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Abstract

:

The Climate Risk and Vulnerability Assessment (CRVA) is a systematic process used to identify gaps in regional climate adaptation strategies. The CRVA method assesses regional vulnerability, adaptation capacity, exposure, and sensitivity to climate change to support improved adaptation policies. This CRVA study assesses Georgia’s climate exposure, geographic sensitivity, and socio-economic sensitivity by focusing on the impacts of climate change on regional hydrology. The projected change in climate extreme indices, defined by the Expert Team on Climate Change Detection and Indices (ETCCDI), is assessed against the 1961–1990 baseline under future Representative Concentration Pathway (RCP) scenarios. These indices encompass various climate factors such as the maximum daily temperature, warmth duration, total precipitation, heavy and extreme precipitation, maximum 5-day precipitation, and consecutive drought duration. This evaluation helps us understand the potential climate exposure impacts on Georgia. The climate-induced geographic sensitivity is examined based on water stress, drought risk, and changes in soil productivity using the Normalized Difference Vegetation Index (NDVI). The climate-induced socio-economic sensitivity is determined using the Gross Domestic Product per capita (GDP), Human Development Index, Education Index, and population density. The highest vulnerability to climate change was found in the Kakheti and Kvemo Kartli regions, with the vulnerability index values ranging from 6 to 15, followed by Mtskheta-Mtianeti, Samtskhe–Javakheti, and Shida Kartli with vulnerability index values ranging from 2 to 8. The location of these regions upstream of the Alazani-Iori, Khrami-Debeda, and Mktvari river basins indicates that the country’s water resources are vulnerable to climate change impacts in the future under the RCP 4.5 and 8.5 scenarios.
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1. Introduction


Climate change has upended the lives of millions of people, flora, and fauna around the world [1,2]. It is becoming increasingly challenging to manage the impacts of climate change in both low- and middle-income countries [3]. The world’s rising population, food and water scarcity, soaring energy demand, and dwindling natural resources have turned climate change into a “threat multiplier” [4]. Climate change intensifies resource scarcity and stresses socio-ecological systems [3]. The impacts of climate change are visible across several sectors. These impacts span global food security [5,6], agriculture [6,7,8,9], forestry [10], economics [11,12], hydrology [13,14,15,16], land cover [17], renewable energy supply [18], and biodiversity [19]. Researchers have investigated the influence of climate change on water resources, including the global water availability [20], terrestrial water storage [21], the evaluation of global hydrological models [22], flood events and extreme precipitation [23], and water demand [24]. The consequences of climate change vary according to the region, sector, and structural elements in place. Development initiatives are thus particularly vulnerable to the influence of climate change.



It is crucial to factor in the realities of climate change in policy making and development activities. Information about climate change helps to reduce climate-related harms, supports the sustainable use of valuable resources, and minimizes risks for future generations [25]. Consequently, it becomes imperative to proactively assess climate change and natural disaster risks as early as possible to avert substantial losses and protect these invaluable resources. Even in the event of significant reductions in greenhouse gas emissions, the global climate will continue to undergo substantial changes [26]. This underscores the necessity for communities and governments across all levels and continents to proactively prepare themselves and adapt to the inevitable consequences of climate change [26].



Access to information about potential climate-related risks is essential to effectively plan adaptation measures and justify their implementation. The interaction between these risks with regional demographics and various types of current and future properties should be considered carefully [27]. Adaptation interventions should be coordinated across different sectors and levels of government to address the direct and indirect impacts of climate change. Conducting vulnerability and risk assessments that highlight the climate change-related risks in specific regions has become a rising trend, which helps to bridge the knowledge gap [28,29,30].



One commonly used risk and vulnerability assessment method is impact chains [3,31,32,33]. The “general representation of how a given climate stimulus propagates through a system of interest via the direct and indirect impacts it entails” is known as the climate impact chain [34] and it is an analytic tool that aids in systematizing, prioritizing, and improving the understanding of the influential factors for risk and vulnerability assessments of a particular system [35,36,37,38,39,40,41]. Typically, the use of an impact chain in climate change research is developed by following these steps: (1) possible climate risk identification, (2) impact and hazard determination, (3) system vulnerability assessments, and (4) system exposed element determination [33,34,42].



Many studies have used the Intergovernmental Panel on Climate Change’s (IPCC) Third and Fourth Assessment Report definition of vulnerability as a starting point for risk assessments [43]. Factors such as exposure, sensitivity, and adaptive capacity are considered when evaluating a system’s vulnerability to environmental stimuli. In the Fifth Assessment Report and Special Report Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation [27,44], the IPCC proposed the conceptualization of climate risk, which includes hazard, exposure, and vulnerability [29]. Examples of exposed components include people and ecosystems, which are collectively referred to as elements of exposure. Vulnerability is the capability of a region to withstand damage, to cope, and to adapt to the sensitivity associated with the damage [26,32,34,45].



A systematic process for bridging the gap between a region’s climate exposure, vulnerabilities, and the adaptation strategies that are the most likely to mitigate those risks is known as a Climate Risk and Vulnerability Assessment (CRVA). Over the past decades, vulnerability assessment methods have been developed in various development-related areas [44]. Several well-known toolkits and collections of techniques for assessing the impacts, vulnerability, and adaptability to climate change exist [46,47,48]. The CRVA method incorporates vulnerability, adaptation capacity, exposure, and sensitivity into the adaptation planning process against climate change [3,31,32,33]. The extent of the necessary adaptation measures is determined by defining the impacts and identifying the vulnerabilities, which offers a focused solution to complex issues. This process also facilitates the identification of critical underlying factors or exacerbating variables contributing to sector-specific vulnerabilities.



Once the assessment is completed, potential adaptation options can be framed, prioritized, and chosen. Then, a plan for implementation and the requirements for technical assistance and capacity building may be determined [32]. Climate change adaptation measures need a systematic base of specific indicators [43]. This may result in measures and investments failing to respond to future climate change impacts. The aim of carrying out a CRVA is to present a step-by-step method to come together with the stakeholders to make a more optimal selection of climate change adaptation measures. In this regard, a CRVA is a fundamental tool that provides invaluable information to this end. It enables professionals and decision makers to find the most vulnerable social groups, industries, and geographic regions [43].



