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Managing Water Resources in Large River Basins
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The management of water resources in large rivers basins commonly involves challenges and
complexities that are not found or are less common in smaller basins. Irrespective of size, issues of
infrastructure construction and operation, irrigation and drainage management, water use efficiency
and flood management are common. However, larger basins commonly span multiple jurisdictions
and traverse diverse bio-geographies, which often give rise to greater complexity of competing
interests between sectors, environments and communities. The sustainable development of large river
basins commonly requires considering both consumptive water use and non-consumptive water use
(e.g., inland navigation and hydropower) and tackling large-scale drought and flood management.
These challenges make long-term strategic planning arguably more important than in smaller basins,
but also usually more complex in both analytical, participatory and political terms. This requires
navigating both “hard” issues (e.g., infrastructure, hydromet, information technologies) as well as
“soft” issues (e.g., legal frameworks, policies, institutions, participation, political economy).

There is no widely accepted hard criterion for defining “large river basins” either in terms
of drainage area or total discharge. Thus, herein a loose definition is adopted that includes basins
exceeding 100,000 km2 (of which there are an estimated 130 globally) as well as geographically smaller
basins characterized by hydrologic complexity (e.g., extreme variability, non-stationarity, complex
surface-groundwater connectivity), water management complexity (spatiotemporal supply-demand
imbalance, major water infrastructure, inter-sectoral competition, pollution, high flood risk,
climate change vulnerability) and/or governance complexity (cross-jurisdictional conflict, legal and
regulatory complexity).

Most of the large and highly populated river basins in the world are international transboundary
basins. Of the 286 international transboundary river basins in the world (spanning 151 countries
and with over 40 percent of the global population), the fourteen basins with the greatest economic
dependence on water are home to nearly 1.4 billion people [1]. In these and other basins, water
resources management is integral to sustainable development, and in 2015, all 193 Member States
of the United Nations General Assembly agreed to the 2030 Agenda for Sustainable Development.
This agenda is captured in seventeen Sustainable Development Goals (SDGs), including SDG6—Ensure
availability and sustainable management of water and sanitation for all. SDG6 considers water supply
and sanitation services, water scarcity and water use efficiency, water quality and wastewater treatment,
water ecosystems, as well as institutional aspects of water resource management and cooperation [2].
However, coordinated, efficient and effective water resources management to deliver on SDG6 (and
other water-related goals) in large basins must overcome several significant challenges, as explored in
the papers in this Special Issue.

This Special Issue of Water comprises nine papers with contributions from over fifty authors
that traverse the hard and soft aspects of managing water resources in large river basins through
a series of diverse case studies that showcase recent advances in technological and governance
innovations for large river basin management. The papers touch on many of the great rivers of the
developing world—the Ayeyarwady, Brahmaputra, Ganges, Mekong and Nile—with transboundary
issues highlighted as a key challenge in many large basins.

Water 2020, 12, 3486; doi:10.3390/w12123486 www.mdpi.com/journal/water1
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The papers include six Research Articles (including the Special Issue Feature Paper),
two Communications and one Case Report. The Feature Paper [3], by the guest co-editors, frames
the Special Issue by discussing the distinguishing features and importance of large river basins,
and introducing a conceptual framework for water security that connects water endowment, the water
sector architecture (institutions and infrastructure), water sector performance (resource management,
service delivery and risk mitigation) and the outcomes from how water is managed and used.
Harshadeep and Young [3] then explore the application of a range of disruptive technologies to the
different dimensions of water resource management, considering the disruption of data value chains,
production value chains and stakeholder participation value chains. Importantly, the analysis also
considers the different institutional roles in the disruption process and the important risks and barriers
to adoption. Overall, Harshadeep and Young find that the increasing uptake of disruptive technologies
has particular utility for large river basins and can help to “democratize” water management through
improved access to data and information, but they note that an increased effort will be required to
ensure equity in technology access.

