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Abstract

:

Water security is a critical global issue that has gained increasing attention from researchers, policymakers, and practitioners over the past few decades. This paper presents a comprehensive overview of the evolution of potable water security indices from the 1980s to the 2020s, focusing on the key research themes, trends, and influential factors in the field. We conducted a comprehensive search of the relevant literature and examined the development of water security indices to provide insights into the current state of research and identify future research directions. This paper will explore the historical context, key indicators, sector-specific challenges, climate change implications, governance and policy considerations, technological advancements, community engagement efforts, and future directions for research in this critical field. Researchers and policymakers will find this review valuable as it offers insights into the existing knowledge and the areas that require further exploration to address global water security challenges.
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1. Introduction


Access to safe and reliable water is a fundamental human right. However, many communities around the world continue to face challenges in securing adequate supplies of clean, potable water [1]. Despite advances in water infrastructure and treatment technologies, significant disparities persist, with some regions experiencing water scarcity while others grapple with the high costs of utilizing available freshwater resources [2], with a focus on community-level dynamics and potential solutions. One key aspect of water security is the role of ecosystems in maintaining and regulating water resources. This is particularly relevant at the community level, where local environmental factors play a significant role in determining water availability and quality. Equally important is the need to balance human and environmental water needs, as highlighted by the United Nations Sustainable Development Goal for water (SDG 6) [3]. The concept of water security has evolved to address this multifaceted challenge, acknowledging the inherent tensions among competing demands for scarce water resources. Water is important for sustaining life, serving a crucial function in both direct ingestion and maintaining the environment. The distribution, hygienic conditions, and accessibility of water have a direct impact on the well-being of people [4]. Defined as the sufficiency of freshwater supplies to satisfy human and environmental requirements, water security is a growing concern on a global scale [5]. The limited availability of safe drinking water is directly linked to human rights, as guaranteeing access to it is a crucial obstacle in development [6,7]. The scarcity of water has escalated in recent years due to climate change, population increases, and rising demands surpassing supply [8].



The two main types of water shortage are physical and economic water scarcity. Approximately 1.2 billion people, many of whom reside in arid or semi-arid regions, experience physical scarcity, where the demand for water exceeds the available supply in a certain area [9,10]. This scarcity can occur periodically, affecting over two-thirds of the world’s population at least once annually, and is expected to worsen as a result of population increase and climate-induced shifts in water supply [9,11]. Approximately 1.6 billion people are currently experiencing economic water shortages due to inadequate infrastructure or the ineffective management of the available water resources, even in regions where water is accessible [9,12]. In such instances, inadequacies in water utilization, frequently caused by the insufficient economic value of water, worsen the issue, leading to unattainable or contaminated water sources [13].



Furthermore, water quality has emerged as a crucial dimension of water security. The environmental contamination caused by fertilizers, viruses, and pollutants has deteriorated water supplies worldwide [10]. The concentration of chemicals of concern, such as per- and polyfluoroalkyl compounds (forever chemicals), has surpassed the permissible threshold, therefore endangering the safety of water [14]. Furthermore, a staggering 80% of the world’s wastewater is released without any treatment, therefore exacerbating the pollution of water ecosystems [15]. The deterioration of water quality poses a dual danger to both physical water security and economic water scarcity, particularly in areas with inadequate or ineffective water controls [16]. Climate change poses additional challenges to water security by modifying meteorological patterns and intensifying the occurrence of severe droughts and floods. These alterations have considerable effects on the availability and quality of water, disturb ecological systems, and diminish crucial water-related functions such as flood control and nutrient cycling [17,18,19]. In numerous areas, particularly those currently experiencing water scarcity, the availability of water is becoming less foreseeable and progressively unsustainable as a result of these multifaceted pressures [20,21].



In light of the escalating global water problems, the emphasis on ensuring access to safe drinking water is becoming increasingly important. Potable water security specifically pertains to the presence of safe and high-quality drinking water in adequate amounts to fulfill the requirements of a given community. It is imperative not only to tackle physical and economic water shortages but also to preserve water quality in order to guarantee this. The persistent degradation of water sources by untreated wastewater, industrial pollutants, and geogenic contaminants such as arsenic and fluoride is a significant threat in guaranteeing access to drinking water [16]. The insufficient availability of potable water constitutes substantial hazards to human well-being, intensifying disparities and reducing economic resilience in susceptible areas [6,7].