Considering the adverse impacts of climate change, it is crucial to comprehend and evaluate the risks and vulnerabilities that are present in various sectors. Collaborative efforts across multiple disciplines, such as climate, geography, and socio-economic disciplines, are necessary to conduct a CRVA. Conducting a CRVA at any level or region is paramount to advance ongoing research into the effects of extreme climate and global change. Several relevant studies have been conducted on this topic, including [46,48,49,50,51]. The research conducted and the subsequent findings have proven to be crucial in comprehending the intricacies of a CRVA and its significance for stakeholders who bear the direct consequences of climate change.



Due to the importance of the research topic, this paper aims to conduct a CRVA to assess Georgian hydrology (water sector) under the impacts of climate change. Our assessment of the climate change risk and vulnerability in Georgia’s water sector involves a comprehensive analysis across multiple sectors such as agriculture, nature protection, health, energy, water management, and transport. We considered key factors such as climate, geography, and socio-economic aspects, acknowledging the water sector’s intricate interdependencies with other sectors. Our findings offer a systematic method and guidance for evaluating climate vulnerability to governmental and non-governmental adaptation executioners, such as government officials, development specialists, and civil society representatives. This method might also be used by technical experts and planners working at the local, sub-national, or national levels for decision making.




2. Materials and Methods


2.1. Study Area


Georgia is a transcontinental nation situated at the intersection of Eastern Europe and Western Asia. Figure 1a illustrates Georgia’s borders, including the Black Sea to the west, Russia to the north and northeast, Turkey to the southwest, Armenia to the south, and Azerbaijan to the southeast. Georgia is home to approximately 3.7 million people residing in an area spanning 69,700 square kilometers [52]. Despite its relatively small size, Georgia boasts a diverse topography (as seen in Figure 1b). It stands out as one of Europe’s most mountainous nations, situated within the Caucasus Mountains and the Greater Caucasus Mountains, forming a significant portion of its northern border.



2.1.1. Climate


The Black Sea influences much of the climate in the country’s western half, which is categorized as subtropical. The central part has a drier, moderate continental climate characterized by milder winters and warmer summers. The climate is the warmest along the Black Sea and substantially cooler on the slopes of the Great and Lesser Caucasus Mountain ranges. The annual mean temperature is about 7 °C. In the areas characterized by a continental climate, precipitation has an annual cycle, with most rain falling in the spring and early summer. In the subtropical region, rainfall occurs relatively uniformly throughout the year. The annual mean precipitation decreases from west to east, ranging from more than 4500 mm in the west to less than 400 mm in some central regions.




2.1.2. Hydrology


Georgia has over 26,000 rivers, over 800 lakes, over 40 water reservoirs (35 in the east of the country), and about 700 glaciers. Kura, Alazani, Aragvi, Enguri, and Rioni are the most important rivers. Many of them are used for hydropower, which supplies Georgia with more than 80% of its electricity. From west to east, the glacial contribution in discharge decreases, whereas the contributions from snow and rainfall increase. The area covered by Caucasus glaciers is decreasing by about 0.5% annually, with an increase in the eastern part of the Caucasus of 0.98% per year [53]. Snow cover and thickness are decreasing in the Caucasus areas, especially at higher altitudes [54]. This reduction can be explained by increased summer temperatures and incoming solar radiation due to changes in circulation, while the precipitation remains the same. As per the Climate Risk Country Profile of Georgia [55], glacier melt increases the discharge at present, but it is expected that, especially for the eastern rivers, the discharge may decrease by 30–50%.



Of the renewable surface water resources, 75% flows into the Black Sea basin with a volume of 42.5 km3/year [56]. The hydrographic network of Georgia is shown in Figure 1c, with six major river basins and river networks. Forestry is the principal land cover with 40.6%. General agricultural land covers 34% of the land, of which arable land covers 4.5%, and permanent crops cover around 1.8%. Of the cultivated land, about 29% is equipped for irrigation, while about 17.5% is potentially equipped for irrigation. Depending on the sources, these figures may differ. The global land cover map of Georgia, as shown in Figure 1d, provides geographical data on many land cover types on the earth’s surface, such as forests, grasslands, croplands, lakes, and wetlands.





[image: Climate 11 00222 g001] 





Figure 1. (a) Study area map showing the Georgia country highlighted in blue dashed lines. (b) Elevation map [57]. (c) Hydrographic network map [58]. (d) Land cover map of Georgia in 2019 [59,60]. 
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2.2. Climate Change Outlook


2.2.1. Annual mean Temperature


Forecasts indicate that the annual mean temperature will shift significantly over the next few years [61]. The predicted shift range by 2030 will likely be +1.2 °C to +2.0 °C. This range is predicted to grow even wider by 2050, going from +1.6 °C to +3.0 °C. The predicted shift range is likely to be even more substantial by 2085, ranging from +1.9 °C to +4.9 °C [61]. Moreover, there is a very likely range of change in the annual mean temperature. This range is predicted to be between +1.1 °C and +2.3 °C by 2030. The spread will probably rise from +1.3 °C to +3.5 °C by 2050. Finally, by 2085, it is predicted that the change will most likely range from +1.3 °C to +6.1 °C [61].




2.2.2. Heat Waves


The duration of long-lasting heat waves is projected to change significantly in the coming years [61]. A substantial increase in the duration of heat waves is projected. The projected shift in the duration of long-lasting heat waves by 2030 is between +4 and +13 days. By 2050, this range is predicted to expand even more, going from +7 to +19 days. The range of anticipated changes in the duration of prolonged heat waves by 2085 is expected to be between +7 and +42 days [61]. Additionally, as highlighted in [61], there is a strong likelihood that the length of prolonged heat waves will alter. By 2030, this range will be between +2 to +16 days. It is expected to rise to +2 to +29 days by 2050. Ultimately, by 2085, the shift will likely occur within a range of +3 to +70 days.




