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Abstract

:

The global climate change, driven by natural processes and increasing human activities, is especially significant for Georgia. The region is experiencing increases in temperature, desertification, redistribution of precipitation, and a rise in the frequency and severity of extreme weather events. Georgia’s complex topography and its proximity to the Black and Caspian seas make it essential to employ high-resolution regional climate models to evaluate future climate change risks. In this study, we examine the results of a high-resolution simulation of mean and extreme precipitation and temperature using the Abdus Salam International Centre for Theoretical Physics Regional Climate Model version 4.7.1 for the period 1985–2008, providing an initial evaluation of the model’s performance for the territory of Georgia. The model domain (1524 km; 2388 km) encompasses the entirety of Georgia’s territory and surrounding regions. The simulation, conducted at a 12 km horizontal grid spacing using ERA5 data as boundary conditions, indicates that the least discrepancy between observed and modeled average annual temperatures and precipitation, falling within a −1 to 1 °C and −200 to 200 mm range, respectively, was observed at most stations of eastern Georgia. The largest disparities between the model and observed average annual precipitation totals were noted along the Black Sea coast, in the Kolkheti Lowland, and in some high mountain stations in western Georgia. The most significant differences in average annual temperatures between the model and observations were observed in Ambrolauri, Mt. Sabueti, and Dedoplistskaro. For Georgia territory, such a long run with such a high resolution using ERA5 as boundary conditions was conducted for the first time. Overall, the modeling results are quite satisfactory, providing a solid basis for the successful utilization of the regional climate model RegCM4.7.1 with the selected parameterization for modeling monthly mean and extreme temperatures and precipitation in Georgia.
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1. Introduction


Georgia is a country in the South Caucasus region. The Black Sea borders it to the west, the Greater Caucasus Range to the north, and the Lesser Caucasus to the south. The Greater Caucasus is connected with the Lesser Caucasus by the Likhi range, which divides the country into two physical–geographical areas: western Georgia and eastern Georgia. Humid subtropical climatic conditions characterize the western part of Georgia, while eastern Georgia is characterized by transitional from humid to dry subtropical climatic conditions [1]. The direction of the main ranges of the Caucasus greatly influences the climate and atmospheric circulation in the lower layers of the troposphere in the territory of Georgia, which practically specifies the trajectories of the movements of air masses. In particular, the penetration of air masses from western [2] and eastern directions prevails here. Bilateral penetration of air masses in the territory of Georgia is very rare [1]. The Greater Caucasus typically acts as a formidable obstacle for the air masses coming from the north, while the air masses coming from the south are attenuated by the Lesser Caucasus, allowing them to disperse more freely, particularly in the higher atmospheric layers [3].



Georgia exhibits a high sensitivity to climate change, with noticeable changes already observed, largely attributable to its complex topography and proximity to the sea [1]. Georgia is experiencing increases in temperature, desertification, redistribution of precipitation, a rise in the frequency and severity of extreme weather events, etc. [4,5,6]. Specifically, temperatures are increasing faster in the arid landscapes of eastern Georgia than in the humid landscapes of western Georgia [1]. Since the 1960s, monthly minimum temperatures have risen by 0.22 °C and maximum temperatures by 0.36 °C. Warm extremes have exhibited greater fluctuations and trends compared to cold extremes [5,6]. At the same time, over the past 50 years, Georgia has experienced a significant increase in the intensity, frequency, and duration of heat waves. The frequency of heat waves has risen by 0.7 events per decade, while the duration has increased by 4.3 days per decade per event [4,5,6]. Precipitation in western Georgia essentially has increased, whereas in eastern Georgia, it has decreased [1]. Furthermore, in eastern Georgia, the severity of drought has increased markedly in the past 30 years; the annual duration of the dry season has increased from 54 to 72 days, and the frequency of its occurrence has risen two-fold [7]. As a result of these changes, many areas in eastern Georgia currently face water shortages [7,8]. Given Georgia’s complex topography, coastlines, hydrology, and circulation processes, high-resolution regional climate modeling is necessary for climate change assessments.



Within the Second National Communication to the UNFCCC of Georgia, the regional climate model—PRECIS (Providing Regional Climates for Impacts Studies) was used over the South Caucasus domain at a 25 km horizontal resolution for the 1961–1990 historical period with boundary conditions: ERA40 and the obtained results were validated by comparing model data to the Climatic Research Unit (CRU) data [7,9,10]. The study results show that in the case of temperature, CRU data exceeded the simulated data obtained from PRECIS for both western and eastern Georgia. In some places, the difference in average annual temperatures exceeded 7 °C. For precipitation, a significant difference between the model and CRU data was observed on the Black Sea coast, where the precipitation calculated by the PRECIS model was two times less [7].



The two future runs (2020–2050 and 2070–2100) were conducted for IPCC SRES A1, A2, and B1, B2 [11] climate scenarios. Based on these simulations, the average values of major climatic parameters were analyzed over Georgia territory [7].



