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Abstract 

The greenhouse effect (global warming) is one of the main hazards facing the whole planet. The climate 

forcing is due to rising concentration of greenhouse gases (CO2, methane, water vapor): according to different 

assessments, the temperature will rise by 1.4-5.8
0
C at the end of 21-th century. This can cause a lot of 

devastating effects and many of them will be impossible to prevent, which means that the humankind should find 

some way to adapt itself to global warming. 

Georgia as a whole Caucasus is prone to many negative effects, connected with climate change: the 
mountain glaciers can melt and partially disappear, the sea level can rise, the vast areas of land can became 

deserts, water resources can be seriously affected. 

Despite some earlier efforts, devoted to assessment of climate change in Georgia, the results are still 
ambiguous. In particular, the research carried out shows that during last decades the mean temperature in the 

Eastern Georgia is rising and in Western Georgia it is decreasing. These conclusions are debated and there is a 

need to re-consider them using new data and new methods of mathematical analysis of meteorological time 

series. For reliable assessments new modern methods of obtaining and analysis of climate data in the past, 
present and future is necessary to use.  

Another problem is to ascertain whether this warming is exclusively the man-made effect or it is the result of 

natural cyclicity in the earth climate.   
Specific objective is assessment of persistence and memory characteristics of regional air temperature 

variation in Georgia in the light of global climate change. For this purpose longest available temperature time 

series of Tbilisi meteorological station (since 1890) are analyzed.  Similar time series on shorter time scales of 
11 stations in the West and East Georgia will also be used as well as monthly mean temperature time series of 

11 stations (1907-2006) in the West and East Georgia. As far as most incorrect conclusions about dynamical 

properties of complex dynamics are related to “data bleaching” procedures, in order to avoid destruction of 

original dynamics caused by linear filtering in the present research special noise reduction procedure of time 
series as well as multi scaling analysis based on CWT are used. Both mono- and multivariate reconstruction 

procedures of climate change dynamics are implemented. Additionally, temporally and spatially averaged daily 

and monthly mean air temperature time series are analyzed. Extent of persistence in mentioned time series is 
evaluated. 

1. Introduction: Global issues and South Caucasus 

Most models of climate change are based on extrapolation of observed linear trends. At the same time, 

though global warming is well established, the question of persistence of trends on regional scales remains 
controversial. Indeed, climate change for specific region and specific time interval by definition includes more 

than the simple average of weather conditions. Either random events or long-term changes, or more often 

combinations of them, can bring about significant swings in a variety of climate indicators from one time period 
to the next. Therefore in order to achieve further understanding of dynamics of climate change and prevent 

related disasters, the character of stable peculiarities of analyzed dynamics should be investigated. Analysis of 

the character of long range correlations in climate time series or peculiarities of their inherent memory is 
motivated exactly by this goal. Such analysis carried out on different scales will help to understand and predict 

spatial and temporal features of regional climate change during general global warming. 
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According to Sylvén et al. (2008) “climate change has already started to have a significant impact on 

nature and people in the Southern Caucasus region – effects that will become even more severe in the 

future. This will create an extra burden on the development of societies in all the three countries of 

Armenia, Azerbaijan and Georgia, which still struggle to embark on a more sustainable path, including 

eradicating widespread poverty” (Table 1,2). 

  
Table 1.The main environmental challenges related to climate change in Armenia, Azerbaijan and Georgia 

(Sylvén et al, 2008).  
 

Country Environmental challenges 

Armenia Deforestation & illegal logging, 

Desertification, Use of solid fuels, Access to safe 
drinking water in rural areas, Management of Lake 

Sevan 

Azerbaijan Deforestation, Desertification and land 
degradation, Deteriorating air quality, Water 

shortage & insufficient water sanitation 

Georgia Land degradation (overgrazing, soil pollution 

and erosion), Illegal logging, Regional water 
shortage (particularly in eastern regions), Lack of 

access to safe drinking wate 

 

Table 2. Summary of reported economic losses linked to climate change in Southern Caucasus 1978-2007. 
The list should merely indicate the scale of the costs related to climate change in the region (modified  from 

Sylvén et al, 2008). 

 

Country Year Events Losses 

Azerbaijan July 1997 Floods/erosion 50 million USD 

Azerbaijan 2000-2007 Floods and erosion 

(est. 70 mill/year) 

490 million USD 

Georgia May 2005 Floods/erosion (low 

estimate) 

3 million USD 

Georgia 2000-2001 Drought 460 million USD 

Armenia 2000-2005 Drought, frost, 
floods  

107 million USD 

Armenia Sept 2006 Drought/forest fires 9 million USD 

 

In (Harmeling, 2011) the climate risk index for 1990-2000 is presented for all countries of the world. Table 3 
is a selection of data related to South Caucasus from above publication: according to it, Georgia has the largest 

values of losses per GDP in % and the highest  rank (44), in comparison to Armenia and Azerbaijan. 

 

Table  3. Climate Risk Index for 1990-2009 (Harmeling, S. GLOBAL CLIMATE RISK INDEX 2011)  CRI 
= Climate Risk Index; GDP = gross domestic product; PPP = purchasing power parity; n/a = no data 
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rall  
CRI 
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Death toll Death per 

100,000 inhabitants 

Losses in million  
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 in % 
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Rank Total Rank Total Rank Total Rank 

1

36 

Arm

enia 

117.