2.2.3. Annual Total Precipitation/Precipitation Seasonality


Forecasts predict that the total annual precipitation will likely change from −3% to +5% by 2030, from −5% to +6% by 2050, and from −5% to +6% by 2085. However, the change range will likely be wider, with changes between −4% and +7% anticipated by 2030, −7% and +8% expected by 2050, and −11% and +9% expected by 2085 [61]. Although there is a significant amount of uncertainty in these predictions regarding future precipitation patterns, it is evident that changes are anticipated and should be considered when making climate change adaptation plans. Further, projections indicate that the winter season will see a slight rise in precipitation and that there is a propensity for drying during the summer season. In the winter, the predicted difference in total precipitation is likely between −5 and +25%, while in the summer, it is between −45 and +10%. The very probable range, however, is more severe, with a significant drop of −60 to +23% in the summer and a decrease of −17 to +40% in the winter [61]. These shifts may have significant ramifications in areas where water scarcity is already a problem.





2.3. Methodology


This study employed the CRVA methodology described in [3,26,31,32,33]. The CRVA methodology follows a top-down approach that primarily emphasized the biophysical impacts of climate change and ecosystem-based assessments. It presents the steps to systematically consider ecosystem-based solutions in the context of climate risk assessments applicable for several sectors like agriculture, nature protection, health, energy, water management, and transport. Additionally, geographic and socio-economic assessments are considered. The development of a standardized methodology for assessing the vulnerability to climate change poses a significant challenge, given the variances in the types and scope of impacts and the range of susceptibilities among critical economic sectors, administrative levels, and social groups [62]. The CRVA methodology for this study offers a flexible framework that can be adapted to diverse conditions in Georgia, allowing for customization to the specific contexts in which it will be utilized.



Heat indicating the maximum daily temperature, warmth duration, total precipitation, heavy and extreme precipitation, 5-day maximum precipitation, and drought duration were investigated as climate exposure indicators (Figure 2). Similarly, the climate-induced geographic sensitivity was assessed using indicators like water stress to measure the proportion of natural water resources used and drought risk, which incorporates population, poverty, and changes in soil productivity using the Normalized Difference Vegetation Index (NDVI) trend (Figure 2). Furthermore, the climate-induced socio-economic sensitivity was measured using indicators such as Gross Domestic Product (GDP) per capita, Human Development Index (HDI), Education Index (EI), and Population Density (Figure 2).



The indicators chosen for this study are of good quality and are easily accessible and publicly available for research purposes. All of the indicators were obtained from trusted data sources and widely used by the research community [63,64,65,66,67,68,69]. Further, the pre-processing steps of data cleaning, aggregation, and resampling were performed on the dataset to ensure the highest quality and reliability.



All of the indicators considered in this study have different characteristics, making it challenging to bring them together to carry out the CRVA. To address this challenge, the indicators were standardized before assessing their impacts on climate risk and vulnerability. The quantile classification method for all indicators was first applied to achieve standardization. Next, we reclassified the discrete quantile classes into a predefined set of values based on each indicator’s characteristics.



Quantile classification is a data classification method that distributes a set of values into groups that contain an equal number of values. The attribute values are summed and then divided into the predetermined number of classes. This classification ensures that the data classes that are created are equally represented on a map. This classification technique is beneficial for ordinal data as it provides the same number of values for classes at the extremes and middle, resulting in the easy computation of classes.



The compiled data were converted into raster data, and then quantile-classified into six classes. The quantile-classified rasters were subsequently reclassified to values ranging from +1 to +6 in the case of negative change, with +1 being the least exposed to risk and +6 being the most exposed to risk. Similarly, the parameters showing positive responses in future scenarios were reclassified into a range from −6 to −1, with −1 showing the least positive response and −6 showing the most positive response.



In a few instances where changes were present in positive and negative directions, these indicators were reclassified into seven different classes, taking the 0 value as the base instead of classifying them into six classes. As shown in Figure 2, the classes employed and their color palettes reflect the score range from −1 to −6 for a positive impact and from +1 to +6 for a negative impact.



2.3.1. Global Climate Models (GCMs)


Climate risk assessment relies on creating climate exposure maps, which involves a detailed process of preparing these maps based on extreme climate indices. The foremost requirement for generating such climate exposure maps is the availability of datasets derived from global climate models. In this particular study, Global Climate Models (GCMs) from the Coupled Model Intercomparison Project Phase 5 (CMIP5) were employed.



Prior to selecting the GCMs, an extensive literature review was conducted, drawing upon the research of [70,71,72]. Two primary criteria were established: first, GCMs with a spatial resolution of less than 2 degrees (approximately 200 km), and second, GCMs with a comprehensive projected dataset of climate extreme indices, specifically from the Expert Team on Climate Change Detection and Indices (ETCCDI), for the future climate change scenarios outlined in the Representative Concentration Pathway (RCP). These criteria were selected for subsequent exposure, sensitivity, and vulnerability assessments.



By adhering to these criteria and building upon the insights of the aforementioned studies, seven climate models were chosen for the study area. The table below (Table 1) presents these seven selected GCMs along with their respective spatial resolutions.



An RCP scenario, distinct from emissions, is a greenhouse gas concentration pathway established by the IPCC. In the Fifth Assessment Report (AR5) published in 2014, the IPCC utilized four such pathways. For this study, our focus was on the RCP 4.5 and RCP 8.5 future (2040–2060) climate change scenarios. This selection was deliberate, as it encompasses both optimistic and pessimistic outlooks for future climate scenarios. Specifically, RCP 4.5 represents a more optimistic scenario, while RCP 8.5 paints a more pessimistic picture. Once the models were chosen, the subsequent step involved obtaining the data from the extreme climate indices for these selected models.