Within the Third National Communication to the UNFCCC of Georgia, the Abdus Salam International Centre for Theoretical Physics (ICTP) regional climate model RegCM4 was used at 20 km horizontal resolution for a South Caucasus domain for the future periods 2021–2050 and 2071–2100; however, historical runs and model validation have not been performed. Mean values of main climate parameters and extreme climate indices have been analyzed in this study for the historical period 1986–2010 based on 33 meteorological stations of [8], and future changes have been analyzed comparing model data (2021–2050 and 2071–2100) to meteorological observation data (1986–2010) [8]. First of all, this approach is not acceptable for climate change assessment, and the 20 km horizontal resolution is quite coarse for climate change assessments for Georgia. Climate models of higher resolution provide a more accurate depiction of land surface diversity and detailed influences, crucial for precise simulation of local and regional climate characteristics [9,12].



Performing historical simulations and validating the model are essential stages in guaranteeing the dependability and precision of climate model forecasts [13]. Failing to conduct historical simulations and validate model outputs against observed data leads to heightened uncertainty regarding the model’s capability to accurately replicate past climate conditions [14]. This absence of validation undermines the reliability of future projections and constrains trust in the model outcomes.



In this study, we conducted RegCM4.7.1 simulation at 12 km resolution for Georgia, covering the historical period, and evaluated a 24-year (1985–2008) simulation of annual and monthly mean and extreme temperatures and precipitation from the model against meteorological station observation data in Georgia.



The modeling results, in general, can be considered quite satisfactory, which gives grounds for successfully using the regional climate model RegCM4.7.1 with selected parameterization when modeling monthly mean and extreme temperatures and precipitation in Georgia.



This marks a significant initial step toward generating high-resolution future climate projections for Georgia.



This study holds great importance from both scientific and societal viewpoints, as it lays the groundwork for (1) providing in the future the highest resolution climate information for the Georgian region, (2) providing quality impact-level information and assessments important for local stakeholders and regional and global policymakers, and (3) advancing the field of climate change, not only in Georgia but also on an international scale.




2. Materials and Methods


2.1. The Regional Climate Model


RegCM is a regional climate model initially created by the National Center for Atmospheric Research (NCAR) and currently maintained by the Abdus Salam International Centre for Theoretical Physics (ICTP) [15,16,17,18,19]. It has been extensively employed in regional climate research across various regions worldwide and has been selected as one of the RCMs for the Coordinated Regional Climate Downscaling Experiment (CORDEX) [20,21,22,23,24,25,26,27,28].



In this study, we applied the Regional Climate Model version 4.7.1. The parameterization schemes for the simulation consist of the Holtslag boundary layer scheme [29,30], Zeng ocean fluxes scheme [31], Tiedtke cumulus convection scheme over land [32], WSM5 moisture scheme [33,34], RRTM radiation scheme [35,36] and the Community Land Model scheme CLM4.5 [37].



The RegCM4.7.1. simulation was carried out from 1 January 1984 to 31 December 2008 at a horizontal grid spacing of 12 km using a non-hydrostatic dynamic core [38,39]. The first year, 1984, was used as a spin-up period to ensure that all components of the regional climate model reached physical equilibrium under the applied forcing. The results for the period 1985–2008 were then analyzed. ERA5 high-resolution atmospheric reanalysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF) and sea surface temperature data of the National Oceanic and Atmospheric Administration (NOAA) [40] were employed as initial and lateral boundary conditions. The domain consists of 41 vertical levels, with the model top set at 15 hPa. The center of the simulated area is located at Clat = 41.5 N, Clong = 41.2 E, and the number of grid cells is 200 in the east–west direction and 128 in the north–south direction.



The model domain encompasses the entirety of Georgia’s territory and surrounding regions, including key topographical features such as the Caucasus Mountains, as well as the entire Black and Caspian seas (25.67–56.89 N, 34.10–48.24 E). Figure 1 illustrates the RegCM domain, topography, and Georgia’s location in the region. These parameterizations were chosen in previous studies [41,42,43,44,45]. We carried out several short-term simulations of RegCM for the territory of Georgia with different parameterizations, and we also compared the outcomes of these simulations with the observational data of weather stations in Georgia [41,42,43,44,45]. As a result, we selected the most optimal parameterization and domain size both from the point of view of computer resources and the best outcome.




2.2. Weather Station Data


The research used the observation data of 21 meteorological stations on the territory of Georgia for the years 1985–2008, in particular, the annual and monthly mean and extreme temperatures and precipitation.



Observations at the meteorological stations of Georgia are carried out under the guidance of the National Environmental Agency (https://nea.gov.ge/En) (accessed on 6 March 2024). The National Environmental Agency checks the observational data for quality with an environment-based R script (software). The agency uses data from 21 stations located in the territory of Georgia for climate analysis and sends the information to the WMO. At these stations, long-term observations are conducted using standard meteorological instruments. Temperature data are collected every 3 h, and precipitation data are collected twice a day. In the last few years, automatic meteorological stations have also been installed on some of them. The data of the National Environmental Agency are available to scientific institutions without any fees. We used the data of instrumental observations of 20 of these 21 stations in our research, as there are complete temperature and precipitation data for 20 stations for the years 1985–2008: a continuous homogeneous series.