Several papers in the Special Issue explore, in more detail, applications of key data technologies
introduced by Harshadeep and Young. Dandridge et al. [4] present a case report for the use of Earth
observations in water management in the Lower Mekong River Basin. Specifically, they describe
the application of a downscaling algorithm to generate a 1 km grid for soil moisture based on the 9 km
interpolated grid of soil moisture from the NASA active passive mission radiometer. Dandridge et al.
demonstrate how these data can be applied directly to improve flood prediction and assessment,
as well as to provide drought monitoring and agricultural productivity predictions for large river
basins. Zhao et al. [5] approach the complexity of multiple competing objectives in large river basins by
demonstrating the application of optimization techniques (based on cumulative probability distribution
functions) to the operational management the reservoir cascade in the Heihe River in China. Zhao et al.
quantify the trade-offs between competing objectives, enabling identification of “least worst” operating
rules. Simonov et al. [6] approach the competing-uses challenge in the transboundary Amur River
Basin by assessing the effectives of a range of analytical methods for considering the environmental
impacts of both existing and proposed hydropower facilities. These methods include rapid strategic
basin-scale impact assessments, assessments of flow regime and floodplain alteration, assessment of
riverine habitat impacts, assessments of river fragmentation, identification of protected areas, and
environmental flow assessments. The work shows that hydropower investment decisions need to be
guided by a range of environmental impact assessments from the site to the basin scale, informed by
the geographic distribution and connectivity of biodiversity hotspots, and integrated into a robust and
participatory planning process.

Van der Vat et al. [7] present a case study of participatory modelling for the Ganges River Basin in
India, that demonstrates the integration of Earth observations with in situ data within a basin modelling
framework, coupled to a customized dashboard to support collaborative interactions and to guide basin
planning decisions. While building on past modelling efforts for the Ganges, van der Val et al. present
the first attempt to bring together analytical models for surface and groundwater hydrology, water
quality, riverine ecology within an IWRM framework to explore the potential impacts of both future
climate change and socio-economic development for the Ganges Basin. The collaborative modelling
approach spanned central and multiple basin state governments, as well as NGOs and development
partners. O’Sullivan et al. [8] focus specifically on the challenges of stakeholder engagement in large
river basins. They present a new integrative framework for stakeholder engagement built around
a cloud-based web application for basin modelling and planning that relies heavily on open access
Earth observation datasets. They explore the utility of the platform through three case studies that
explore irrigation development, transboundary water sharing, and environmental water allocations.

Foran et al. [9] explore stakeholder participation in large basins, putting technology to one side
and exploring river basin decision making from collaborative governance and deliberative process
standpoints. They make the case for co-production of knowledge and planning scenarios to improve
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the social and political legitimacy of basin planning decisions. They illustrate the approach using cases
studies from the Ayeyarwady River Basin in Myanmar and the Kamala River Basin in Nepal. Despite
the difficulties faced in implementing a collaborative co-production approach in these river basins,
Foran et al. note that more typical bureaucratic approaches are similarly complex and yet are more
contested and less likely to deliver widely accepted courses of action.

Barua et al. [10] explore the specific basin governance challenge of transboundary cooperation,
focusing on options to progress cooperation in cases where political constraints preclude formal
diplomacy. They explain the process and value of informal “track 2” dialogues and illustrate these
with a case of a sustained four-country dialogue process in the Brahmaputra River Basin in South Asia.
They demonstrate the pathways by which informal dialogue can develop a shared understanding
amongst stakeholders and how this can influence basin planning and development. Gari et al. [11]
investigate a formal approach to water allocation in transboundary river basins based on the principles
of the United Nations’ Watercourse Convention. They develop a set of potential indicators for these
principles and evaluate the application of selected indicators to water allocation amongst the countries
of the Nile Basin. To guide indicator selection and to assess indicator utility and acceptability, they
distributed an email questionnaire to more than 200 experts from Nile basin countries and across the
world. Based on questionnaire responses, they identify a subset of indicators for which there is a high
level of consensus and which could provide a foundation for the application of the UN Watercourse
Convention in the Nile Basin, based on the principles of equitable and reasonable use.