2.3.2. ETCCDI Extreme Climate Indices (Climate Exposure Indicators)


The ETCCDI extreme climate indices data were accessed through the Climdex portal (https://climate-modelling.canada.ca/climatemodeldata/climdex/) (accessed on 15 June 2022) [73]. Several global climate models contributing to CMIP5 were used to compute the climate extreme indices defined by the ETCCDI. The authors of [74,75] report the validation of climatic extremes indices and analyze their projected future changes simulated using the CMIP5 models. This study utilized the data from the extreme climate indices computed from the selected CMIP5 models in Table 1. For the assessment, the ensemble mean of the selected CMIP5 GCMs (Table 1) was computed for each extreme climate index for the future period (2040–2060) under the RCP 4.5 and RCP 8.5 scenarios, as well as the baseline period (1961–1990). Finally, the projected change for each climate index was calculated by subtracting the long-term average values of the baseline period from those of the future period under RCP 4.5 and 8.5 scenarios. The extreme climate indices chosen for the study and their brief definitions are provided in Table 2.




2.3.3. Geographic Indicators


The geographic indicators used for the sensitivity assessment in this study are tabulated in Table 3. Water stress, expressed in percentage, quantifies the ratio of sectoral water demand to water supply. Higher values mean greater user rivalry for water. Drought risk combines drought hazard, exposure, and vulnerability [69,76]. It measures where droughts are likely to occur, the population and assets exposed, and the vulnerability of the population and assets to adverse effects. Higher values indicate a higher risk of drought. The water stress and drought risk data were obtained from the Aqueduct Project 3.0, World Resources Institute (WRI) [77].



NDVI is an indicator of the greenness of the biomes. The MODIS Terra Vegetation Indices 16-Day Global 250 m version 6.0 [78] data were used to calculate the NDVI trend for the 2000–2020 period in the Google Earth Engine (GEE) environment. The MODIS NDVI was computed from atmospherically corrected bi-directional surface reflectances masked for water, clouds, heavy aerosols, and cloud shadows [78]. The linear regression approach was considered for determining the trend values of the NDVI. The positive NDVI trend values indicate an increment in the greenness of the biomes, whereas the negative NDVI trend values indicate a decrement in the greenness of the biomes due to over-exploitation of the land or a change in the land use pattern in the region.




2.3.4. Socio-Economic Indicators


The socio-economic indicators used for the sensitivity assessment in this study are tabulated in Table 4. The GDP per capita is gross national income (GNI) converted to international dollars using purchasing power parity (PPP) rates. The EI measures a country’s overall achievement in the educational dimension. The GNI (PPP) per capita and life expectancy are also considered while calculating the country’s education index. Population density is midyear population divided by land area in square kilometers. The provincial/sub-national level GDP per capita, EI, and population density data were obtained from the National Statistics Office of Georgia [52]. HDI measures a country’s overall achievement in its social and economic dimensions, like people’s health, education attainment, and standard of living. The provincial/sub-national level HDI data were retrieved from the Subnational HDI Database of the Global Data Lab [79,80].




2.3.5. Climate Exposure, Geographic and Socio-Economic Sensitivity, Climate Risk and Vulnerability Index


Table 5 provides the equations used to calculate the Climate Exposure Index, Geographic Sensitivity Index, Socio-economic Sensitivity Index, and Climate Risk and Vulnerability Index. These equations were applied easily due to the standardized procedure implemented to streamline the analysis of indicators, as discussed earlier. The weighting factors for each indicator were determined based on their importance in assessing the risk and vulnerability of Georgia to the impacts of climate change. Moreover, multiple iterations utilizing varying weights were conducted to obtain the most suitable weights that yielded expected outcomes within the study area. The weights employed, as presented in Table 5, produced results and findings that were accurate, thereby enhancing the dependability of said weights. Indicators that have more direct adverse impacts on the water resources of Georgia were assigned higher weights. The weights were finalized after consultation with stakeholders and climate experts.






3. Results and Discussion


3.1. Climate Exposure Assessment


East Georgia can expect the highest increase in maximum temperature, up to 3.6 °C under the RCP 4.5 scenario (Figure 3a) and up to 4.5 °C under the RCP 8.5 scenario (Figure 4a). However, in both scenarios, west Georgia can expect an increase of 4 °C in the maximum temperatures. The warmth duration increases the impact of the maximum temperature. This increment in warmth duration is expected to occur nationwide, with a minimal 13–18% increase in the mountain areas and over a 25% increase in the southern regions and Adjara, as observed in Figure 3b andFigure 4b, respectively. The southern region of Georgia is more affected by the increased warmth duration than the rest of the country.



The precipitation is expected to decrease by up to 33 mm under RCP 4.5 (Figure 3c) and by 44 mm under the RCP 8.5 scenario (Figure 4c) in Eastern Georgia. While Eastern Georgia faces reduced precipitation, Northwest Georgia can expect an increase in the total precipitation. The precipitation effectiveness depends on the yearly average and interannual differences, seasonal shifts, extreme precipitation, and land degradation. The need for irrigation will also appear in the summer as the rainfall decreases, significantly impacting crops such as maize or walnuts. This reduction is also expected in the mountain areas of Mscheta and Kakheti, which will decrease the summer discharge of rivers like Aragvi, Iori, and Alazani.



The spring and summer precipitation values clearly show the shift in precipitation from the summer period (up to −140 mm) to the spring period (up to +30 mm), as shown in Figure 5a–d. A clear shift is visible with increased spring precipitation and strongly reduced summer precipitation for Western Georgia by up to 140 mm under the RCP 8.5 scenario, as seen in Figure 5b,d. This shift is the strongest in the coastal areas (Samegrelo, Guria, and Adjara), where water retention will be required besides drainage. The eastern part will need increased natural water retention and water efficiency. However, in the mountains of Mtskheta-Mtianeti and Kakheti, summer precipitation will be strongly reduced, reducing river discharge. Under RCP 4.5, almost the whole country is assumed to have increased precipitation in the spring (Figure 5a). Under RCP8.5, Kvemo Kartli is expected to have reduced spring precipitation, as observed in Figure 5a–d.



