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Foundations of Artificial Intelligence for Island Water Sustainability



1.1. Introduction

Tropical islands are endowed with freshwater resources that are, however, under pressure from climate variability, population growth, and tourism. Various pressures contribute to the observed degradation of efficacy and resilience of island water sustainability systems. Such processes are related to the overall deterioration of natural environments, hindering the acquisition of the environmental sustainability goal in parallel with other sustainable-development goals. AI is developed for better environmental management through enhanced decision-support systems and the efficient allocation of water resources in terms of pricing, access, treatment, service reliability, and energy consumption.

The clear definition of island-water systems relies on the consolidation of available information sources in terms of data types, sensing and monitoring, and data quality. Sourcing-information types comprise hydraulic performance of aquifers, meteorological conditions, and the socio-economic framework. These underpin the provision of input data needed for AI models. Integration by means of data fusion develops AI algorithms to forecast demand, supply, and climate/sea-level-change impacts. Sensing and monitoring processes focus on the deployment of sensor networks for real-time water-quality control. The maintenance of data quality relies on temporal calibration, the management of spatial distribution, the treatment of missing data, and the assessment of sensor reliability.

​1.1.1. Context and relevance of island water sustainability

An introduction presents the scope, significance, and objectives of the synthesis. Island water sustainability ensures adequate drinking water supply and sanitation regardless of climate variability. Artificial intelligence, an emerging technology for decision support and environmental management, seeks to optimize limited freshwater resources. Research questions investigate the state of knowledge and the use of AI for tropical island aquifer systems, small-island water supply and sanitation, and AI-driven performance indicators. The synthesis integrates multiple sources to clarify concepts, principles, and challenges affecting water systems; identify the data types and sources for island territories; examine needs for data sensing and quality; detail forecasting of demand and supply and optimization of distribution networks; present relevant case studies; define performance indicators for AI implementation; and assess the treatment of uncertainty and risk.

Freshwater resources on most tropical islands are scarce and vulnerable to both climate variability and increasing demand. Meeting the internationally adopted Sustainable Development Goals calls for ensuring the availability and sustainable management of water and sanitation for all. Tropical island aquifers face significant pressures from population growth and tourist development but often lack comprehensive funding and management models for long-term sustainability. Ensuring sufficient quantity and quality of water supply for drinking and sanitation services that remain unaffected by climate variability is particularly challenging, requiring innovative decision-support technologies that optimize limited resources. Artificial intelligence is an emerging technology providing a major boost for decision-support systems and environmental-management applications, helping allocate resources efficiently within the inherent socio-economic constraints of small islands.
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Fig 1.1: AI for island water sustainability 

​1.1.2. Role of artificial intelligence in environmental management

Artificial intelligence is a powerful enabler of improved forests, water bodies, and ecosystems. AI-based decision-support systems help land and water resource managers with information that is timely, spatially relevant, and of sufficient accuracy. Specifically, demand for AI solutions can be derived from the need to allocate limited water resources among users in an efficient and equitable manner, to optimise the timing and pricing of water release from reservoirs, and to improve the quality of freshwater supplied to society and the environment in climate-affected regions. To operate effectively in such applications, attention needs to be paid to the quantity, quality, and timeliness of data related to water systems.

For tropical islands where freshwater is a scarce resource that is highly vulnerable to a changing climate, AI support can lighten the burden on many water authorities that are unable to fund an adequate level of service. AI enables cost-effective real-time control of the water distribution network to minimise leakage, optimise energy use, and ensure delivery according to supply agreements. At the same time, AI-supported supply-demand balancing tackles the dual challenges of accessibility and reliability of water supply and sanitation services. These services are vital not only for public health but also for the high-value tourism industry that is the mainstay of many small island economies.



1.2. Theoretical Foundations

The island water sustainability conceptual framework relies on a number of theories and models that are used in combination to address different challenges affecting freshwater resources. The main pillars are (1) artificial intelligence and machine learning, (2) optimization, (3) data and decision fusion, and (4) uncertainty quantification. Each of the core pillars is briefly described in the following pages.