This Special Issue effectively highlights the significant complexities and governance challenges
of managing water resources in large river basins. It highlights how disruptive technologies can
help to address complex data and analytical challenges, as well as supporting effective participatory
decision making over contested water resources. These aspects are illustrated by a selection of
diverse case studies. Technology, however, clearly cannot solve all the governance challenges at
play, and careful consideration and deployment of deliberative governance and dialogue processes
are required to navigate the complexity of water politics in large river basins. This is especially
the case in international transboundary river basins of high economic, environmental and political
significance. Furthermore, while both hard and soft measures can deliver benefits, neither are sufficiently
effective when applied alone. Effective water management in large basins requires progress in both
domains and resource managers should increasingly seek to exploit synergies between technology and
governance innovations.
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Abstract: Large river basins present significant challenges for water resource planning and
management. They typically traverse a wide range of hydroclimatic regimes, are characterized by
complex and variable hydrology, and span multiple jurisdictions with diverse water demands and
values. They are often data-poor and in many developing economies are characterized by weak
water governance. Rapid global change is seeing significant changes to the pressures on the water
resources of large basins, exacerbating the challenge of sustainable water management. Diverse
technologies have long supported water resource planning and development, from data collection,
analytics, simulation, to decision-making, and real-time operations. In the last two decades however,
a rapid increase in the range, capability, and accessibility of new technologies, coupled with large
reductions in cost, mean there are increasing opportunities for emerging technologies to significantly
“disrupt” traditional approaches to water resources management. In this paper, we consider the
application of ‘disruptive technologies’ in water resources management in large river basins, through
a lens of improving water security. We discuss the role of different actors and institutions for water
management considering a range of emerging disruptive technologies. We consider the risks and
benefits associated with the use of these technologies and discuss the barriers to their widespread
adoption. We obverse a positive trend away from the reliance solely on centralized government
institutions and traditional modeling for the collection and analysis of data, towards a more open and
dynamic ‘data and knowledge ecosystem’ that draws upon data services at different levels (global
to local) to support water planning and operations. We expect that technological advances and
cost reductions will accelerate, fueling increased incremental adoption of new technologies in water
resources planning and management. Large-basin analytics could become virtually free for users
with global, regional, and national development agencies absorbing the costs of development and
any subscription services for end users (e.g., irrigators) to help improve water management at user
level and improve economic productivity. Collectively, these changes can help to ‘democratize’ water
management through improved access to data and information. However, disruptive technologies
can also be deployed in top-down or centralized processes, and so their use is sometimes contested
or misunderstood. Increased attention therefore needs to be given to ensuring equity in technology
access, and to strengthening the governance context for technology deployment. Widespread adoption
of disruptive technologies will require adjustments to how water professionals are trained, increased
adaptiveness in water resources planning and operations, and careful consideration of privacy and
cybersecurity issues.

Keywords: disruptive technology; river basins; large basins; water security; water resources
management; water governance; water data; information technology; analytics

1. Introduction

Water management is a major and growing global issue for economic development and poverty
reduction [1,2]. Water is essential for food and energy security [3,4], and water-related extremes of flood

Water 2020, 12, 2783; doi:10.3390/w12102783 www.mdpi.com/journal/water5
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and droughts have significant economic and social costs [5,6]. With increasing global population and
economic development, demand for water and competition between uses and users are on the rise [7,8].
Global water consumption is estimated to have increased by 40 percent in the last four decades [8],
mostly for irrigation, which represents 70 percent of total global water withdrawals [9]. While everyone
depends on freshwater, the importance of groundwater is often overlooked; for example, groundwater
provides drinking water for 1.5–3.0 billion people [10]. The current level of global water withdrawals
is approaching a planetary boundary, which if crossed would take the Earth system outside a safe
operating space for humanity [11]. As result of these pressures, an estimated 4 billion people experience
severe water scarcity for at least one month of the year [12]. Local water availability constraints, rapid
population growth and urbanization, inadequate infrastructure, and governance shortcomings [13]
mean nearly 0.7 billion people lack access to a safely managed drinking water supply [14].

Accelerating climate change is perturbing the global water cycle [15], altering the average patterns
of water availability and increasing the magnitude and frequency of water-related extremes in parts of
the world. These changes, however, are uncertain and still poorly understood [15–18]. Climate change
increases the uncertainty in projections of water supply and demand, and increases the uncertainty in
feasibility and economic performance assessments of water infrastructure [19,20].