Heavy and extreme precipitation are indicators of adequate precipitation. The higher the amount of heavy precipitation, the higher the runoff, and the less effective the infiltration in soil. Also, it is an indicator of hazards like mudflow and flash flood risk. Especially in the western provinces, heavy precipitation is expected to increase to 44.8 mm under RCP 4.5 (Figure 3d) and to 54.9 mm under RCP 8.5 (Figure 4d). Similarly, extreme precipitation is expected to increase to 17.8 mm under RCP 4.5 (Figure 3e) and to 27.5 mm under RCP 8.5 (Figure 4e) in the western provinces near the coast. Therefore, these regions require increased drainage capacities to deal with flooding in the future.



The 5-day maximum precipitation indicates the soil erosion risk and hazards, like flooding and slope failures. The coastal area and southern Kakheti seem to have the highest exposure to these problems. The maximum positive changes of up to 7.6 mm under RCP 4.5 (Figure 3f) and 6 mm under RCP 8.5 (Figure 4f) can be expected in these regions.



The projected change in the 100-year return-period riverine flood risk in 2050 compared to 1980 under the RCP 4.5 and 8.5 scenarios are also investigated in this study. The riverine flood risk map was created by subtracting the historical flood risk map from the RCP flood risk map, as shown in Figure 6. Almost all rivers show an increased flood risk, mostly in the western part of the country, but also in the Kura and Alazani basins.



A drought duration increase is directly linked to the request for water. For southern Kakheti and Abkhazia, the drought duration is expected to increase by up to 9 days under RCP 4.5 (Figure 3g) and by up to 11 days under RCP 8.5 (Figure 4g). Further, under RCP 8.5, in the upstream area of rivers like Aragvi, Iori, and Alezani in the northeast region, the drought duration will increase by up to 9.5 days, leading to decreased summer discharge (Figure 4g).



Combined Climate Exposure Map


The combined climate exposure map (Figure 7) is created using the equation provided in Table 5. The value of 1 is the lowest exposure, and the value of 6 is the highest exposure to climate risks, as seen in Figure 7.



The climate exposure in the water sector can be expected from heat; reduced precipitation, especially in the summer; increased heavy precipitation; and increased drought. This means there is less water availability in the growing season and increased water requests. The country’s eastern and southern regions have a high exposure score ranging from 4 to 6 (Figure 7). These are the vulnerable regions that will be directly exposed to an extreme climate in the future under the RCP 4.5 and RCP 8.5 scenarios. The upstream reaches of the major rivers (northeastern area) are also under the highest risk of exposure to extreme climate, which will ultimately impact the country’s water resources, as observed in Figure 7.



The Kakheti, Mtskheta-Mtianeti, Kvemo Kartli, and Samtskhe–Javakheti provinces are the most exposed to climate change under both RCP scenarios, as seen in Figure 7. An increased extreme maximum temperature (up to 3.6 °C) and an increased warmth duration (up to 25%), a decrease in precipitation (especially in the eastern provinces), and an increased drought duration are the most critical factors. The decreased precipitation in the eastern part of the country will be accompanied by increased heavy precipitation, resulting in less available water resources. The heavy precipitation of up to 55 mm for the coastal region overrules the precipitation increase (up to 6.4 mm). A substantial increase in the drought spell duration ranging from 4 to 12 days, is expected for the eastern and northern parts of the country. As a result of the increase in the 5-day maximum precipitation in Abkhazia, Guria, and Adjara, an increased risk of flooding may be expected.





3.2. Geographic Sensitivity Assessment


There is medium-high (20–40%) water stress in the central region of Georgia, mainly in Kvemo Kartli, Tbilisi, Shida Kartli, Samtshke-Javakhet, the provincial administration region, and Mtsheta-Mtaneti, as seen in Figure 8a. Low (10%) to low-medium (10–20%) water stress is present in the rest of the country, mainly in the eastern and western regions (Figure 8a). There is a medium drought risk with a rating of 0.4 to 0.6 in most of the country except for the Abkhazia region, as seen in Figure 8b.



A change in the NDVI indicates a change in the soil productivity. Land productivity is a result of climate and land management. A change in the productivity can result from a sensitivity to climate change and human-induced land management. Southern Kakheti, Kvemo Kartli, and the upper regions of Mscheta show losses in land productivity over the past 20 years (Figure 8c). Moreover, the country’s eastern region shows a gain in land productivity as there has been a positive increase in the trend over the past two decades, as observed in Figure 8c.



Combined Geographic Sensitivity Map


The combined geographic sensitivity map (Figure 9) was created using the equation in Table 5. The value of −4 is the lowest, and 3 is the highest, as seen in Figure 9.



Southern Kakheti, Kvemo Kartli, Tbilisi, Mtskheta-Mtianeti, Samskhe-Javakheti, and Shida Kartli are the most sensitive to climate change, with higher Geographic Sensitivity Index scores ranging from 1 to 3 (Figure 9), as a result of medium water stress and a decrease in land productivity. The mountain areas of Mscheta-Mtianeti and Svaneti are the most sensitive due to the reduced land productivity, which can be partly related to human-induced land degradation and will impact water resources and natural hazards.



Water stress and drought risk are major geographic indicators for sensitivity. The provinces of Shida Kartli, Samtskhe-Javakheti, Mtskheta-Mtianeti, and Kvemo Kartli have medium sensitivity to water stress. The drought risk is medium for almost all parts of the country. The decrease in land productivity is most visible in Southern Kakheti, Kvemo Kartli, Samtskhe–Javakheti, and Mtskheta-Mtianeti. The increase in soil productivity can mainly be found at higher elevations. There are prominent human-induced land degradation impacts in the southern Kakheti, northern and southern Mtskheta-Mtianeti, eastern Samtskhe–Javakheti, Rachi-Lechkhumi, and Svaneti regions. This makes most of Eastern and Southern Georgia geographically sensitive to climate exposure, as indicated in Figure 9.





3.3. Socio-Economic Sensitivity Assessment


The GPD per capita of Georgia ranges from less than USD 2600 to more than USD 3600, as seen in Figure 10a. Kakheti and Guria have lower GDP per capita values, whereas Tbilisi, Mtsheta-Mtaneti, and Adjara have higher GDP per capita values (Figure 10a). Tbilisi, Imereti, Racha-Lechkhumi, Kvemo Svaneti, and Adjara have higher HDIs that are greater than 0.81, whereas the Mtsheta-Mtaneti, Kakheti, and Guria provinces have lower HDI values than the rest of the provinces with less than 0.77 (Figure 10b).



