these values amounts to 185.5 W/m? 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, CO,, aerosols, desertification, stratospheric
aerosols, soil humidity). At a scale of decades the priority is given to: 1)
CO,; 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 (CO;), methane (CHy,), nitrogen
protoxide (N,O), 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.

CO,;, CH,4 N;O, 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 CO, 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 CO, 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 CO, 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 N,O 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 N,O content in the air will amount to 350-
400 ppbv [74,78].

The total concentration of CFCl; and CF,Cl; 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
(SO,, CS,, H,S, etc.) and nitrogen (NOyx). 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]. lonizing 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 SO, 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 1,3 amounts to =45%. It is noteworthy also that the share of
anthropogenic sulphate aerosols in the value of 1,3 amounts to 19%, while
the share in the total emission being only 4.1%. The share of all sulphate
aerosols in g 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 1,
is only 26% (23% and 3% respectively). Industrial dust, nitrates, volcanic
dust, biological debris, soot particles do not contribute considerably in Ty
(about 13% in the aggregate). A more significant contribution in the T,
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 A=1.0 mcm
Tag = 0.055). These data are mainly in a good agreement with the data on t,q
and background values of 1, 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 1,4 due to the various types of aerosol particles [26,48,74].

Source Flux Ratio per Global Mass Global Ratio of
(Tglyr) Total Mean Extinction Mean Tag PET
Emission | Column | Coefficient | Qptjcal Total
(%) Burden | (HYdrated) | pogey o | value
(mgim? | (™79 (%)
Natural
Primary
Soil Dust 1500 43.72 32.2 0.7 0.023
(Mineral Aerosol)
Sea Salt 1300 39.70 7.0 0.4 0.003 29
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 102 2.97 2.8 5.1 0.014
Precursors, as
(NH,),S0,
Organic Matter from 55 1.60 2.1 5.1 0.011 26
Biogenic VOC
Nitrates from NOyx 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
Soot 8 0.23 0.2 10.0 0.002
(Elemental Carbon)
from Fossil Fuels 7
Soot from Biomass 5 0.15 0.1 10.0 0.001
Combustion
Secondary
Sulphates from SO, as 140 4.08 3.8 5.1 0.019
(NH4),SO4
Biomass Burning 80 2.33 3.4 5.1 0.017 38
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?® 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?
too. 'Zrhus, the total effect of the increase in F amounted to about +1.80
Wim-.
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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/m®

+

RASAA Wim? Ratio per F, RASAA W/m? Ratio per F.
(%) (%)
CO, 1.6 49 Stratospheric 0.10 7
Ozone
CH, 0.45 14 Sulphate 0.40 28
N,O 0.15 5 Biomass 0.20 14
Burning
Halocarbons 0.25 8 Tropospheric 0.75 52
(CFCs) Aerosols - (0+1.5)
Indirect Effect
Tropospheric 0.40 12
Ozone (0.2+0.6)
Fossil Fuel 0.10 3
Soot
Cl/Br 0.30 9
Direct
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? and 6.5 W/m? In addition the share of CO, 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?. 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/m®

+ -
RASAA 2050 2100 RASAA 2050 2100

CO, 3.80 5.80+6.30 Stratospheric 0.04 0
(66) (68+74) Ozone ) )
CH, 0.84 1.07 Sulphate 0.60 0.60
(15) (13) (29) (29)
N,O 0.36 0.53 Biomass 0.25 0.25
(6) (6) Burning (12) (12)
Halocarbons 0.11 0.22 Tropospheric 1.2 1.2
(CFCs) 2 3) Aerosols - (57) (59)
Indirect Effect
Tropospheric 0.50 0.57
Ozone (9) (7
Cl/Br 0.15 0.08
Direct (3) (1)
Total 5.76 8.27+8.77 Total 2.09 2.05
mean - 8.52

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 1592 [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?, from 1800 till 1900 -
0.12 W/m?, in 1900-2000 - 1.45 W/m?. In 2000-2100 the increase rate of F
values per century is expected to be within the ranges 2.4-6.1 W/m®. 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 CO; 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 °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° km?
[2,84]. In the beginning - middle of 1990-s the global anthropogenic CO,
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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/m*
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° T/year. The data on
the natural and anthropogenic aerosol emission are presented in Table 1.1
(3062 10° T/year and 369 10° T/year respectively) [74]. In Georgia, which
occupies a territory of about 70000 km?, the anthropogenic CO, emission in
the end of 1980-s was approximately 35 10° T/year [36]. The
anthropogenic aerosol emission (Chapter 11) at the average was about 484
10° 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°
km?) and by the mean man-inhabited territory (15 10° km?) with the
emizssions of the indicated admixtures from the Georgian territory (70000
km?).

Table 1.5

Emission of CO, and aerosols from 1 km? of territory (T/year) at the end
of 1980-s.

w Anthrop. CO, Natural Aerosols Anthrop. Aerosols
Territory
Mean Gloabal 50 6 0.7
Mean Global 1700 6 25
(Man-inhabited Areas)
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
CO, 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.

21



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 1, 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. N,O. 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 CO, 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°C + +6°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°C and >0-2°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 Thilisi 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 °C - >0.5 °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 °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°07' and 43°47' N.L. and 40°01' and 46°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 Thilisi,
Telavi, Sokhumi, Rustavi, Gardabani, Kaspi, Zestaponi, Kutaisi, Chiatura,
Batumi, Tkvarcheli. In this figure the location of six main (Thilisi, 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 1V).

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 CO,, CH,, N,O, NOy,
CO, NMVOC, SO,, 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 CO,, CH, and N,O. Nitrogen oxides, despite their sufficiently
high share in the total emission of "greenhouse" gases (9.4% in CO,
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 (e) and main anthropogenic RASAA
emission sources (o) on the Georgian territory. 1 - Thilisi (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 ( m) designates air pollution
control sites in relatively low polluted towns. 17 - Gori (588 m); 18 -
Akhaltsikhe (982 m); 19 - Marneuli (406 m); Sign (A) designates stations,
where total ozone measurements were carried out. 20 - Ruispiri (550 m); 21
- Abastumani (1700 m). There is a similar station in Thilisi.
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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)

26



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 Thilisi. 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, Thilisi, 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 CO, equiv. Ratio in CO,
per year thous. T per equiv. %
year

Carbon dioxide CO, 25000 25000 65.4
Methane CH, 300 6300 16.5
Nitrogen protoxide N,O 6.6 2050 5.4
Nitrogen oxides NOx 90 3600 9.4
Carbon oxide CO 430 1300 3.4
NMVOC 25

Sulphur dioxide SO, 170

Solid emissions 122

Soot 3.5

Sulphates from SO, 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.

28



Chapter |1

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 CO, emission in the mentioned period in Georgia
amounted to 37 min. tons. The main sources of anthropogenic CO,
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 CO; 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 N,O 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 N,O 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 NOyx 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 SO, 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 %.

CO; | CHs | N;O | NOx | CO | NMVOC | SO,
RASAA
T

ype of emission per year

1. Power industry 10919 | 0.206 | 0.037 | 27.00 3.02 0.794 93.80
1.1 Power production and heating (29.5) | (0.05) | (04) | (20.1) | (0.5) (1.7) (36.9)
1.2 Metal industry 6052 | 0.426 | 0.067 | 19.53 4.84 0.953 52.00

(16.4) | (0.11) | (0.7) | (14.6) | (0.8) (2.0) (20.5)
1.3 Chemical, celulose, paper | 1238 | 0.088 | 0.013 | 4.00 1.00 0.171 10.61

industry (3.3) | (0.02) | (0.15) | (3.0) | (0.15) (0.4) (4.2)
1.4 Food industry, drinks, tobacco 1330 | 0.094 | 0.015 | 4.29 1.06 0.184 11.42

(36) | (0.02) | (0.2 | (3.2 | (0.2 (0.4) (4.5)
1.5 Industry of building materials 1462 | 0.103 | 0.016 | 4.71 | 1.17 0.202 12.55

(4.0) | (0.03) | (0.2) | (35) | (0.2) (0.4) (4.9)
1.6 Machine industry and metal | 1469 | 0.103 | 0.016 | 4.74 | 117 0.203 12.61

processing (40) | (0.03) | (02) | (3.5) | (0.2) (0.4) (5.0)
1.7 Accomodational needs 4725 | 0.333 | 0.053 | 1524 | 3.78 0.652 38.6
(12.8) | (0.09) | (0.6) | (11.4) | (0.6) (1.4) (15.2)
1.8 Agriculture, forestry, fishery 2246 | 0.158 | 0.025 | 7.24 | 1.80 0.310 19.08
(6.1) | (0.04) | (0.3) | (54) | (0.3) (0.6) (7.5)
1.9 Transport and aviation 3778 | 0.600 | 0.055 | 39.42 | 313.0 35.73 2.2
(10.2) | (0.15) | (0.6) | (29.4) | (50.0) | (74.4) (0.9)
1.10 Emission from biomass 436 | 1573 | 0.011 | 0.37 | 22.95
(12) | (04) | (01) | (0.3) | (3.7)
1.11 Volatile emissions of fuel (coal, 106.6
oil, gas) (27.3)
2. Industrial processes 1181 | 0.300 | 1.397 | 0.37 1.82 8.49 1.04
(3.2) | (0.08) | (15.6) | (0.3) | (0.3) | (17.7) (0.4)
3. Forest use 1360 245 0.168 | 6.09 2125
(38) | (6.3) | (1.9) | (45) | (33.9)
4. Agriculture 806 | 106.7 | 7.085 | 0.96 | 57.94
(22) | (27.3) | (79.1) | (0.7) | (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 SO, 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 CO, in Georgia in 1991-1996
amounted to 13 min. tons. The main CO, 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 CO, emission. However, the share of CO,
emissions due to power and heat production and also accommodational fuel
consumption and transport increased considerably. At the same time the
CO; 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 %.

