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Abstract: Water is of vital and critical importance to ecosystems and human societies. The effects of
human activities on land and water are now large and extensive. These reflect physical changes to
the environment. Global change such as urbanization, population growth, socioeconomic change,
evolving energy needs, and climate change have put unprecedented pressure on water resources
systems. It is argued that achieving water security throughout the world is the key to sustainable
development. Studies on holistic view with persistently changing dimensions is in its infancy. This
study focuses on narrative review work for giving a comprehensive insight on the concept of water
security, its evolution with recent environmental changes (e.g., urbanization, socioeconomic, etc.)
and various implications. Finally, it presents different sustainable solutions to achieve water security.
Broadly, water security evolves from ensuring reliable access of enough safe water for every person
(at an affordable price where market mechanisms are involved) to lead a healthy and productive
life, including that of future generations. The constraints on water availability and water quality
threaten secured access to water resources for different uses. Despite recent progress in developing
new strategies, practices and technologies for water resource management, their dissemination and
implementation has been limited. A comprehensive sustainable approach to address water security
challenges requires connecting social, economic, and environmental systems at multiple scales. This
paper captures the persistently changing dimensions and new paradigms of water security providing
a holistic view including a wide range of sustainable solutions to address the water challenges.

Keywords: water security; water scarcity; climate change; IWRM; socioeconomic changes; sustain-
able development

1. Introduction

Water is the foundation of life and necessity for everyone. However, it is becoming an
increasingly scarce and degraded natural resource for millions of the world’s population.
Adequate water, which is necessary for various uses for a rapidly growing population,
is one of the major challenges in recent years. It is a critical issue as the increase in food
production to meet the future population will have to be achieved with the same water
resources. Growing populations and climate change are added burdens to the global water
crisis. More than 1.1 billion people have inadequate access to clean drinking water globally,
and approximately 2.6 billion people lack basic sanitation facilities [1,2]. Water stress is
increasing rapidly especially in developing nations of the world. According to the United
Nations [3], global water use over the last century has been growing at twice the rate of
population increase. As a result, approximately 1.2 billion people live in areas of physical
water scarcity, where supply of water is not enough to meet the demand [4]. Apart from
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physical scarcity, economic scarcity is another major issue for water insecurity. As of now,
about 1.6 billion people face economic water scarcity, where people do not have enough
financial means to access existing water sources. Lack of safe water access is gradually
becoming a crisis for millions of people around the world that is responsible for poor
health, destruction of livelihoods, and unnecessary suffering for the poor [5].

Water shortages are the most pressing challenge for socioeconomic and human de-
velopment in general. Water shortages can lead to ecosystem degradation, worsening
health and destruction of livelihood [6]. Increasing human pressure threatens the ability
to provide adequate water resources and functioning of ecosystem services in the arid
and semiarid regions and are particularly vulnerable to climate and land changes. As the
human population grows and economic activity grows, water degradation has become a
global concern [7]. Poor water quality, which makes water unfit for use, has multiple health
and environmental consequences, and further reduces water availability. Contamination of
the surface and groundwater is becoming one of the biggest threats to the available fresh
water.

Today, more than half of the global population reside in urban areas [3]. With change
in demography characterized by massive migration into cities, it is projected to further
increase in percentage of urban population. Urban water supply systems for various
applications as well as wastewater management for the increasing population is a serious
threat, especially in developing countries. These cities have not been able to provide
minimum water services to their growing population. Considering the urbanization
pattern, it is urgent to improve water supply and wastewater treatment systems. These
components should be seriously incorporated into urban planning.

A brief description of population and share of freshwater availability across different
continents is shown in Figure 1 to highlight the issue of water scarcity.

Increase in water-related disasters is another important issue in the context of global
change [8]. The number of deaths and economic damage caused by water-related disasters
such as floods, droughts, landslides, and land subsidence has increased dramatically.
Climate change and variability, land use changes, urbanization, migration patterns, energy
problems, and food production caused by demographic change and economic development
can exacerbate more uncertain risks.

Flooding is one of the most damaging natural disasters in the world. Floods are
often seen as a natural phenomenon due to extreme weather events. However, in practice,
human activity changes the environment in multiple ways, changes the water cycle, and
hence more flooding. Therefore, flood risk and flood risk management are closely related
to human activities. The impact of land-use change includes not only urbanization, but
also the development and consolidation of agriculture [9]. Land-use policy has been a key
factor in permitting urban developments in areas of risk. Flood risk results from extreme
events, changes in the natural environment, and poor disaster management institutions
which have the ability to reduce and manage risks.

Similarly, drought has multiple physical and social aspects. Lack of precipitation
alters water resources and agriculture systems, and the impact can be severe, depending
on the resilience of local communities and populations. Tensions between competing
water use further worsen due to conflict between human use and environmental flow
requirements [10]. Drought can constrain the multiple societal uses of water, including
energy production, at local and regional levels. Many people rely on groundwater for
drinking water, food security, and sustainable living. Groundwater use has increased
significantly over the past 50 years due to its better quality and easy availability even
during droughts [11].
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These challenges require further research, implementation of new science-based
methodologies, and endorsement of principles of integrated water resources management
which can sustainably address various water-related issues. It is important to understand
and manage water quantity and quality worldwide, and especially in the developing world.
Overcoming the water crisis remains one of the most critical challenges our generation
is facing [12] and developing clean potable water, managing wastewater efficiently and
providing basic sanitation facilities for sustainability and human progress [13,14]. The
United Nations (UN) Sustainable Development Goals 2030 will not be possible without
achieving a water secure world first.

While resource allocation and competition requirements are to represent the first set of
water security challenges, the second major focus for water security is on extreme events. It
is very important to design a wide range of sustainable solutions, which addresses various
water problems. With increased concerns on the sustainable use of limited water resources,
in recent years, policy makers, organizations, funding agencies, and individuals largely
use the ‘water security’ term to express their opinions for solving various water-related
problems. However, there is no consensus on framing of water security concepts for solving
water problems in a sustainable manner. Water security employing different disciplines is
proposed as a starting point for solving various water related problems.

In the past few years, constructive efforts have been made to improve water security
issues. Water security includes the sustainable use and protection of water systems, pro-
tection against water-related hazards, sustainable development of water resources, and
protection of water functions and services for humans and the environment [15].