00 

0 150 0.01 156 32.99 98 0.2 71 

1

26 

Aze

rbaijan 

114.

17 

2 120 0.03 139 55.72 81 0.1 103 
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Still, despite grave assessments of Sylvén et al. (2008), according to numerous modeling results of 

Intergovernmental Panel on Climate Change (IPCC), Caucasus is the region of low or moderate magnitude 

of warming. 

 

2. Climate change history in the Western Caucasus (Georgia). 

 

The temperature measurements in Caucasus were first organized in Tbilisi (East Georgia) in 1844, 

namely, at the Tbilisi Geophysical Observatory. Thus we have here one of the longest temperature 

records; these data present average annual, as well as average seasonal temperature data. We tried 

linear, exponential, polynomial and 50 years average fittings to data. All of them reveal warming, 

which can be defined as ΔT = Tf –Ti; here Tf is the final and – Ti initial temperature. According to 

linear and exponential fits of ΔT data, the temperature during 156 years raised by 1.20
0
C. These two 

fits do not show the change in the rate of warming, that is why polynomial and many-year average 

approximations seem to be more representative: the graph in Figs. 1 reveals trends in this long-term 

temperature record of average annual data:  according to polynomial fit the 156 years ΔT = 1.4
0
C and 

for the last 50-years average ΔT = 1
0
C. Almost all this increment is obtained for the last 56 years, i.e. 

from 1950 to 2006.  

The spatial distribution of ΔT in Georgia for 1906-1995 has been calculated in the frame of 

“Georgia’s initial national communication under the United Nations Framework Convention on 

Climate Change” (1999). This study reveals the striking difference in the climate change trend between 

West and East Georgia (Fig. 2):  
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Fig. 1. Tbilisi temperature longest (156 years long) time series 1850-2006 (points) and the simplest fitting 

by second order polynomial (thick line) 
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Fig. 2. Change of mean annual temperature in Georgia 1906-1995 
 

More complicated statistical assessments were carried out using modern tools of statistics: autocorrelation, 

correlation fields, revealing periodicities, analysis of residuals etc. The estimation of difference between the 
investigated parameters was evaluated according to Student’s criterion t with the level of significance not worse 

than 0.2. The results are shown below (Fig. 5, 6). 

Analysis of air temperatures in the  recent past in Tbilisi (Fig. 5) shows that after 1850-1906 period with 

cooling linear trend (section 1) there are permanent warming periods, 1907-1956 (section 2) and 1957-2006 
(section 3). Temperature raised on average by 1

0
C during the last 100 years. 

 
Fig. 5. Variability of mean annual air temperature in Tbilisi in 1850-1906 (section 1), 1907-1956 (section 2) 

and 1957-2006 (section 3) years with linear approximations 
 

In Fig. 6 the difference between mean values of air temperature in Tbilisi in the period compared to 1907-

1956 period. Significant differences (more than 0.1 degree C) are marked by dual shading (light and dark). It is 
evident that the largest differences, here - warming, are observed in cold months. The cold period months are in 

average twice warmer in the 1957-2006 compared to earlier 50 years. 

 

 

1 2 3 
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Fig. 6.  Difference (dark parts) between mean values of air temperature in Tbilisi in (1957-2006)  

and (1907-1956). The last three columns – averages per year, per cold months and per warm months. 

 
It is of fundamental importance to establish, is such warming the result of human industrial activity or there 

are some natural cycles of warming and cooling irrespective of man-made impact. 

Last years in Georgia some proofs of earlier (pre-industrial) warm periods have been revealed. The 
monastery Betlemi dated to 10 cent. AD was cut in the rocks of the mountain Mkinvatsvery (Kazbek) at an 

altitude of 4200 m, where Christian priests lived at that time. Both pollen and non pollen palynomorphs were 

studied. The investigation showed that in 10
th
 cent. AD, in the environs of the ancient monastery there grew 

alpine and sub-alpine meadows with rich taxonomic composition. The monks have had domestic cattle and were 
engaged in beekeeping, which was possible only in conditions of warm climate (Kvavadze et al, 2011).  At 

present it is impossible to live at these altitudes because of the severe climatic conditions.  Mean annual 

temperature here is at present  
-6.1

0
. This points to existence of very warm periods in climate of Georgia even before industrial era. 

The next substantial climate warming in the mountains of Georgia occurred from the end of the 13
th

 century 

AD to 14-15 century AD.This is indicated by the pollen data of investigation of the settlement “Navenakhari” 
(Kvavadze et al, 2009).   

Comparison of these conclusions with global proxy reconstructions, show that mentioned periods indeed 

were warm (Chapman and Davis, 2010) and are defined as a Medieval Optimum, which according to Archer 

(2007) “took place about 800-1200 AD. This was a period of generally warm stable climate in Europe, 
coincident with a prolonged drought in the American southwest of sufficient intensity to spell the end of the 

Mayan civilization”. In the same warm period Vikings settled in Greenland. 

We can conclude that warm periods in South Caucasus/Georgia have been identified in earlier centuries, 
when anthropogenic impact was negligible.  