Tbilisi, Imereti, Racha-Lechkhumi, Kvembo Svaneti, and Adjara have higher EI values that are greater than 0.851, whereas Kvemo Kartli, Samtskhe–Javakheti, and Guria have lower EI values than the rest of the provinces with less than 0.802 (Figure 10c). Tbilisi, some parts of Imereti, and Kvemo Kartli, along with other coastal cities in the western region, show higher population densities, as seen in Figure 10d.



The socio-economic data used in this study were sourced from the National Statistics Office of Georgia, an official government agency that ensures the data’s accuracy and reliability. The authors of [83] employed the GDP as a key economic indicator to assess the risks and vulnerabilities stemming from multiple hazards in Georgia. This underscores the indicator’s value in the CRVA. It is advisable to exercise caution when dealing with socio-economic data and to critically evaluate their reliability before drawing any conclusive inferences.



Combined Socio-Economic Sensitivity Map


The combined socio-economic sensitivity map (Figure 11) was created using the equation in Table 5. The value of 1 is the lowest sensitivity, and 6 is the highest sensitivity, as seen in Figure 11.



Socio-economic sensitivity is directly linked to issues like education and health services, life expectancy, income per capita, and, to a lesser extent, the population density. From a socio-economic view, Guria and Kakheti, followed by Kvemo Kartli and Shida Kartli, have the highest Socio-economic Sensitivity Index scores ranging from 4 to 6 (Figure 11) and the lowest adaptive capacities. The lower GDP per capita and the lack of quality education services play significant roles in this increased sensitivity in these regions.



The higher income per capita can be found in Adjara and Mtskheta-Mtianeti, followed by Samegrelo, Zemo Svaneti, and Samtskhe-Javakheti. Guria and Kakheti have the lowest scores of income per capita. The Human Development Index (life expectancy, education, and health) is the lowest in the Mtskheta-Mtianeti region, followed by Kakheti, Guria, Samegrelo, and Zemo Svaneti. The Education Index is the lowest in Guria and Kvemo Kartli, followed by Samegrelo, Zemo Svaneti, and Guria. After Tbilisi and Adjara, Imereti, Kvemo Kartli, and Shida Kartli have the highest population densities. As a result, Guria and Kakheti have the highest socio-economic sensitivities and the lowest adaptive capacities, followed by Kvemo Kartli and Shida Kartli, as observed in Figure 11.





3.4. Climate Risk and Vulnerability Map


The map of climate risk and vulnerability (Figure 12) was created using the equation in Table 5. The value of −1 is the least vulnerable, and 6 is the most vulnerable, as seen in Figure 12. By applying the same classification system for all indicators, the summaries from different indicators are statistically allowed to obtain climate change risk and vulnerability maps.



Climate vulnerability, which is composed of climate exposure, geographic sensitivity, and socio-economic sensitivity, is expected to be the highest in the Kakheti and Kvemo Kartli regions under both RCP scenarios, as indicated in Figure 12. These regions show higher vulnerability indices ranging from 4 to 6. Under the RCP 4.5 scenario, the Samtskhe–Javakheti and Shida Kartli regions show higher vulnerability indices, indicating that these regions are also vulnerable to climate change impacts along with the other regions mentioned above, as seen in Figure 12. This shows that regions with higher vulnerabilities to climate change and more pronounced impacts on water resources meet extreme climate exposure, increased water stress, lower productivity linked to land degradation, low income per capita, lower education and HDI, and higher population density. It is worth noting that the mountain ranges influence the vulnerability to climate change in Georgia. The higher vulnerability index values in the upstream areas of the Alazani-Iori, Khrami-Debeda, and Mktvari river basins also provide evidence that the water resources in Georgia will deplete and affect the country’s overall water availability, as indicated in Figure 12.



During periods of drought, the water sector can come under increased pressure. This heightened stress is compounded by more intense precipitation, which hinders infiltration. Such stress affects the water sector by impacting the availability of drinking water, especially from open water sources and non-segregated drainage and sewage systems. In the western part of the country, particularly the coastal region, the amount of heavy precipitation increases, and the timing shifts from summer to spring. This necessitates greater water retention, drainage, and reservoir buffer capacity.



Furthermore, rising temperatures and the prevalence of drought lead to increased evaporation from water reservoirs, resulting in significant water loss. Glacier melt, combined with summer droughts, further reduces the summer flow of eastern rivers, limiting water availability for abstraction. The reluctance of farmers to engage in irrigation water contracts adds to the inefficiencies in water delivery as long-term water management planning becomes unfeasible.



The most pressing issue, however, lies in the shortage of young professionals and the low level of professional education. The outflow of experienced professionals due to retirement exceeds the inflow of well-trained young experts. This poses a significant threat to water management despite the imperative for climate adaptation. It is particularly vulnerable in provinces with low education indices, such as Kvemo Kartli, Guria, and Samtskhe-Javakheti. The critical hazards anticipated to worsen are heat, extremely high precipitation, drought, and land degradation. Heat, drought, and land degradation are expected to have the highest economic costs. These are mostly not recognized as hazards as the responsibility is not in emergencies but in other sectoral institutions like agriculture, water resources, and environmental agencies. Eastern Georgia will be impacted the most by drought, and the western provinces will be impacted the most by extreme precipitation, which will cause an increased risk of hazards like mudflow, landslides, flash floods, and flooding. The relatively low adaptive capacities in the Kakheti, Kvemo Kartli, and Guria areas need particular attention.



The analysis highlighted the likely climate changes in Georgia and which territories are the most vulnerable. The eastern part of the country presents the greatest vulnerability to climate change, and these are also territories for which agricultural activity is essential both in socio-economic and cultural terms. In these regions, investments in irrigation and support for agricultural development will also be the most important in the coming years. The analysis also shows that the traditional dichotomy between the west and east of Georgia, with the west requiring drainage and the east requiring irrigation, needs to be rethought in light of the perceived and expected effects of climate change.