There is a need for holistic approaches to address the water security challenges and
inclusion of the social, economic, and environmental dimensions at multiple scales. The
holistic approaches can act as a catalyst for progress in many sectors such as public health,
energy security, climate resilience, poverty reduction, and accelerate the pace of achieving
the Sustainable Development Goals (SDGs). Water security is important to understand
and manage various challenges in the context of environmental change. The interface
between communities of researchers, practitioners, and stakeholders is seen as increasingly
important for the recognition and management of water security.

Lack of infrastructure and capacity development; weak and rigid governance systems,
and lack of interdisciplinary approach are among the major reasons for the increase in
solving various water-related problems. Framing the challenges of water security goes
beyond single-issue indicators such as water stress. In a rapidly changing world, we
are solving new problems with old solutions. The status quo is no longer enough, and
conventional models will not be able to achieve water security issues. It is crucial to
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shift from ad hoc and isolated water solutions to integrated water resources management
approaches, which yield more sustainable and resilient systems. A new paradigm is
therefore needed that considers alternative solutions for achieving water security. The
paper highlights water security issues and sustainable solutions at different scales and
presents good practices to address water security challenges. This paper aims to review
various water related problems and challenges in the global change context, explore
emerging paradigms of water security assessment, and finally seek sustainable solutions
towards achieving water security.

Therefore, this paper is aimed to address key questions on water security as: (i) what is
water security? (ii) What are various dimensions of water security? (iii) How can we assess
water security? and (iv) What are different sustainable solutions to improve water security?
Answers to these questions will be of great value to policy-makers, who are responsible for
making well-informed decisions and investment in the field water management.

2. Methodology

For this study we carried out a narrative literature review. To carry out the literature
review, we searched through keywords water security, water scarcity, climate change, inte-
grated water resource management, and sustainable development to focus our study within
the review questions (see Section 1). The Claivariate Analytics’s Web of Science (WoS) was
used to search for scientific literature and articles pertaining to the combination of keywords
mentioned above from year 2000 to 2020. Web of Science was chosen as it is one of the world’s
largest scientific citation search platforms, has an extensive coverage of a wide spectrum
of studies related to a topic of interest, and a frequent source for literature review based
analysis [16]. A variety of articles were searched to ensure that the majority of the relevant
articles and the arguments they capture have been identified. After completing the search,
abstracts were read and articles that were common (duplicates) in the searched databases
were discarded. All the remaining abstracts were then read to find an answer to our review
questions. We did not include all the articles of the abstracts we reviewed because of the rele-
vancy of the arguments in the abstract and articles they represent. We then read all the articles
thoroughly, this included a total of 71 articles, which show a diverse line of arguments on the
review question. We then synthesized the findings from this literature review into a narrative
and integrated into two main types of streams of argument—problems and solutions of water
security under changing environmental and socioeconomic context. A list of reviewed papers
used to identify different dimensions for water security is shown in Appendix A. The whole
study is described in the flowchart shown in Figure 2.Water 2021, 13, x FOR PEER REVIEW 5 of 25 
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3. Water Security: Concept and Evolution

Water security is critical to achieving sustainable and comprehensive growth. A water-
secure world uses the productive power of water and reduces its destructive impacts. It is
a world where everyone has safe, affordable, clean water to live a healthy and productive
life. It is a world where communities are protected from floods, droughts, landslides,
erosion, and water-borne diseases. Water security promotes environmental protection and
social justice and deals with the consequences of poor water management. In general,
several definitions have been proposed for water security, reflecting the desire to manage
water resources. The ‘UN agency on Water’ defines the water security as “the capacity
of a population to safeguard sustainable access to adequate quantities of water with
acceptable quality necessary for sustaining livelihoods, human well-being, socio-economic
development, ensuring protection against water- related disasters, and for preserving
ecosystems in a climate of peace and political stability” [13]. Increasing water security
lies in: (i) ensuring the availability of adequate and reliable water resources of acceptable
quality to provide water services for all social and economic activity in a manner that is
environmentally sustainable; (ii) mitigating water-related risks such as floods, droughts,
and pollution; (iii) addressing the conflicts that may arise from disputes over shared waters,
especially in situations of growing stress, and turning them into win–win solutions. Water
security is emerging as a possible unified concept for water managers. Operationalizing the
concept of water security means identifying its various aspects, setting goals, and exploring
actions to achieve these goals.

In recent years, the focus of water security has become more diverse, expanding
from water scarcity to clean water, ecosystem services and overall human wellbeing [17].
Conventional approaches focused on a single aspect and narrow perspective such as
development studies tend to focus on national scales only, economists’ main concerns are
about the economic aspect of the problem, hydrologists often only focus on watershed
scales, and the social scientists focused on research work around community only [17].
The new dimensions pledged to attain water security in a sustainable way with long-term
vision, which proposes a range of sustainable solutions based on economic, environmental,
and societal aspects [18].

The spatial and temporal considerations are important determinants for water security.
Rijsberman [19] explained the supply problem when water is truly scarce in the physical
sense, and demand problem when enough water is available but not used in a better or
sustainable way. Hydrological extreme conditions such as floods and droughts can occur
at the same location within the same year. Therefore, use of average available water cannot
represent a measure of water scarcity or excess. In the monsoon season, many regions
of Asia suffer from water scarcity while the average annual water resource availability
appears to be abundant. Large countries like India can have water scarcity and flooding at
the same time, but in different parts of the country. The situation of uneven distribution
of water resources is going to be aggravated due to climate change. The understanding
of water scarcity is vital as it affects the views on the most effective policies to deal with
water crisis. The Intergovernmental Panel on Climate Change (IPCC) reports indicated
that more than 87% of the climate change impact will be on water related infrastructure
and increasing negative impacts of global warming is likely to increase the variations,
frequency, and severity of weather such as extreme droughts and floods occurring [20].
On the global scale, a current water withdrawal is well below renewable water resources
limit, but the concern is the high unpredictability of water resources in coming years [21].
Virtual water trade can be one of the effective options to address water scarcity, which
is estimated around 1000 km3/year internationally although only a very small part of
virtual water trade is utilized to compensate for water shortages. Another major challenge
is pollution and deterioration of surface and ground water bodies in rapidly growing
cities and elsewhere in the developing world. Understanding of causes and measures that
lead to improvement of water quality degradation is limited. In order to address water
quality degradation, several soft and hard measures need to be formulated at individual,
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community, and institution level. It needs balance between technical and social approaches.
Water quality is another major variable and its analysis is beneficial for security of the
environment, human use, and understanding the water stress. Historical evolution of water
security technologies is important to understand the present and future concept of water
security (Figure 3). Urban regions required new strategies to cope with the transitioning
phases of water requirements with the development of urban areas. Water supply for
demand management was a concept in the water supply system in cities, which evolved
and moved in the direction of water sensitive cities due to various factors. Various drivers
are responsible for this transitioning phase of water such as rapid population growth
and consumption patterns that use more water. To solve the emerging problem of water
security, it is important to change the management response that appears in response to
social and political factors [22].
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4. Emerging Paradigms of Water Security