Attaining safe drinking water requires a holistic strategy that attends to water sustainability, which is defined as guaranteeing the availability, cleanliness, and accessibility of water for its designated use, be it for agriculture, industry, or human consumption. In order to minimize water wastage and contamination, it is necessary to enhance water infrastructure, refine management procedures, and promote a greater understanding of the economic worth of water [22,23]. Failure to implement these steps will result in a persistent increase in the disparity between water supply and demand, therefore jeopardizing both water security and global development [24]. The global demand for freshwater resources continues to grow, driven by factors such as population growth, urbanization, and climate change. Ensuring water security is an increasingly pressing challenge, and researchers worldwide have been investigating various aspects of water security to address this issue. A literature review is an essential component of academic research that involves systematically gathering and analyzing existing published studies, articles, and scholarly works related to a specific topic or research question. This review paper provides a comprehensive overview of water security indices from the 1980s up to the 2020s, highlighting the key findings and emerging trends. It also aims to identify the gaps in the current body of knowledge on domestic and potable water security indices.




2. Methodology


This study initially employed a bibliometric analysis to investigate the trends and developments in household potable water security over the past two decades (2001–2024). The research began with a comprehensive search of the relevant literature in the Scopus database, focusing on publications that contributed to the discourse on potable water security. This step was followed by the identification of relevant papers through back referencing. The indices related to potable water security were categorized based on their emergence in different time periods: 1980s–1990s, 2000s–2010s, and 2010s–2020s. This temporal division allowed for a detailed analysis of the evolution and focus of water security indices across different decades. For each of these periods, heatmaps were generated to visually represent the prevalence and focus areas of the identified indices, enabling a clear comparison of trends over time.



2.1. Heatmap Generation Process


The heatmaps were generated based on an evaluation of the different indices across various characteristics or criteria. The process followed the steps outlined below.



2.1.1. Identification of Indices


The water security indices were identified and listed (e.g., Water Stress Index, Water Insecurity Index).




2.1.2. Defining the Key Characteristics


The characteristics used in each heatmap depended on the aspects of water security that needed to be emphasized. The categories of characteristics selected for evaluating the indices are given in the Results Section.




2.1.3. Scoring Process


Each index was then rated or scored based on how well it performs against each of these criteria. In this case, subjective expert judgment (e.g., reviews or critical analysis of the indices) was used to assign scores. For each characteristic, the indices were rated on a scale of 1 to 5 to indicate their performance in that category:



1 (Low): the index performs poorly or does not account for the characteristic.



5 (High): the index excels in this aspect and offers strong coverage or applicability.




2.1.4. Data Input


The scores were input into a matrix, where the rows represent the indices and the columns represent the criteria.




2.1.5. Heatmap Visualization


Once the indices had been rated for each characteristic, the data were fed into a heatmap, where color gradients visually represent the performance across the categories. Darker shades indicate higher scores, while lighter shades show areas where the index may be lacking. The scores were visually represented in a heatmap, with the color intensities reflecting the performance levels.






3. Results


Ensuring adequate and reliable household water access is a critical global challenge, with significant implications for health, well-being, and economic development [25]. Existing methods used to assess household water insecurity have traditionally focused on measures of water quality, quantity, and affordability [26]. However, these narrow indicators often fail to capture the full extent of the water-related burdens experienced at the household level [25]. Emerging research has highlighted the need for a more comprehensive conceptualization of household water insecurity that incorporates considerations of water entitlements, human capabilities, and sociocultural dynamics [26,27]. The development and validation of the Household Water Insecurity Experiences Scale represents a significant advancement in this direction, providing a holistic assessment of a household’s experiences with water-related stresses and scarcities and uncertain access to water [25]. Quantifying the prevalence and distribution of household water insecurity is crucial for identifying vulnerable populations, informing targeted interventions, and monitoring progress toward universal water access. By adopting a multidimensional approach to understanding household water issues, researchers and policymakers can better address the complex, context-dependent nature of water security challenges.



3.1. Comparing and Critically Analyzing Major Water Security Indices, 1980s–1990s


This section compares and critically analyzes six prominent indices from the 1980s to the 1990s: the Water Stress Index, the Vulnerability of Water Systems Index, the Basic Human Needs Index, the Water Resources Vulnerability Index, the Indicator of Water Scarcity, and the Water Availability Index [28,29,30,31]. The Water Stress Index, introduced in 1989, is a widely used metric that measures the ratio of the total annual water use to the total available annual water supply. It provides a general assessment of water scarcity, with values above 0.4 indicating high water stress. However, this index has been criticized for its limited scope, as it fails to consider factors such as water quality, environmental flow requirements, and adaptive capacity.