Table 1 presents the coordinates and altitude above sea level of the meteorological stations used in this study. It also indicates the climatic zone in which each station is situated [46].



In this study, the observational data from 20 weather stations were compared with the data from the nearest grid point in the model simulation. Correlation analysis and comparative analysis methods were used to compare the model and observation data. In addition, mathematical statistics methods were used in the work, which allowed us to study the statistical structure of both actual and model data.





3. Results and Discussion


3.1. Statistical Structure of Actual and Model Data


Figure 2 shows the statistical characteristics of actual and model data on average monthly air temperature for 20 stations in Georgia from 1985 to 2008: average annual air temperature, standard deviation, and maximum and minimum values of average monthly air temperature. In Figure 2, from left to right, the stations are arranged by physical–geographic area and site elevation above sea level. The stations from Kobulti to Mt. Sabueti are in the climatic district of western Georgia, and the stations from Tbilisi to Akhalkalaki are in the climatic district of eastern Georgia. The heights of the stations are indicated in the figure.



The maximum temperature corresponds mainly to July and August, and the minimum temperature corresponds mainly to December and January. Thus, the difference between them is the annual temperature amplitude and covers the entire range of changes in average monthly temperatures. The standard deviation of temperatures calculated from data on their average monthly values differs significantly from the standard deviation of average annual air temperatures. In the first case, the StDev values are several degrees, and in the second, −0.6–0.9 °C.



The data on the statistical structure of air temperature for all investigated stations (Figure 2, Table 1) give a clear idea of the influence of physical and geographical conditions on its variability. In particular, away from the sea coast (Kobuleti and Poti), the annual temperature on the Kolkheti Lowland (Kutaisi and Zestaponi) somewhat increases, while it decreases in the mountains (Mt. Sabueti). Along with the increase in the height of the place above sea level, the regularity of the temperature decrease is also observed in the climatic district of eastern Georgia. The mentioned regularities are somewhat violated in the model data of Mt. Sabueti, Dedoplistskaro, and Sagarejo, where the temperature is significantly higher compared to the observed data. In the entire territory of Georgia, the annual temperature amplitude varies between 23 and 31 °C, with a minimum on the Black Sea coast (Poti and Kobuleti) and a maximum in the continental regions of Georgia (Tbilisi, Telavi, and Dedopliskaro). The standard deviation fluctuates within 6–8 °C, with a minimum on the Black Sea coast and a maximum in continental areas. The Black Sea has a stabilizing influence in this case.



A comparison of the characteristics of the statistical structure of actual and model data (Figure 2) shows that, in some cases, these data are very different. The largest difference between the model and actual values of mean air temperature is noted at the Mt. Sabueti station and amounts to 4.2 °C. At Ambrolauri and Dedoplistskaro stations, this difference is 3.3 °C. The best results when modeling mean annual air temperatures are obtained for the stations of Gori, Kutaisi, Pasanauri, Tianeti, and Tsalka (the difference between the actual and model data is 0.5 °C or less).



A greater discrepancy is noted for the maximum and minimum values of the average monthly air temperature. Thus, for the maximum values of the average monthly air temperature, the difference between their actual and model values in Borjomi is 6.5 °C, in Ambrolauri is 5.9 °C, and in Sachkhere is 4.3 °C. In the case of minimum values of average monthly air temperature, the difference for Mt. Sabueti is 4.7 °C, and so on. In general, despite such differences, the correspondence between the statistical structures of actual and model data can be considered satisfactory.



Figure 3 presents the statistical characteristics of the actual and model data of the annual sums of atmospheric precipitation for all the stations indicated above and the period of observation: the average annual amount of precipitation, standard deviation, and maximum and minimum values of the annual amount of precipitation. In both Figure 2 and Figure 3, the stations are arranged by climate zone and elevation above sea level. From Kobulti to Mt. Sabueti is the climatic district of western Georgia, and from Tbilisi to Akhalkalaki is the climatic district of eastern Georgia. The elevations of the stations are indicated in the figures.



From Figure 3, it is clear that in the climatic district of western Georgia, the amount of annual precipitation decreases regularly away from the Black Sea, while it somewhat increases in the mountains (Mt. Sabueti). In eastern Georgia, the territorial variability of precipitation is less, although somewhat increased precipitation is noted on the southern slope of the Greater Caucasus (Pasanauri).



Actual and model data on the statistical characteristics of annual precipitation amounts are often very different. The largest deviation of the model average annual precipitation sums from their actual values is observed in the climatic district of western Georgia at the stations of Kutaisi, Poti, and Sachkhere, and in eastern Georgia in Pasanauri, where the difference between them exceeds 500 mm. This difference is observed to be even greater when simulating the highest and lowest annual precipitation amounts.



The best results when modeling average annual precipitation sums are obtained for the Akhalkalaki station, where the difference between the actual and model data does not exceed 10 mm.