Water Security embodies a complex, multidimensional and interdependent set of
issues. With increasing pressures on water resources, there is heightened competition for
the water uses at local, regional, and international scales, both between diverse sectors
of the economy and jurisdictions. This comprises basic societal needs such as drinking
water supply, irrigation, hydropower, and industrial uses. Achieving water security is also
dependent on the water quality, which is a further key dimension of water use. Rivers
are used to receive, transport, and dilute wastes, and intensification of human activities is
putting increasing pressure on the quality of both surface waters and groundwater, with
consequences for water resource availability for various uses. Water-related ecosystem
functions, with their dependence on water quantity (and its temporal variability) and water
quality is another critical dimension of water security.

Securing water for people and the environment is a necessary condition for sustainable
growth, ending poverty and hunger, and achieving the SDGs. The dominant threats to
water availability, quality, and supply vary geographically and over time. This entails
achieving water security is not a dynamic goal, which evolves with changing dynamics.
It is a dynamic process affected by changing climate, political set up, economic growth,
and resource degradation. Moreover, as social, cultural, political, economic priorities, and
values change, the goal for achieving water security evolves with them. In this background,
the study argued for evaluating water security challenges under emerging paradigms and
seeking the solutions.



Water 2021, 13, 490 7 of 21

Paradigm is a concept of envisioning the future of societal interaction with the en-
vironment based on the shared assumptions and values [23]. The emerging paradigms
are significant in the context of continuous shifts in societal interaction with natural re-
sources such as water. In order to bring holistic solutions to water security, the nature and
characteristics of paradigm changes are necessary. Historically, paradigm shifts are seen
as a continuous and necessary part of policy making. The important question that arises
here is why there is a need to rethink water security under emerging or new paradigms.
Societal interactions and values around water are continuously changing. For example, the
shift from Millennium Development Goals (MDGs) to the SDGs, the focus of the water
security concept has shifted from only water supply and demand in cities towards the
perception of water as an economic resource shared between countries. The paradigm shift
in water emphasizes on how societies are valuing water as a resource and support this
transition. This shift comprises water governance, which is the capacity of governments to
manage water equitably and efficiently, including across borders [24]. Due to increased
economic development and climate change the uncertainty is increased which impacted the
interactions of society with water resources. In the traditional paradigms, the water crisis
is generally considered as technology related problems but under emerging paradigms
focus is shifted towards recycle and reuse of water, considering waste and stormwater
as resources, managing demand effectively, promoting green infrastructure, increasing
community and stakeholder participation, effective governance, and multidisciplinary
approach to achieve water security.

The four different paradigms shifts are identified in this paper to evaluate the water
security and seek the solutions to achieve the goal. In changing context and challenges, the
new approaches to govern the water is suggested by Huitema et al. [25], are the adaptive
water governance and polycentric approaches to govern. Another perspective of Integrated
water resource management (IWRM) is popular among the developing nations, how the
IWRM evolves in current perspective. The nature-based solutions perspective is gaining
popularity worldwide to achieve water security and still many scholars focus on the com-
bination of hard/soft approaches to achieve water security (see Section 5). The paradigm
shift in the water sector constitutes how water is managed in the current context under
different challenges and transitioning the way of managing water towards diversifying
water resources and building resilient infrastructure. Shift in financing the water sector is
significant in emerging paradigms where engaging the private sector partnerships and re-
ducing the nonrevenue water is in focus. Collaboration at different scales through regional
and national cooperation and agreements are helpful in shifting towards system thinking
approaches. This study envisioned the challenges and solutions to achieve water security
under emerging paradigms in a changing environment.

5. Water Security Assessment and Indicators

Water security captures the complex concept of overall water management with
resource conservation and its use [26]. Water security should be represented by indicators
to promote its quantification. There are different kinds of water scarcity indicators proposed
by various studies and explained in literature such as water stress indicator or Falkenmark
indicator, water resources vulnerability index, economic water scarcity index, and water
poverty index, among many others. There are several advantages of translating water
security into numerical terms to encourage clarity and establish a common understanding
of a concept around which there currently exists substantial ambiguity. This helps to
facilitate discussion on the presence or absence of water security, or the scale and threshold
for evaluating the degree of water security. This also assesses the extent to which water
security on the ground has been achieved in various locations.

The treatment of wastewater is a very important aspect of water security. Historically,
wastewater was considered as waste only, although it could be a valuable resource. If
treated properly, wastewater can be reused and contribute to lesser pollution in water bod-
ies. The recycling of water is the concept of reusing the treated wastewater or stormwater
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for many useful purposes, such as irrigation, toilet flushing, needs of industries, and in
some aspect for ground water recharge [27,28]. Recycled water or water reuse offers many
kinds of resources and financial savings [29] and if this can be tailored to meet the quality
standard required for the water use, then the recycled water can be considered as a vital
resource because it offers series of benefits such as useful for irrigation, cooling water for
power plants and refineries, toilet flushing at household level, controlling the dust in the
city, mixing and preparing cement during construction activities, beautification of artificial
lakes and parks, and industrial processes. This provides us with ample reason to consider
treatment of water as a sustainable solution for achieving water security.

Sources of uncertainty in water security assessment can be demonstrated by risk-
based water security indicators, such as the uncertainty in the climate model outputs. The
IPCC report indicated that climate change is increasing the frequency of extreme weather
conditions like flood, drought, etc. More than 87% of the climate change impact will be on
water related infrastructure [20]. These indicators are important in analysis of risks based
on what if scenarios, which provides the essential evidence to enable options between
alternative courses of action. The risk analysis explores the range of likely future situations
ranging from business as usual to extremely unlikely conditions [30]. Decision making
process involves choices between different courses of actions counting their benefits in
terms of risk reduction or cost–benefit ratio.