The Vulnerability of Water Systems Index, developed in 1990, focuses on the resilience and adaptability of water systems to external stresses [32]. It incorporates factors like water supply variability, infrastructure, and institutional capacity, providing a more comprehensive assessment of water system vulnerability. The Basic Human Needs Index, introduced in 1996, assesses water scarcity in terms of its impact on meeting basic human needs, such as access to safe drinking water and sanitation [33]. This index highlights the social dimensions of water scarcity and its implications for human development.



The Water Resources Vulnerability Index, developed in 1997, considers a broader range of factors, including water availability, water quality, and institutional capacity [34]. This index aims to capture the overall vulnerability of a region’s water resources, making it a useful tool for water resource management and planning.



The Indicator of Water Scarcity, introduced in 1998, is a refined version of the Water Stress Index, incorporating additional factors like environmental flow requirements and the virtual water trade [32]. This index provides a more nuanced assessment of water scarcity, but it still faces challenges in fully accounting for the complexities of water systems. The Water Availability Index, also introduced in 1998, focuses on the physical availability of water resources, considering factors like precipitation, surface water, and groundwater [32]. However, this index does not address the social, economic, and institutional factors that influence water accessibility and use.



The heatmap (Figure 1) visualizes these six water stress and vulnerability indices across different characteristics. The characteristics selected for this analysis are comprehensiveness (broadness of the index, covering various aspects of water security, such as availability, quality, governance, and socioeconomic conditions), data requirements (dependence on high-quality, accessible data), applicability (flexibility across global, regional, or local contexts), social factors, environmental factors, and institutional factors.



Each cell represents the score of a specific characteristic for a given index, with darker shades indicating higher scores. This heatmap provides a comparative overview of how each index performs across key dimensions like comprehensiveness, data requirements, and applicability.



In critically evaluating these indices, several key observations can be made. First, while each index provides valuable insights, they all tend to have a narrow focus, often overlooking the multidimensional nature of water scarcity [28]. Efforts have been made to address this limitation, such as the Sociotechnical Utility-Based Framework for Drinking Water Investment, which pairs the Falkenmark indicator with the UNDP’s Human Development Index to create a more comprehensive social Water Stress Index [33]. Additionally, the indices have varying levels of data requirements and applicability, with some being more suitable for global or regional assessments, while others are better suited for local-level analysis [34]. Furthermore, the weighting and aggregation methods used in these indices can significantly impact the resulting assessments, highlighting the need for robust and context-specific approaches [28].



In conclusion, the comparison and critical analysis of these water stress and vulnerability indices reveal the complexity and multifaceted nature of water scarcity. While these indices provide valuable insights, there is a need for a more holistic and adaptive framework that can account for the diverse social, economic, and environmental factors influencing water resources [28,32,33,34].




3.2. Comparing and Critically Analyzing Major Water Security Indices, 2000s–2010s


In this section, six prominent water sustainability indices developed in the time period from the 2000s to the 2010s—the Water Poverty Index, the Climate Variability Index, the Relative Water Stress Index, the Canadian Water Sustainability Index, the Watershed Sustainability Index, and the Arctic Water Resource Vulnerability Index—are analyzed [35,36,37,38,39].



The Water Poverty Index, introduced in 2003, is a comprehensive measure that considers the physical, economic, and social aspects of water [40]. It aims to capture the multidimensional nature of water poverty, including access to water, water quality, water use, water resources, and environmental factors [33]. The Climate Variability Index, developed in 2005, focuses on the impacts of climate variability on water resources, accounting for factors such as water availability, water quality, and adaptive capacity [28,41]. The Relative Water Stress Index, also introduced in 2005, evaluates the balance between water supply and demand, considering both natural and anthropogenic factors [33,40]. The Canadian Water Sustainability Index, proposed in 2007, takes a broader approach by assessing the sustainability of water resources at the community level, considering aspects like water quality, water quantity, infrastructure, environmental well-being, and human well-being [28,40]. The Watershed Sustainability Index, developed in 2007, focuses on the sustainability of watersheds, encompassing ecological, socioeconomic, and institutional dimensions [33,41].



Finally, the Arctic Water Resource Vulnerability Index, introduced in 2008, is specifically designed to assess the vulnerability of water resources in the Arctic region, addressing factors such as water quantity, water quality, and socioeconomic conditions [28,41].