1.2.1. Artificial Intelligence and Machine Learning Artificial intelligence (AI) is an umbrella term commonly used to describe components of computer science that are relied on to solve problems that have, until now, mostly relied on human cognition: pattern recognition, evidence synthesis, and intelligent decision support. Four aspects are particularly relevant to island water sustainability: machine learning, optimization, data fusion, and uncertainty treatment. Machine learning consists of algorithms, often referred to as models, that learn from examples. These examples can be represented in different ways: as data points (independent variables, or predictors, mapped to dependent variables, or predicted values) or with temporal or spatial structure (time series or spatio-temporal patterns). Model training can be supervised or unsupervised and is based on a wide variety of methodologies, including neural networks, support vector machines, decision trees, Bayesian networks, and clustering algorithms. Sensitivity, regression, and other types of analysis can also be considered forms of machine learning. Applications include forecasting (demand, supply, climate impact), detecting patterns in real-time telemetry data (leakages, quality issues, vigilance alerts), and classifying and interpreting historical patterns (data-inferring simulations).Machine learning is important in applied research on water systems for water-demand and water-resources forecasting, for leak detection in supply networks, and for modelling the quality of wastewater discharged in lakes and coastal areas; optimization methods are applied in defining the best price for water allocation among municipalities, in preventing lake pollution, in reducing energy and operational costs in supply networks, and in supporting sustainability of water and sanitation services in small islands; and data-fusion techniques are used to improve the evaluation of aquifer level and of meteorological variables.

​1.2.1. Core concepts in artificial intelligence

Artificial Intelligence (AI) is used in a wide range of applications, such as handwritten character recognition, speech synthesis, translation, play of board games, and forecasting of climate and rainfall, and it can be deployed in many areas of environmental management. The most common areas where AI is applied to assist environmental management are predictive modeling (e.g., estimating pollutant levels, forecasting water quality in lakes, predicting seasonality), decision-support systems (e.g., predicting droughts and floods, supporting tourism ranking), control/operations (e.g., real-time control of drainage systems), and the improvement of natural science understanding (e.g., modeling complex mechanisms of water ecosystems, controlling the growth of algae). AI is supported by very powerful computational engines capable of processing and storing large amounts of data and much of the data is available for free download on the digital cloud.

[image: ]

Fig 2: AI for island water sustainability 

Using AI provides an efficient way to represent complex relationships within large datasets and retrieve useful information at the decision-making level. Four main procedures are performed in AI applications: machine learning, optimization, data fusion, and uncertainty handling. Machine learning techniques permit to characterize and pattern recognition in order to build complex relationships among the variables contained in datasets; optimization methods are used to provide the best combinations of variable values within technological or natural systems; data-fusion techniques help to mitigate the limitation and uncertainty of individual qualitative or quantitative databases through data fusion; and uncertainty-quantification procedures associate values to the accuracy of models and solutions. 

1.2.2. Water resource management principles

Pricing represents the economic instrument for allocating water resources – where supply is limited – and triggers demand-side management of the resource. Quality management covers pollution control, pollution prevention at the source, and enhancement of quality through treatment. Effective governance fosters equitable access to a public good and minimises wasteful use, which is constraining in small-island contexts. Resilience measures for water supply systems include demand-side management and increasing aquifer sustainable yield. Resilience to hydro-meteorological extremes in the response of water quality to drought and heavy rains is achieved across all the application areas.

Machine learning aims at estimating patterns in data and making predictions. Flow and water quality data from sensor and telemetry networks can be combined using data-fusion methods based on Bayesian networks and fuzzy logic to enable improved environmental decision support. Using observed hydrological and meteorological data as predictors, machine learning algorithms can link water supply and demand with AI-support for long-term solutions. Risk and reliability assessment of surface water and groundwater in piped-water supply systems is critical for allocation of infrastructure and management resources.



1.3. Data and Infrastructure for AI in Island Water Systems

Data and information infrastructure are cornerstones of any AI-based decision-support system. AI-supported water systems rely on various data types and sources, including hydraulic (networks, reservoirs, treatment plants), meteorological (precipitation, potential evapotranspiration, wind), telemetry (demand, supply, quality), and socio-economic (demography, health, education, economy). Each plays an important role, being used for the problem formulation or defining the performance indicators to be streamlined by the AI/ML solution.