Scale is critical in assessing water security [31]. National level assessments make it
difficult to take action at operationalization level. Agriculture dominates water use in the
Asia-Pacific region, but focuses on water productivity, which is often used as a means
of improving production. Therefore, this indicator deals with the available water, and
how to use, for example, an increase in water storage, can become a more urgent issue
in areas with economic water shortages. There is also a question mark over use of such
indicators that explains the overall picture of the country, especially if watersheds cross
national borders. Watershed based water security can be defined as “sustainable access on
a watershed basis to adequate quantities of water of acceptable quality to ensure human
and ecosystem health” [26].

It is possible that the region can be concluded water secure or insecure but interest-
ingly, without the explicit environmental consideration the shared conclusion from water
indicator’s analysis that water security is achieved by the developed part of the world such
as many countries in Europe, North America, Australia, and Japan, is a kind of flaw [19].
Creating and using indicators for water security has to be directed towards some manage-
ment control or assessment action. Originally, a single indicator was mainly used to assess
the quality of rivers for human use. Earlier, for example, a simple parameter indicator (e.g.,
Biochemical oxygen demand (BOD)) was sufficient as a river pollution control measure.
As the industrial revolution began, various types of chemicals started spilling into rivers
requiring multiple measurements. Thus, indicators were required to measure multiple
effects and combine them into single-value indicators. A recent shift to water security
has called for the addition of economic and ecosystem concerns. In addition, the largest
consumer of water in most countries is irrigation agriculture. With the rapid growth of the
global population, the fear of a decline in the supply of water available in food production,
industry, and homes has become a major problem. This has led to a search for indicators of
water resource security.

Water security clearly requires an integrated approach while recognizing and accept-
ing that tradeoffs may be needed between the different water-using sectors. Indicators
tend to be heuristic, and political and water specialists need to focus on those indicators
which tell the most compelling story to other sectors if they are to encourage water-smart
investments. Roger Calow [26] suggested five pillars of water security where indicators
are water availability and access, risk and variability, equity and livelihoods, ecosystems
and biodiversity, and institutions and actors [26]. Ian Makin [26] focused on national
and regional measures of water security, rather than individual basins highlighting the
importance of water management issues in 49 countries across the Asia and Pacific region
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and the threat from many sources—population growth, urbanization, increasing water
pollution, over-abstraction of groundwater, water-related disasters, and climate change.

Asian Water Development Outlook (AWDO) [1] provides a robust, pragmatic, and
readily understood framework for assessing water security. This report presents a frame-
work for the assessment of water security in five key dimensions: household water security,
economic water security, urban water security, environmental water security, and resilience
to water-related disasters. Status of water security in five dimensions represents inherent
tension among water uses that emerge under increasing stress from competing water use
sectors. These, when aggregated, provide an indicator of national and regional water
security. The indicators (referred as dimensions) are seen as the means of measuring the
outcomes of integrated water resources management. These provide a baseline for ana-
lyzing trends and the effects of policies and reforms that can be monitored and reported
to stakeholders and offer a new way for leaders to look at the strengths and weaknesses
of water resources management and service delivery. These indicators also indicate the
direction and priority for increasing investment, improving governance, and expanding
capacity in the water sector. Dunn and Bakker [32] developed a water security frame-
work as a tool for improving governance for watersheds in Canada. This is in contrast
to others who seek to develop national or regional indicators describing the challenge of
developing and applying indicators at the watershed level that were originally designed
for national or regional application and question their relevance and sensitivity for use at a
community level and for including socioeconomic considerations. However, considering
the importance of water quality and transboundary water resource management, this study
explained water security based on seven dimensions that are shown in Figure 4.
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6. Sustainable Solutions

Given global changes and its potential impacts water security is a growing concern. It
touches upon all aspects of life and requires a holistic approach, which actively integrates
social, cultural, and economic perspectives, scientific and technical solutions, and attention
to societal dynamics. The complexities in water security point out that there will be
different solutions for managing water scarcity at different spaces and times. To address
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water security, interdisciplinary collaborations are required across sectors, communities,
and political borders to manage the competition or conflicts over water resources. Here,
sustainable water management is a key which focuses on the conjunctive and efficient use
of different water resources and on water allocation strategies that build the economic and
social returns and enhance the water productivity. In addition, there is a need for a special
focus on equity in access to water as well and social impacts of water allocation policies.

Based on the complex and intricate nature of water security, its dimension and different
paradigms as mentioned above, this section advocates various sustainable solutions to
achieve water security under three themes. A summary for reviewed papers supporting
ideas for these three different themes of solutions to achieve water security is shown in
Table 1.

Table 1. List of reviewed papers used to find water security solutions under following three different
themes.

Water Security Solution References

Governance (Adaptive and Polycentric)
including Integrated Water Resource

Management (IWRM)

Kumar et al., 2020; Pahl Wostl et al., 2018;
Saraswat et al., 2017; Head et al., 2014; Cook

and Bakker, 2012; Wiek and Larson, 2012;
Uhlendahl et al., 2011; Huitema et al., 2009;

Brown et al., 2008; Masago et al., 2019;
Al-Jawad et al., 2019; Weather et al., 2009;

Radiff 1999

Combination of Hard and Soft Approaches

Masago et al., 2019; Mo et al., 2019; Mishra
et al., 2018; Tian et al., 2017; Voulvoulis et al.,

2015; Grafton et al., 2011; Biswas and Tortajada,
2019; Brown et al., 2008; Mishra et al., 2020

Nature-Based Solutions

Van-Rees et al., 2019; Lindsay et al., 2019;
Vorosmarty et al., 2018; Jamero et al., 2017;

Chakraborty and Chakraborty 2017;
Gunderson et al., 1995; Mishra et al. 2020

6.1. Polycentric and Adaptive Governance

Water governance becomes a sustainable solution when it safeguards ecosystems yet
is able to consider social and economic wellbeing of people [33]. Governance refers not
only to national level water legislation, regulations and institutions, but also the processes
to promote stakeholder or community participation in designing water and sanitation
systems and empowering communities with knowledge by increasing their ability to make
decisions about the management systems. Restructuring of water governance methods
refer to the social mobilization and actions designed in promotion of ownership, capacity
building, coinvestment, willingness to pay for services, and incentives for participation
at the community level. Van Rijswick et al. [34] recognized several factors important for
sustainable water governance. These are knowledge on water systems, monitoring and
enforcement, values, principles, and policy discourses, responsibility, authority and means,
stakeholder involvement, conflict resolution capability, tradeoffs between social objectives
such as allocation, regulation and agreements, and financial arrangements. These can
be taken as a roadmap for sustainable water governance. Besides, the water governance
solutions also promote gender equality in decision making [35]. It determines the relevant
roles for the government entities to ensure the delivery of water and sanitation and keep
checks on public and private players to meet the required needs. Building sustainable
governance as solutions towards water security is a process, which is very effective in
correcting market distortions, incentives, and adjustments to affordable pricing.