Each of these indices has its own strengths and limitations, and the choice of which to use depends on the specific context and objectives of the assessment. The Water Poverty Index and the Climate Variability Index provide a more comprehensive and holistic view of water sustainability, while the Relative Water Stress Index and the Canadian Water Sustainability Index offer a more targeted approach to specific aspects of water resources. The Watershed Sustainability Index and the Arctic Water Resource Vulnerability Index, on the other hand, are more tailored to specific geographical regions and their unique challenges [28,33,40,41].



The heatmap (Figure 2) visualizes these six water sustainability indices across different characteristics. Each cell represents the score of a specific characteristic for a given index, with darker shades indicating higher scores. This heatmap provides a comparative overview of how each index performs across key dimensions, like comprehensiveness, geographical focus, adaptability, data requirements, and focus on emerging threads. The characteristics selected for this analysis are comprehensiveness, geographical focus, adaptability (this measures how well an index can be adapted across different scales), data requirements (how dependent the index is on high-quality, accessible data), and the focus of these indices on emerging threads.



One common limitation of these indices is the reliance on data availability and reliability, which can be particularly challenging in developing countries or regions with limited data collection and monitoring capabilities [28,33]. Additionally, some indices may not adequately capture the dynamic and complex nature of water systems, especially in the face of emerging threats like climate change [42]. To address these limitations, researchers have proposed the development of more robust and adaptable indices that can better account for local and regional variations, as well as the integration of advanced technologies and expert systems to enhance the accuracy and relevance of water sustainability assessments [28].



In conclusion, the comparative analysis of these six water sustainability indices highlights the importance of a multifaceted approach to water resource management and the need for continuous refinement and adaptation of these tools to address the evolving challenges in the water sector.




3.3. Comparing and Critically Analyzing Major Water Security Indices, 2010s–2020s


This section provides a comparative analysis of five important indices during the time period 2010–2020: the Water Security Status Indicators, the Water Insecurity Index, the National Water Security Index, the Objective Index, and the Synthesized Water Quality Index [39,43,44].



The Water Security Status Indicators, developed in 2013, is a framework that evaluates water security across five dimensions: water resources, water access, water capacity, water use, and water environment [45]. This comprehensive approach provides a holistic assessment of water security, but the authors note that the uneven distribution of water resources across time and space can lead to challenges such as floods and droughts, which are not fully captured by this index [45]. The Water Insecurity Index, introduced in 2014, focuses on the household-level experience of water insecurity, considering factors such as access, reliability, and affordability. This index is particularly useful for identifying vulnerable populations and targeting interventions [46]. However, it may not adequately capture the broader systemic issues of water security at the national or regional level. The National Water Security Index, developed in 2016, assesses water security across five pillars: water resources, water access, water environment, water disasters, and water governance. This index provides a more nuanced and comprehensive evaluation of water security, incorporating both biophysical and socioeconomic factors. The Objective Index, introduced in 2018, takes a different approach by focusing on quantifiable, objective indicators of water quality, availability, and access. This index aims to provide a more standardized and replicable measure of water security, but it may lack the contextual nuance of some of the other indices.



The Synthesized Water Quality Index, also developed in 2018, combines multiple water quality parameters into a single metric, providing a holistic assessment of water quality. This index is particularly useful for evaluating the suitability of water for various uses, such as drinking, agriculture, and industry [45]. While these indices share the common goal of evaluating water security, they differ in their scope, their methodology, and the specific aspects of water security they prioritize [45,46,47,48].



The heatmap (Figure 3) visualizes these five water security indices across different characteristics. Each cell represents the score of a specific characteristic for a given index, with darker shades indicating higher scores. This heatmap provides a comparative overview of how each index performs across key dimensions, like comprehensiveness, geographical focus, governance, standardization, and focus on water quality. This heatmap provides a clear and concise way to compare the strengths and weaknesses of each index across the different characteristics, aiding in the selection of the most appropriate index for specific research or policy needs.



The Water Security Status Indicators provide a broad assessment of water security, covering both physical and governance-related aspects. The Water Insecurity Index, on the other hand, focuses specifically on household-level water insecurity, highlighting the sociocultural dimensions of water security. The National Water Security Index offers a comprehensive national-level assessment, while the Objective Index strives for a more standardized and quantifiable approach. The Synthesized Water Quality Index, in contrast, specializes in assessing water quality, a crucial component of water security. The comparison of these indices highlights the importance of considering multiple perspectives and scales when evaluating water security [45,46,47,49].