CO, | CH, | N;O | NOx | CO NMVOC | SO,

RASAA

Type of emission per year

1. Power industry 4673 | 0.087 | 0.016 | 11.40 1.27 0.336 39.63
1.1 Power production and heating (35.9) | (0.04) | (0.4) | (23.6) | (0.5) (10.2) | (47.7)
1.2 Metal industry 1207 | 0.085 | 0.013 | 3.84 0.95 0.168 10.32

(9.3) | (0.04) | (0.3) | (7.8) | (0.4) (5.1) (12.4)
1.3 Chemicals, celulose, paper | 147 | 0.008 | 0.002 | 0.47 | 0.12 0.02 1.24
industry (1.1) | (0.004) | (0.05) | (1.0) | (0.05) (0.6) (1.5)
1.4 Food industry, drinks, tobacco 293 | 0.021 | 0.003 | 0.93 0.23 0.040 2.48
(2.3) | (0.01) | (0.07) | (1.9) | (0.09) (1.2) (3.0)
1.5 Industry of building materials 113 | 0.008 | 0.002 | 0.36 | 0.09 0.015 0.96
(0.9) | (0.004) | (0.05) | (0.7) | (0.04) | (0.5) (1.2)
1.6 Machine industry and metal | 343 | 0.024 | 0.004 | 1.09 | 0.27 0.047 2.91

processing (26) | (0.01) | (0.09) | (2.3) | (0.1) (1.4) (3.5)
1.7 Accomodational needs 2015 | 0.140 | 0.022 | 6.42 1.59 0.274 16.7
(15.5) | (0.07) | (05) | (13.3) | (0.6) (8.3) (20.1)
1.8 Agriculture, forestry, fishery 957 | 0.067 | 0.011 | 3.05 | 0.76 0.129 8.12
(7.4) | (0.03) | (0.3) | (6.3) | (0.3) (3.9) (9.8)
1.9 Transport and aviation 1558 | 0.369 | 0.029 | 17.53 | 122.0 0.878 0.4
(12.0) | (0.2) | (0.7) | (36.3) | (48.8) | (26.6) (0.5)
1.10 Emission from biomass 58 0.200 | 0.002 | 0.06 | 3.00
(0.4) | (0.1) | (0.05) | (0.1) | (1.2)
1.11 Volatile emissions of fuel 32.95
(coal, ail, gas) (16.3)
2. Industrial processes 312 | 0.057 | 0.858 | 0.15 | 0.73 1.384 0.13
(2.4) | (0.03) | (19.9) | (0.3) | (0.3) (41.9) (0.2)
3. Forest use 731 8.900 | 0.060 2.93 77.95
(56) | (44) | (14 | (6.1) | (312)
4. Agriculture 593 | 73.87 | 3.291 | 0.07 | 41.38
(46) | (36.6) | (76.4) | (0.1) | (16.6)
5. Waste 85.18
(42.2)
Total 13000 202 431 48.3 250 3.3 83

Emissions of CH, 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 CH, 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 N,O 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 N,O 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 NOyx 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 SO, 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 SO,
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 SO, 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 CO; - 35.1%, CH,4 - 51.7%, N,O - 48.1%, NOx - 36.0%, CO - 39.9%,
NMVOC - 6.9%, SO, - 32.7%. It means that the emission of CO,, NOy,
CO and SO, in the second time period in comparison to the first one
decreased approximately three times, while CH; and N,O - two times.
Thus, in 1991-1996 in comparison to the previous period an increase in the
share of methane and N,O in the total "greenhouse" gas (CO,, CH4, N0,
NOyx, 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 CO, equivalent. The same picture gives the data on the total
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Fig. 2.1

Emission of greenhouse gases in Georgia in 1980-1996
in CO;, equivalent (mlIn. 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 CO, 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 CO, equivalent changed
inconsiderably. At the same time the share of N,O 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 CO, emission from 1km?
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 CO,, CH,, N,O, NOx and CO in
Georgia in 1980-1990 and 1991-1996 in CO; equivalent (thous. T).

w CO, CH, N,O NOx CcO Total
1) 1980-1990 37000 8211 2778 5360 1878 55227
Ratio per total emission (%) 67.0 14.9 5.0 9.7 3.4 100
I1) 1991-1996 13000 4242 1336 1932 750 21260
Ratio per total emission (%) 61.1 20.0 6.3 9.1 3.5 100
Ratio (11/1) (%) 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 CO; in the atmosphere in 1995 amounted to 27 min.
tons [71]. This is more than two times higher than the whole mean annual
anthropogenic CO, 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 Soot Secondary Aerosols Total Amount
Emissions Sulphates Nitrates of Emissions
from SO, from NOy
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 (1) 195 4.1 195 90 484
1991-1996 (I1) 48 >2.8 63 33 >147
/1 (%) 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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0.04

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 |11

Spatial-temporary characteristics of the distribution of some RASAA
in the troposphere over the Georgian territory

The information on the ertical 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 CO, 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, SO,,
NOy, 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, SO,, 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?, CO - from 2 to 5 mg/m®,
SO, - from 0.03 to 0.18 mg/m°, NOx - from 0.05 to 0.14 mg/m®, soluble
sulphates - from 0.010 to 0.040 mg/m®. The ozone concentration near the
ground at 15 o'clock at the average per year in 1985-1990 amounted to
0.038 mg/m°.

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”.

Town N on Dust CO SO, NOx Solvable
Fig.1.1 sulphates

Thilisi 1 0.5 5 0.11 0.09 0.015
Sokhumi 6 0.3 35 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, SO,, NOx and ozone from 07 till 21 o'clock
local time in Thilisi. 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 Thilisi [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
SO, 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 Thilisi of
dust amounts to 88-108% at 07 and 10 o'clock respectively; CO - 75-125%
at 07 and 13 o'clock; SO, - 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 Thbilisi the atmospheric ozone content
according to the data of 1984-1985 amounted at the average to 0.050
mg/m®, while in the village of Ruispiri (10 km to the West from Telavi) -
0.041 mg/m®. In other months (September-March) in Thilisi the ozone
content was 0.016 mg/m°®, in Ruispiri - 0.043 mg/m® [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, SO,, 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

(x max%X mmj-lOO%. As it follows from this table (with exception of dust

in Sokhumi and Rustavi, CO in Thilisi, Kutaisi and Batumi, NOyx in Batumi
and ozone in Thilisi) 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 Thilisi
(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 (%).

.w Dust CcO SOZ NO)( 03
Town
Thilisi 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, SO,, 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, SO,, NOx and ozone in Thilisi
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%, SO, - 9% and 27%, NOyx - 44% and
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43%. It means that the concentration of SO, 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, SO,, NOx, and ozone in the near-earth
atmospheric layer in Thilisi and Rustavi in 1991-1996 [60,69]. (In mg/m®).

Town Dust (0] SO, NOx O;
Thilisi 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 Thilisi 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 SO,
and ozone (0.53 and 0.1 mg/m® respectively) about 8.4 10° cm™® Aitken
nuclei were observed. A presence of radon in this mixture in the amount
7.4 Bk/m® increased the Aitken nuclei concentration in the air
approximately 2.9 times. Adding of ethilen in the concentration of 0.12
mg/m3 to a mixture humid air+SO,+0O3+radon increased the Aitken nuclei
concentration in comparison to a mixture humid air+SO,+0O3 7.9 times,
while to a mixture humid air+SO,+0Os+ethilen 4.4 times. In a mixture
humid air+SO,+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), SO,, 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%, SO, from 0.0045 to 0.025 mg/m®, the mean
value being 0.012 mg/m°, O, from 0.002 to 0.057 mg/m°, the mean value
being 0.022 mg/m®, ethilen from 0.0019 to 0.066 mg/m®, with the mean
value 0.016 mg/m®, radon from 0.3 to 5.0 Bk/m® with the mean value 2.2
Bk/m®. 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 SO, 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® conduces the formation from SO, 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 SO, and
radon concentration in the air considerably influence the concentration of
Aitken nuclei. A multiregression analysis showed that the aggregate
corelation between Na, SO, (Nso,) and radon (Ng,) concentration amounts
to +0.82. A multiregression equation of the dependence of the Aitken
nuclei concentration on the SO, and radon concentrations in Trombay has
the following form:

N, = (27 +2900N, +8.3Ny, )-10°cm (3.1)

where Ngo; is in mg/m?; Ng, - in Bk/m®.