1.1. Large River Basins—Character and Importance

There is no widely accepted criterion for defining “large river basins”, either in terms of drainage
area or total discharge. Basins exceeding 100,000 km2 in area—of which there are an estimated 130 or
so globally (including 22 exceeding 1,000,000 km2)—could reasonably be considered large. However,
rather than use an arbitrary criterion such, we adopt a looser definition that also includes geographically
smaller basins where water management challenges are considered ‘large’, because of one or more of:
(i) hydrologic complexity (high flows, hydrologic variability, non-stationarity, surface-groundwater
interactions, multiple water sources—rainfall-runoff, snow, glacier melt); (ii) water management
complexity (large population, supply-demand imbalance, inter-sectoral competition, rapid demand
growth, pollution, high flood and erosion risk, climate change vulnerability),); and (iii) administrative
complexity (transboundary coordination or conflict; federate-state-local coordination or conflict;
governance complexity—intersecting legal, policy, regulatory frameworks).

Aside from remote and sparsely populated basins in northern Canada and Russia, most of the
geographically largest river basins in the world are also international transboundary basins. A total of
286 river international transboundary river basins have been identified (spanning 151 countries and
home to more than 40 percent of the global population); 80 percent of the total area and population
of the transboundary basins is associated with the largest 156 basins [21]. Larger river basins tend
to have a higher economic dependence on water resources, and the 14 basins with the greater
economic dependence on water are home to almost 50 percent of the population of all transboundary
basins—nearly 1.4 billion people [21]. In addition to international transboundary rivers, large basins
within federal countries—such as the Murray–Darling in Australia—represent complex resource
management challenges [22].

As well as the economic importance and the associated social values of large river basins, these
systems are critical habitat for freshwater biodiversity. Rivers, lakes, and other ‘wetlands’ occupy just
0.8 percent of the Earth’s surface but support 6 percent of all described species including 35 percent of
all vertebrates [23], especially fish. Large rivers with higher flow volumes tend to support more fish
species, and tropical rivers tend to have higher levels of species richness. The highest levels of riverine
fish species richness are found in the Amazon, Orinoco, Tocantins, and the Paraná in South America;
the Congo, the Niger Delta, and the Ogooue in Africa; and the Yangtze, Pearl, Brahmaputra, Ganges,
Mekong, Chao Phraya, Sittang, and Irrawaddy in Asia [24]. Large rivers are also especially important
for freshwater megafauna with slow life-history strategies and complex habitat requirements [25].
Globally, freshwater megafauna populations declined by 88% from 1970 to 2012, with mega-fishes
exhibiting the greatest global decline (−94%) [25]. These major biodiversity declines highlight the
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conflicts between economic development and environmental protection and conservation in large
river basins.

Large river basins present particular challenges and opportunities for the use of emerging
technologies in support of water resources management. Geographically, large basins typically traverse
a wide range of hydroclimatic regimes, and processes that characterize basin-scale hydrological
behavior take place at multiple scales. These give rise to technical challenges for the design and
operation of hydrometeorological data collection systems, including the integration of ground-based
and remote observations. Because they often span multiple jurisdictions—within and, or between
countries—large basins have institutional complexities for coordinated data collection, sharing and
analysis, as well as for decision making and for coordinated real-time operational management.

1.2. Water Security as an Objective for IWRM

Integrated water resources management (IWRM) has been vigorously promoted by the
international development community as a set of principles and a best practice process for planning
and managing water resources [26]. IWRM has also however, been strongly criticized from both
technical standpoints (for being too vague to have real utility for practical implementation [27]) and
from political economy standpoints (having been dubbed “soft coercive hegemony” [28]). We find
that accepting some key principles of IWRM (e.g., water systems focus, data/analytical foundation,
participatory planning) but shifting to a medium-long term ‘water security’ outcome focus, helps to
better define desired economic, social and environmental outcomes from water, and identify specific
interventions to help achieve these. ‘Water security’ is thus conceptualized as the relationships between
the water endowment, the water sector architecture (institutions and infrastructure), water sector
performance (resource management, service delivery and risk mitigation) and the outcomes from how
water is managed and used (Figure 1). A recent example of the application of this conceptualization is
a comprehensive water security diagnostic for Pakistan [29].