The water sector is considered underperforming and requires massive investment in
infrastructure building and developing capacity. The complexity of the decision-making
system, inability to receive timely information, conflicts of water rights (vertical and
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horizontal integration), poor coordination and interactions, and lack of holistic planning
are the reasons and important challenges of water governance [36].

To deal with this complexity and scale of governance challenge for water security, here
we would especially like to focus on polycentric governance. Polycentric means that water
management plans and policies should be framed and agreed by all relevant stakeholders.
In other words, both top-down and bottom-up approaches should be given weight. For
adaptive governance, more emphasis will be on finding the best pathways to make robust
water management plans amid rapid global changes. The benefit of such plans should
reach the end users in terms of providing clean water, protection from hydrological hazards,
and maintaining the health of the ecosystem.

In order to make a region more sustainable in terms of water resources, its locally avail-
able water resources must not be compromised by its socioeconomic activities. There is an
urgent need for co-management, which includes the cycle of co-design, co-implementation,
and co-delivery throughout the whole water cycle.

(a) Regional Circular and Ecological Sphere (RCES)—RCES is a concept that complements
and supports regional resources by building broader networks, which is composed of
natural connections (connections among forests; city and countryside; groundwater,
rivers and the sea) and, economic connections (composed of human resources, funds,
and others), thus complementing each other and generating synergy [37]. In terms
of water security, this concept will lead to self-reliant and decentralized society. This
will promote water reuse, reclamation, and restoration using decentralized water
management systems. Additionally, it will enhance our reliability on renewable
source of energy with less dependence on water resources.

(b) Participatory Watershed Land-use Management (PWLM) approach—PWLM is an-
other very innovative and successful approach for more robust water resource man-
agement [38]. It helps to make land-use and climate change adaptation policies
more effective at a local scale. This is an integrative method using both participating
tactics and computer simulation modeling for the water resource management at a
regional scale. The whole process is divided into four main steps: (a) scenario analysis,
(b) impact assessment, (c) developing adaptation and mitigation measures and its
integration in local government policies, and (d) improvement of land-use plan.

(c) Citizen science—Citizen science can be generally defined as “the engagement of non-
professionals in scientific investigations” [39,40]. This is also a unique way for the
general people to contribute to monitor water pollution and its management progress.
This can be done by participating in “citizen science” initiatives, e.g., by reporting
detections of water pollution in their locality. Normally, the citizens involved here
are volunteers and unpaid, and contribute out of their own personal interest in the
topic of the investigation. Although this is an old technique, it got into the limelight
recently because of advances in information and communications technology (ICT)
including mobile smartphones with internet, GPS, and camera capabilities [40,41].
Use of ICT has made it much easier for citizen volunteers to interact with professional
scientists and pass this useful information about water quality to the decision makers.

(d) Integrated Water Resource Management (IWRM)—IWRM is a vital approach to
improve water security and sustainability through better water use efficiency and
conservation. Although the term or the concept IWRM, is available and frequently
being used by different stakeholders since the last few decades but its ground appli-
cation remains questionable [42–45]. While much progress has been made on water
quality, water quantity components, this study suggests the critical elements for the
success of IWRM in the ground are to prioritize the inclusion of human or socioeco-
nomic dimension, nexus dimension (water–food–energy–health) etc., which are still
unexplored in most of the regions [46,47]. In general, conventional models helps us
to quantify and project plausible future of the water environment, but they cannot
guarantee their goal attainment because of adaptive responses by humans and man-
agement decisions which might have unintended consequences [48–50]. Therefore,
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an integrated perspective in analyzing water related risk through socio-hydrological
pathways is deemed essential for better understanding the action research and policy
implication for sustainable water management [46].

6.2. Combination of Hard and Soft Measures

(a) Water reuse, restoration and reclamation—Considering the interwoven issue of water
scarcity in the lieu of rapid global change and frequent extreme weather conditions,
it is important to think holistically for both water quality and quantity. This issue
becomes more acute in case of countries with arid or semiarid environments with
very little freshwater available. Henceforth, the concept of 3Rs (reduction, restoration,
and reclamation) is very important to achieve a water secure world. Water reuse in
terms of restoration and reclamation become a matter of prime concern, which has
multidimensional (financial, socioeconomic, and environmental) benefits. To achieve
this, all water users and stakeholders must be aware about the use of reclaimed water,
its social acceptance, and pros and cons of using this reclaimed water [51]. However,
in order to make this reuse more sustainable, a sound and scientific knowledge about
the source of wastewater or treated saltwater, chemical composition, and its sectoral
usage is most important [52]. For reducing the water usage, several innovative ways
are already in practice such as smart monitoring to minimize nonrevenue loss of water,
intelligent irrigation using agriculture engineering in the field, rainwater harvesting,
financing urban water usage, water tariff, etc. [53].

(b) Water conservation technologies (WCT)—WCT are of larger importance for devel-
oping countries like India with traditional irrigation schemes having efficiencies of
30–40% [54]. It is envisioned that increased use of WCT will play an important role in
improving the productivity of rain-based agriculture and irrigation efficiency. Water
conservation and water saving technologies are delivering benefits such as improved
water productivity, improved farm profits and others, if it is well planned and man-
aged. In addition, the WCT reduces the nonbeneficial consumptive water use such as
the well-managed drip irrigation or orchard crops and enhances the distributional
profits under regulatory frameworks.