3.2. Correlation Relations between Actual and Model Values


The degree of correspondence between actual materials and model data can be judged by correlation coefficients. Table 2 presents the correlation coefficients between monthly and annual values of means, as well as absolute maximum and absolute minimum air temperatures for stations characterizing various physical and geographical conditions of Georgia.



According to [47], the degree of correlation is determined by the following criteria: very high correlation—0.9 ≤ R ≤ 1.0, high correlation—0.7 ≤ R < 0.9, moderate correlation—0.5 ≤ R < 0.7, low correlation—0.3 ≤ R < 0.5, and insignificant correlation—0 ≤ R < 0.3.



As follows from Table 2, the correlation between actual and model data on annual mean values, as well as absolute maximum and absolute minimum air temperatures, is very high. For mean annual temperatures, the relationship can even be considered functional (the correlation coefficient is 0.99–1.00). This gives grounds to write regression equations between actual and model annual data in linear form:


Y = a·x + b,



(1)




where x is the actual temperature value, Y is the model temperature value, and a and b are the coefficients (Table 3).



The correlation between actual and model monthly mean temperature data is generally high to very high. However, unlike mean annual air temperatures, it is not of a functional nature (Table 2), although with a certain degree of reliability, it can also be described by a linear dependence. In addition, the seasonal course of correlation coefficients is revealed. In particular, in the seasonal course of R values, the minimum is almost universally observed in July, which can be explained by local geographical factors that contribute to the development of convective processes in the summer season, as a result of which the temperature increases. The above-mentioned is confirmed by calculated data, according to which, at the vast majority of weather stations, the actual temperature, especially in summer, is higher than the model one. The highest values of correlation coefficients are observed on the Black Sea coast in January and in the rest of the territory in April.



According to Table 2, the density of the relations for absolute maximum and minimum temperatures decreases slightly. At the same time, correlations of different degrees are observed: high—0.7 ≤ R < 0.9, moderate—0.5 ≤ R < 0.7, and low—0.3 ≤ R < 0.5. There is no specific pattern in the formation of maximums and minimums in the seasonal course of correlation coefficients.



In the seasonal course of correlation coefficients for extreme temperatures, the maximum is observed mainly in April or October. The exception is the Black Sea coast, where the maximum correlation coefficient corresponds to July. When the minimum of correlation coefficients for extreme temperatures occurs, no pattern is revealed.



In general, the significance level of correlation coefficients for annual and monthly air temperatures is mainly 0.05 and 0.01. In rare cases, the significance level is 0.10, or the relation is insignificant.



The density of the relation between actual and model precipitation data is relatively lower than for air temperature, as evidenced by the correlation coefficients presented in Table 4. There is generally a moderate correlation between annual and seasonal precipitation sums (0.5 ≤ R < 0.7); for precipitation maximums, the correlation is low (0.3 ≤ R< 0.5) and, in some cases, insignificant (0 ≤ R < 0.3).



The magnitude of the correlation coefficients varies depending on cold (November–March) and warm (April–October) periods. In the cold spell of the year, frontal processes predominate, causing a uniform distribution of precipitation and, accordingly, an increase in the correlation coefficients between actual and model data for both precipitation sums and their maximum values. During the warm spell of the year, due to local conditions, convective processes develop, and precipitation of downpour character occurs, which is not always captured by the model. Accordingly, this correlation decreases, and for precipitation maximums, it becomes insignificant (0 ≤ R < 0.3).




3.3. Quantitative Assessment of Simulation Results


The correlation coefficient characterizes the degree of correspondence between actual materials and model data. However, a significantly high correlation does not mean that the numerical values of the model data coincide or are close in magnitude to the actual material and that the model gives a suitable result. To clarify this issue, Figure 4 shows the comparison of the long-term course of actual and model average annual air temperatures in various physical and geographical conditions of Georgia.



Akhalkalaki is located at an altitude of 1716 m above sea level in the highlands of southern Georgia, in a transitional climate subzone from a moderately humid subtropical climate to Middle East highland dry subtropic climate, highland steppe climate with less snowy cold winter and prolonged cold summer.



Pasanauri is located at an altitude of 1070 m above sea level in the Greater Caucasus, in a moderately humid subtropical climate region. Moderate humid climate with moderately cold winter and prolonged warm summer, precipitation with two minimums per year.



Poti is located at 4 m above sea level, directly on the sea coast, in a maritime humid subtropical climate region. Excessively humid subzone with prevailing sea breeze during the year and maximum precipitation in autumnwinter.



Tbilisi characterizes the plains of eastern Georgia. It is located at an altitude of 403 m above sea level in a moderately humid subtropical climate region. Transitional climate from moderate warm steppe to moderate humid climate with hot summer and precipitation with two minimums per year.



From Figure 4, it is clear that the course of observational and model data is identical, which is expressed in very high values of correlation coefficients; however, model temperature values do not always coincide or are close to the observational material, and they often differ by several degrees. In addition, in one case, the observational data exceed the model data, and in the other case, on the contrary, the model data exceed the observational data. In particular, according to Figure 4, at the Akhalkalaki and Poti stations, the model data exceed the observational data, and at the Pasanauri and Tbilisi stations, the observational data exceed the model data. Moreover, the difference between them sometimes exceeds several degrees.