The mentioned relation allows to estimate the contribution of each
component in the N variation. For example, for mean values of Nso,
(0.012 mg/m®) and Ng, values between the maximum and minimum (0.3-
5.0 Bk/m®) in Trombay the Aitken nuclei concentration may change from
66 10° to 104 10° cm™ (or 1.6 times). For mean values of Ng, and Nso,
values between the maximum and minimum N can be from 59 10° to 120
10° cm™ (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 ijon couples/cm®sec [40]. Radon, radium A and radium C' in the
equilibrium radon concentration 1.0 Bk/m® creates about 0.8 ion
couples/cm®sec. Thus in the near-ground layer in Trombay the ionization
intensity amounted at the average per month to 7.3 ion couples/cm®sec
with variations from 5.8 to 9.5 ion couples/cm®sec. This means that for
mean values of Nso, the growth of the ionization intensity in the near-
ground atmosphere in Trombay 1.6 times led to an increase of N also 1.6
times.

In Thilisi 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® [119].
Correspondingly the ionization intensity in the near-ground air in Thilisi
varies at the average per month approximately from 7.0 to 13 ion
couples/cm®-sec. The SO, and ozone content in Thilisi (Tables 3.1 and 3.4)
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Fig. 3.1
Trend of mean annual total tropospheric ozone in Thilisi in 1973-1995

is sufficient for secondary aerosol generation. Thus the conditions in
Trombay and Thilisi (at least for the last years) are quite similar. Following
this let's assume N, in Thilisi depends on Nso, and Ng, in the same way as
in Trombay (equation (3.1)). Then in 1985-1990 with the mean SO,
concentration in Thilisi 0.11 mg/m® the concentration Na of sulphate
aerosols amounted at the average per year to approximately 400 10° cm™,
whis[e in 1991-1996 with the mean SO, content 0.01 mg/m® - about 100 10°
cm”,

These estimations may be justified also by the following
calculations. The mass of sulphate aerosols of submicron sizes 0.2 107 -
0.4 10 mcm makes up about 5% of their total mass [2]. Correspondingly
in Thilisi in 1985-1990 the mean annual amount of sulphates is
approximately 0.75 mcg/m® (Table 3.1). The density of sulphate aerosols
equals to about 1.8 g/cm® [2]. Easy calculations show that for the Aitken
nuclei concentration in Thilisi 400 10* cm™ their weight content within the
mentioned submicron range could vary between 0.24-1.9 mcg/m®. Thus for
rough estimations of the sulphate condensation nuclei content near the
ground in Thilisi the expression (3.1) is quite acceptable. Correspondingly
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the decrease 11 times of the SO, content near the ground in Thilisi 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 Thilisi in 1991-1996.

Finally it should be noted that in Thilisi 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 AX in Thilisi 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 Thilisi in a nonindustrial area of Georgia. Therefore the difference
between the total ozone in Thilisi and Abastumani may be considered as a
characteristic of the tropospheric total ozone over Thilisi. As it follows
from the Fig. 3.1 in 1973-1995 over Thilisi a positive trend of AX values
was observed. Equations of linear regression relating AX values with time
has the form:

AX=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 Thilisi, Zestaponi and Kakheti. Over Thilisi
and Zestaponi the measurements were carried out in cloudless days. The
data of the measurements in Kakheti are divided in three groups: cloudless
days (1), sunny days with cumulus clouds (1I), sunny days with all types of
clouds including cumulus (I11). As it follows from Table 3.5 the content of
aerosols over Thilisi 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 Thilisi and Telavi in cloudless
days are approximately similar (31 < Cy < 57%). Over Zestaponi in the
same atmospheric layer the aerosol concentration variations are higher (48
< Cy £ 104%). In cloudy days the number concentration of aerosols over
Kakheti considerably increases and becomes practically the same as over
Thilisi 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 < Cy <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<2.0mcmandr> 2.0 mecm. 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 Thilisi 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
\ 05|10 | 15|20 | 25| 30| 35| 40 | 45 | 50
Param.
Thilisi cm? - 6.1 | 45 | 42 | 49 | 43 - 4.2 - 14
(clear days) N of cases - 10 11 11 11 10 - 4 - 1
c - 29 | 20 | 20 | 27 | 1.9 - 1.8 - -
cv (%) - | 48 | 44 | 48 | 55 | 44 | - | 43 | - -
Zestaponi cm? 110 33 | 29 | 26 | 27 | 27 | 1.5 | 18 - -
(clear days) N of cases 3 7 6 6 6 7 2 2 - -
c 89 |16 | 19| 18| 15|28 | 05| 06 - -
cv (%) 81 | 48 | 66 | 69 | 56 | 104 | 33 | 33 - -
Kakheti (1) cm”® - | 2821|1816 | 14|14 |12 |04] 04
(clear days) N of cases - 5 5 5 5 5 2 2 1 1
c - 12 |09 |07 |05]|08]| 14| 09 - -
cv (%) - 43 | 43 | 39 | 31 | 57 | 100 | 75 - -
Kakheti (1) cm® - 32 123 |18 |21 |28 |14 | 16 |22 | 23
(days with N of cases - 9 9 9 9 9 4 3 2 2
cumulus G - 12 [ 10|11 | 15|11 [ 08|04 |09 |20
clouds) cv (%) - |3 | 43 [ 61 | 71 | 39 | 47 | 25 | 41 | 87
Kakheti (111) cm™ 126 | 56 | 50 | 39 | 35 | 44 | 47 | 23 | 23 | 2.1
(days  with | N of cases 2 20 21 21 21 18 6 5 2 3
clouds of c 15 (34 (39|40 | 29| 35|65 | 11| 09| 16
various types cv (%) 12 | 61 | 78 | 103 | 83 | 80 | 138 | 48 | 39 | 76
incl.cumulus)

The size distribution of aerosols is often presented in the form of
Junge's distribution [76]

dN/dr=Cr ) (3.3)

where dN is the number of particles in the size range dr, C- constant. The
parameter 3 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 [3 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 3 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 Mean | Junge
05|11.0|15|20(25|30|35|4.0]|45]|5.0]inlayer | coeff.
05:50 | B
km
Thilisi 035:10 | - | 66 |64 |60 |61 |56 | - |69 - | 71| o4
o 10:20 | - | 25|27 | 26 |24 [ 30| - |21 | - |21 | 25 | 17
>2.0 9 |9 |14 15|14 - 10| -8 1
Zestaponi | 0.35:1.0 | 62 | 45 | 52 | 54 | 59 | 59 | 53 | 50 | - | - | 54
o 10-20 |27 |33 |28 |27 |26 303333 - | - | 30 | 15
>20 |11 |22 |20 | 19 | 15 |11 |14 | 17 | - | - | 16
Kakneti | 035:1.0 | - | 64 | 62 | 61 | 56 | 50 | 64 | 58 | 50 | 50 | 57
0 10:20 | - | 25| 24 [ 33 | 25| 29 |21 | 25| 25 | 25| 26 | 13
2.0 T 11 | 14| 6 |19 | 21| 15 | 17 | 25 | 25 | 17
Kakneti | 035:1.0 | - | 59 | 52 | 61 | 62 | 64 | 53 | 62 | 55 | 57 | 58
b 10:20 | - |22 |26 |22 |24 | 22 |29 | 25|30 | 25| 25 | 13
>2.0 ~ 19 |22 | 17 |14 | 14|18 | 18 | 15 | 18 | 17
Kakneti | 0.35:1.0 | 53 | 57 | 56 | 50 | 60 | 61 | 47 | 61 | 53 | 52 | 56
i 10-20 | 3L | 23 | 24 |26 | 23 | 20 | 21| 26 | 30 | 38 | 26 | 13
>20 | 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
Thilisi are borrowed from [95]. Using these data and assuming that the
aerosol density over Thilisi 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 Thilisi 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? 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 Thilisi). 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 Thilisi, 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 Thilisi [95] and calculated weight concentration of aerosols in the size
range 0.1 <r < 2.0 mcm over some regions of Georgia.

Measurement Calculation according to Table 3.5 and 3.6
Elev. sea lev. km Thilisi [95] Thilisi | Zestaponi | Kakheti(l) | Kakheti(ll) | Kakheti(I1l)
g/cm® | mg/em® mg/m®
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 | 0.5+3.0 km 240 140 112 50 64 131
layer | 0.5+5.0 km 190 140 66 90 165
(mg/m?)