In future for more reliable reconstruction of the past climate application of borehole geothermy method of 

reconstructing past temperatures up to 1000 year AD is necessary. Detailed variations of the surface temperature 
are evaluated from long-term highly resolved temperature measurements in boreholes:  temperature variations 

slowly penetrate into the subground and can be measured hundreds or thousands of years after its occurrence. As 

the most part of heat comes from the Earth interior to the surface, the temperature profile would linearly increase 

with depth in case of constant temperature at the Earth surface, i.e for the stationary state.  If the Earth surface is 
warming, than larger the warming, larger the deflection of temperature profile from the linear behavior; using 

mathematical inversion methods the past climate can be reconstructed up to 1000 years back.  As a rule the 

linear trend is changed at the depth of the order of 150 m. Reduced temperatures are calculated by subtracting 
the background thermal regime from the measured temperatures. The deeper we measure temperature the more 

is the age of reconstructed surface temperature. There are good preconditions for application of geothermal 

method of reconstructing past temperatures up to 1000 year AD in Georgia and Caucasus. We have precise 

devices for temperature measurements in boreholes and good network of deep boreholes, which covers the 
whole region of Caucasus. Geothermal reconstruction of past temperatures seems to be a principal point for 
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making decision on the existence of very warm periods in Georgia in 10
th
 and 13

th
 centuries AD, before 

industrial era.  

Of course, the present warming also can be partly of natural origin, but the man-made positive feedback 
could significantly fasten natural process. 

 

3. Assessments of future climate change in the World and Regions  
 

Prediction of the future climate change is an extremely complicated problem (Palmer, 1998; Johns T. et al. 

2003 and references in them). There are mainly two approaches to solution: i. creation of mathematical model, 

using system of equations, which define contribution of different factors to the Earth climate, namely positive 
and negative feedbacks. There are more than 20 such models, which are too complicated for analytical solution 

and are solved by special computer programs; ii. statistical analysis of existing climate data, including indirect 

data and prediction of future changes using this information. 
The mentioned models of future warming are calculated for different scenarios, which prescribe different 

weights to above listed feedbacks. Fig. 6 illustrates warming rates for different emission scenarios developed by 

the Intergovernmental Panel on Climate Change (IPCC) for the period from 1900 to 2100 (http://www.ipcc.ch) 

and Table 3 shows assessments of temperature increase for 8 different models. In total, there are forty emission 
scenarios, and they are grouped into six scenario "families": A1B, A1FI, A1T, A2, B1 and B2. The lowest 

growth is expected for scenarios B1 and B2 and the highest growth for the cases A1F1 and A2.  

 

 
Table 3.3. Temperature Increase 2000 to 2100 

(°C) 

    Model 
Tot

al 

Lan

d 

Ocea

n 

CCSR/NIES 4.7 7.0 3.8 

CCCma 4.0 5.0 3.6 

CSIRO 3.8 4.9 3.4 

Hadley Centre 3.7 5.5 3.0 

GFDL 3.3 4.2 3.0 

MPI-M 3.0 4.6 2.4 

NCAR PCM 2.3 3.1 2.0 

NCAR CSM 2.2 2.7 2.0 

 
 

 

http://www.ipcc.ch/
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Fig. 3. Global warming simulations by the Intergovernmental Panel on Climate Change (IPCC). Earth will 

warm between two and six degrees Celsius over the next century, depending on how fast carbon dioxide 

emissions grow. Scenarios that assume that people will burn more and more fossil fuel provide 
 

Both the climate and climate change vary from region to region. That is why besides global change (GCM) 

models covering scales of order of hundreds of km, development of regional climate change models (RCM) for 
processes covering scales from hundreds to several km is necessary (Brohanet al, 2006). 

 

4. On the future climate change in Georgia -  new statistical assessments: 

 
In this part of work were used the data of the Hydrometeorological department of Georgia about the monthly 

average values of air temperature in 12 locations of Georgia (Table 1) for the period 1907-2006 (in Tbilisi 1850-

2006 data are available). The data about monthly average values of Global Land, Global Land North Hemisphere 
and Zonal 24N-64N territories air temperature were used also for comparison [http://www.giss.nasa.gov]. 

 The simplest prediction can be done by just extrapolation of time series: for example let us consider the 

extrapolation of 156 year Tbilisi temperature data (Fig.  4), which are best fitted by second order polynomial. 

The extrapolation display for the period 1850-2055 the increment ΔT = 2.4
0
C with the most part of ΔT is in the 

last hundred years, from 1950 to 2050 and for the longer period 1850-2105, the increment ΔT = 4.4
0
C with the 

most part of ΔT is in the last hundred fifty years, from 1950 to 2105. 

It is interesting to note that this simplest extrapolation gives the assessment of temperature increment 
comparable with the predictions of the complicated mathematical models (Fig. 3). 

 

 
 

Fig. 4. Simple second order polynomial extrapolation of 156 year Tbilisi temperature data  
(see also Fig.3) to the year 2105. 

