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Water shortage in terms of both physical and economic water scarcity is still a major issue globally. The looming climate change threat has increased the adverse threats to water security in different regions. However, policy solutions to water security vary in different geographical regions and at different scales (local, regional, national, etc.). Understanding the successes and challenges of different policy solutions is critical to scaling-up successful policies and addressing water security holistically. This paper aims to explore the effects of implementing policies at different scales in three different case study contexts: 1. two Counties in California in the USA, 2. the City of Cape Town in South Africa and 3. the Country of Bangladesh. These case studies highlight various implemented policies and their effectiveness in each context. We reviewed relevant research papers consisting of peer-reviewed journal articles, conference proceedings and gray literature using a content analysis approach based on keywords such as water scarcity, water shortage, climate change, policies, interventions and solutions. Based on this cross-case analysis, we present key strategies moving forward, including: reallocation of water based on different community and sector needs, the importance of stakeholders engagement and public awareness, and a need to implement both short and long-term management plans. There is no one-size fits all policy solution to water scarcity. Understanding the context, scale, and cultural environment will be a key to future water security-focused interventions and policies.
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Introduction

Water is an integral part of the survival for life in terms of both direct consumption and maintaining the environment. The extent to which it is abundant or scarce, clean or polluted, beneficial or destructive, largely determines the quality of life for nearby and/or dependent populations (Visser-Quinn et al., 2021). Water scarcity refers to a lack of freshwater resources to meet a region's human and environmental needs (van Vliet et al., 2021). Water scarcity is intrinsically tied to human rights, and ensuring adequate access to safe drinking water is a global development issue (Grillos et al., 2021; Orimoloye et al., 2021). However, many countries and large cities around the world have experienced increasing water scarcity in recent years as a result of climate change patterns related to global warming, population increase, and demands exceeding supply (Orimoloye et al., 2019).

Physical and economic scarcity are the two main types of water scarcities. When water demand exceeds water supply in any given geographical area, it is a physical or absolute water scarcity. According to the United Nations Food and Agricultural Organization (FAO) (2018), around 1.2 billion people live in areas of physical scarcity (Petruzzello, 2021), with many of these people living in arid or semi-arid countries. Physical water scarcity can be seasonal; an estimated two-thirds of the world's population lives in locations where water scarcity occurs at least once a year. As the world's population grows and weather patterns become more unpredictable and intense, the number of people affected by physical water scarcity is likely to rise (Ismail and Go, 2021; Petruzzello, 2021).

Economic water scarcity, on the other hand, is caused by a lack of water infrastructure in general, or inadequate management of water resources where infrastructure exists (Zisopoulou and Panagoulia, 2021). According to the FAO, more than 1.6 billion people are affected by economic water scarcity (Alobireed, 2021; Petruzzello, 2021). There is often enough water to meet human and environmental demands in locations with economic water scarcity, but access is constrained. Large inefficiencies in water use can contribute to water scarcity, mainly due to an economic undervaluation of water as a finite natural resource. Water undervaluation could result from inappropriate water tariff and underpricing. Accessible water may also be polluted or unfit for human consumption due to mismanagement or under development (Egbueri and Agbasi, 2022).

Anthropogenic pollution has been identified in all parts of the world, leading to degradation of water quality through nutrient and pathogen loading, and chemical pollution (United Nations, 2021). Thus, not only are physical and economic water scarcity a concern for water security, but also water quality. A recent study (Persson et al., 2022) submits that the safe operating space for the novel entities planetary boundary, which includes chemicals of concern (e.g., per- and polyfluoroalkyl substances and other forever chemicals) has been exceeded, and the United Nations estimates that 80% of global wastewater is discharged to the environment without treatment [WWAP (United Nations World Water Assessment Programme), 2017]. Such unrestricted water use for agriculture or industry, frequently at the expense of the public especially in countries where regulations are not well implemented, can also lead to economic water scarcity. However, some forms of water degradation can occur naturally, such as the leaching of geogenic elements, like arsenic and fluoride, from rocks. Water quality contributes to economic water scarcity. Reduction in water quality status results from a variety of sources including point source and non-point source pollution. These pollution sources could be attributed to anthropogenic and natural (geogenic) causes. Anthropogenics could result from inappropriate monitoring policies such as untreated wastewater discharge, unregulated chemicals discharged into water bodies by industries and farmland, among others (Baba and Gündüz, 2017).

Climate change leads to the disruption of weather patterns, resulting in extreme weather events, unpredictable availability of water, contaminated water supplies, and ultimately water scarcity (Kisakye and Van der Bruggen, 2018; Migdall et al., 2022). Climate change has also been demonstrated to have an impact on ecosystems, by altering the ecosystem water balance both directly and indirectly (Nosetto et al., 2012; Bradford et al., 2020). Extreme droughts alter the local hydrology and results in decreased plant productivity and increased tree mortality, as well as a reduction in the delivery of water-derived ecosystem services such as nutrient cycling, and flood management (Schwärzel et al., 2020; Stringer et al., 2021). These have dire consequences on the quantity and quality of water that humans have access to. In many regions, especially water-stressed areas, water availability is becoming less predictable and unsustainable due to increased flooding, drought, and contamination of water sources (Dasgupta and Sen, 2021; Nolte et al., 2021). Hence, in this paper, we define water sustainability as when a water resource is readily available and useful for an intended purpose. For example, enough water available for agricultural irrigation or water that is available and of high enough quality for human drinking water.

Developing nations and disadvantaged populations in developed countries, which are already sensitive to water supply risks, are likely to be the hardest hit, as noted in previous studies (Oki and Quiocho, 2020; Zhang et al., 2020) with more floods and severe droughts expected in the near future. Changes in water availability will impact human health and food security, thereby affecting population dynamics and political stability even in geographic areas not directly impacted by water scarcity, especially in low-income nations (Pawlak and Kołodziejczak, 2020).