To deliver effective and productive decision support, AI/ML-based solutions need quality data, including well-calibrated sensing data while considering timeliness and reliability. Sensor networks, together with telecommunications and computer technologies, provide the resources to build and operate data- and information-rich environmental and water systems. Detecting outliers or anomalous patterns and determining the causes of inconsistent data represent an important component of data quality. Sensor networks are also designed for monitoring, but they intersect with modelling when they incorporate tools for the prediction and early warning of plausibility.

​1.3.1. Data types and sources for water systems

Freshwater on tropical islands is often enshrined in cultural values and religions, yet on some islands water supply is no longer able to meet the needs of all. It is generally considered that improving access to water supply and sanitation is a relatively low-cost investment. However, analyses of small island water supply indicate that these systems have high costs per capita because of low demand, high energy needs relative to water volume, and recurrent disaster-related disruption. and recurrent disaster-related disruption. Analytical tools supported by AI can be employed to assess these trade-offs by developing performance indicators for small-island supply and sanitation. On small islands port-to-port import of water produced elsewhere may even be more economical than costly local solutions.

Reliable forecasting of both supply and demand is particularly important on tropical islands where water resources are limited. Water systems rely heavily on data from hydraulic and telemetry networks, and high costs may impede installation of numerous sensors. Natural rainfall is commonly recorded at fewer locations than required by hydrological models and climate forecasts. Although national meteorological services routinely monitor climate and weather-related phenomena, timeliness of these forecasts may limit decisions based on them. Machine learning methods for pattern recognition, classification, and regression can therefore be trained to exploit telemetered data and provide earlier (and possibly cheaper) estimates of key water variables that are normally observed directly or that affect water resources. Temporal resolution of these estimations can exceed that of the originating measurements, offering auxiliary information to subdaily or daily hydraulic records.

​1.3.2. Sensing, monitoring, and data quality

Sensing and data acquisition are critical for the operation of AI-enabled water-sustainability systems, and therefore special attention should be paid to relevant aspects of the data, including spatial and temporal coverage, quality, and availability. This corresponds to the third step of the data flow from data sources to decision-making. Freshwater resources on tropical islands are under increasing pressures due to climate variability and change as well as human demand. As water-related demands usually peak during drought periods, supervisory systems of water supply systems for decision support and operation should rely on timely and quality information from a variety of sources. A range of data sources can be leveraged to produce forecasts of resource quality and supply, social and environmental demand, and climate impacts on hydrology and marine ecosystems. This includes hydraulic data from remote telemetry of supply systems, hydrological data from meteorological stations, and hydrological and marine quality data from sensing networks. Mapping, predicting, or dynamically calibrating the quality of these data sources forms an essential part of an AI-enabled decision-support system for tropical island water supply involving forecasting the multiple demand facets and supply response. It should be noted that the data quality stored, collected, or offered in real time might significantly differ in geographical/radiophysical distribution and sensor technology.
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Fig 1.3: Water monitoring for sustainability in AI 

Different methods that deal with imperfect data for dynamic environment monitoring may improve data quality and resource usability. The most common imperfections are sensor malfunctions and gaps due to limited sensor coverage or failures in timely communication. Methods that fill data gaps range from simple interpolation to more advanced statistical approaches. AI could also help improve the quality of data relevant to water supply systems by monitoring suitability for decision support in real time. The growing number of sensors in TCP regions, whether controlled or uncontrolled, opens up the possibility of application in AI-based telephone-control decision-support systems.



1.4. AI Methods for Water Sustainability

Automation of water systems in small areas, such as tropical islands, is extremely useful in combating their specific problems. In particular, forecasting demand, natural supply, and climate effects on islands is crucial for ensuring sustainability. The sooner that demand for fresh water can be foreseen, the better. However, modern forecasting methods are rarely applied. These techniques enable decision-makers to implement policies in advance. Another method is based on the presence of leakage in aqueduct networks. Its control at the leakage detection level involves locating faults and predicting the failures. This control can thus be considered a real-time pressure management system that reduces water


​1.4.1. Forecasting and demand management





​1.4.2. Leak detection and network optimization









​1.5.1. Case studies of tropical island aquifer systems



​1.5.2. Small-island water supply and sanitation optimization








​1.6.1. Performance indicators for AI-driven water sustainability


​1.6.2. Uncertainty quantification and risk assessment
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