 

Expected Temperature Change to 2055- statistical assessments  
In this part we show results of (linear) statistical assessments of future trends in climate in Tbilisi (Fig. 7) 

and 12 locations in Georgia, marked on the map (Fig.2), using modern methods of statistical assessments: 

autocorrelation, correlation fields, revealing periodicities, analysis of residuals etc. 
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Fig 7.  Trend and forecast of mean annual air temperature in Tbilisi using linear approximation.  Upper and 

lower 99% limits are also shown. 
 

 
 

 

Fig.  8.  The mean annual air temperature change prediction for 2055 in 12 locations for  Georgia, Global 
Land, Global Land Nord Hemisphere and Zonal 24N-64N territories   

 

          In the correspondence with that indicated above to 2055 year the following values of the anomalies of 
mean air annual temperature (base period: 1951-1980) are expected for 12 Locations of Georgia  (Fig. 8): 

Kutaisi: -1.98≤-0.07≤1.85; Akhaltsikhe: -2.29≤-0.06≤2.17; Samtredia: -1.89≤-0.01≤1.87; Batumi: -

1.64≤0.08≤1.80;  Gori: -1.72≤0.10≤1.92;     Poti: -1.65≤0.17≤1.99;    : -1.36≤0.33≤2.02;  Tsalka: -
1.38≤0.39≤2.17;  Sagarejo: -1.43≤0.41≤2.25;    Tbilisi: -1.11≤0.63≤2.38;    Lentekhi: -1.04≤0.65≤2.33;   Telavi: 

-1.05≤0.70≤2.45;   Pasanauri: -0.99≤0.84≤2.67. These values are less than predictions for the Global Land: 

0.04≤1.81≤3.59; Global Land NH: -0.19≤2.64≤5.47 and Zonal 24N-64N: -0.15≤3.02≤6.20, which is accordance 

with the IPCC assessments that Georgia is the zone of weak or moderate climate change.    
Analysis reveals the existence of several periodic components in the air temperature time series.  

As it follows from Fig. 9 periodic components, present in time series of mean annual air temperature for 12 

stations of Georgia for real and residual data, are practically the same (20, 12.5, 9, 7.2 years etc.).  Periodic 
components of mean annual global air temperature for real and residual data (Fig. 10) are similar for 20  years 

periodicity, but do not coincide (are shifted) for some ranges (11.5, 10 years etc.). We can only guess on the 

nature of these periodicities: as the temperature variations depend strongly on sun radiation, it seems reasonable 

to relate them to solar cycles, which are reflected in interplanetary magnetic field – IMF (Takalo, Mursula, 
2002).  For example, 20-22 years component can be related to 22-years long Hale cycle of solar magnetic field. 

There are also periodicities in IMF connected with well-known 10-12 year solar cycle and its first two 

harmonics, 5-6 and 2.5-3 years; some of temperature field periods are close to observed in the IMF: namely, 
12.5, 5- 6.5 and 2.5-3 years periods in temperature field are close to 10-12, 5-6 and 2-3 years periodicities in 

IMF.  

Multitude of periodic components in the spectra points to necessity of complexity (nonlinear dynamics) 
analysis of temperature time series, namely, analysis of scaling, fractal dimension etc, which will be presented in 

the final part of the paper. 
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Fig. 9.  Periodicities of mean annual air temperature averaged for 12 stations 

of Georgia (real data and residual) 

 
 

Fig. 10.  Periodicities of mean annual global air temperature (real data and residual) 
 

 

 

5. Past and Future Climate Change: nonlinear dynamics predictions, regional effects   
 
Why is it necessary to use nonlinear dynamics tools for climate change studies?  The matter is that 

atmospheric flows, an example of turbulent fluid flows exhibits signatures of nonlinear dynamics and chaos. 

They are characterized by self - similar fractal fluctuations of all space - time scales ranging from weather scale 
of days and month to climate scales tens and more years. Such types of dynamics of natural processes, when 

forming patterns have different character on different time and space scales, is too complex to be described by 

traditional (linear) statistical methods.  Besides potential of scaling analysis, nonlinear dynamics reveals hidden 

nonlinear structures in sequences, which at the first glance seem to be random, in other words, reveal order in 
seemingly disordered data. As a rule such complex dynamics is difficult to be quantified. Fortunately in the last 

years new methods were developed, which allow to range quantitavely different levels of complexity allowing 

detection, identification and ordering from fully random (white noise) to more ordered types of systems 
behavior.  

Thus used nonlinear dynamics tools give new important quantitative information on climate patterns – the 

degree of order in climatic time series, long-term correlations and their variation with space and time scales. 
In this research in order to quantify scaling features in temperature data sets we used method of Detrended 

Fluctuation Analysis - DFA [Peng, et al. 1994, 1995] as well as Recurrence plots (RP) and Recurrence 

Quantitative Analysis (RQA).  

 According to DFA results presented as  F(n) vs. n relation (Fig. 11) and DFA exponent (Fig.12), for 
30-35 day  length time scale, mean air temperature data of Tbilisi and Kutaisi from 1936  to 2006 (DFA 
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exponent = 1.16 and 1.04 accordingly) indicates different scaling features for different time scales. 