Understanding policy solutions that address water security and sustainability in the face of all of these environmental stressors, including climate change, is critical. This helps in strengthening the understanding of the sensitivity of agricultural and water-management practices, especially in relation to irrigation. Given that crops and livestock consume a large percentage of irrigated water at local or regional levels, lack of water security could significantly affect agricultural production (Fader et al., 2013; Mancosu et al., 2015). The knowledge of improved policies and management practices can also aid in determining the best irrigation methods, taking into account water availability and sustainability (Young et al., 2021). Advancing water security policy solutions cuts across the water-energy-food sectors through building and sustaining strong coordination among the key stakeholders responsible for governance in each sector (Young et al., 2021).

Water scarcity assessments provide valuable information on current and future water availability, with the purpose to provide suitable water management preparedness and implement successful adaptation plans based on conditions specific to the region (Brauman et al., 2016). Once the data on the state of water availability is collected, then local and regional managers must consider if the policies and management practices available to mitigate water scarcity are successful in that region, while highlighting the importance of community and cultural awareness. Just as scale is a necessary variable when attempting to provide reliable estimates of water scarcity, scale should also be considered in the adaptation and response measures employed.

Identifying who the key stakeholders are and how to design an inter-sectoral governance structure at international, national, and local levels can be enhanced or aided with the understanding of water security and successful policy solutions. Understanding the successes and challenges of different water security policy solutions needs to be well-explored at various scales. It is particularly critical because steady water supply, access, and use are intrinsically valuable human rights that should be pursued as a goal. As a result, more emphasis on practices and policies that can ensure water security is required to address water security issues. As the importance of water security is increasingly recognized as a serious concern given changes in climate, economics, and society, water will be prioritized in research, programs, funding, and policies.

In this paper, we use a case study approach to discuss different types of policy interventions employed in three different geographic locations and three different scales (City, County, and Country) to address issues of water security that span both surface and groundwater resources. We draw from examples spanning three continents: Imperial and Kern Counties, USA; Cape Town, South Africa; and Bangladesh. Relevant research papers consisting of peer-reviewed journal articles, conference proceedings and gray literature were reviewed using a content analysis approach based on keywords such as water scarcity, water shortage, climate change, policies, interventions and solutions. Each case study differs in scale and population served, from two rural agricultural counties (USA), an urban city (South Africa), and the country-wide problems facing Bangladesh. In each case study, we describe the intervention and discuss challenges and successes. At the end of this paper, we provide lessons learned and opportunities to improve. This paper takes the novel approach of exploring policy solutions at multiple case study geographies at various scales. This approach is important and novel as water security issues at one scale will likely impact other scales, as do policy solutions. Thus, our case studies draw from various examples and types of solutions to develop recommendations and best practices. While each intervention discussed is context-specific, our goal is to use a cross-case analysis to highlight possible solutions and policy mechanisms that may be scaled-up and/or applied elsewhere to help address issues of water scarcity in contexts similar to those of our case studies.



Selected case studies

In this section, we focus on outlining case studies from selected geographic regions: California, USA; Cape Town, South Africa; and Bangladesh. These three case studies were selected because they represent policy interventions for water scarcity arising from different environmental conditions and also to address water scarcity at various scales (county, city, country), including both groundwater and surface water. Additionally, they provide examples of context-specific interventions in different climatic, hydrological, and socio-economic systems.


Case study 1-Two counties in California, USA: Policy mechanisms to address groundwater and surface water scarcities in agricultural regions
 
Introduction to California

Croplands are critical to global food production, yet the people, ecosystems, and landscapes where they are located are increasingly under stress from climate change (Rosenzweig et al., 2014; Hanak et al., 2017). One example is the state of California in the western USA; where in 2020 the $50 billion dollar agricultural industry produced 1/3rd of the vegetables and 2/3rds of the fruits consumed in the USA. California contains 1/6th of all irrigated land in the USA, and in 2015, 80% of total water consumption was allocated for agriculture (Berbel and Esteban, 2019). In arid and semi-arid regions of California, scarce surface water has led to the depletion of groundwater (Konikow and Kendy, 2005). In dry years in California, groundwater accounts for up to 60% of the irrigation water and has led to widespread over drafting of groundwater supplies (Hanak et al., 2017). There are also tensions for water between agricultural regions and the densely populated urban centers of San Francisco, Los Angeles, and San Diego.

Unlike other parts of the world, water management in California is decentralized, into local, municipal, and regional water agencies and organizations in addition to federal and state government entities (Berbel and Esteban, 2019). Indeed, recent droughts have catalyzed the creation of new institutions and sophisticated long-term policies and measures to mitigate the impacts of future drought (Berbel and Esteban, 2019). Two recent policies in California include the Quantification Settlement Agreement of 2003 (QSA), and the Sustainable Groundwater Management Act (SGMA) of 2014. Below, we present the case studies of the QSA in Imperial County and SGMA in Kern County and discuss highlights of the successes and challenges. The scale of analysis is the County, and how these two counties are addressing their water scarcity challenges in the agricultural sector.



Imperial County: Surface water and the quantification settlement agreement

Located on the US-Mexico border, Imperial County is a hub of wintertime agricultural production as farmers produce 2/3rds of the wintertime vegetables eaten in the USA (Imperial County Farm Bureau). Imperial County is the hottest and driest region in California (Hopkins, 2018), and agriculture in the County is only possible with irrigation water from the Colorado River. Water from the Colorado River, which lies on the California-Arizona state border, is brought to the area through the 82-mile All-American Canal, and in 2017 the canal provided irrigation water for about 456,089 acres of land [United States Department of Agriculture (USDA), 2017]. Since Colorado River water first reached the area in 1901, policy has played a critical role in securing water rights and access. For example, the Colorado River Compact of 1922 established allocations of river water to Imperial County, which is allocated 77% of California's total surface water from the Colorado River (Carter, 1966; Finley, 1974; Munguia and Ganster, 2006; Butler, 2015).