If we take into account that the standard deviation of annual temperatures ranges from 0.6 to 0.9 °C, then the difference between the observational and model data by up to 10 °C should be considered an ideal modeling result, which is largely satisfied for more than 30% of stations. According to long-term averages, seven meteorological stations fall into this gradation. In most cases, the temperature difference reaches up to 3 °C, which can be considered satisfactory; 10 meteorological stations fall into this gradation. The simulation results do not satisfy these conditions only in some cases when the difference reaches 3.5 °C. These are three stations: Ambrolauri, Dedoplistskaro, and Mt. Sabueti. Thus, in general, the model satisfactorily describes the average annual temperature field.



Figure 5 and Figure 6 compare the long-term course of observational and model absolute maximum and absolute minimum air temperatures in various physical and geographical conditions of Georgia.



From Figure 5 and Figure 6, it is clear that the long-term course of model data for extreme temperatures generally follows the course of observational data, but the differences between them are greater than the differences between the average annual observational and model temperatures. In addition, from Figure 5, it is clear that the simulated data of absolute maximum air temperatures in Poti are greater than the observational data and, in other stations, less than the observational data. From Figure 6, it is clear that the simulated data of absolute minimum air temperatures in Pasanauri are less than the observational ones, but in other stations, they are more than the observational data. When modeling extreme temperatures, the difference from observed temperatures turns out to be greater than when modeling average annual temperatures, and the deviation from observational data of minimum temperatures is greater than that of maximum temperatures. Thus, the largest deviations of model absolute maximum air temperatures from observational data are 6–7 °C, and the largest deviations of model absolute minimum temperatures reach 10 °C.



Figure 7 presents the long-term course of observation and model average annual sums of atmospheric precipitation in various physical and geographical conditions of Georgia.



According to Figure 7, the course of long-term observational and model data on average annual atmospheric precipitation is identical. At the Akhalkalaki and Poti stations, the model data are generally less than the actual ones, and at the Pasanauri and Tbilisi stations, the model data mainly exceed the actual ones.



Atmospheric precipitation is a very variable element. The coefficient of variation, which characterizes the natural fluctuation of annual precipitation sums on the territory of Georgia, ranges from 0.15 to 0.30 or more. Therefore, with an annual precipitation sum of 1000 mm, a deviation of the model data from the actual data by even 300 mm is acceptable. This condition is largely satisfied at most stations, although in some cases, the difference significantly exceeds this criterion. If we consider the differences between the average long-term observation and model data of annual amounts of atmospheric precipitation, then 10 meteorological stations fall into the gradation of −200÷–200 mm, which is a range close to the natural fluctuation of precipitation, 4 meteorological stations fall into the gradation of 200–400 mm, and 6 meteorological stations fall within a gradation of 400 mm or more. These are the following stations: Ambrolauri, Kobuleti, Kutaisi, Poti, Sachkhere, and Zugdidi. Except for the listed stations in general, the results of modeling annual precipitation sums can also be considered satisfactory.



Figure 8 compares data on the annual course of observation and model average monthly air temperatures in various physical and geographical conditions of Georgia.



Figure 8 shows that the annual course of the observation and model data is identical; however, the model temperature values do not always coincide with the actual material, and they often differ by several degrees. Just like in the long-term course of temperature, in this case, at the Akhalkalaki and Poti stations, the model data exceed the actual ones, and at the Pasanauri and Tbilisi stations, the observation data exceed the model ones.



The standard deviation of monthly temperatures is characterized by an annual course, with a maximum in winter and a minimum in summer. In January, the average standard deviation of monthly temperatures ranges from 2 to 3 °C, and in July, it is 1–1.6 °C. Consequently, the difference between the observation and model data by up to 3 °C in winter and up to 2 °C in summer can be accepted as an ideal result of modeling. In the examples shown in Figure 8, this condition is fully satisfied by the model data for the Akhalkalaki and Tbilisi stations and partially satisfied by the model data for the Pasanauri station in the spring season and the Poti station in July–August.



Figure 9 shows the spatial distribution of the bias between observation and model average annual air temperatures. The gradation −1–1 °C can be taken as the range of natural temperature fluctuations. It includes most of the stations in eastern Georgia, as well as Kutaisi. In Pasanauri, Telavi, Bolnisi, Akhaltsikhe, Borjomi, Zestaponi, and Sachkhere, the model underestimates the observation temperatures, and the bias between the observation and model temperatures is positive and falls into the 1.1–3 °C gradation. While in Poti, Kobuleti, and Zugdidi, the bias is negative and falls −3–1.1 °C. In Ambrolauri, the bias between the observation and model data is positive and is in the range of 31.1–5 °C; in Dedoplistskaro and Mt. Sabueti, the bias is negative and falls in the range of −5÷–−3.1 °C.