The mean (r) and mean cubic (rs) radii of radiatively active aerosols
according to our estimations amount respectively: over Thilisi 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 Thilisi-Rustavi and Zestaponi my be
estimated to be 15 mg/m? and 16 mg/m? 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® [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]. 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 Thilisi (and Georgia in general) may be
estimated as ~ 100 mg/m?. Then using the data of Table 1.1, various
components of the atmospheric aerosol optical depth t, over Thilisi in the
visible wavelength range can be estimated by the following values: t, of
mineral aerosols ~ 0.070, of sulphates ~ 0.77, t, of anthropogenic aerosols
~ 0.150. The total value of t, for April amounts approximately to 0.300.
For the wavelength A=1.0 mcm these values amount to: 0.038, 0.042, 0.083
and 0.165 respectively. It is noteworthy that the values of t, for April
approximately equal to its mean annual values. The content of sulphates in
the atmospheric precipitation in Thilisi 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 Thilisi the atmospheric aerosol optical depth
exceeded its mean global value approximately three times (Table 1.1). At
the same time in Thilisi the share in t, of mineral aerosols amounted up to
23%, sulphates - 26%, industrial dust, nitrates, etc. - 50%. Considering that
almost a half of the sulphate t, is anthropogenic (Table 1.1), the share of
the anthropogenic component of the atmospheric aerosol optical depth in
Thilisi 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° m sec™. 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°. In this case
each second the aerosol emission from a square meter of the Earth's surface
amounts approximately to 1.7 10 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.

52



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 SO,, NOy, 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

Atmospheric Aerosols

Stratospheric Aerosols —

Tropospheric Aerosols

' Direct radiative forcing through Indirect radiative forcing
' reduction in surface insolation and: through modification of

" increase in atmospheric absorption: cloud and haze micro-
. of solar radiation 1 physical properties

Feedbacks in the
climate system

Climate response

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 Np were determined from the well-known
balance equation relating the formation and disappearing of light ions:

q-a'y’-BNay=0 (3.4)

where: q is the intensity of ion formation, y - the concentration of light
lions, o' - recombination coefficient, B' - 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 3'Na. Inasmuch as the value of ' for
clouds of the same type may be considered a constant N 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 a according to Student's criterium for differences
between N4 in the | and Il rows amounts to 0.2, in Il and 11l rows - to 0.25,
in I and I1l 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 | Condensation nuclei concentration N lonization intensity q (cm™sec™)
cases Na (%) G Cv(%) q G Cv(%)
I 12 100 33 33 5.75 0.37 6.4
I 5 125 40 32 6.4 0.22 3.4
I"ni 7 156 45 29 8.0 0.65 8.1

A direct dependence of N4 on q is observed under the conditions of a
high ionization. For example, calculations of N, 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*/sec to 1041 ion couples per
cm®/sec leads to an increase of N 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%, NH," - by
102%, SO,* - 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 (SO,, NOy, 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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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, SO,, 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, Thilisi 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 Thilisi
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° N.L. - 415 D.U. and 60° 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

60



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° N.L. and 22-77° E.L. The data of the
following stations were used: Abastumani, Thilisi, 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, Thilisi, 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° N.L. and 30-80° E.L.
1 - Thilisi, 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 - Thilisi, 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 Thilisi 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=Ug+K (1-1973)

where U and U, 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 t - years between
1973 and 1995. Table 4.1 presents the mean annual and seasonal calculated
values of Uy 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 Thilisi 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 Thilisi amounts
to -0.2%, while in Abastumani it equals -0.3%. This means that in Thbilisi
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 Thilisi 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,
iIsoprene, terpene, etc.) emitted by plants. As regards Thilisi, the global
reduction is compensated by smog ozone.

Table 4.1
Variations of total ozone in 1973-1995
Observation point Season TO - Usgro K K-%
D.U. D.U./year
Annual 334 -1.00 -0.30
Winter 353 -1.04 -0.29
Abastumani Spring 375 -1.32 -0.35
Summer 311 -0.50 -0.16
Autumn 306 -1.27 -0.42
Annual 340 -0.68 -0.20
Winter 341 -1.04 -0.30
Thilisi Spring 378 -0.50 -0.13
Summer 338 -0.54 -0.16
Autumn 308 -0.45 -0.15
Annual 369 -1.77 -0.48
Winter 347 -1.09 -0.31
Odessa Spring 408 -1.82 -0.45
Summer 355 -0.77 -0.22
Autumn 317 -0.41 -0.13
Annual 363 -0.73 -0.20
Winter 372 -1.36 -0.36
Samara Spring 409 -1.23 -0.30
Summer 363 -1.41 -0.39
Autumn 325 -0.91 -0.28
Annual 325 -1.35 -0.42
Winter 347 -1.04 -0.30
Ashkhabad Spring 352 -1.95 -0.55
Summer 308 -1.91 -0.62
Autumn 301 -1.18 -0.39
Annual 354 -1.09 -0.31
Winter 390 -1.36 -0.35
Alma-Ata 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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Mean annual (a), winter (b), spring (c), summer (d) and autumn (e) total
ozone variations in 1973-1995 (1 - Thilisi, 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 (t,). 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 t, 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 t, values are
given for the wavelength A=1 mcm and midday hours.

T, Was determined at six main actinometric stations of Georgia -
Thilisi, Telavi, Anaseuli, Senaki, Sokhumi, Tsalka and two auxiliary -
Kazbegi and Jvari Pass (Fig. 1.1). For Thilisi 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 t,
for 1928-1955 were recovered using the method [100,133] and data of
Thilisi. An application of these methods became possible due to high
corelations of the 1, data between the stations. Corelations between Thilisi
and other stations in those years, for which synchronous data on t, 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 (t,) 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 9 after going through an atmospheric mass m can be
expressed as:

I(m) = T I,(A)P(A,m)P,(A,m)dA (5.1)

where m=sec9; lg(A) - the spectral solar constant; P(A,m) - transmittance of
an "aerosol-free" atmosphere; P,(A,m) - transmittance of atmospheric
aerosols; A - wavelength.

If P(A,m) is known, then in (5.1) remains unknown P4(A,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 P, on A

P,(2,m) = exp(—%(ﬁ]n -m] (5.2)

A

where a and n represent the s.c Angstroem parameters, while ap and Ao 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 t, 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 I 1] v V VI VIl VIl IX
Ta <0.050 0.050+ 0.081+ 0.111+ 0.131+ 0.151+ 0.191+ 0.231+ | >0.310
0.080 0.110 0.130 0.150 0.190 0.230 0.310
Pollution Ideally Very Clean Mainly Normal Slightly Fairly Turbid Very
Level Clean Clean Clean Turbid Turbid Turbid

N310

290

280

270

250

L

30 0.231-0.310

Ta

Fig. 5.1

Dependence of the mortality due to cardiovascular diseases per million
inhabitants in Thilisi (N) on atmospheric pollution level (t,)

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 Thilisi 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 Thilisi 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 Thbilisi 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 t, 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 Thilisi in
1928-1965 1, increased linearly [122], while in 1965-1985 - exponentially
[39]. According to the specified data of the last years (Fig. 5.2 ¢) in 1986-
1990 some reduction of the t, values occurred. In order to compare with
the Thilisi data (the highest pollution level in Georgia) Fig. 5.2 a,b presents
the mean annual t, values for Tsalka (the lowest pollution level in Georgia)
and Anaseuli (a middle pollution level characteristic for Western Georgia).

Fig. 5.3 a, b, ¢ present the t, variations in 1928-1990 in Tsalka,
Anaseuli and Thilisi in the four seasons of a year.