San Diego County lies just to the west of Imperial County and is the home of the urban city of San Diego and ~3.4 million people. With only a few local sources of water, San Diego County is forced to import water to meet the County's needs. In 2003, the Quantification Settlement Agreement (QSA) was reached, in which the local water district in Imperial County, called the Imperial Irrigation District, agreed to sell and transfer water to the San Diego County Water Authority (SDCWA) to meet the water needs of the city of San Diego. The Imperial Irrigation District could then use these payments from SDCWA to implement water conservation and agricultural fallowing programs to promote water-use efficiency on Imperial County farms (Cohen and Hyun, 2006; Butler, 2015; Rosenberg, 2021). This would then free up the surface water previously used for irrigated agriculture to send to San Diego County.

The QSA however was not without controversy, as agricultural stakeholders in Imperial County feared that the QSA might threaten their well-established water rights and allocations (Butler, 2015). Leveraging QSA funds, Imperial Irrigation District was also able to build a concrete lining for the All-American canal that brings water to the area from the Colorado River and lies just north of the Mexico-US border to reduce seepage and water loss (Munguia and Ganster, 2006; Butler, 2015; Hughes, 2020). This action faced resistance from the Mexican government, social and environmental justice groups, as Mexico had benefited from the water seepage in the maintenance of wetlands and agricultural land on the Mexican side of the border. Importantly, the water conservation measures implemented have led to less agricultural runoff reaching the Salton Sea–a large inland lake with no outlet that relies on irrigation runoff as a source of water. This has caused the Salton Sea to shrink, exposing the lakebed and leading to wind erosion and severe air quality issues resulting in health problems like increased rates of childhood asthma (Aguilera, 2019; Rosenberg, 2021).



Kern County: Groundwater and the sustainable groundwater management act

Kern County, located in the southern area of the Central Valley, California, is one of the most agriculturally productive landscapes in the world. In 2018, the almost 3.3 million acres of farmland produced over $7.4 billion dollars in agricultural commodities (Kern County, 2019). The major crops include grapes, almonds, pistachios, and citrus (Kern County, 2019; Wartenberg et al., 2021). Agriculture in Kern County is acutely dependent on both surface and groundwater (Elias et al., 2015), with prolonged and recurring drought affecting water availability. Drought and extensive groundwater pumping has not only led to over drafting and unsustainable water management, but during the 2012–2016 drought, water shortages were reported for domestic and household use as well (Greene, 2021; State of California, 2019). As a result, Kern County is one of 21 critically over drafted groundwater basins in California, which over the past 30 years the average overdraft has been about 2 million acre feet of water each year (Pitzer, 2019).

In order to remedy this issue, achieve long-term groundwater balance, and recharge sub-basins by 2040, in 2014 California passed the Sustainable Groundwater Management Act (SGMA). SGMA calls for the establishment of local Groundwater Sustainability Agencies who are tasked with creating Groundwater Sustainability Plans (Hanak et al., 2017; Kelsey et al., 2018). SGMA is the first state-wide groundwater management legislation and is overseen by the State Water Resource Control Board. SGMA allows for discretion in institutional design, and each basin has developed different governing systems. In the 2,834 square mile Kern sub basin are a total of 21 Groundwater Sustainability Agencies, including the Kern River Groundwater Sustainability Agency (KRGSA) (2020) and the Kern Groundwater Authority (Mknelly, 2021). These agencies have collaborated to create 11 Groundwater Sustainability Plans (Mknelly, 2021). While activities vary in each Groundwater Sustainability Plan, the KRGSA plan includes increased water banking, use of recycled water, converting agricultural lands to urban areas and housing developments among others [Kern River Groundwater Sustainability Agency (KRGSA), 2020].

While this mix of approaches will help meet the objectives of SGMA, it is forecasted that Kern County will have to retire approximately 800,0000 acres out of production due to water scarcity (Kelsey et al., 2018; Hanak, 2019). While many farmers have thus far absorbed cuts in water deliveries through improved on-farm efficiency, this strategy will only go so far before land must be fallowed (Pitzer, 2019). Importantly, research has found that the groundwater minimums established in Groundwater Sustainability Plans are not enough to recharge shallow groundwater wells used by households and communities for domestic consumption (Bostic, 2021). This could result in over 100,000 people having their household wells dry up by 2040 (Bostic, 2021). Research has also suggested that the variance in institutional design, composition, and management across Groundwater Management Agencies in Kern County may decrease transparency, stakeholder accessibility, and community engagement (Mknelly, 2021).



Challenges and successes

The QSA and SGMA have been successful at promoting both on-farm and system-wide water efficiencies in order to reallocate water resources-urban water use in the case of the QSA and recharging groundwater basins in the case of SGMA. SGMA has led to the creation of new institutions, groundwater sustainability plans, and initiated activities and actions to sustainably manage historically over drafted groundwater basins. The QSA has secured water for the growing urban area of San Diego, which has few local water resources to rely on.

The increased water efficiencies promoted by both SGMA and QSA policies have contributed to a statewide increase in the economic productivity of water, with increases also in Imperial and Kern Counties (Cooley et al., 2014). Essentially, farmers are increasing their incomes, while decreasing their water use. For example, statewide, farm production generated 38% more income in 2015 than in 1980, even though on-farm water use was 14% lower (Mount and Hanak, 2018). For example, in Imperial Valley, funds from the QSA have helped farmers replace flood irrigation technology with micro-sprinklers and drip irrigation, significantly reducing water use (Tindula et al., 2013; Berbel and Esteban, 2019).