Figure 10 shows the spatial distribution of the bias between observation and model average annual precipitation sums. The gradation −200–200 mm can be taken as a range close to the natural fluctuations of precipitation. It includes all stations of eastern Georgia, except Tianeti and Pasanauri, located in the Greater Caucasus, as well as Borjomi, where the model data are overrated by 200–400 mm. The difference between observation and model average annual precipitation sums in Ambrolauri and Sachkhere is even greater. It should be noted that on the Black Sea coast and the Kolkheti Lowland, the model yields underrated results compared to the observation data.



Conducting a historical run at 12 km horizontal resolution and validating the model against observation data for the 1985–2008 years is a strength of the study. As for Georgia territory, such a long run with such high resolution was conducted for the first time using ERA5 as boundary conditions. While using regional climate models like RegCM4 for projecting future climate changes is valuable, conducting historical runs and model validation is essential to ensure the accuracy and reliability of the model simulations.



The study emphasizes the significance of understanding Georgia’s unique geographical context, including its location, topography, and coastline, which influence its climate. This contextual understanding enhances the relevance and applicability of the research findings. While the modeling results are generally satisfactory, further analysis is needed to comprehensively evaluate the model. This includes assessing the model’s performance in reproducing not only mean and extreme values but also the intensity, frequency, and duration aspects of climate extreme indicators. In this regard, it is also important to compare simulation results not only with weather station data but also with different reanalysis data. This spatial analysis over the entire domain is crucial for a more robust evaluation of the model. The study offers practical implications for addressing real-world problems and informing policy and decision making, aligning with Yin’s [48] recommendation for case study research.



The study’s findings are limited by the capabilities and assumptions of the RegCM4.7.1 model, which may not fully capture all aspects of Georgia’s complex climate system. The model describes quite well the distribution of temperature and precipitation caused by the physical–geographic features of Georgia according to the data of almost the majority of stations. However, there are stations where these regularities are violated. While the model provides valuable insights, its resolution and parameterizations may not accurately represent localized climate phenomena, such as orographic effects from the Caucasus Mountains or microclimates along the coast. Additionally, the model’s performance in reproducing climate extremes and spatial variability could be further investigated to enhance its reliability for future projections and adaptation planning.



While the study provides valuable insights and a solid foundation for regional climate modeling in Georgia, further research and analysis are necessary to address its limitations and enhance the robustness of the findings.



The study is based on the assumption that the RegCM4.7.1 model with selected parameterization schemes is a suitable tool for regional climate modeling in Georgia. Despite some previous sensitivity analyses [41,42,43,44,45], it is important to acknowledge that more sensitivity analysis and comparison with other modeling approaches could further validate the suitability of the RegCM4.7.1 model for climate studies in Georgia.





4. Conclusions


	
The research provides insights into how RegCM4.7.1, using the chosen parameterizations, represents the mean and extreme temperatures and precipitation for the historical period in Georgia.



	
The best results when modeling average annual temperatures are obtained for the stations of Gori, Kutaisi, Pasanauri, Tianeti, and Tsalka when the difference between the observation and model data is 0.5 °C or less. Large discrepancies are noted for maximum and minimum temperatures. Overall, the correspondence between the statistical structures of observation and model temperature data can be considered satisfactory.






Observational and model data of the statistical characteristics of annual precipitation sums are often very different. This difference is even greater when modeling the highest and lowest annual precipitation sums. The best results when modeling average annual precipitation are obtained for Akhalkalaki when the difference between observation and model data does not exceed 10 mm.



	3.

	
The correlation between the observational and model data for annual average values, as well as absolute maximum and minimum temperatures, is exceptionally high. For mean annual temperatures, this correlation can be deemed near-perfect, ranging between 0.99 and 1.00.







The correlation for average monthly temperatures is generally high and very high. In the seasonal course of correlation coefficients, the minimum is almost universally observed in July.



In general, the significance level of correlation coefficients for annual and monthly air temperatures is mainly 0.05 and 0.01. In rare cases, the significance level is 0.10, or the relationship is insignificant.



Between annual and seasonal values of precipitation sums, there is generally a moderate correlation (0.5 ≤ R < 0.7), and for precipitation maximums, the correlation is low (0.3 ≤ R < 0.5) and, in some cases, insignificant (0 ≤ R < 0.3).



	4.

	
The bias between the model and observation data is greater for extreme temperatures than for mean temperatures. The bias between the model and observation data is greater for minimum temperatures than for maximum temperatures.







If we consider the difference between the average long-term observation and model data of annual precipitation, then 10 weather stations fall into the −200–200 mm gradation, which is a range close to the natural fluctuation of precipitation, 4 weather stations fall into the 200–400 mm gradation, and 6 weather stations fall into the gradation of 400 mm and more. In general, the results of modeling annual precipitation sums can also be considered satisfactory.



	5.

	
A study of the spatial distribution of bias between actual and model average annual temperatures showed that the greatest fitness between actual and model data was observed at the stations of eastern Georgia (six stations) and Kutaisi. In seven stations, the bias between the observation and model temperatures is positive and falls into the 1.1–3 °C gradation, while on the Black Sea coast stations (Poti, Kobulati, and Zugdidi), the bias is negative, −3–−1.1 °C. The highest bias is in Ambrolauri, and it is in the range of 31.1÷5 °C, while in Dedoplistskaro and Mt. Sabueti, the bias is negative and falls in the range of −5–−3.1 °C.