As a first approximation the t, variations in Georgia may be
presented in a linear form:

L=at+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 t, variations in Georgia is the same for the whole territory of
Georgia - a gradual increase in 1928-1990. The highest increase rate of t,
(for both seasonal and annual values) is observed in Thilisi, while the
lowest in Tsalka. In Western Georgia (Anaseuli, Senaki, Sokhumi) the
pollution variations are not very considerable. t, here is lower than in
Eastern Georgia (Thilisi, 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 Thilisi, 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 Thilisi 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 (1,<0.110) was observed till: 1969 in Thilisi,
1973 in Telavi, 1984 in Anaseuli and Sokhumi, 1988 in Senaki. If the rate
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Variations of mean annual values of 1, in (a) Tsalka, (b) Anaseuli, (c)
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4 - background t, 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
\ Thilisi Telavi Tsalka Anaseuli Senaki Sokhumi
Mon./Seas.
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
]l 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
" 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
v 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
\Y 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
Vil 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
Vil 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
Xl 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
Xl 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 t, for six
regions of Georgia and Tibet (Mt. Qomolungma) [92], derived as a result
of observations carried out in 1966-1986, and also t, increase rates in
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Fig. 5.3

Variations of mean seasonal values of t, in (a) Tsalka, (b) Anaseuli, (c)
Thilisi 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 t, values amounted for the Jvari Pass to 0.066

(1969-1985) and for Kazbegi 0.049 (1955-1964).
Table 5.3

Mean values of t, and their increase rates in 1966-1986
in Georgia and Tibet

Station Thilisi Telavi Tsalka | Anaseuli Senaki Sokhumi Tibet
Elev. above 403 568 1457 158 40 116 6300
Sea Lev. (m)

Ta 0.127+ 0.120+ 0.073+ 0.096=+ 0.089+ 0.096+ 0.024+
(1966-1986) 0.037 0.031 0.017 0.035 0.033 0.033 0.009
T, Increase 2.7 5.7 2.8 4.8 5.0 3.7 1.8
Rate (%)

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 (Thilisi, 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 (1) is
invariable, therefore as a 1, value for a certain region is taken the minimum
T, 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 1, 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:

7, whent <T

4
_ A 3
Tantsb = - eB(‘1985‘t‘)3

(58 —[1985 - 1])2

whent>T (5'4)

where 1, is a background value of t, for any region, T - certain year, t -
years from 1928 to 1990, A and B - coefficients. Using T It IS Very easy
to find anthropogenic and background levels:

Tant = Tant+b = Tby Tr = Ta = Tant+bs

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 EI-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 Thbilisi level of pollution
in Telavi is in our opinion mainly caused by the transport of RASAA from
Thilisi, Rustavi, Kaspi, Gardabani (Fig. 1.1 and 1.2).

Table 5.4

Values of A and B coefficients and T and t, parameters of (5.4) for the six

actinometric stations of Georgia in 1928-1990

Station
Thilisi Telavi Tsalka Anaseuli Senaki Sokhumi
Parameter
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
T 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 Station Thilisi Telavi | Tsalka | Anaseuli | Senaki | Sokhumi | Mean for
(Years) Georgia
Backgr. | 0.023 | 0.015 | 0.016 0.020 0.021 0.016 0.019
Random | 0.019+ | 0.023+ | 0.020+ | 0.017+ | 0.021+ | 0.023+ 0.021+
0.012 | 0.011 | 0.005 0.009 0.007 0.008 0.008

1928- Anthr. | 0.004+ | 0.003+ | 0.001+ | 0.003+ | 0.002+ | 0.002+ 0.003+
1950 0.005 | 0.004 | 0.002 0.003 0.003 0.003 0.003
Total 0.046+ | 0.041+ | 0.038+ | 0.040+ | 0.044+ | 0.042+ 0.042+

0.013 | 0.012 | 0.005 0.009 0.008 0.009 0.009

Random | 0.020+ | 0.023+ | 0.020+ | 0.017+ | 0.021+ | 0.029+ 0.022+
0.013 | 0.010 | 0.006 0.010 0.007 0.007 0.009

1951- Anthr. | 0.037+ | 0.032+ | 0.016+ | 0.026+ | 0.024+ | 0.026+ 0.027+
1970 0.014 | 0.012 | 0.006 0.010 0.009 0.010 0.010
Total 0.080+ | 0.071+ | 0.051+ | 0.063+ | 0.066+ | 0.071+ 0.067+

0.020 | 0.013 | 0.008 0.012 0.011 0.014 0.013

Random | 0.032+ | 0.042+ | 0.028+ | 0.032+ | 0.025+ | 0.031+ 0.032+
0.018 | 0.017 | 0.014 0.021 0.021 0.021 0.019

1971- Anthr. | 0.090+ | 0.077+ | 0.035+ | 0.058+ | 0.056+ | 0.060+ 0.063+
1990 0.013 | 0.011 | 0.004 0.007 0.007 0.008 0.008
Total 0.144+ | 0.134+ | 0.079+ | 0.111+ | 0.102+ | 0.106+ 0.113+

0.023 | 0.025 | 0.015 0.025 0.028 0.025 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 Thilisi, 400% in Telavi, 180% in Tsalka,
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300% in Anaseuli, 315% in Sokhumi, 255% in Senaki. Thus, in the growth
of 7, 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 1, in Thilisi 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 t, 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 EI-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 t, 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 t, quite high
corelations are observed. This indicates that in the random component of t,
contribute mainly global sources of pollution.

At the same time local factors also considerably affect the random
levels of t,. 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 t, 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 t, 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 t, 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 Thilisi. 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 mIn.T.
2 - Nameless 30.03.1956, 4.9 mIn.T.
3- Agung 17.03.1963, 15 miIn.T,
4- Awu 12.08.1966, 4.4 min.T.
5-  Fuego 17.10.1974, 4.5 mIn.T.
6- ElChichon 04.04.1982, 10-15 mIn.T.
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Fig. 5.5

Variations of relative (t./At,) 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 miIn.T.
2- Ulawun 10.1980, 0.25 mIn.T.

3- Alaid 27.04.1981, 0.5 mIn.T.

4 -  Nameless 01.1982, 1.0 min.T.

5-  El Chichon 04.04.1982, 10-15 min.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 t, caused by strong random pollution sources (left lower part)

Station Thilisi Telavi Tsalka Anaseuli Senaki Sokhumi
Thilisi 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 1, in Georgia in 1985-1990
(normed per 1986)

w 1985 1986 1987 1988 1989 1990
P

arameter
ety %0 99.6 100 | 993 | 968 | 959 | 936
Aer.em.% | 934 100 | 97.0 | 924 | 858 | 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
Thilisi (Table 5.5) the share of the anthropogenic component of t, 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 Thilisi, carried out in
Chapter 3. The share of the anthropogenic T, 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 t, in 1928-1990 at
three actinometric stations of Georgia. Fig. 5.7 presents the dynamics of the
mean monthly values of t, 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 Thilisi, the
lowest - in Tsalka. In Western Georgia (Anaseuli) the variations of the
atmospheric pollution level is quite homogeneous for the whole territory. t,
values are lower here than in Tsalka. The t, 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 t, 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 t,
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™ (1,<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 Thilisi, 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
Thilisi 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 t, in 1971-
1990 was observed in Thilisi (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 Thilisi, "clean" and
"slightly turbid" in Telavi, "very clean" in other towns.

In comparison to the second period in 1971-1990 considerable
inhomogenities of the 1, 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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Fig 5.6

Variations of mean monthly values of atmospheric aerosol optical depth in
1928-1990 in (a) Tsalka, (b) Anaseuli, (c) Thilisi
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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)
Thilisi. 1 - 1928-1950; 2 - 1951-1970; 3 - 1971-1990.
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Table 5.8

Occurrence of mean monthly values of t, in three time periods for six
stations of Georgia. 1) 1928-1950; I1) 1951-1970; I11) 1971-1990 (%)

Ta 0.010+ | 0.051+ | 0.081+ | 0.111+ | 0.131+ | 0.151+ | 0.191+ | 0.231+ 0.311+
\ 0.050 0.080 0.110 0.130 0.150 0.190 0.230 0.310 0.325
Periods

Thilisi

| 65.22 | 31.16 | 3.62
] 15.00 | 41.67 | 29.17 | 6.67 3.75 3.75
I 1.67 | 11.67 | 18.33 | 13.75 | 11.25 | 21.67 | 15.42 | 5.00 1.25
Telavi

| 67.03 | 26.45 | 6.52
I 3292 | 31.67 | 2250 | 833 | 3.33 | 0.83 | 0.42
Il 3.75 | 15.00 | 19.17 | 13.33 | 12.08 | 19.17 | 12,50 | 5.00
Tsalka

| 70.29 | 29.71
I 50.42 | 40.83 | 7.50 | 1.25
Il 26.67 | 28.33 | 25.42 | 12.08 | 5.42 1.25 | 0.83
Anaseuli

| 72.10 | 27.54 | 0.36
I 4292 | 3042 | 1750 | 7.92 1.25
Il 9.17 | 22.92 | 20.83 | 14.17 | 11.67 | 1458 | 5.42 1.25
Senaki

| 65.22 | 32.61 | 2.17
I 34.17 | 35.00 | 23.33 | 6.67 | 0.83
1] 13.75 | 25.83 | 25.00 | 9.17 | 6.67 | 12.08 | 6.67 | 0.83
Sokhumi

I 68.84 | 29.35 | 1.81
I 33.33 | 30.00 | 23.33 | 7.92 | 542
Il 8.75 | 26.67 | 19.17 | 1542 | 12,92 | 12.92 | 3.75 | 0.42