Fluctuations for Kutaisi ( 1.04) are 1/f noise (= 1.0) type process while for Tbilisi ( 1.16) 

dynamics of air temperature fluctuations is shifted to Brownian motion type (α = 1.5). It is interesting that 
fluctuations on the larger time scales from month to one year reveal clear persistent, long-range power law 

correlations (α > 1.5). Differences in dynamics of air temperature fluctuations is noticeable on one year time 

scale, where we see two crossovers on  F(n) vs. n relation. For Kutaisi process is not clearly  flicker noise (α = 
1.27 ) but is far from to be regarded as  close to Brownian motion as it is the case for air temperature  

fluctuations in Tbilisi (α = 1.42 ).  

It is worth to mention here, that for time scales larger than one year process always looks as strongly 
antipersistent, i.e. at this time scales stability of observed trends is questionable and inversion of observed trends 

is a typical feature of dynamical process. Results of DFA analysis are presented in Figs. 2-4. From these data it 

follows that such patterns as persistent over larger than 1.5-2 year time scale heat (droughts) periods as well as 

persistent cold regimes are less probable in Georgia. 
 

 
 
Fig.11. DFA analysis for daily mean temperature data Tbilisi 1936 -2006 (black triangles), Kutaisi 1936-

2006 (white circles). 10 year windows one year step. Note crossovers at about 30-35 days and 350-370 days time 

scales. 
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Fig. 12. Averaged DFA scaling exponents of daily mean temperature data Tbilisi 1936 -2006 (gray 

columns), Kutaisi 1936-2006 (dark columns). 3650 days windows 365 step.  1) one year time scale, 2) time scale 

from one month to one year, 3) one month time scale. 
 

 

In Fig. 13 slopes of DFA vs. n relation are presented for daily mean temperature data from 1936 to 2006. 
Slopes are calculated for consecutive 10 year sliding windows with one year step. It follows from here that for 

both considered data sets scaling exponent is largest for time scales from one month to one year (upper pair of 

curves). Scaling exponent is smallest for one month time scale (lower pair of curves). 
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Fig. 13. Calculated for consecutive sliding windows (3650 days windows 365 step) DFA scaling exponents 

of daily mean temperature data Tbilisi 1936 -2006 (first, third, fifth curves from top), Kutaisi 1936-2006 

(second, fourth, sixth curves from top). Dark and open squares, triangles and diamonds correspond to Tbilisi and 

Kutaisi data accordingly. 

 
Taking into consideration that value of DFA exponent close to  1 means that investigated process is similar 

to white noise, it can be assumed, that daily temperature variation in Tbilisi is more regular comparing to Kutaisi 

for all considered time scales. 
The variation of DFA exponents’ values reveal some periodic features. In order to better visualize suggested 

quasi-periodicity in scaling features of analyzed data we used Savitzky Golay smoothing and  filtering procedure 

for calculated DFA slope values for 3 different time scales – one year, one month to one year and one month (see 
e.g. Figs. 14,15,16).  
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Fig. 14. Smoothed by Savitzky Golay filtering DFA scaling exponents for Tbilisi (top) and Kutaisi(bottom) 

mean daily temperature data, 1936-2006, One year time scale. Asterisks correspond to smoothed data. 
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Fig. 15. Smoothed by Savitzky Golay filtering DFA scaling exponents for Tbilisi (top) and Kutaisi(bottom) 

mean daily temperature data, 1936-2006, Time scale from one month to one year. Asterisks correspond to 

smoothed data. 
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Fig. 16. Smoothed by Savitzky Golay filtering DFA scaling exponents for Tbilisi (top) and Kutaisi(bottom) 

mean daily temperature data, 1936-2006. One month time scale. Asterisks correspond to smoothed data. 
 

 

We see from these results that scaling features of temperature data sets reveal periodic patterns but in 

different extent depending from time series and considered time scales. Namely about 24 year cycles are visible 
for longer (one year and one month to one year) time scales in DFA exponents of Kutaisi data sets while for one 
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month time scale such periodic patters are questionable (Fig.5, 6). For Tbilisi data sets about 24 year periodic 

cycle is visible only for longest one year time scale.   

As far as in period 1936-2006 Tbilisi data reveal quasiperiodic patterns only on one year time scale, in Fig. 
17 we show DFA scaling exponents calculated for consecutive 10 year windows by one year step of  longest 

available data sets from 1881-2006. In this Figure by asterisks Savitzky Golay smoothing is shown. According to 

our results quasiperiodic patterns are more characteristic for the last several decades of observation period. 
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Fig. 17.  DFA scaling exponents calculated for 1881-2006 Tbilisi daily temperature data, 10 year sliding 

windows one year step. Smoothed by Savitzky Golay filtering is shown by asterisks.   

 
 

After documentation by DFA technique of differences in the scale depending long term correlation features 

of air temperature variation another methods: Recurrence plots (RP) and Recurrence Quantitative Analysis 
(RQA) were applied as a well recognized mean to detect and quantify recurring patterns (Marwan, 2003). 

 In addition to said above in methodology section RQA is a tool for qualitative and quantitative evaluation of 

nonlinear dynamical structure. It is sensitive and effective even for relatively short time series. Recurrence plots 

(Fig.18) shows much regular pattern for Tbilisi (East Georgia) in comparison to Kutaisi (West Georgia).  
 