However, these changes in water-use efficiency and water availability are not without consequences. For example, as discussed, increased on-farm efficiency has decreased water flows into the Salton Sea, leading to local health issues from toxic dust exposure as the lake bed dries up. In Kern County, on-farm water efficiency can only go so far before a significant amount of land is fallowed due to water scarcity, with significant economic and environmental consequences.

Importantly, the focus of both policies is on water scarcity and sustainability, and not on water quality or access (Mknelly, 2021), which may result in less access to shallow wells for household water consumption (Bostic, 2021) and degraded water quality (Ayres et al., 2021). Furthermore, balancing California's consumptive uses of water with protection of its aquatic species and ecosystems continues to be a challenge. For example, California's native fishes are undergoing rapid decline, with 80% of species on paths toward extinction (Pinter et al., 2019). Lastly, it has been noted that despite the policy advances of the QSA and SGMA, water policy in California, including Imperial and Kern Counties, may remain ill-suited to face the severe drought, flood, wildfire, and sea-level rise risks posed by climate change (Hedden-Nicely, 2021).




Case study 2-Cape Town, South Africa: Policy mechanisms in place to avoid “day zero” water crises
 
Introduction to Cape Town, South Africa

The Western Cape Province, which includes the city of Cape Town as its capital, is situated on South Africa's southernmost coast. Cape Town is a growing, coastal city of 4.8 million people (Rogerson and Visser, 2020) characterized by a number of natural and man-made tourist attractions. The varying topography and effect of the surrounding ocean currents have formed several distinct micro- and macroclimates in the Western Cape. These are the warm Agulhas current, which flows south along South Africa's east coast, and the cold Benguela current, which flows west along South Africa's west coast and is an upwelling current from the depths of the South Atlantic Ocean (Branch and Branch, 1981; Tyson and Preston-Whyte, 2000). As a result, climatic conditions can differ dramatically across short distances. The city of Cape Town and the majority of the province has a Mediterranean climate, with cold, rainy winters and hot, dry summers. Cape Town has an average mean yearly rainfall of 515 mm and a mean temperature of 16.7°C. The Cape Metropolitan Areas are regarded as a winter rainfall area. However, the meteorological depressions that normally bring rain to this area in winter move past to the south of the area and the land mass during summer which leads to a long dry spell.

Physical and economic scarcity are the two main types of water scarcity in the Western Cape. Following a sustained rainfall in 2013 and 2014, the City of Cape Town and some parts of the Western Cape experienced drought in 2015, the first of 3 years of dry winters caused by the El Niño weather pattern. The City's dams' water levels dropped from 71.9 percent in 2014 to 50.1 percent in 2015 (Visser, 2018; Dube et al., 2020). Droughts and water scarcity in other parts of South Africa ceased in August 2016 but the Western Cape drought persisted. In March 2018, the City of Cape Town and its surroundings adopted major water restrictions in an effort to alleviate water scarcity and were able to cut daily water consumption by more than half, to roughly 500 million liters (130,000,000 US gal) per day (Narrandes, 2018). Furthermore, the city introduced the catchphrase Day Zero. This phrase was a warning that its decreasing water source would shortly be unable to supply water to its inhabitants, tourists, and various industries including agriculture (LaVanchy et al., 2021). However, the City postponed its Day Zero prediction due to a drop in water demand, and a significant amount of rainfall that began in June 2018 thereby helping dam levels to recover. At present, the city has moved beyond the intimidations of lack of water supply, but its water supply structures remain fragile mainly because climate change and sea surface temperature warming threaten to further disturb the timing and position of wintertime storm fronts necessary for reservoir replenishment. Furthermore, it is convincing that multi-year droughts comparable to or worse than the Day Zero drought, will affect Cape Town again (LaVanchy et al., 2019, 2021) which emphasizes the need for policy mechanisms to be in place for achieving water sustainability in Cape Town, Western Cape Province of South Africa.



Policy mechanisms for water sustainability in Cape Town

Water demand is high during the dry season as a result of higher temperatures and a custom of watering gardens among the residents. This contrast complicates the management of a bulk water supply system, as sufficient run-off needs to be stored during winter in order to meet the increased water demand in hot and dry summer months. Inadequate condition of the existing water resources and the scarcity of raw water storage capacity have evidently amplified the threat of water scarcities happening in the Cape Metropolitan Areas from the year 2001 and onwards [City of Cape Town (CCT), 2007]. Therefore, a multidisciplinary strategy was adopted to address both surface and groundwater scarcity. Water resources are managed in a way that maximizes economic and social wellbeing while not jeopardizing ecological functions, to manage and protect water resources in order to prevent a repeat of the drought or other climate and human events. This section highlights the policies implemented to avert Day Zero. No new policy is suggested, instead we aim to provide a review of what was done, what worked, and how it worked. These policies implemented in Cape Town as strategies to provide solutions to the water crisis in the area are discussed below.