Table 5.9

Corelation matrix of mean monthly values of t, for Thilisi in 1928-1990

Mont | 1 11 I\ \Y Vi Vil Vil IX X Xl Xl
h
| 1 0.825 | 0.797 | 0.865 | 0.889 | 0.844 | 0.797 | 0.779 | 0.781 | 0.712 | 0.845 | 0.794
1 1 0.851 | 0.817 | 0.891 | 0.811 | 0.880 | 0.852 | 0.815 | 0.788 | 0.823 | 0.835
11l 1 0.862 | 0.813 | 0.804 | 0.842 | 0.842 | 0.794 | 0.741 | 0.820 | 0.863
v 1 0.902 | 0.869 | 0.860 | 0.822 | 0.829 | 0.846 | 0.859 | 0.873
\Y 1 0.915 | 0.910 | 0.908 | 0.865 | 0.830 | 0.869 | 0.888
\ 1 0.843 | 0.821 | 0.857 | 0.805 | 0.881 | 0.889
Vil 1 0.924 | 0.872 | 0.840 | 0.838 | 0.873
Vil 1 0.843 | 0.815 | 0.820 | 0.839
IX 1 0.872 | 0.929 | 0.866
X 1 0.848 | 0.865
Xl 1 0.905
Xl 1

extremum was observed, while in the third period one extremum was
observed only in Tsalka. In other towns two extrema of the t, distribution
were detected, one of which was in the Il or Il 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
1, for all months in 1928-1990 in Thilisi. 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:

cos9 ol _ KE + ~— [1(z,8')y(z,5,8")do'~(k + o)l (6.1)
p 0z 4n

Considering the atmosphere as a disperse media and the Sun as a radiation
source the parameters of the equation acquire the following sense: | -
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), p - density of the
media at the z elevation, k - absorption, while o - diffusion coefficients,
v(z,s,8") - scattering indicatrix at the z elevation in the s direction, when a
ray comes from the s' direction in the atmosphere, dw' - space angle in the
s' direction.

If the terms corresponding to the diffuse and thermal radiation are
neglected, the equation has the form:

cosS A _ k4 o)l (6.2)
p 0z

whose solution with the boundary condition

‘Z:OO = IO (6'3)
IS
—mofp(k+cs)d2
=16 ° (6.4)
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1 : : <
where m:—S, while the expression jp(k+c)dz represents the
COS :

atmospheric optical depth in the vertical direction beginning from the z
elevation. If this expression is designated by t, then it is composed of the
following components:

T=1, +Tg, +Tco, + T +Ta (6.5)

where t,,70,,Tco, T Ta 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

1, =0.00879- 2749 .e h . A(2) (6.6)

A - wavelength (mcm), h - reduced height of the atmosphere (~ 8 km),
A(z) - considers the nonisothermity of the free atmosphere.

To3 = ko -u (67)

3

kog— absorption coefficient of ozone in a narrow range of wavelengths,
while u - total ozone in the atmosphere (atm-cm).

Tco, =Kco, 'V (6.8)
Kco, and v - absorption coefficient and total content of carbon dioxide.
¥ (6.9)

k., and o - absorption coefficient and total content of water vapour.

(6.10)

a
Ta = X
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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1(m) =Of|0(x) ce~™ My, (6.11)
0

At a given m the irradiance of the direct solar radiation on a horizontal
surface is determined by the equation

I'(m) =1(m) -cos 3 (6.12)

I'(m) is calculated for five values of m at 6*°, 9°°, 12%, 15%, 18* 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 (lg) 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 Thilisi. 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?)

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 27193 | -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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Fig. 6.1

Actual (dashed curve) and calculated values of the monthly sums of the
direct solar radiation in Thilisi: a - 1954, b - 1960, ¢ - 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]:

Dy =Sy
+ _ _ N
VoL =15,8(S—Sp); ¥ -

zg ZH

(6.13)

= quH \V+
here

a f 1 1 1 1 1 1
Dzu—+(k+c5)p;8\|/:c5ﬂ\|/(z,s )¥(z,5,8)ds"; R, y=— ”\V(ZH,S Ju'ds’;
0z P T

ds=dudp; Q=Q" U Q™ ={(n,9):ne[-11],9 €[0,2n]};

and v,z,1,9,7,0q,p 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:

dt=(k + o)pdz (6.14)

where 7 is the optical depth of the atmosphere, the differential and integral
operators in (6.13) have the form:

Dt= u% +1, Sy = co(r)ﬁ y(t,s")y(r,s,s")ds' (6.15)
Q

where (1) = 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:

y ™D =Dy ™ 4 ) (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:

T'—71 T

v (1,9) =}@H\V(r',s')y(r',s,s')ds'e n dv'+y, e n
oE e (6.17)

-1 TH—T
- - SHTE

v (t,8) = j jj (t,s)y(r,s,s)ds'e ! dr+y, ~-e
TH Q

where y* and ™ represent respectively the upward and downward
radiation functions, pn" €[01], n~ €[-10], while y* '+, =xS,;8(s—5g)
and y o, =qR_,v".

Let us reduce (6.17) to a form convenient for numerical calculations.

With this purpose the t argument of ™ and y~ functions is incremented

by an arbitrarily small value A and the following designations are
introduced:

T = ﬂ v(r,s)y(r,s,s')ds;

o) (6.18)
S™ = ” vy(t,s")y(t,s,s")ds;
o

It gives:
A
v (t+AS) =y (1,9) € KA. CO()[ STy +STyT;
) w (6.19)
v ErAy (9ot —A- 2D sty asmy,
L n

Finally introducing a grid {;,s;} an iteration scheme is derived:
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A
- o i
\|/+i+l,j(N+1) :\V+i,j(N) e M +Ai .TI[S+\|!+LJ'(N) +S W+i,j(N)];
Hoj
A (6.20)
— _ - 0)_ _ _ B
v i—l,j(N+1) =y i,j(N) P —A; - _I [S+‘I/ i,j(N+l) £S5y i,j(N)];
Hoj

here the upper index in parentheses designates the number of an iteration.
The condition of stopping the iterations is :

N+1 N

(N+1) _ \If( )

‘V(N)

\

<e (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:

a

[ v @) ds|+ @+a) [[w* (e, )u ds =muoS,e ™ (6.22)
Q- ot
where t,? 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:

15

3 (T - E TR )
> 15 (1+cos® ¢) + (e73% —0.009); (6.23)
167 4m(e”™ —0.009)

where tg can be calculated by (6.6), while t 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 Thilisi are given.
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Table 6.2
Comparison of actual and calculated diffuse radiation values for 12
o'clock in Thilisi (KW/m?)

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
0O.30 -
0.25 1
0.20 -
=
E 0.15
O.10 -
0O.05
O.00 T T T T T T T T T T T |
a1 2 3 4 5 S 7 8 o 10 b e 12
Nonth
(@)
O. 20 —
O. 18 —
O. 16 —
O. 14 —
o. 1= —
N§ O.10 —
O. 083 —
O. 06 —
O.O0O4a4
(b)
Fig. 6.2

Actual (dashed curve) and calculated values in Thilisi of the diffuse
radiation in Thilisi. 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*° o'clock.

700 - ~
600 - YV
5004/‘%,\&%&;’\\ f‘“xf/):wf“ NI \ \ ___mfn
C\;E 200 |~ NN DA A T T Beckgy
= 300 - :
200 -
100 -
0] :
1928 1938 1948 1958 1968 1978 1988
Year
Fig. 6.3

Attenuation of the direct solar radiation by aerosol components, nonaerosol
components of the atmosphere and real atmosphere in 1928-1990 in Thilisi

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 Thilisi 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.
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1928 1938 1948 1958 1968 1978 1988
Year
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)+Db (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.

100



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

Thilisi Telavi Tsalka Anaseuli Senaki Sokhumi
Coefficient a b a b a b a b a b a b
Aerosol attenuation 3 30 | 26| 20 |06 | 17 | 26| 37 | 24 | 53 | 25 | 45
Atmospheric 29 | 458 | 26 | 439 | 0.4 | 378 | 26 | 495 | 2.4 | 523 | 2.3 | 515
attenuation

According to Table 6.3 the mean annual aerosol attenuation in Thilisi
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 Thilisi, 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?) in various regions of
Georgia in three twenty year periods

Period Range Thilisi Telavi Tsalka Anaseuli Senaki Sokhumi
uv 65+4 6343 5743 65+2 6742 66+3
1928- Vis. 137+17 | 124+12 | 91+10 140+10 | 153+11 | 146+14
1950 IR 293+8 285+6 | 241428 | 323+6 | 331+18 | 3316
Total | 495428 | 472+19 | 389+36 | 528+18 | 551+28 | 543+21
uv 66+3 66+3 58+3 68+3 69+2 68+3
1951- Vis. 160+17 | 148+16 | 97+10 164+12 | 177+12 | 174+16
1970 IR 30448 202+8 | 244+16 | 33246 343+7 | 33745
Total | 530427 | 506426 | 399+29 | 564+20 | 589+19 | 579+22
uv 7342 70+3 60+3 7243 73+3 72+3
1971- Vis. 217419 | 193+22 11048 | 213422 | 217429 | 213+24
1990 IR 32749 313+10 | 229+12 | 351+10 | 358+13 | 350+10
Total | 617429 | 576434 | 399+17 | 636434 | 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 Thilisi Telavi Tsalka | Anaseuli | Senaki | Sokhumi
uv 268 260 150 226 174 189
Aerosol Vis. 276 286 152 231 178 205
IR 289 302 169 242 188 221
uv 17 18 8 17 14 15
Total 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 Thilisi 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 (t,) and also the albedo of the underlying surface (Ax)
(for D) [2,133]. Schemes of the calculation of S, S' and D considering o, u,
T, and Ay are given in 6.1. In 6.2 the direct solar radiation attenuation was
studied depending on 1, 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 t, from 0.025 to 0.200 (for the wavelength
A=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 (t;) and ozone content at
various levels of @ and Ax. The mentioned calculations are carried out for
January and July for the conditions of Thilisi.