 
Fig. 18 . Recurrence plot of Kutaisi (left figure) and Tbilisi (right figure) daily mean temperatures data, 

1936-2006. 
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Fig. 5.19. Recurrence quantification analysis of daily mean temperature data Tbilisi 1981-2006, calculated 

for consecutive 5 year windows by one year step. Lower curve shows randomized time series. 

 

We analyzed the longest available for Tbilisi data sets of daily mean temperatures (1881-2006) from the 
same point of view. Results presented in Fig. 5.19 show noticeable changes in the extent of regularity for 

analyzed period. We see prevalence of 10-20 year cycles in %DET variation except period about 1920 to 1950, 

when these cycles are questionable. Curve shown in the bottom of Fig. 5.19 corresponds to shuffled original data 
when internal dynamical structure was intentionally destroyed. Presented results indicate that the shuffled series 

lost all recurrence features manifested in original time series; no type of deterministic structure or extent of 

regularity is presented.  

It is worth to mention that RQA%DET characteristic for all analyzed daily mean temperature data sets from 
several stations either in the West or East Georgia clearly show presence of increasing trend in the last decades. 

This points that in spite of differences found between East and West Georgian temperature variations generally 

the extent of regularity increased to the end of analyzed time period. 
After analysis of existing past experimental (instrumental) data we proceed to assessment of possible future 

scenario of daily mean temperature variation based on concepts of nonlinear time series analysis. For this 

purpose we used local linear prediction scheme in the phase space. This procedure is inherently linear though is 
performed in the reconstructed phase space of nonlinear dynamical system and ensures acceptable compromise 

between quality of forecast and necessary computing resources for complex process.  

Exactly we divided original measured time series in two parts to validate prediction model. In Fig. 5.20, we 

observe weak positive trend (0.11% of adjusted coefficient of multiple determination) in the second half of 
1936-2006 Tbilisi daily mean temperature data. Forecasted from the first part of original data reveals almost the 

same weak trend (compare Figs. 5.20 and 5.21). As far as prediction results in principle coincide with existing 

data we calculate 10 year forecasting for Tbilisi based on longest available data (Fig. 5. 22 14). We see from this 
Figure weak but still increasing trend in forecasted daily mean temperature values for the next 10 year.  

 It is also important to mention that forecasted data also reveal increase in extent of order in the temperature 

daily variation similar to the actual data sets (see e.g. Fig. 5.23 15).  
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Fig. 5.20 12. Weak positive trend in the second half of Tbilisi mean daily temperature data from 1936 to 

2006. 
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Fig. 5.21 13. Weak positive trend in the forecasted daily temperature (35 year forecast) from the first part of 

(70 year length data measured in Tbilisi from 1936 to 2006) of the whole time series. 
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Fig. 5.22  14. Weak positive trend in the forecasted for 10 year Tbilisi daily mean temperatures data sets. 

Forecast was made based on Tbilisi mean daily temperature time series from 1881 to 2006. 

 
         According to our results forecasted data show different rates for different locations, but still all of them 

manifest increase in mean temperature values: e.g. for Tbilisi (predicted using1936-2006 data) forecasted 

increase in the next 10 years is about 0.2% (from 13.10 to 13.12 degree, ΔT = 0.02
0
C), for Batumi forecasted 

increase is about 4% (14.50 to 15.15 degree, ΔT = 0.65
0
C), for Pasanauri forecasted increase is about 4% (from 

7.83 to 8.14 degree, ΔT = 0.31
0
C), for Poti - 4% (from 14.20 to 14.77 degree, ΔT = 0.57

0
C), for Samtredia - 

about 4% (from 14.50 to 15.06, ΔT = 0.56
0
C), for Kutaisi - about 7% (from 14.66 to 15.72 degree, ΔT = 1.06

0
C). 

Such differences may be caused by the quality of used data sets. Anyway for all locations increase in mean daily 
temperature values was forecasted. 
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Fig. 5.23 15. RQA %DET values forecast for 1971-1998 calculated from the first part (1936-1970) of Tbilisi 

mean daily temperature data from 1936 to 2006 period.  

 
Next in order to ensure that our results are not caused by influence of different noises we have carried out 

procedure, similar to above analysis on denoised original sets. We deliberately have avoided using of standard 

linear filtering procedures in order to preserve as possible closeness to original dynamical structure of 

temperature data sets. We performed nonlinear noise reduction procedure in reconstructed phase space of 
nonlinear dynamical system. As an example in Fig. 5.24 16. denoised and noise part of original data is presented. 

 

 
Fig. 5. 24  16. Denoised Tbilisi 1936-2006 daily mean temperature data sets, below is shown the reduced 

noise contribution to original data. 
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Fig. 5.25 17. RQA %DET of original (dark circles) and denoised (open circles) Tbilisi 1936-2006 daily 

mean temperature data sets. 
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As it follows from our results, denoising does not lead to qualitative changes in our results (Fig. 5.25 17).  At 

the same time found variations in ordering are quantitatively more obvious in denoised time series, which is 

quite logical. 
From our results it follows that dynamics of daily mean temperature variation is time and space scale 

depending process and this particular property can not be analyzed without application of modern tools of 

complexity theory. In the Eastern part of country dynamics of temperature variation is noticeably regular 
comparing to the West Georgia. These changes definitely are of local origin. At the same time there are large 

scale spatio-temporal influences, which cause similar patterns of variation in the extent of regularity in both parts 

of country. 