The smallest bias between the observation and model average annual precipitation was also noted at stations in eastern Georgia, except Tianeti and Pasanauri, located in the Greater Caucasus, as well as Borjomi, where model data are overrated by 200–400 mm. The bias between observation and model average annual precipitation sums is even greater in Ambrolauri and Sachkhere. On the Black Sea coast and the Kolkheti Lowland, the model underestimates the observation data.
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Figure 1. The topography (m) of the domain for the RegCM4.7.1 simulation and the location of Georgia. 
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Figure 2. Statistical structure of actual (A) and model data (B) of air temperature by weather stations in 1985–2008. 
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Figure 3. Statistical structure of actual (A) and model data (B) of atmospheric precipitation according to weather stations in 1985–2008. 
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Figure 4. Long-term course of observational and model mean annual air temperatures of Akhalkalaki (A), Pasanauri (B), Poti (C), and Tbilisi (D) stations. 
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Figure 5. Long-term course of observational and model absolute maximum air temperatures of Akhalkalaki (A), Pasanauri (B), Poti (C), and Tbilisi (D) stations. 
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Figure 6. Long-term course of observational and model absolute minimum air temperatures of Akhalkalaki (A), Pasanauri (B), Poti (C), and Tbilisi (D) stations. 
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Figure 7. Long-term course of observation and model average annual precipitation amounts of Akhalkalaki (A), Pasanauri (B), Poti (C), and Tbilisi (D) stations. 
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Figure 8. Annual course of actual and model average monthly air temperatures of Akhalkalaki (A), Pasanauri (B), Poti (C), and Tbilisi (D) stations. 
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Figure 9. Bias between observation and model average annual temperatures. 
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Figure 10. Bias between observation and model average annual precipitation sums. 
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Table 1. Location of meteorological stations according to climatic zones.
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N

	
Climate Regions [46] and Weather Stations

	
Location




	
Lat, N°

	
Lon, E°

	
Alt, a.s.l., Meter






	

	
Maritime humid subtropical climate region.

Excessively humid subzone with prevailing sea breeze during the year and maximum precipitation in autumn–winter.




	
1.

	
Kobuleti

	
41.82

	
41.78

	
3




	
2.

	
Poti

	
42.13

	
41.70

	
4




	

	
Maritime humid subtropical climate region.

Humid subzone with well-expressed monsoon-like winds and maximum precipitation in spring–autumn.




	
3.

	
Kutaisi

	
42.27

	
42.69

	
150




	
4.

	
Zugdidi

	
42.52

	
41.88

	
117




	

	
Maritime humid subtropical climate region.

Sufficiently humid climate with moderate cold winter and comparatively dry hot summer.




	
5.

	
Zestaponi

	
42.11

	
43.05

	
201




	

	
Maritime humid subtropical climate region.

Humid climate with cold winter and prolonged cold summer.




	
6.

	
Ambrolauri

	
42.52

	
43.15

	
544




	
7.

	
Mt. Sabueti

	
42.03

	
43.48

	
1242




	
8.

	
Sachkhere

	
42.35

	
43.42

	
415




	

	
Moderately humid subtropical climate region.

Moderate warm steppe climate with hot summer and precipitation with two minimums per year.




	
9.

	
Bolnisi

	
41.45

	
44.55

	
534




	

	
Moderately humid subtropical climate region.

Moderate humid climate with moderately cold winter and prolonged warm summer, precipitation with two minimums per year.




	
10.

	
Borjomi

	
41.83

	
43.40

	
789




	
11.

	
Dedoplistskaro

	
41.47

	
46.08

	
800




	
12.

	
Pasanauri

	
42.35

	
44.70

	
1070




	
13.

	
Tianeti

	
42.12

	
44.97

	
1099




	

	
Moderately humid subtropical climate region.

Transitional climate from moderate warm steppe to moderate humid climate with hot summer and precipitation with two minimums per year.




	
14.

	
Gori

	
41.98

	
44.12

	
588




	
15.

	
Sagarejo

	
41.73

	
45.33

	
802




	
16.

	
Tbilisi

	
41.72

	
44.80

	
403




	

	
Moderately humid subtropical climate region.

Moderate humid climate with moderately cold winter and hot summer, precipitation with two minimums per year.




	
17.

	
Telavi

	
41.93

	
45.48

	
568




	

	
Transitional climate subzone from moderately humid subtropical climate to Middle East highland dry subtropic climate.

Highland steppe climate with less snowy cold winter and prolonged cold summer.




	
18.

	
Akhalkalaki

	
41.42

	
43.48

	
1716




	
19.

	
Akhaltsikhe

	
41.63

	
43.00

	
982




	

	
Transitional climate subzone from moderately humid subtropical climate to Middle East highland dry subtropic climate.

Transitional climate from moderately humid climate to highland steppe climate with cold winter and prolonged summer.




	
20.