Water conservation and water demand management strategy

The City of Cape Town adopted a water conservation and water demand strategy to reduce loss or waste of water; protect water resources; and promote efficient and effective use of water [Department of Water Affairs and Forestry (DWAF), 2004]. Furthermore, this was also adopted to endorse actions that promote sustainable use of water resources (Savenije and Van der Zaag, 2002). This policy backs the strategic aims drawn in the council's vision, goals and priorities statement for 2003 and beyond. Its development began in 2004 after the department of water affairs had approached the city of Cape Town and demanded that it intensify its commitment to water conservation and water demand management [City of Cape Town (CCT), 2007]. Water conservation and water demand management strategy aims to achieve water savings from all consumer categories including industrial, target reticulation losses, and exploring alternative water resources to reduce abstraction from the current surface water resources. It also aims to educate, capacitate and provide direct support to consumers so that they achieve savings with no negative effect on economic activities or lifestyles [City of Cape Town (CCT), 2007]. Furthermore, it plays a crucial role in rehabilitation of wetlands, removal of invasive vegetation, prevention of pollution to rivers, and the decrease of usage of water from water resources [City of Cape Town (CCT), 2007].



Water sensitive urban design

The City of Cape Town's new water policy was issued in 2019, aimed precisely to turn Cape Town into a water-sensitive city to complement the old existing policies. This strategy intends to unite the engineering concept of integrated urban water management (IUWM) with the planning concept of urban design in order to build a water sensitive city where the most well-organized and operative utilization of water is well thought out. This strategy embraces all facets of integrated urban water cycle management, including water supply, sewerage, and storm water management (Madonsela et al., 2019). The IUWM was designed to address the poorly coordinated management of water resources that led to the water scarcity crisis. The IUWM combined all facets of water sources and resources into a tool for a holistic common approach in solving Cape Town water management problems. The principles of water sensitive urban design are to protect and enhance natural water systems; improve the quality of water draining from urban area; use storm water treatment systems in the landscape for multiple uses and with multiple benefits such as water quality treatment, wildlife habitat, public open space, recreational and visual amenity; reduce peak flows by on-site temporary storage measures with potential for reuse and reduce impermeable areas; and reduce the drainage infrastructure cost of development and use storm water as a resource through retention and reuse for non-potable purposes [City of Cape Town (CCT), 2019].




Challenges and successes in averting “day zero”

The re-visitation of water rights and allocations played a dominant role in the successes of averting “Day Zero.” To determine a fairer process of water allocation between competing users and sectors, a set of water resource management decisions were made to reallocate water. For example, the amount of water consumption by commercial farmers in South Africa, including Cape Town, was not evenly coordinated or distributed. The need for an equal right to water usage by consumers, small and large scale farmers, therefore necessitated merging the concept of right over water (such as access to the amount of groundwater abstracted) and availability of water for the needs of other consumers. To ensure equitable distribution of water, water management and rights decisions were made based on water allocation and the needs of other users (Dugard, 2021) leading to a reallocation, with the primary intention of achieving equity for farm size (smallholder and large-scale farmers), race and gender equity, as well as meeting international obligations and the requirements for water rights (City of Cape Town, 2020). Equity in this context means equal access to water that is readily available and fit for the intended purposes.

The city implemented a series of water restriction policies to avert day zero. The water restriction policies ranged on a scale of one to six. One was less severe and six was the most severe restriction. All the implemented policies can be grouped into short and long term intervention. Specific successful policies undertaken are: the declaration of a water disaster area, the creation of a water resilience task team, and the release of a water resilience plan to accommodate Day Zero. Others are the approval by the finance minister allowing the city to alter the budget mid-year, the launching of a provincial disaster management plan, the launching of the city online water management dashboard and the transfer of water from nearby dams to augment Cape Town water supply (Joubert and Ziervogel, 2019).

Shorter-term and less successful long-term interventions to avert “Day Zero” included failed plans to augment the municipal water supplies with groundwater, greywater usage, and desalination. Desalination plants were constructed to provide water during the intense drought. The plant is now abandoned due to the high cost of treatment (Joubert and Ziervogel, 2019), sewage in water sources (from the city's pipe, especially along the coast of the commercial areas) and an algal bloom in the plant. In addition, the plants were only given a 3 year license by the Department of Water Affairs. In search of longer-term solutions like the water rights and reallocation decision-making described previously, the national and regional government also embarked on intensive exploration and exploitation of existing aquifer systems. The inability to tap groundwater sources extensively was due to the poor water quality across the Cape Flat aquifers, hence limited boreholes were eventually drilled.

In summary, community and stakeholder decision-making based on equity and water allocation were most successful in providing immediate and long-term solutions to water challenges in Cape Town (Ziervogel, 2019). Shorter-term opportunities such as desalination and other alternative water supplies may have provided some initial relief but do not appear to be viable long term options for providing water security in a region where climate change is predicted to further stress water supply by reducing the amount of rainfall available to recharge water reservoir storage. The subsequent (post “Day Zero”) development of policies that move Cape Town toward a water-sensitive city through integrated urban water management may pose opportunities for long-term improvements to water access under climate change. It is obvious that if Cape Town continues with the IUWM policies it would lead Cape Town toward a circular economy, water sustainable city, and climate resilient environment based on water reuse and recycling.




Case study 3-Bangladesh: Policy mechanisms to address geogenic groundwater quality
 
Introduction to geogenically-influenced water quality in Bangladesh

Degradation of water quality can also present a significant water security challenge. Some water sources are naturally elevated in elements of concern to human health, such as fluoride that leaches from volcanic deposits (Onipe et al., 2020; Parrone et al., 2020) and arsenic (As) present in some aquifers (Mukherjee et al., 2009). Podgorski and Berg (2020) predict that up to 220 million people (94% in Asia) are potentially exposed to geogenic arsenic concentrations greater than the World Health Organisation (WHO) drinking water guideline of 10 ug/L As. Such geogenic contamination of water sources thus presents a great threat to water security globally and the case in Bangladesh illustrates an example where access to clean, safe water defines a country's challenges regarding water security under increasing threats of climate change. The challenge for Bangladesh is not lack of water but lack of access to clean water. Climate change is contributing to sea level rise and salinization of coastal aquifers (Islam et al., 2020) as well as contributing to more intense floods and storms (Khan et al., 2011), which have increased the incidence of waterborne diseases. Abeden et al. (2019) report that residents of coastal areas under climate threats identify diarrhea, dysentery, and skin diseases as the dominant health risks from climate-related safe water scarcity in Bangladesh. Thus, access to arsenic-free groundwater is an important component of the country's ability to provide continuous safe drinking water under the increasing threat of climate change.