Assessing the impacts on the hydrology and water availability of Georgia through CRVA under future climate scenarios is a pertinent issue that requires attention in the present context for the country. Despite the importance of this topic, only a few studies have been conducted to investigate the risk assessment of Georgia, and recent studies focusing on assessing the risk in water resources due to climate change impact are limited. For instance, the authors of [84] conducted a risk assessment of surface and subsurface water due to natural disasters in small regions of Georgia. This paper highlighted the adverse implications of natural disasters on Georgia’s largest rivers, namely the Kura and the Rioni rivers, which is consistent with the findings of this study. This demonstrates the vulnerability of these river basins to the impacts of extreme climate.



The authors of [85] researched the landslide risk assessment of Georgia and created a landslide susceptibility map for the country using a similar approach to that used in this study. Their multi-hazard risk assessment employed a hazard, exposure, and risk analysis to develop a vulnerability map for landslide risks. This helps to validate the method applied in this study to carry out a CRVA.



The authors of [83] developed a comprehensive national framework for assessing Georgia’s natural hazards, risk, and vulnerability. The authors used multiple linear regression methods to establish correlations between economic losses, physical exposure, and hazards by linking physical and socio-economic variables. This enabled them to conduct an effective risk assessment and devise appropriate risk management strategies. The results and findings of this study appear to lend support, at least in part, to the future outlook envisioned by the authors of [83,85].



Overall, the need for a risk assessment of Georgia’s water resources while considering climate change cannot be overstated, and this study contributes to the growing body of literature focused on this crucial issue.




3.5. Limitations


Some of the limitations of this study are as follows:




	
Climate change simulated using climate models must undergo significance testing to determine the reliability of the simulation results compared to the model’s internal variability. Although this study utilized an ensemble mean of selected GCMs to decrease uncertainty and model internal variability to some extent, carrying out significance testing on the GCMs would provide further accuracy and confidence to the results.



	
This study used various indicators from different sources, each with distinct characteristics. The indicators were measured or determined using different baseline periods. This study carefully selected the indicators and data sources. The indicators used for this study are widely used and accepted by the research community. This approach was adopted to ensure that the methods of calculating the CRVA remain simple to replicate in other regions.



	
As per [78], the algorithm used to determine the NDVI selects the optimal pixel value by analyzing all of the data gathered over 16 days, with additional criteria such as less cloud cover, a lower viewing angle, and the highest NDVI value. Therefore, this study trusted the data and used it for the analysis, assuming it underwent some post-processing and validation. However, it is always recommended to conduct additional atmospheric and radiometric corrections to improve the accuracy of the NDVI data.



	
The weights used in the equations to determine the exposure risk, sensitivity, and vulnerability index were not chosen solely based on scientific methods. This might raise questions about the reliability of the analysis. These weights are critical for assessing climate risk and vulnerability, so it was necessary to have extensive discussions among different stakeholders in Georgia. Ensuring that all parties involved took and accepted the study’s findings seriously was essential.



	
This study utilized the ETCCDI climate indices data from the CMIP5 GCMs. However, it is worth noting that the CMIP6 GCM data have recently become available and have been made publicly accessible. For further research, it may be worthwhile for researchers to calculate extreme climate indices using the CMIP6 data and conduct a CRVA study to examine any potential variations in the outcomes.










4. Conclusions


In conclusion, this study has made significant contributions to the field of CRVA by utilizing a straightforward approach that can be easily replicated in any region or scale of the world. This study’s findings have shed new light on utilizing publicly available data and the methods used to conduct a CRVA under future climate change RCP scenarios across various sectors and disciplines. The recommended CRVA approach in this study is expected to assist government agencies and other institutions in assessing climate risk and vulnerability due to climate change or extreme weather events. The findings of the CRVA study will enable stakeholders to make informed decisions and allocate resources to areas that are highly susceptible to climate risks and their consequences.



This CRVA provides a bridge between climate change and the measures that Georgia can implement to manage and adapt to the regional risks posed by the changing climate. The Kakheti, Kvemo Kartli, Samtskhe–Javakheti, Mtskheta-Mtianeti, and Shida Kartli regions are the most vulnerable to climate change risks under both RCP scenarios. These regions are evaluated based on their climate exposures, geographic sensitivities, and socio-economic sensitivities. It is also concluded that the mountain ranges influence the vulnerability to climate change. It should be noted that the average precipitation is increasing, and precipitation is shifting from summer to early spring. This increases the duration of potential drought events during the summer months. Georgia’s water stock in glaciers is also reducing due to the shift in precipitation to a lower altitude and increased sublimation. This increases river discharge in the short term but will rapidly decrease in the longer term. The yearly reduction in river discharge differs from the west to east.



These results show that regions with higher vulnerabilities to climate change and more pronounced impacts on water resources meet extreme climate exposure, increased water stress, lower productivity linked to land degradation, a low income per capita, lower education and HDI, and a higher population density. The higher vulnerability index to climate change in the upstream areas of the Alazani-Iori, Khrami-Debeda, and Mktvari river basins also provides strong evidence that the water resources in Georgia will become depleted and affect the country’s climate, geography, and socio-economic sectors.