Integrating qualitative and quantitative methods, as proposed in the literature, offers valuable insights into the social, political, and cultural factors that mediate household water experiences. Examining the interplay between household water insecurity and various domestic water indices further elucidates the drivers and consequences of water-related stresses, ultimately supporting more equitable and sustainable water resource management.





4. Conclusions


After analyzing and comparing the water stress and vulnerability indices, as well as the sustainability and security indices provided, several key insights and conclusions emerge regarding their effectiveness, strengths, and limitations. The indices, such as the Water Stress Index, the Vulnerability of Water Systems Index, and the Basic Human Needs Index, primarily focus on assessing the balance between water demand and availability. They also consider the impact of external stressors on water systems, which is crucial for understanding regional water scarcity and vulnerability. Indices like the Water Poverty Index, the Climate Variability Index, and the Watershed Sustainability Index offer a more comprehensive approach, integrating physical, social, economic, and environmental factors. This broader scope allows them to capture the multidimensional nature of water sustainability, which is essential for long-term planning and management. The Water Security Status Indicators, the Water Insecurity Index, and the National Water Security Index emphasize the overall security of water resources. They address a range of issues, from governance and infrastructure to household-level water access, offering a holistic view of water security challenges. One of the notable limitations of the current water security indices is the lack of consideration of recycled water as a vital resource for enhancing water security. Despite significant advancements in water recycling technologies and their growing application, particularly in water-scarce regions like the Middle East and North Africa [50], most indices fail to account for this emerging trend. There are studies that underscore the critical role that recycled water can play in reducing water stress [51]. Future iterations of water security frameworks could benefit from integrating water reuse parameters to provide a more comprehensive assessment of water management strategies.



Indices like the Water Poverty Index and the National Water Security Index excel in offering a detailed and holistic assessment of water resources by incorporating multiple dimensions such as social, economic, and environmental factors. However, their broad scope can sometimes lead to challenges in data collection and interpretation. Indices such as the Water Insecurity Index are particularly effective at the household level, identifying vulnerable populations and addressing specific local issues. On the other hand, indices like the National Water Security Index provide a macro-level assessment, which is crucial for national policymaking but may overlook local nuances. The National Water Security Index and the Vulnerability of Water Systems Index highlight governance and institutional capacity, which are critical for sustainable water management. However, they may underemphasize other dimensions, like water quality or ecosystem health. The Objective Index and the Synthesized Water Quality Index focus on quantifiable and standardized measures, which enhance comparability and replicability. However, they may lack the contextual nuance needed to fully understand water security in diverse settings. Indices like the Arctic Water Resource Vulnerability Index and the Watershed Sustainability Index are tailored to specific regions or ecosystems. This specificity makes them highly relevant for their intended contexts but limits their applicability in other regions.



The heatmaps created for comparing water security indices offer a multifaceted view of the strengths and weaknesses of each framework. Using different sets of characteristics across the heatmaps enables us to focus on the specific dimensions most relevant to the indices being analyzed, whether that be household-level security, national governance, or broader water availability metrics. This approach ensures that each index is evaluated fairly and accurately, allowing for a more comprehensive understanding of their respective advantages and limitations.



No single index can fully capture the complexity of water security, sustainability, or vulnerability. Each index has its own strengths and is best suited for specific contexts or scales of analysis. The comparison of these indices highlights the importance of integrating multiple perspectives and methodologies. A combined or hybrid approach that incorporates the best elements of each index could provide a more comprehensive and nuanced understanding of water-related challenges. As water-related challenges evolve, especially with the impacts of climate change and increasing demand, these indices will need continuous refinement and adaptation. There is also a growing need for indices that can incorporate real-time data and advanced technologies like remote sensing and AI for more dynamic assessments. The analysis of these water indices underscores the complexity and multifaceted nature of water resource management. While each index offers valuable insights, they each also have inherent limitations, particularly in their ability to address the diverse challenges posed by water scarcity, governance, quality, and security. For effective water management, it is crucial to select indices that align with specific assessment goals, geographical contexts, and policy needs. In many cases, a combination of indices may be necessary to achieve balanced and comprehensive evaluation. Moving forward, the development of more integrated and adaptable indices, capable of addressing both local and global water challenges, will be essential in guiding sustainable water management practices.
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Figure 1. Heatmap of the selected water stress and vulnerability indices across the different characteristics. 
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Figure 2. Heatmap of the water security indices (2000s–2010s) for the appropriate characteristics. 
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Figure 3. Heatmap visualization of the indices from the 2010s to the 2020s across the different characteristics. 
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