Bangladesh geogenic arsenic water: History and context

Historically, surface waters in Bangladesh have been prone to microbial contamination leading to acute gastrointestinal disease (particularly in infants and children) causing a significant burden of disease and mortality (Smith et al., 2000). In the 1970's the United Nations Children's Fund (UNICEF) and the Bangladesh Department of Public Health Engineering (DPEH) worked to install tube wells to tap aquifers, providing a safer supply of drinking water. At the time, arsenic was not routinely tested during water quality reporting. By 1987, however, patients in neighboring West Bengal began to present with skin lesions and pigmentation characteristic of arsenicosis (Saha, 1995) and by the late 1990's a comprehensive DPEH report produced in combination with the British Geological Survey estimated 55 million people in Bangladesh may be exposed to drinking water with elevated arsenic concentrations above the WHO 10 ug/L limit (Kinniburgh and Smedley, 2001).

Geochemical investigations ensued to understand the mobilization and transport of arsenic, which was found to be primarily controlled by reductive dissolution of iron oxyhydroxides and release of sorbed arsenic (Nickson et al., 2000), a geochemical process commonly observed in other global sedimentary aquifers impacted by elevated geogenic arsenic (O'Shea et al., 2007; Berg et al., 2008; Mukherjee and Fryar, 2008). Chronic exposure to arsenic via drinking water has been linked to diabetes, several types of cancer, high blood pressure and skin disorders (CDC, 2013) and for more than 20 years the Bangladesh arsenic crisis has been referred to as the largest mass poisoning, beyond the scale of the Chernobyl nuclear environmental disaster (Smith et al., 2000).



Bangladesh geogenic arsenic water: Policy and practices

Much work has been done to understand the health, geochemical, and sociological aspects of Bangladesh water security challenge. Ahmad et al. (2018) provides a comprehensive review of activities undertaken by the Bangladeshi government and non-governmental agencies to identify the extent of arsenic in groundwater, identify arsenicosis patients, and implement mass awareness programs to prevent exposure. Initially, a nationwide water testing campaign tested close to 5 million tube wells and painted those exceeding the Bangladeshi arsenic standard (50 ug/L) in red, while those wells which tested below 50 ug/L were painted green. Based on detailed studies in one upazila of 55,000 people and almost 5,000 tube wells, the spatial distribution of arsenic was found to be highly variable, with red-painted wells located close to green-painted wells, meaning that 90% of the population in the study upazila lived within 100 m of a “safe” well. As such, the researchers recommended switching wells to reduce arsenic exposure (Van Geen et al., 2002). Further investigation of the geologic controls on arsenic spatial heterogeneity (e.g., Radloff et al., 2011) indicated that deep groundwater could be used with low risk of arsenic contamination. Hence the installation of tube wells beyond shallow depths (potentially > 150 m depth) was recommended as a viable safe water source. Treating pond or river water by sand filtration raised concerns over microbial contamination, particularly since ponds are often located close to latrines (Ahmed et al., 2006). Household and community filtration systems were listed as one option in the National Policy for Arsenic Mitigation but a study analyzing 18 arsenic removal plants cited maintenance, clogging, and a lack of user friendliness as challenges to success, resulting in 15 of the 18 plants not working by the end of the 2 year study period (Hossain et al., 2005). Piped water supplies are least used and most expensive. Overall, the cost of testing a well with a field kit (and potentially promoting well switching) is only $1 per person compared to $143 to drill a well that targets deeper As-free aquifer sediments, or $158 per person for a piped water supply (Jamil et al., 2019). Given that the costs associated with arsenic-related mortality are estimated up to $12.5 billion over the coming two decades (Flanagan et al., 2012) reducing population exposure is important for public health, water security, and economic reasons.



Successes, challenges, and current threat under climate change

Of the more recent initiatives to alleviate the arsenic problem, public awareness of the issue has seen some success with the use of inexpensive field test kits alerting users to concentrations above the Bangladesh arsenic standard. An analysis in the Araihazar upazila of Bangladesh suggests that arsenic exposure for more than 85% of the population there can be reduced below the 50 ug/L Bangladeshi standard by using imprecise field test kits (Jameel et al., 2021). Educating well users on the awareness of the arsenic problem remains a challenge though, with a 2022 study indicating only 21% of the studied population knew about the elevated arsenic in their drinking water, however, 64% were willing to pay for a technological intervention or treatment to provide clean drinking water (Dasgupta et al., 2022). However, more than two decades after the discovery of the arsenic problem, exposure remains high across the country and access to a nation-wide arsenic-safe water supply in Bangladesh is lacking (Ahmad et al., 2018). The past success of well testing to promote well-switching and subsequently reduce arsenic exposure may be good news for the Bangladesh government who are about to embark on a blanket testing campaign of millions of wells using field test kits, producing a possible short-term, effective, and inexpensive arsenic-exposure reduction option for additional tube well users across the region. With the reliance on groundwater to provide drinking supplies and irrigation increasing under climate change (Podgorski and Berg, 2020), coastal aquifers in Bangladesh is at risk of salinization due to sea level rise (Islam et al., 2020) and access to safe groundwater is an important public health challenge in a region where switching from groundwater to surface or rain waters can increase the likelihood of water borne disease (Islam et al., 2013).