Figure 1. Conceptual framework for water security.
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Water resources management is integral to sustainable development. In 2015, all 193 Member
States of the United Nations General Assembly agreed to the 2030 Agenda for Sustainable Development
and established 17 Sustainable Development Goals (SDGs). This is a plan to “end poverty in all its
forms” and to “shift the world to a sustainable and resilient path”. SDG 6—Ensure availability and
sustainable management of water and sanitation for all—considers not just water supply and sanitation
services, but also water scarcity and water use efficiency, water quality and wastewater treatment,
water ecosystems, as well as institutional aspects of water resources management (including IWRM
implementation) and cooperation [30]. Other aspects of water security (such as water-related disasters)
are captured by other SDGs.

In this paper, we review the application of “disruptive technologies” in water resources
management in large river basins, through this water security lens. We consider how these technologies
can assist delivering better outcomes or deliver outcomes more efficiently or cost effectively. We discuss
the roles of different actors and institutions, and consider risks associated with the adoption of these
technologies and the barriers to widespread adoption.

1.3. Role of Technology in Water Management

Technology has multiple roles in water management, across the spheres of infrastructure design,
systems planning, real-time operations. These can be considered in a matrix with the key areas of
water resource management, irrigation management, water supply (and treatment) and sanitation,
and environmental water management. Here, we focus on decision making—at both planning and
operational time scales—for water resources management. This includes river basin planning; water
allocation planning; flood and drought outlooks, forecasts and warnings; and the real-time operational
management of water resources infrastructure. However, these boundaries are not tightly delineated,
and many of the technologies discussed have application into other aspects of water management
as well. For these selected focal areas of water resources management, we consider how ‘data’ is
transformed into ‘information’ and then ‘knowledge’, and how these are then used in decision making
for action. Along this ‘value chain’, we thus consider the collection, transmission, storage, management,
and sharing of data. Then the ways in which data is transformed into information and thence into
knowledge, and how information and knowledge are stored, managed, shared, visualized, and
otherwise communicated. We consider the decision process and the roles of multiple actors in this
process, and how decisions are communicated and then actioned. Beyond the ‘hydro-informatics’
elements of technology, there are innovative technologies for operations and stakeholder interaction.
With respect to SDG 6, a brief introduction to some technology opportunities is provided by [31,32].

2. Disruptive Technologies

Disruptive technology is commonly defined as “technology that can fundamentally change not
only established technologies but also the rules and business models of a given market, and often
business and society overall”; the term (and concept) was first introduced in the mid-1990s by Harvard
Business School scholars in the context of business innovation [33]. Disruptive technologies are now
showing much promise in every field of development [34]. The evolution of these technologies is
accelerating and disrupting traditional approaches to water planning and management. The key
relevant technologies are summarized in Table 1 with implications on their application to water
resource management in large river basins.

2.1. Technology Evolution

Technological evolution has influenced the use of water resources for millennia. However, in recent
years, there has been an acceleration in the development of new tools and technologies of relevance
for water resources management (Figure 2). Many factors, however, affect the adoption of emerging
technologies, including institutional capacity, the enabling policy and institutional environment,
resource availability, competing priorities, access to global good practice, intellectual property, and
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the agility of governments, the private sector, academia, and other actors. These factors have meant
heterogeneous but overall slow uptake and diffusion of new technologies. Some technologies that
were deployed in the developed world more than a century ago, are only now being adopted across
the developing world. However, much of the developing world has a ‘last mover’ advantage, with
the potential to leapfrog old ways and adopt new approaches more rapidly than the developmental
paradigm allowed in the developed world. While there have been many challenges in leapfrogging in
some areas, including for environmental sustainability and indeed for river basin management [35],
information and communication technology leapfrogging is beginning to show real impact in spite
of “tech transfer” and “absorptive capacity” issues [36], including through rapid adoption of mobile
technologies and leveraging the large data sets generated by some developing countries [37].

 

Figure 2. Timeline of water technology evolution.