	
Tsalka

	
41.60

	
44.08

	
1457











 





Table 2. Correlation coefficients I between actual and model air temperature data.
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Region

	
Weather Station, Altitude a.s.l., m

	
Air Temperature

	
Monthly

	
Annual




	
January

	
April

	
July

	
October

	






	
Black Sea Coast and Kolkheti Lowland

	
Poti, 3

	
Tmean

	
0.93

	
0.89

	
0.77

	
0.85

	
0.99




	
Tmax

	
0.75

	
0.74

	
0.84

	
0.57

	
0.92




	
Tmin

	
0.65

	
0.62

	
0.78

	
0.64

	
0.97




	
Kutaisi, 114

	
Tmean

	
0.97

	
0.94

	
0.72

	
0.92

	
0.99




	
Tmax

	
0.87

	
0.81

	
0.45

	
0.77

	
0.97




	
Tmin

	
0.68

	
0.66

	
0.77

	
0.63

	
0.97




	
Eastern Georgia

	
Tbilisi, 403

	
Tmean

	
0.91

	
0.96

	
0.82

	
0.90

	
1.00




	
Tmax

	
0.75

	
0.84

	
0.78

	
0.72

	
0.97




	
Tmin

	
0.77

	
0.87

	
0.57

	
0.71

	
0.98




	
Dedoplistskaro, 800

	
Tmean

	
0.85

	
0.94

	
0.86

	
0.92

	
0.99




	
Tmax

	
0.55

	
0.88

	
0.69

	
0.76

	
0.96




	
Tmin

	
0.65

	
0.78

	
0.46

	
0.67

	
0.98




	
South Georgian Highland

	
Akhalkalaki, 1716

	
Tmean

	
0.76

	
0.91

	
0.66

	
0.91

	
0.99




	
Tmax

	
0.71

	
0.87

	
0.31

	
0.56

	
0.97




	
Tmin

	
0.61

	
0.59

	
0.61

	
0.66

	
0.94




	
Tsalka, 1457

	
Tmean

	
0.85

	
0.97

	
0.91

	
0.95

	
0.99




	
Tmax

	
0.76

	
0.83

	
0.48

	
0.68

	
0.96




	
Tmin

	
0.55

	
0.61

	
0.49

	
0.47

	
0.95




	
Greater Caucasus

	
Pasanauri, 1716

	
Tmean

	
0.90

	
0.95

	
0.86

	
0.92

	
0.99




	
Tmax

	
0.53

	
0.75

	
0.67

	
0.60

	
0.96




	
Tmin

	
0.57

	
0.74

	
0.58

	
0.77

	
0.96




	
Tianeti, 1099

	
Tmean

	
0.82

	
0.95

	
0.77

	
0.91

	
0.99




	
Tmax

	
0.79

	
0.81

	
0.81

	
0.67

	
0.97




	
Tmin

	
0.44

	
0.88

	
0.50

	
0.63

	
0.95











 





Table 3. a and b coefficients for calculating the mean annual air temperature using Formula (1).
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	Weather Station
	a
	b
	Weather Station
	a
	b





	Akhalki
	0.87759447
	1.4573585
	Pasanauri
	0.924811
	−2.79561



	Akhaltsikhe
	0.828977
	0.346824
	Poti
	1.010916
	2.954666



	Ambrolauri
	0.894532
	−2.15233
	Sachkhere
	0.88587
	−1.00931



	Bolnisi
	0.849572
	0.560656
	Sagarejo
	0.954986
	1.364985



	Borjomi
	0.862913
	−0.04571
	Tbilisi
	0.915066
	0.231606



	Dedoplistskaro
	0.915246729
	4.255145335
	Telavi
	0.92004
	−0.68731



	Gori
	0.8847759
	0.946932
	Tianeti
	0.875765
	1.280343



	Kobuleti
	0.941222
	3.583432
	Tsalka
	0.928408
	0.971602



	Kutaisi
	0.992431
	0.540475
	Zestaponi
	0.909109
	0.237966



	Mt. Sabueti
	0.924619
	4.680622
	Zugdidi
	1.031581
	1.065427










 





Table 4. Correlation coefficients between actual and model atmospheric precipitation data.
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Region

	
Weather Station, Altitude a.s.l., m

	
Precipitation

	
Cold Spell

	
Warm Spell

	
Annual






	
Black Sea Coast and Kolkheti Lowland

	
Poti, 3

	
Sum

	
0.56

	
0.47

	
0.59




	
Max.

	
0.44

	
0.14

	
0.39




	
Eastern Georgia

	
Tbilisi, 403

	
Sum

	
0.73

	
0.52

	
0.68




	
Max.

	
0.50

	
0.20

	
0.35




	
South Georgian Highland

	
Akhalkalaki, 1716

	
Sum

	
0.56

	
0.57

	
0.51




	
Max.

	
0.5

	
0.15

	
0.23




	
Greater Caucasus

	
Pasanauri, 1716

	
Sum

	
0.63

	
0.55

	
0.68




	
Max.

	
0.42

	
0.28

	
0.38
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