Case study synthesis and potential future pathways

Major findings of the three case studies are presented in Table 1, including the successes and challenges of each policy solution.


TABLE 1 Synthesis and comparison of three water-challenged regions.

[image: Table 1]

Using a case study approach, we discuss different strategies to improve water security and water quality for household consumption, agricultural irrigation, and other important uses in the different contexts and at different scales (city, county, country). Securing access to clean, usable water will only continue to grow in importance as the impacts of climate change and continued population growth challenge current water systems. Finding policy solutions at different scales will be a critical piece of securing clean water for all. Policies implemented in one context may not be appropriate for other contexts, just as policies implemented at one scale, may not be appropriate for other scales.

For example, Brunner et al. (2019) notes there is agreement that focusing water scarcity assessments at the national scale, such as Bangladesh, neglects within country variability, while Liu et al. (2017) suggest that regional scales, like the city of Cape Town, are the most policy-relevant scales of assessment. In our assessment of three case studies of different spatial scales, this variability in scale is well highlighted in the proposed policy measures, mostly in the uniqueness of measures required for each locale. In Kern County, USA, localized groundwater management plans are moving to conserve water based on stakeholder feedback and the specific agricultural context, and in Imperial County, USA, policies to allow water transfers have resulted in newly funded water infrastructure projects that benefit specific stakeholders, namely urban and agricultural users. Alternatively, in the city of Cape Town, the focus of policy solutions and interventions is on surface water reservoir storage and the challenges in managing water allocations equitably for the city's 4 million residents. In contrast, at the national scale in Bangladesh, water is abundant but the efforts to have a nation-wide supply of safe water is lacking despite members of the community being aware of–and often willing to contribute to –new policy measures to access clean water.

Arguably then, two important factors in successful implementation of policy interventions to address water security must include (1) an understanding of the spatial (and temporal) scale of the water security challenge, and then (2) a solid grasp of how the affected community will respond to proposed mitigation measures at that specific scale. To address the first point, recent hydrologic studies are working to improve scale-based estimates of water scarcity. For example, Brunner et al. (2019) argue that the choice of scale used in water scarcity assessments may affect the outcome and conclusions drawn from those assessments. However, understanding how the affected communities may perceive and be impacted by water policies is equally importantly. There is a growing movement for interdisciplinary collaboration between natural, physical, and social scientists in order to understand issues of water security, the potential policy solutions, and the impacts of both on local populations from all lenses (Quandt, 2022).


Key learning's from the cross-case analysis

While our case studies do provide some key lessons learned, it is also critical to implement solutions to water security that are context-specific, politically feasible, and culturally-appropriate. Below we synthesize three lessons learned from our case studies and provide potential future pathways to greater water globally.


Ensuring effective policies are in place is critical

As seen in the case studies from the USA, the early establishment of water policy regulations in Imperial County have allowed for the growth of a flourishing agricultural sector, while a lack of water policy in Kern County led to the unsustainable over drafting of groundwater resources. In Imperial County, the introduction of the QSA in 2003 has helped to promote improvements in off and on-farm water efficiencies, allowing water to move to growing urban areas while maintaining agricultural production (Rosenberg, 2021). Alternatively, in Kern County, the late establishment of groundwater management policies through the SGMA of 2014 has now created a situation where the agricultural sector will have to significantly reduce its water use through land fallowing, which may have negative consequences on the local economy and agricultural production (Pitzer, 2019). If such regulations had been put in place decades ago, the agricultural sector would have grown in Kern County in a more sustainable manner without depleting critical groundwater resources. Additionally, the South Africa case study also highlights this point. The implementation of water efficiency and conservation policies help to reduce demand in and around Cape Town and extend the timeline for Day Zero. Further, in Bangladesh, implementation of a cheap, efficient well testing program is critical to avoid the serious public health implications of arsenic exposure, and earlier implementation would have improved the health and social wellbeing of many.



Successful interventions integrate community stakeholders for decision-making, monitoring, and assessment

In Cape Town, South Africa, stakeholder engagement has been a crucial tool for establishing a common knowledge of the situation and facilitating effective dialogue in water sustainability in water-stressed regions. This common understanding was critical for making decisions that stakeholders accept in the case of sustainable water management. As indicated by (D'Agostino and Benichou, 2020) context is important for effective stakeholder engagement, and continued communication must take place throughout time.

Cape Town averted Day Zero by working across governmental levels, and with local stakeholders. The participation of the national, provincial and local government was enhanced with a lessened bureaucratic process in order to fast track decision making. The result was an advertisement, approval, construction and commissioning of a wastewater plant within the shortest possible time. The transfer of water from other dams to augment the city supply was another success. The Day Zero provided the city with future water management policy and strategy, as well as emergency augmentation policies that can be replicated elsewhere if such a similar occurrence ever happens.

A similar success of community involvement employed in Bangladesh has been educating local drillers to identify specific colored-aquifer sands where arsenic poor ground waters are more likely to occur (Hossain et al., 2014). Additionally, in Kern County, USA, the diverse institutional arrangements for sustainable groundwater management agencies (GSMA) have so far proven to hinder community engagement through a lack of transparency. Improved community involvement in Kern County will help ensure that water needs are met for all water uses and not just agriculture, including shallow household wells and fish habitat conservation.