(c) Modeling and Forecasting—Different hydrologic simulation models are powerful
tools, which enable to assess various implications of the rapidly changing global
processes on water resources variables. Although, various hydrologic models with
specific features are available for simulating the water resources variables like runoff,
groundwater recharge, surface water–groundwater interaction, water quality, con-
taminant fate, and transport etc. Based on the goals to be achieved, different models
(continuous or event-based type; empirical, conceptual, and physical types) can be
selected. However, these models can be effectively applied only when it has a sig-
nificant amount of required input datasets and skilled people to handle it. For data
scarce countries, it is important to have easy access to free available data and tools for
sustainable water management. On the other hand, capacity building is also critically
important for making these countries self-sufficient for doing better in analyzing
future status of water resources and hence can design appropriate adaptation and
mitigation strategies for water resource management.

6.3. Nature-Based Solutions

Nature-based solutions are those that use or simulate natural processes to address
contemporary challenges, including those associated with water management. Its objec-
tives are, for instance, to increase water availability (soil water retention and groundwater
recharge are nature-based solutions), to improve water quality (natural and artificial wet-
lands, and riparian forest buffers), or to reduce water-related disasters and climate change
risks (restoration, flood plains, and roof gardens). In other words, nature-based solutions
are ecological processes driven by vegetation and soil in forests, pastures, humid areas,
as well as in agricultural and urban landscapes, which play an important role in water
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movement, storage, and transformation. Nature-based solutions offer some of the most ef-
fective and sustainable ways to improve water security, and they frequently offer additional
benefits for communities where they are implemented, including improved agriculture, job
creation, and climate resilience. It can also play an important role in improving the supply
and quality of water and reducing the impact of natural disasters.

Freshwater supply depends on healthy functioning of freshwater (riverine) ecosys-
tems. However, studies are scarce that consider whole ecosystems such as a river [55].
Furthermore, most of the riverine systems are heavily altered anthropogenically, this is a
big challenge that makes sustainable water resource management, miss vital ‘pieces’ or
functions that relate to the diversity of the ecosystem that are needed to bring solutions that
are sustainable. Freshwater ecosystems are often highly engineered and thus can undergo
this act of missing the vital pieces of ecosystem diversity that is quite common, which
eventually make the freshwater systems lose their resilience.

For example, freshwater systems such as rivers have undergone disconnection in the
longitudinal, lateral, and vertical dimensions of the river systems [56], disrupting (and
distorting) the freshwater ecosystems such as a river that continues to deliver freshwater
related ecosystem benefits [56,57].

The degradation in resilience does not exclude the society that lives within the fresh-
water ecosystems (e.g., a river basin) causing decision-making gridlocks. For example,
distorted governance on freshwater issues have occurred due to human interventions such
as dams and barrages, changing of the river courses, covering the flow (and in many cases
surrounding landscapes) with impervious surfaces have compromised diverse ecosystem
functions and resilience in freshwater environments through decades of mismanagement.
These gridlocks especially take place when high economic returns are available at the
expense of functional diversity [58]. Therefore, keeping the freshwater ecosystems as
diverse as possible can enhance this resilience, which can be used as a thread or anchor to
bind the whole ecosystem together. Using the resilience concept as a binder can make the
freshwater system undergo changes without changing its vital state and function. A key
sustainable solution in this regard is binding through the available knowledge component
in the freshwater landscape through stakeholder engagement that creates values in diverse
ecosystem functions for capturing the dynamism and nonlinearity of the freshwater ecosys-
tems (including its connection to other ecosystems) [59–62]. It is here that nature-based
solutions (or landscape-based solutions) can work as eco-friendly technologies to enhance
development of freshwater services, characterized by a number of low-cost, more flexible
adaptation options in contrast to conventional ‘grey’ technologies, which the developing
world, especially in urban areas, are now trying to implement [63].

Additionally, sustainable water management can be achieved by facilitation of a
change in mindset towards landscape-based water management such as participatory
watershed land use management (PWLM). The participatory approach can identify and
engage champions within its offices and communities to promote long-term sustainable
planning for urban water security [64–66]. It can be challenging at times due to low interest
among citizens [67]. Pace of urbanization is important while introducing sustainable
construction practices. Watershed management plans should be based on retrofitting
models in collaboration with stakeholders and communities are essential. This should be
based on physical analysis of existing water scarcity coping practices. Interactive design
records are needed to adopt smart water management.

Another set of sustainable solutions include interlinked water, energy, and food com-
ponents, with a balance between natural resource use and society’s demand on such
resources [67,68]. This forms a critical nexus essential for addressing challenges of sustain-
able development. Water, food, and energy are dependent on each other and share many
comparable characteristics, including people’s livelihoods, so a collective (i.e., a nexus)
approach should be able to address this interdependency effectively.

The relationship between ecosystem and water security is mutually beneficial and a
core component of sustainable solutions to water security as this ensures that sufficient
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and good quality of freshwater is available to support the functioning of ecosystem (and
healthy functioning of the ecosystem continues to deliver good quality and quantity of
water). Unfortunately, understanding of the relationship between ecosystem and water
security is still a new territory but stressed as an important component to achieve overall
development in the society such as Sustainable Development Goals [69,70]. As ecosystems
provide water required both in terms of quality and quantity for different communities,
maintaining food security as well as to mitigate hydrological hazards necessary to achieve
water security at a watershed level, it is important to ensure that ecosystems are conserved.

Traditional and local adaptation strategies for an ecosystem-based approach are
needed as they are often based on ‘time tested’ methods and adaptation strategies for
water management in the whole landscape, and not only its physical and chemical parame-
ters as modern scientific methods try to achieve. Further investigation on local adaptation
strategies is also needed for achieving water security and fighting effectively against the
climate change impacts is necessary for policy makers [71]. For example, every village,
town, or other type of human settlement unit can have a list of traditional and local adapta-
tion strategies so that they can deliver at the time of acute water crisis. It is reported that
the water and social agreement for a water sensitive city would be significantly different
to that conventional urban water approaches and integrates the normative values of en-
vironmental protection, demand–supply security, flood control, human wellbeing, and
economic sustainability [22].