This study had several limitations that should be considered when interpreting its findings. These limitations can be addressed in future studies to improve the findings further. These limitations include the need for significance testing on the GCMs used for the simulation, the absence of accuracy and consistency tests in the study area, the use of various other indicators, the use of non-scientific weights in equations, and the use of more recent CMIP6 GCM data. While these limitations may affect the study’s accuracy, the indicators used are widely accepted by the research community, and the study’s findings can still provide valuable insights into the climate risk and vulnerability of the study area. Despite these limitations, it is safe to assume that this study represents an important step forward in the field and can potentially make a significant scientific impact.
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Figure 2. The methodology applied for the CRVA study. Twelve classes from −6 to 6 measure risk exposure, sensitivity, and vulnerability. 
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Figure 3. Projected changes in (a) TXx, (b) TX90p, (c) PRCPTOT, (d) R95pTOT, (e) R99pTOT, (f) Rx5day, and (g) CDD by 2050 against the baseline of the 1961–1990 period. Projections are based on CMIP5 Global Circulation Models (ETCCDI extreme indices) for the RCP 4.5 scenario. 
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Figure 4. Projected changes in (a) TXx, (b) TX90p, (c) PRCPTOT, (d) R95pTOT, (e) R99pTOT, (f) Rx5day, and (g) CDD by 2050 against the baseline of the 1961–1990 period. Projections are based on CMIP5 Global Circulation Models (ETCCDI extreme indices) for the RCP 8.5 scenario. 
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Figure 5. (a,b) Projected change in total spring (March–May) precipitation by 2050 against the baseline (1979–2013) under RCP 4.5 and RCP 8.5 scenarios. (c,d) Projected change in total summer (June–August) precipitation by 2050 against the baseline (1979–2013) under RCP 4.5 and RCP 8.5 scenarios. The data were taken from the CHELSA Version 1.2 [81,82]. 
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Figure 6. Projected change in riverine flood risk by 2050 with a return period of 100 years in comparison with 1980 under RCP 4.5 and RCP 8.5 scenarios. Data are from Aqueduct 3.0, World Resources Institute [77]. 
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Figure 7. Total climatic exposure combines the heat, total precipitation, share of heavy precipitation, and drought length by 2050. The value of 1 is the lowest exposure, and 6 is the highest exposure to climate risks. 
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Figure 8. (a) Water stress. (b) Drought risk. (c) NDVI trend as an indicator for change in soil productivity from 2000 to 2020 in Georgia. 
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Figure 9. Map of combined geographic sensitivity to climate change in Georgia. The value of −4 is the lowest sensitivity, and 3 is the highest sensitivity. 
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Figure 10. (a) GDP per capita in USD; (b) HDI; (c) EI; (d) population density of Georgia. 
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Figure 11. Map of combined socio-economic sensitivity to climate change in Georgia. The value of 1 is the lowest sensitivity, and 6 is the highest sensitivity. 
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Figure 12. Climate exposure, geographic, and socio-economic sensitivity-based risk and vulnerability maps for the RCP 4.5 and RCP 8.5 scenarios. The value of −1 is the least vulnerable, and 6 is the most vulnerable to climate change impacts. 
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Table 1. CMIP5 GCMs selected for the study.
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	Scheme
	Global Circulation Models
	Institution
	Spatial Resolution





	1
	CMCC-CM
	CMCC, Italy
	0.75°



	2
	CSIRO-Mk3.6.0
	CSIRO-QCCCE, Australia
	1.875°



	3
	GFDL-ESM2G
	NOAA-GFDL, USA
	2.0°



	4
	MIROC5
	MIROC, Japan
	1.40625°



	5
	MPI-ESM-LR
	MPI-M, Germany
	1.875°



	6
	MPI-ESM-MR
	MPI-M, Germany
	1.875°



	7
	MRI-CGCM3
	MRI, Japan
	1.125°










 





Table 2. ETCCDI extreme climate indices used for the climate exposure risk assessment.
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	S. No.
	Extreme Climate Index
	Name (Units)
	Definition





	1
	PRCPTOT
	Total precipitation (mm)
	Total annual accumulated precipitation on days with precipitation > 1 mm.



	2
	R95pTOT
	Heavy precipitation (mm)
	Total yearly precipitation on very wet days when daily precipitation is higher than the 95th percentile.



	3
	R99pTOT
	Extreme precipitation (mm)
	Total yearly precipitation on extremely wet days when daily precipitation is higher than the 99th percentile.



	4
	Rx5day
	5-day maximum precipitation (mm)
	Maximum precipitation in five consecutive days in a year.



	5
	TXx
	Annual maximum of daily maximum temperature (°C)
	Maximum value of daily maximum temperature in a year.



	6
	TX90p
	Warmth duration (%)
	Percentage of warm days when the daily maximum temperature exceeds the 90th percentile.



	7
	CDD
	Consecutive drought duration (day)
	Maximum duration of drought period or maximum number of consecutive days with precipitation below 1 mm in a given year.










 





Table 3. Description of geographic indicators used for sensitivity assessment.
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	S. No.
	Geographic Indicators
	Temporal Coverage
	Data Source
	References





	1
	Water Stress
	1960–2014
	Aqueduct 3.0, WRI
	[69,77]



	2
	Drought Risk
	2000–2019
	Aqueduct 3.0, WRI
	[69,77]



	3
	NDVI Trend
	2000–2020
	NASA LP DAAC
	[78]










 





Table 4. Description of socio-economic indicators used for sensitivity assessment.
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	S. No.
	Geographic Indicators
	Temporal Coverage
	Data Source
	References





	1
	GDP per capita
	2020
	National Statistics Office of Georgia
	[52]



	2
	HDI
	2019
	Global Data Lab
	[79,80]



	3
	EI
	2020
	National Statistics Office of Georgia
	[52]



	4
	Population Density
	2020
	National Statistics Office of Georgia
	[52]










 





Table 5. Equations used to determine the Climate Exposure Index, Geographic Sensitivity Index, Socio-economic Sensitivity Index, and Climate Risk and Vulnerability Index.
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	S. No.
	Exposure, Sensitivity, and Vulnerability Index
	Equation





	1
	Combined Climate Exposure Index
	0.5 * TXx + 0.5 * TX90p + 1 * PRCPTOT + 0.333 * R95pTOT + 0.333 * R99pTOT + 0.333 * Rx5day + 1 * CDD



	2
	Combined Geographic Sensitivity Index
	2 * Water Stress + Drought Risk + 2 * NDVI Trend



	3
	Combined Socio-Economic Sensitivity Index
	GDP per capita + 0.5 * HDI + 0.5 * EI + 0.5 * Population Density



	4
	Climate Risk and Vulnerability Index
	Climate Exposure + Geographic Sensitivity + Socio-Economic Sensitivity
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