Fig. 6.5 a and b give the dependence of S' on the atmospheric aerosol
optical depth at various values of w 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 (Ax) 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 o and Ay 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?.

As the calculations showed, S and S' depend considerably on ® and
1, and insignificantly on the total ozone. Diffuse radiation increases
significantly with t, and Ax. D does not depend on the total ozone. The
total radiation decreases with t, and increases with Ay (Fig. 6.5-6.7, Table
6.6). The dependence of S and S' on u and D on Ay has a linear character at
fixed values of w and t,. S, S, D and Q variations at variations of u from
0.2 to 0.4 atm-cm and Ax from 0.1 to 0.7 are presented in Table 6.6. As the

table shows the relative differences wm% and Su=g-?w100%
u=0.3 u=0.3

vary at various values of t, and o in January and July from 0 to 2.4%. The
effect of the underlying surface albedo on 8D relative difference variations
are much more considerable. 3D values in January and July vary from 2.3
to 11.8% at various values of 1, and o (Table 6.6). Finally, the effect of Ay
on 8Q variations for u=0.3 atm-cm and various values of t, and ® are not
considerable - 1.3-3.4%.
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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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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.

106



10.00 -
950 _Ak u=03amcm
9.00 22
8.50 ~

8.00 o5

j

7.50 Ho7 w=05 g/cm2

200 403

Q (MJ/m? day)

6.50 - ®=1.65glent
6.00 + ®=28g/cnt
5.50

S.m T T T T T T T T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30 0.35
Ta

(a)

30.00 - A,

0.3

2900 02 u=0.3atmcm

0.1

28.00 -

. 27.00
o=12gcn?’
S 26.00 05
0.2
25.00 o1

0.3
24.00 o2

0.1

23.00 - w=35g/cnt

MJ/m? day

~—

Q

22.00 -
®=5.8gcnt

21.00 -

20.00

0.05 0.10 0.15 0.20 0.25 0.30 0.35
Ta

(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 Sand S' - (X) and D and Q - (Y)

ox = Xu=02 = Xu=04 100095 s gy - YA=0T TYAZ03 100 (January)
Xy=03 YA =05
o7 = YAZ03TTA01 000, (July). u=0.3 atm-cm
Ya =02
January
o glem? Ta 5S(%) 3S'(%) | 3D(%) | 8Q=3(S+D)(%)
0.5 0.05 17 1.2 9.1 2.3
0.35 0.9 1.2 5.1 2.8
1.65 0.05 18 15 115 3.2
0.35 1.2 0.0 56 3.2
2.8 0.05 2.0 2.4 11.8 3.4
0.35 1.9 17 4.7 2.8
July
1.2 0.05 1.2 0.9 9.3 1.4
0.35 0.8 0.8 36 1.4
35 0.05 1.4 1.0 7.7 13
0.35 0.9 0.6 35 15
5.8 0.05 1.4 1.1 8.8 1.6
0.35 1.2 1.0 36 15

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=(19.90"'*~1.76u)exp(-2.5951,0"**)

Jul.: S=(39.7w *'"°-2.18u)exp[—(1.676+0.01050)T,]

Jan.: S'=(7.00~""'*'-0.59u)exp(-2.41,0" ") (6.25)
Jul.: $'=(27.00 ""*°~1.17u)exp(-1.41,0" "%

Jan.: D=4.600""""+0.4530 ""7*°A, +0.87600""*"In,

Jul.: D=13.00""%4+2.00 "*'A +3.1050""*In,

where S, S'and D are in Mj/m? per day;  is in g/lcm? u(Os) is in atm-cm;
January: 0.5 <0 <28,03<A<0.7;July:1.2<® <58, 01<A<0.3;
0.2<u<0.4;0.05<1,<0.35. o~1+k-Ino, if k-Inm<<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'

o

and D. (c, ==Z100% ); n - number of cases.
X

Jnuary July

s | s | D s | s | D
n=27 n=27

085 | 073 | 14 094 | 033 | 41

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 t, from 0.05 to 0.35 in January at o from 0.5 to 2.8
glcm? and 1.5 - 1.7 times in July, at o values from 1.2 to 5.8 g/cm®. S and
S' decrease 1.3 - 1.4 times with an increase in o from 0.5 to 2.8 g/cm?® in
January and 1.2 - 1.3 times in July with an increase from 1.2 to 5.8 g/cm? at
1, 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 t, and Ay increase causes a D increase,
while it decreases versus o.

The main factors affecting the total radiation in the atmosphere are
water vapour and atmospheric aerosols. Thus an increase in t, from 0.05 to
0.35 causes a decrease in Q approximately 1.22 times for o values from 0.5
to 2.8 g/cm? and Ay values from 0.3 to 0.7 in January and 1.1 times for ®
from 1.2 to 5.8 g/lcm? and A, from 0.1 to 0.3 in July. Q decreases 1.25
times with an o increase from 0.5 to 2.8 g/cm? in January and 1.21 times at
o from 1.2 to 5.8 g/cm? in July (A varies from 0.3 to 0.7 and from 0.1 to
0.3 respectively) at 1, 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 o, A¢x 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 Thilisi 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 Thilisi and Telavi the share of the anthropogenic
increase in t, amounted to about 89%, in Tsalka - 68%, in Western Georgia
- 83%. Correspondingly the decrease AQ due to the anthropogenic increase
In T, amounts in January: in Thilisi to 2.2, in Telavi to 1.1, in Tsalka to 0.5,
in Western Georgia to 0.6 W/m?, while in July: to 12.5, 11.5, 5.5 and 7.5
W/m? 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. AQ=Q_,-Q, |, W/m?.

January July

Stations Period Ta1 Ta2 AQ Period Tat To | AQ

Thilisi Beginning | 0.050 | 0.100 | -2.2 | Beginning | 0.060 | 0.220 | -14
of 1950-s of 1930-s

Telavi Middle of | 0.050 | 0.080 | -1.4 | Middle of | 0.070 | 0.220 | -13
1960-s 1960-s

Tsalka Middle of | 0.050 | 0.065 | -0.8 | Middle of | 0.050 | 0.150 | -8.0
1970-s 1970-s

W.Georgia End of End of

(Anaseuli, 1960-s 0.050 | 0.070 | -0.8 1960-s 0.060 | 0.175 | -9.0

Senaki, Beginning Beginning

Sokhumi) of 1970-s of 1970-s

In Thilisi the share of the anthropogenic sulphate component of 1,
amounts approximately to 20% of its total anthropogenic component
(Part 3.2). Therefore the decrease of Q due to the anthropogenic sulphates
in Thilisi may be estimated as 2.5 W/m? in July and 0.4 W/m? in January.
The value AQ 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? [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: CO; -
35.1%, CH,4 - 51.7%, N,0 - 48.1%, NOx - 36.0%, CO - 39.9%, SO, -
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, SO,, NOx decreased. Thus, in
Thilisi in the period from 1991 till 1996 in comparison to the previous six
year period the content of dust and CO amounted to 60%, NOy - 44%, SO,
- 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 t, 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 t, amounted to 3-9% of its total value,
in 1971-1990 this share amounted to 44-63% (Tsalka and Thilisi
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 Thilisi versus an increase of t, 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 Thilisi 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 Thilisi decreased by 2.2 W/m?, in Telavi by 1.1
W/m?, in Western Georgia by 0.6 W/m?, in Tsalka by 0.5 W/m?. In July
this decrease amounted respectively to: 12.5, 11.5, 7.5 and 5.5 W/mZ.
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3akAloUYeHUue

HacTtoswasn KHMra ABASETCS NTOrOM MHOTOAETHUX
MCCAEAOBAHUIA HEKOTOPbLIX PAAMALMOHHO-AKTUBHBIX MaAbIX NMPUMecen
B atMocepe (PAMIA) B ycaoBusx py3um.