Nature-based solutions are now fast becoming the center stage of solving diverse and
complex problems related to water security. In 2018 for the first time, Brazil hosted the
world launching of the United Nations World Water Development Report, which publicly
stated the importance of nature-based solutions (NBS) for water. According to Stefan
Uhlenbrook, the Coordinator and Director of the UN World Water Assessment Programme
(WWAP), reservoirs, irrigation canals, and water treatment plants are not the only water
management instruments at our disposal. “We can’t wait for nature to solve all problems
by itself, but we can get inspired and use it in favor of the planet.”

7. Conclusions

Flooding, drought, inadequate access to drinking water, and sanitation are some of
the well-known water problems across the globe. There is a need for sustainable solutions,
which are appropriate for varying contexts, local consideration to societal values, which
leverage the multiple uses and make use of synergies with management of other resources.
As these problems are increasing across different regions and different scales, there is an
urgency to take measures for the protection of the water and to improve legislation and
public awareness in this field to find the optimum way to manage, protect, and serve our
limited water resources, and enforce water pollution control and the protection of water by
suggesting remediation alternatives to reduce or control the influence of the contamination.

This paper explored new paradigms and evolving definitions of water security, and
presented a wide range of sustainable solutions to solve various water-related problems.
Water security is fundamental to achieving any kind of sustainable economic and human
development. The challenges of water security are unprecedented, and a new approach to
provide the underpinning science for water security management is urgently needed by the
global community. An integrative framing of water security should take place at the policy
and governance level, where established priorities and decisions are taken with agreement
of stakeholders. An integrative approach is likely to bring good water governance and set
a new approach to sustainable water management. The evolving paradigm of achieving
water security will be able to provide sufficient water for socioeconomic activities for do-
mestic, industrial, and commercial purposes, and clean drinking water to meet basic needs
at an affordable price with proper sanitation, while treating and collecting wastewater to
curb water pollution. Various dimensions of achieving water security extend to protecting
ecosystems and increasing the role of nature to sustain its own functioning and developing
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ability to cope with changing conditions. It also deals with timely response to the risk of
water related disasters such as droughts, floods, spreading of diseases, and pollution.

Attaining water security in a changing context is not a simple or ‘one size fits all’ solu-
tion. Expanding the portfolio of solutions from fully engineered systems to management
systems based on capacity building, community awareness, managing the wetlands, and
conservation of aquifers need to incorporate the natural processes to achieve desired results
to attain a water secure future for human wellbeing. It addresses the impacts of human
activities on water quantity and quality, aquatic ecosystems and climate, and the context of
rapid economic growth and climate change. It can be concluded that water security has
multiple and highly interconnected dimensions, and that each of these involves complex
interactions between human society and the natural environment. In conclusion, achieving
a water secure world requires balance between social, environmental, and economic com-
ponents. It requires adequate integration of soft and hard measures such as in storing and
transporting water and in protecting the resource itself.
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Appendix A

Table A1. List of reviewed papers and their relation with seven different dimensions of water security.

Reference
Number Title of the Reviewed Papers Category (Key Topics According to the Seven

Dimensions of Water Security)

[1] Strengthening water security in Asia and the Pacific Transboundary issues

[2] Water: Asia’s new battleground Transboundary issues,

[3] Coping with water scarcity. Challenge of the twenty-first
century Household, Economic, Urban, Environmental

[4] Impact of urbanization on water shortage in face of climatic
aberrations

Urban, Environmental, Transboundary issues, Safe
or desirable quality, Economic

[5] Global water crisis and future food security in an era of
climate change Economic, Environmental

[6] Water Crisis Report
Transboundary issues, Economic, Environmental,

Safe or desirable quality, Resilience to water
related disasters

[7] Water quality management: a globally neglected issue Safe and desirable quality

[8] Future Outlook of Urban Water Environment in Asian Cities Economic, Urban, Environmental

[9] Land use, water management and future flood risk Resilience to water related disasters, Safe or
desirable quality

[10] Determinants of residential water consumption: Evidence
and analysis from a 10-country household survey Economic, Household

[11] Responding to the challenges of water security: the Eighth
Phase of the International Hydrological Programme

Resilience to water related disasters,
Environmental, Safe or desirable quality,

Household, Economic
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Table A1. Cont.

Reference
Number Title of the Reviewed Papers Category (Key Topics According to the Seven

Dimensions of Water Security)

[12]
Climate Change 2014: Synthesis Report. Contribution of

Working Groups I, II and III to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change

Environmental

[13] UN-Water Analytical brief: Water security and the global
water agenda

Environmental, Economic, Safe or desirable
quality, Resilience to water related disasters

[14]
A clash of paradigms in the water sector? Tensions and

synergies between integrated water resources management
and the human rights-based approach to development

Environmental, Economic, Transboundary water
related issues, Safe or desirable quality

[15] Water security: what does it mean, what may it imply? Environmental Economic, Urban, Resilience to
water related disasters

[16]
Web of Science use in published research and review paper

Sciences 1997–2017: a selective, dynamic, cross-domain,
content-based analysis

For method used in this paper

[17] Water security: Debating an emerging paradigm Integrative of the seven dimensions

[18] China’s water security: Current status, emerging challenges
and future prospects. Environmental Science and Policy

Environmental, Economic, Urban, Safe or desirable
quality

[19] "Water scarcity: Fact or Fiction?" Economic, Household, Urban, Environmental

[20] Climate, climate change and human health in Asian Cities. Environmental, Urban, Safe or desirable quality

[21] Global hydrological cycles and world water resources Environmental

[22] Transitioning to Water Sensitive Cities: Historical, Current
and Future Transition States Urban

[23]
A comprehensive optimum integrated water resource

management approach for multidisciplinary water
resources management problems

Integrative of seven dimensions

[24] Governing water: contentious transnational politics and
global institution building

Environmental, Transboundary water related
issues

[25]
Adaptive water governance: assessing the institutional

prescriptions of adaptive (co-) management from a
governance perspective and defining a research agenda

Household, Economic, Urban, Environmental,
Resilience to water related disasters, Safe or

desirable quality, Transboundary issues

[26] Assessing Water Security with Appropriate Indicators Integrative of seven dimensions

[27] Integrated urban water management scenario modeling for
sustainable water governance in Kathmandu Valley, Nepal Urban, Economic, Environmental,

[28] Hydrogeochemical Evolution and Appraisal of
Groundwater Quality in Panna District, Central India Safe or desirable quality, Economic, Environmental

[29]
Framework to assess sources controlling soil salinity

resulting from irrigation using recycled water: an
application of Bayesian Belief Network

Safe or desirable quality, Urban, Households

[30]
Risk-based principles for defining and managing water

security risk-based principles for defining and managing
water security

Environmental, Economic, Safe or desirable
quality, Resilience to waters related hazards

[31] Urban water security indicators: Development and pilot. Urban

[32] Fresh Water-Related Indicators in Canada: An Inventory
and Analysis Environmental

[33] Water, people, and sustainability—a systems framework for
analyzing and assessing water governance regimes Integrative of seven dimensions

[34] Ten building blocks for sustainable water governance: an
integrated method to assess the governance of water

Environmental, Economic, Safe or desirable
quality, Resilience to water related disasters
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Table A1. Cont.