We also conclude that increase of temperature can be predicted in both parts of Country and this process is 
not affected by different noises contained in existing data sets. 

 

Conclusions 
 

 There are many gaps in the climate change studies in Georgia, which call for action. 

 Palaeo-biological investigations show that there were periods of very warm climate in Georgia (X-XI 

and XII-XIV centuries) before starting of strong anthropogenic impact. 
 For quantitative reconstruction of the past climate the borehole geothermy should be applied. 

 The existing instrumental temperature data are from 1850 in Tbilisi and from 1880 in 12 meteorological 

stations in Georgia. These data were used in analysis of trends and for climate forecast. The detail digital data 
bases covering the whole observation period (1850-2010) are absent.      

 New statistical calculations of the climate regime in Georgia confirm earlier results on the difference in 

the climate patterns in the Western and Eastern parts of the country. The statistical calculations of temperatures 
for 2055 on the base of data for 1950-2006 period show that the maximal (local) increment of the average annual 

temperature is of the order of 0.7
0
C (settlement Pasanauri, East Georgia), when in the West Georgia the 

increment is close to zero or negative. This is less than global assessments for the land. It should be noted that 

the 99% confidence region for increment of the annual temperature in Georgia spans from approximately +2
0
C 

to -2
0
C.   

 Common statistical analysis indicates to weak auto-correlation and at the same time reveals several 

periodicities both in original and detrended time series. 
 Extrapolation of the observed temperature trends by statistical methods predict  mainly continuation of 

warming in the East Georgia and cooling or negligible change in the West with predominant warming in the cool 

periods. 
 Nonlinear analysis of temperature data, namely Detrended Fluctuation Analysis (DFA) shows that time 

series exhibit several time scales with different dynamical characteristics. The long-range correlation features of 

air temperature fluctuations in Tbilisi and Kutaisi are different. According to another method - Recurrence 

Quantitative Analysis (RQA) temperature time series are more ordered in the East compared to West Georgia. 
These differences in the degree of regularity are definitely of local origin. 

 The ordering strength of temperature time series vary in time revealing existence in some periods of 

low-dimensional processes close enough to multi-scale quasi-periodicity, occurring simultaneously in West and 
East Georgia. We suppose that besides local peculiarities leading to different levels of ordering in both West and 

East Georgia, there are some global factors leading to similar type of time-dependent dynamics in the both parts 

of country. Physical mechanism of such regular time-dependence is not clear: our guess  is that as the 

temperature variations depend strongly on sun radiation, it seems reasonable to relate them to solar cycles, which 
are reflected in interplanetary magnetic field cycles: 20-22 years component in temperature variations can be 

related to 22-years long Hale cycle of solar magnetic field. Besides, 12.5, 5- 6.5 and 2.5-3 years periods in 

temperature field are close to 10-12, 5-6 and 2-3 years periodicities in IMF.  
 For time scales larger than one year process always looks as strongly antipersistent, i.e. at this time 

scales stability of observed trends is questionable and inversion of observed trends is a typical feature of 

dynamical process 
 Using nonlinear methods small increase of temperature can be predicted in both parts of Georgia for the 

next 10 years and this process is not affected by different noises contained in existing data sets. 
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 Taking into account significant differences in climate patterns in the West and East Georgia, for reliable 

climate change prediction detail regional model should be developed. 
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Изменение климата в Грузии: статистическое и нелинейно-

динамическое прогнозирование 
 

А. Амиранашвили,  Т.Мачарашвили, Т.Челидзе 
 

Резюме   

 
Парниковый эффект (глобальное потепление) - одна из главных опасностей, стоящей в целом перед 

планетой. Воздействие на климат происходит из-за роста концентрации парниковых газов  (CO2, метан, 

водяной пар): согласно различным оценкам, в конце 21-го столетия температура повысится на 1.4-5.8 °C. 
Это может привести ко многим разрушительным эффектам, многие из которых невозможно будет 

предотвратить, что означает, что человечество должно найти  способы адаптации к глобальному 

потеплению. 

Грузия, как  в целом и Кавказ, подвергается многим отрицательным эффектам, связанным с 
изменением климата: полное  или частичное таяние горных ледников, повышение уровня моря, 

опустынивание обширных территорий, серьезное воздействие на водные ресурсы. 

Несморя на то, что  многие предыдущие работы были посвящены оценке изменения климата в 
Грузии, результаты все еще неоднозначны. В частности, выполненные исследования показали, что в 

течение последних десятилетий температура воздуха в Восточной Грузии в среднем повышается, а в 

Западной Грузии - уменьшается. Эти выводы обсуждены и показано, что необходимо их переосмыслить  
с учетом использования новых данных и современных методов математического анализа рядов 

метеорологических наблюдений. Для более надежных оценок необходимо использовать современные 

методы получения и анализа данных о климате в прошлом, настоящем и будущем.  

Другая проблема состоит в том, чтобы установить, является ли указанное потепление исключительно 
искусственным эффектом, или это результат естественной цикличности в  климате Земли.  