The most expensive option is not necessarily the most effective

In Cape Town, the use of desalination to provide an alternative source of fresh water was short-lived due to operating expenses and other challenges, both technical (algal blooms) and bureaucratic (limited operating licenses). Cost of desalination treatment is beyond municipal financial capacity and consumers' spending power for water. Both the Strandfontein and Monwabisi desalination treatment plants were decommissioned in 2020 (Simpson, 2020). This has led to wastage of meager resources in the construction of desalination treatment plants and eventual abandonment. Similarly in Bangladesh, expensive testing of water need not be achieved by rigorously precise and large-scale laboratory testing programs, nor the installation of large-scale infrastructure like desalination plants. Rather, the widespread use of inexpensive field test kits to determine water quality within a safe or unsafe range has proven an effective method for (1) enhancing awareness of a regional water quality issue, and (2) providing a first-step toward identifying alternative safe water sources. This approach also allows community involvement and investment thereby including locals in water security and public health measures which, remarkably, has seen success at the country-level scale. Finally, as seen in Imperial County, USA, the costs of implementing on-farm and system-wide water conservation technologies and strategies can be offset from water sales to urban areas. Thus, farmers themselves can implement otherwise expensive water-efficient irrigation systems, and the Imperial Irrigation District has been able to use these funds to reduce water loss within the system through the lining of the All-American Canal.




Potential future pathways

The lessons learned above are important for highlighting examples (both negative and positive) of water scarcity and water policy solutions across the three case studies. They also speak to three different types of water security-agricultural, urban, water quality; and water policies employed to address the challenges. Policy solutions to improve these three types of water security were different, and as seen in our case studies, should be different because the context, issues, and stakeholders vary from case to case. The case studies covered in this paper have the additional advantage of being different in scale -from county to urban to city as well as in size and increasing population served. However, the specific interventions discussed in each case study are context-specific and may not be directly transferable or scalable. This means that the interventions should not be applied across the board but only on a scale as used in this study. Thus, below, we provide a few key points from the case studies that may be transferable across different types of water scarcity and policies used in addressing them. Importantly, we have identified these future pathways at key takeaways from our case studies.


Collaborative water governance

This will be key to ensure fair and equitable access to clean water. Ensuring that all stakeholders have a say in when and how water is used is critical to water security in the future for everyone–from farmers to local communities to ecosystems. Studies in Bangladesh indicate that when the community is involved in the search for clean water, through testing or educating well drillers on identifying aquifer sediments that are more likely to produce arsenic-free groundwater, the population exposure can be reduced. Climate change is a social and environmental justice issue, and it is important to ensure that the voices and needs of the most vulnerable people are included in a just transition to sustainable, equitable, and water management globally (Abimbola et al., 2021).



Continual re-assessment of water supply and allocation

The need for water allocation and reallocation may also be needed under new climate regimes globally. In order to ensure that allocation decisions are based on current water availability, and not past water availability, reassessments may need to be conducted. For example, the Colorado River, utilized by farmers in Imperial County, USA for irrigation, is currently so over allocated that water often does not reach the ocean. Indeed, river water allocations were determined during an unusually wet period, leading to the current water scarcity and over allocation. In Cape Town, 15 million liters of groundwater is added daily via the Table Mountain Aquifers. This was not an option before “Day Zero.” Cape Town water demand and supply had been based on surface water designed based on past water projection. Thus, undertaking periodic assessments of water supply will help to fairly allocate water to all users, instead of constant states of scarcity and uneven water allocation.



Short-term and long-term water challenges may require different approaches

Some climate-induced water challenges may require immediate, short-term options to increase water availability that may not be viable for long-term sustainability of a region's water supply needs. For example, degradation of water quality due to floods or cyclones can require immediate attention to prevent public health impacts like outbreaks of water-borne disease. Increasing chlorination and other disinfectants in community water systems after wildfires can lead to an increased quantity of disinfection by-products suspected of impacting human health (Pennino et al., 2022). Switching to high-energy, high-cost technologies like desalination may only provide short-term relief but may be necessary to offset public health concerns. Managers thus should consider having different response plans for short-term challenges (e.g., a weekly or monthly timescale) and longer-term plans that address water security on a multi-year scale.





Conclusions

This paper has highlighted the effect of implementing innovations and policy solutions in a variety of different case studies, and at three different scales, to avert water scarcities amidst increasing looming climate change issues that will only compound the social, environmental, and economic issues already affecting water security. The use of different case studies consisting of two counties in California, USA, the city of Cape Town in South Africa, and the country of Bangladesh has highlighted that implementing policies according to context-specific socio-economic and environmental scales can bring about successful benefits to the communities impacted. Despite the cases considered here having some negative and some positive outcomes, in this paper we provide three key lessons learned: 1. It is important to ensure that effective policies are in place in the first place before reaching critical water shortages, 2. Successful policies are those that integrate community stakeholders in decision-making, water monitoring, and assessment, and 3. The most expensive options aren't necessarily the most effective or efficient.

Drawing from our cross-case analysis we also highlight that ensuring water security in the future will require collaborative governance, continual reassessment of water supply and allocation, and different, context-specific approaches. Importantly, as shown in the Bangladeshi and Cape Town cases, expensive or highly sophisticated options in tackling climate impact are not synonymous to the most effective option. This is a key source of important knowledge to prevent, reduce and minimize the wastage of budgeted resources. Moreover, there is no one-size solution that fits all case scenarios. Understanding the context and cultural environment will be a key consideration in the local approach taken to address water security under the increasing threat of climate change. The cases considered here cover three different types of water scarcity-agricultural, urban, water quality-and have the additional advantage of being different in scale so their lessons provide possibilities for future considerations in many different locales. Such lessons include adjusting the reallocation of water based on different community and sector needs, clear stakeholder investment via engagement and public awareness, and finally, there is a need to implement both short-term and long-term management plans. Using these key findings from a synthesis of the case studies presented herein illustrates the complex nature of addressing water security in the face of climate change and highlights the need for continual assessment and evaluation of policy interventions to avoid water scarcity.
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