Reference
Number Title of the Reviewed Papers Category (Key Topics According to the Seven

Dimensions of Water Security)

[35]
Climate justice in lieu of climate change: a sustainable

approach to respond to the climate change injustice and an
awakening of the environmental movement

Environmental

[36]
Population growth and water supply: The future of
Ghanaian cities. Megacities and Rapid Urbanization:

Breakthroughs in Research and Practice
Urban

[37] Creation of a Regional Circular and Ecological Sphere
(RCES) to address local challenges Environmental

[38]
Participatory approach for enhancing robust water resource
management: case study of Santa Rosa sub-watershed near

Laguna Lake
Urban, Environmental, Safe or desirable quality

[39] The history of public participation in ecological research Environmental

[40] Citizen science websites/apps for invasive species sightings:
An analysis of 26 ongoing initiatives. Environmental

[41] Citizens as sensors: The world of volunteered geography Environmental

[42]
IWRM: what should we teach? A report on curriculum

development at the University of the Western Cape, South
Africa

Household, Economic, Urban, Environmental,
Resilience to water related disasters, Safe or

desirable quality, Transboundary issues

[43]
Integrated water resource management (IWRM): an

approach to face the challenges of the next century and to
avert future crises

Household, Economic, Urban, Environmental,
Resilience to water related disasters, Safe or

desirable quality, Transboundary issues

[44] Good water governance and IWRM in Zambia: challenges
and chances

Household, Economic, Urban, Environmental,
Resilience to water related disasters, Safe or

desirable quality, Transboundary issues

[45] The water-energy-food nexus: trade-offs, thresholds and
transdisciplinary approaches to sustainable development

Economic, Urban, Environmental, Resilience to
water related disasters, Safe or desirable quality

[46] Debates—Perspectives on socio-hydrology: Capturing
feedbacks between physical and social processes Resilience to water related disasters

[47] Stochastic multi-objective modelling for optimization of
water-food-energy nexus of irrigated agriculture Economic, Environmental

[48] Socio-hydrology: use-inspired water sustainability science
for the Anthropocene

Environmental, Resilience to water related
disasters

[49] Earth systems: Model human adaptation to climate change Economic, Urban, Environmental

[50] Small-island communities in the Philippines prefer local
measures to relocation in response to sea-level rise Household, Resilience to water related disaster

[51] Solutions to water resource scarcity: water reclamation and
reuse Economic, Urban, Environmental

[52] Occurrence and risk assessment of emerging contaminants
in a water reclamation and ecological reuse project Environmental, Safe or desirable water quality

[53] The potential of water reuse as a management option for
water security under the ecosystem services approach

Economic, Environmental, Safe or desirable water
quality

[54]
Post-adaptation behaviour of farmers towards soil and

water conservation technologies of watershed management
in India

Economic, Environmental

[55] How is ecosystem health defined and measured? A critical
review of freshwater and estuarine studies Economic, Environmental

[56] Rivers as Socioecological Landscapes Environmental dimension

[57] Connectivity in rivers Environmental dimension
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Table A1. Cont.

Reference
Number Title of the Reviewed Papers Category (Key Topics According to the Seven

Dimensions of Water Security)

[58] Barriers and Bridges to Renewal of Ecosystems and
Institutions Environmental and Transboundary dimension

[59]
Ecological stakeholder analogs as intermediaries between

freshwater biodiversity conservation and sustainable water
management

Environmental and Transboundary dimension

[60]
Integrating the social, hydrological and ecological

dimensions of freshwater health: the Freshwater Health
Index

Environmental, Safe or desirable quality, and
Resilience to water related disasters dimension

[61]
Exploring spatial variations in the relationships between

residents’ recreation demand and associated factors: a case
study in Texas

Household, Economic, Urban, Environmental,
Resilience to water related disasters, Safe or

desirable quality dimension

[62] Resilience and thresholds in river ecosystems Environmental, Resilience to water related
disasters dimension

[63] Managing urban water crises: adaptive policy responses to
drought and flood in Southeast Queensland, Australia

Household, Economic, Urban, Environmental,
Resilience to water related disasters, Safe or

desirable quality dimension

[64]
Participatory watershed land-use management approach:
Interfacing science, policy and participation for effective

decision making

Environmental, Safe or desirable quality, and
Resilience to water related disasters dimension

[65] The Role of Community Champions in Long-Term
Sustainable Urban Water Planning

Household, Economic, Urban, Environmental,
Resilience to water related disasters, Safe or

desirable quality dimension

[66] Public Participation in Natural Hazard Mitigation Policy
Formation: Challenges for Comprehensive Planning

Household, Economic, Environmental, Resilience
to water related disasters, Safe or desirable quality

dimension

[67] Sustainable development and the water–energy–food nexus:
A perspective on livelihoods

Household, Economic, Urban, Environmental,
Resilience to water related disasters, Safe or
desirable quality, Transboundary dimension

[68] Considering the energy, water and food nexus: towards an
integrated modelling approach

Household, Economic, Urban, Environmental,
Resilience to water related disasters, Safe or
desirable quality, Transboundary dimension

[69] Ecosystem-based water security and the sustainable
development goals.

Environmental, Resilience to water related
disasters, Safe or desirable quality dimension

[70] UN - United Nations. Sustainable Development Goal 6
Synthesis Report 2018 on Water and Sanitation

Household, Economic, Urban, Environmental,
Resilience to water related disasters, Safe or
desirable quality, Transboundary dimension

[71] Global analysis of urban surface water supply vulnerability
Household, Economic, Urban, Environmental,

Resilience to water related disasters, Safe or
desirable quality, Transboundary dimension
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