Особая цель - оценка постоянства и характеристик памяти регионального изменения температуры 

воздуха в Грузии на фоне глобального изменения климата. Для этой цели проанализирован имеющийся в 
наличии самый длинный температурный ряд для метеорологической станции Тбилиси (с 1890 г.).  

Подобные более короткие временные ряды годовых и месячных температур воздуха для 11 станций на 

Западе и Востоке Грузии также были использованы (1907-2006).  

Так как наиболее ошибочные заключения относительно динамических свойств сложной динамики 
связаны с процедурой “отбеливания данных”, в целях предотвращения разрушения первоначальной 

динамики, вызванной линейным просачиванием,  была использована существующая исследовательская 

специальная шумовая процедура сокращения ряда времен, так же, как и методика многомерного анализа 
масштабирования, основанного на CWT. Осуществлены как моно,- так и мультивариантные процедуры 

реконструкции динамики изменения климата. Проведен также анализ пространственно-временных 

характеристик средних дневных и месячных значений временных рядов температуры воздуха. Оценена 
степень постоянства в упомянутых временных рядах. 
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Kklimatis cvlileba saqarTveloSi: statistikuri da 

arawrfiv-dinamikuri prognozireba 

a. amiranaSvili, T. maWaraSvili, T. WeliZe 

reziume 

 saTburis efeqti (globaluri daTboba) – erTerTi im saSiSroebaTagania, romelic dgas 

planetis winaSe. Kklimatze zemoqmedeba xdeba saTburi gazebis (CO2, meTani, wylis orTqli) 

koncentraciis zrdis gamo: sxvadasxva SefasebebiT 21-e saukunis bolos temperatura 

gaizrdeba 1.4-5.8 °C. aman SeiZleba migviyvanos mraval damangrevel efeqtamde, romelTa Soris 

bevris Tavidan acileba SeuZlebeli iqneba, rac imas niSnavs, rom kacobriobam unda moZebnos 

globalur daTbobasTan adaptaciis saSualebebi.  

 saqarTvelo, rogorc mTlianad kavkasia, aseve ganicdis  iseT mraval efeqtis 

zemoqmedebas, romelic dakavSirebulia klimatis cvlilebasTan: mTis myinvarebis sruli an 

nawilobrivi dnoba, zRvis donis momateba, didi farTobebis gaudabnoeba, seriozuli 

zemoqmedeba wylis resursebze. 

 imis miuxedavad, rom araerTi adrindeli naSromi iyo miZRvnili klimatis 

cvlilebasTan saqarTveloSi, Sedegebi mainc aracalsaxaa. kerZod, gamokvlevebma aCvena, rom 

bolo ramdenime aTwleulSi haeris temperatura aRmosavleT saqarTveloSi saSualod 

matulobs, xolo dasavleT saqarTveloSi – klebulobs. Ees daskvnebi ganxilulia da 

naCvenebia, rom saWiroa maTi xelaxali gaazreba axali monacemebisa da meteorologiuri 

monacemebis rigebis analizis Tanamedrove maTematikuri meTodebis gamoyenebis 

gaTvaliswinebiT. ufro saimedo SefasebebisaTvis saWiroa gamoyenebuli iqnas klimatze 

warsulSi, amJamad da momavalSi monacemebis miRebisa da analizis Tanamedrove meTodebi. 

 sxva problema imaSi mdgomareobs, rom saWiroa dadgenil iqnas, aris Tu ara aRniSnuli 

daTboba mxolod xelovnuri efeqti, Tu is Sedegia bunebrivi ciklurobisa dedamiwis 

klimatSi. 

 gansakuTrebuli mizania – saqarTveloSi haeris temperaturis regionaluri cvlilebis 

mexsierebis mudmivoba da maxasiaTeblebi klimatis globaluri cvlilebis fonze. amisaTvis 

gaanalizebulia arsebuli yvelaze grZeli temperaturuli mwkrivi Tbilisis 

meteorologiuri sadgurisaTvis (1890 wlidan). Aamgvari SedarebiT mokle droiTi mwkrivebi 

wliuri da Tviuri haeris temperaturisaTvis aRmosavleT da dasavleT saqarTvelos 11 

sadgurze aseve iqna gamoyenebuli (1907-2006 ww.) 

 radgan yvelaze araswori dakvnebi rTuli dinamikis dinamikuri Tvisebebis mimarT 

dakavSirebulia “monacemebis gaTeTrebis” procedurasTan, pirveladi dinamikis dangrevis 

Tavidan asacileblad, romelic gamowveulia wrfivi gaJonviT, gamoyenebuli iqna arsebuli 

droiTi rigebis Semoklebis specialuri kvleviTi xmauris procedura iseve, rogorc 

masStabirebis mravalganzomilebiani analizis meTodika, dafuZnebuli CWT –ze. 

ganxorcielebulia rogorc mono, - aseve klimatis cvlilebis dinamikis multivariantuli 

procedurebi. Catarebulia agreTve haeris temperaturis saSualo dRiuri da Tviuri 

mniSvnelobebis droiTi rigebis maxasiaTeblebis sivrcul-droiTi analizi. Sefasebulia 

aRniSnuli droiTi rigebis mudmivobis xarisxi.    

 