[NpoBeaeH MOAPOOHbLI aHAaAM3  OCODOEHHOCTEN M3MEHEeHMUS
aHtponoreHHon smuccrn PAMITA B [py3un B TeYeHWM MOCAEAHMX
ABYX AECATUAETMHI. TaK, AOASl 3MUCCUM PA3AUYHBIX COCTABASIOLIMX
PAMIIA B nepnoa ¢ 1991 no 1996 r.r. no cpaBHeHMIO C NEPUOAOM C
1980 no 1990 r.r. coctaBuaa: ana CO, - 35.1%, CH, - 51.7% N,O -
48.1%, NO, - 36.0%, CO - 39.9%, SO, - 32.7%, aspo3onen
(cyAbbaTbl, HUTpaTbI, Caxka, TBepAble BbIOPOCH) - OKOAO 30%. ITO
CBA3aHO C CYILECTBEHHbIM MaAeHnem B [py3mMmM NPOMBILLAEHHOrO
NPoun3BOACTBa nocae pacnaaa Coserckoro Coto3a. COOTBETCTBEHHO B
MPOMBbILWAEHHbBIX TOPOAAX B MPU3EMHOM CAO€ BO3AyXa YMEHbLIMAOCH
coaepxxanue noiam, CO, SO,, NO,. Tak B Tounancn B nepmnoa ¢ 1991
no 1996 r.r. No CpaBHEHUIO C MPEAbIAYLLEN WECTUAETKON CoAepXKaHMe
nbian 1 CO coctaBagno 60%, NOy - 44%, SO, - 9%. CoaepxaHue
MPM3EMHOro 030Ha, HAMNpPoOTUB, BO3POCAO Ha 42%. B 31OT Xe
MPOMEXYTOK BpemMeHM no cpasHeHuto ¢ 1985-1990 r.r., koan4vectso
00pasyloWnNXcd  BTOPUYHBLIX  CYAb(ATHbIX  fAep  KOHAeHCauuu
YMEHbLIMAOCH B YeTblpe pas3a.

N3yueHo BEPTUKAAbHOE pacnpeaeAeHune CYETHOM
KOHLIEHTpaUumM aspo3oAen pasmepamm bosee 0.35 MKM MO pasnycy
HaA Pa3sAMYHbIMK panoHamu [py3un. B yacTHOCTM MoAy4yeHo, 4TO B
npeAeAax  HUXHEro  NATUKMAOMETPOBOrO  CAOA  aTMocCepbl
pacrnpeAeAeHne aspo30Aer MO  pa3sMepamM  MMeeT  AOCTaTO4YHO
YCTOMYMBBLIN XapaKTep MU MAAO MEHSETCHA C BbICOTOM U MOA BAMAHMEM
00AQ4YHOCTU. OAHAKO B AHW C Ky4YeBbiIMW ODAAKaMM MO CPABHEHMIO C
0e300Aa4YHbIMM AHAMM MaCCa a3pPO30AeiN B MATUKMAOMETPOBOM CAOE
atMocpepbl pacteT npumepHo B 1.4 pasa, a B AHM C ODAaKamu
Pa3sAUYHBIX TUMOB, BKAIOYAA U Ky4eBble - B 2.5 pasa.

[NpeanoxeHa OAOK-CXeMa  B3aMMOAEMUCTBUA  aTMOCEpPHbIX
ad3pPO30A€N U KOHBEKTMBHbLIX ODAAKOB, a Takxke obpa3oBaHWs B
atMocpepe M ODAaKax dAep KOHAEHCAauMu, KPUCTAaAAM3aUMK U
ACASIHBIX  KPUCTAAAOB C  Y4YeTOM MNpoTeKalwmx B aTtMmocdepe
MPOLEeCCOB MOHM3AUMM WU SAeKTpu3aumu. [lokasaHo, 4TO MoOLIHble
KOHBEKTUBHbIE W FPO30Bble 0OAaKa CMOCOOHBI BHOCUTb CYLLECTBEHHbIN
BKAQA B MPSAMbIE U KOCBEHHbIE PaAnaLMOHHBbIE SPEKTbI.

MccaeaoBaHbl Bapuaumm obLLero CoAep>XaHns 030Ha B NMEPUOA C
1973 no 1995 r.r. ['lokasaHo, 4TO B yKa3aHHbI NEPUOA BPEMEHMU KaK
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B Ipy3un, Tak u B npuaeraiowmnx pernoHax (Oaecca, Camapa,
Awxabaa, Aama-ATa) HabAIOAQIOTCS OTpULATEAbHble TPEHAbI OOLero
COAEPXAHWUS 030HA KaK AASl CPEAHECE30HHbIX, TaK U CPEAHErOAOBbIX
3HAYEHUN.

[NpoBeaeH MNOAPOOHbLIM aHAAM3 MPOCTPAHCTBEHHO-BPEMEHHbIX

XapPaKTEPUCTUK a3PO30AbHOM OMNTUUYECKOM TOALLM aTMOCHepbl T, HAA
[py3sunen. [lokazaHo, YTO AAS BCen Tepputopuun [py3mm B nepmoa c
1928 no 1990 r.r. HabAIOAAAMCb CYLIECTBEHHbIE MOAOXMTEAbHbIE
TPEHAbI a3PO30AbHOM OMNTHUYECKON TOALLM aTMocdepsl,
ODOYCAOBAEHHbIE POCTOM AHTPOMOreHHOr0 a3PO30AbHOIO 3arpPA3HEHUS
atMocgepsbl. [MpuBeaeHbl OLUEHKM AMHAMMKKM (POHOBOM, CAYYaMHOM M
AHTPOMOre€HHOM COCTABASIOLEN A3PO30ALHOM OMTUYECKON TOALLM
atMocgepbl. Tak, ecan B nepmoa ¢ 1928 no 1950 r.r. B pasAnyHbIX

panoHax [py3un AOAS aHTPOMOreHHOM COCTABAAIOWEN T, COCTABASIAQ
OT ee obuwen BeAnunHbl 3-9%, To B nepmoa ¢ 1971 no 1990 r.r. 31a
AOAst cocTaBAasiAa 44-63% (Llaaka n TOUAUCHM COOTBETCTBEHHO).

AN OUEHKW  YPOBHS  3arpsa3HEeHHOCTM  aTMoC(epbl  NO
3HAYEHMAIM  adPO30AbHOM  OMTMYECKOM  TOAWM  aTMOCepsl
MPeAAOXEeHA AeBATM AMANa3oOHHAA WKaAa. Penpe3seHTaTMBHOCTb
LIKAAbl MOATBEPXXAAETCH POCTOM CMEePTHOCTU B TOMAMCK OT CEPAEYHO

COCYAUCTbIX 3aD0OAEBAHUI C POCTOM YKa3aHHbIX B HEM 3HAYEeHUI T, NO
rPaAaLMsM.

[NpoBeAeHbl TeopeTuveckne pacyeTbl BAUSHUA  HEKOTOPbIX
PAMITA Ha pexum npamon M pacCesHHOM COAHEYHOM paAMaumnm B
[py3un B 9CHbIE AHM. B 4aCTHOCTM NOKa3aHo, YTO B pe3yAbTaTe pocTa
a3PO30AbHOrO 3arpa3HeHns atmocdepsl B 1990 roay no cpaBHeHMIO C
1928 roaom B TOMAMCK OCAADAEHME UHTEHCMBHOCTM  TMPAMOM
COAHEYHOM paAnauMm YBeAMYMAOCb Ha 37%, B TeaaBn Ha 35%, B
3anaaHon Ipysumn (AHaceyamn, Cenakn, Cyxymm) - Ha 28%, B Llarke -
Ha 6%. [NprBeAeHbl OLUEHKM BAMSAHMSA Ha MOTOKU KOPOTKOBOAHOBOM
COAHEYHOM paAMauMM  M3MEHUYMBOCTU COAEpXaHUa B aTMmocdepe
BOAAHOIO Mapa, O30HA, a’PO30A€d M BEAUYMH KOPOTKOBOAHOBOIO
aAbDOEAO MOACTMAQIOLLEN MOBEPXHOCTU. B 4acTHOCTM MOAyYeHO, HYTO K
KOHLY BOCbMMAECHATLIX FOAOB B pe3yAbTaTe aHTPOMOreHHOro pocra
ad>PO30AbHOIO  3arpsaA3HeHMs  atMocdepbl B gHBape  mecsue
MHTEHCMBHOCTb KOPOTKOBOAHOBOM COAHEYHOW paAnaumm
yMeHblWKNAACL B TOMAMCK Ha 2.2 BT/M?, B TeaaBun Ha 1.1 BT/M?, B
3anaaHoin pysumn Ha 0.6 BT/M?, B Llaake Ha 0.5 BT/M?. B uniore mecsiLe
3TO YMEHblUeHMe COOTBETCTBEHHO cocTaBuao: 12.5, 11.5, 7.5 n 5.5
BT/M”.
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