Here, we classify disruptive technologies according to where they can be most disruptive:
(i) decision-making, (ii) operations, and (iii) stakeholder interaction (Figure 3).

2.2. Technology Appplications

Traditional investments in water resources in the developing world have seldom been conceived,
implemented, or operated from a holistic multi-sectoral basin perspective. They often are based
on old technologies and have high operational and maintenance costs that are seldom met, leading
to poor service delivery exacerbated by deferred maintenance as they age. Even basic monitoring
data are usually not accessible in real-time and require different ‘ringfenced’ legacy software that are
not inter-operable.
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Figure 3. Typology of ‘disruptive’ technologies.

One of the main ways in which modern technology is reshaping water resources planning and
management is through ‘disrupting’ the data value chain (Figure 4). This is manifested through
new inexpensive sensors for in-situ monitoring (tending towards an expansive ‘internet of things’),
increasingly powerful Earth observations from satellites and drones/unmanned aerial vehicles (UAVs)
to provide synoptic views of topography (including high-resolution digital elevation models to identify
flood-prone areas and support hydrodynamic modeling), climate, water levels, flows, snow cover,
inundated areas, landcover, watershed status, and even some aspects of water quality and groundwater.
Earth observations [22], with near global consistent coverage, is rapidly becoming a game-changer
for synoptic observations in large basins, where the resolution of even the free resources from NASA
and ESA are often adequate for useful water resources analytics. New unmanned on-water and
under-water vehicles show promise; they can be outfitted with sensors and autonomous (single or
swarm) capability for surveying large water bodies (e.g., for bathymetry, hydraulic safety, water quality,
or fish stock assessments).

New analytical tools, increasingly cloud-based—including at the global level, assimilate available
data and generate estimates of a range of critical parameters related to snowmelt estimation, water
balance, water accounting (e.g., WA+, WAPOR) [38,39], scenario analysis, and forecasts to create
‘digital twins’ of basins to facilitate analyses. These enable access to curated archives and real-time
estimates of the water status for any basin anywhere in the world to support both strategic planning
and tactical operations through data visualization, early alerts/warnings, and the development of
interactive packaging for data, analytics, and knowledge. Examples include interactive portals, mobile
phone applications, and dynamic e-books. These support decisions at all levels, from simple scoping
of water resources development, to detailed planning with stakeholder involvement/outreach, as well
as real-time operations. Additional systems related to data/text mining, social media integration,
advanced cloud-based modeling, machine learning/AI, or ‘bots’ can help bring in an additional
automation and integrated perspectives to support decision-making.
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Figure 4. Modernizing the data value chain (Data→Information→Knowledge→Decision Support).

These technologies are helping water managers reimagine the way information-based decisions
can be made for smart water resources planning and management and are allowing development of
integrated basin/aquifer plans based on both analytical and stakeholder approaches. Technologies
have made possible new approaches to use and conserve water and administer usage caps (e.g., using
satellite-derived actual evapotranspiration estimates), adopting a systems perspective to improve
agricultural water productivity, benchmark systems, and incentivize sustainability. New in-situ and
Earth observation monitoring and analytics allow for development and customization of tools for water
planning, allocation, and coordinated water infrastructure operations in an integrated multi-sectoral
systems perspective. Water infrastructure can now be operated in a more coordinated systems context
for multiple objectives ranging from service delivery to climate resilience. Continuous innovation,
piloting, and learning from global good practices enables quick scaling-up of new technologies and
enables more adaptive management.

3D printing, robotics, automated transport, advanced materials, nanotech, biotech, and cleantech
are supporting new operational systems that represent a paradigm shifts away from traditional
approaches. Examples include irrigation systems that improve water productivity and field-level
water use efficiency (especially when combined with policies such as limits on water abstraction); 3D
printed monitoring stations (e.g., 3D-PAWS [40]) that reduce costs for monitoring weather and water
levels; and ultrasonic control systems (successfully piloted in Lake Quaroun in Lebanon) that can
mitigate algae-related water quality problems.

Platforms are emerging to enable people to work together in new ways in the sharing economy,
including fintech, crowdsourcing, crowdfunding, block-chain enabled supply chains, asset sharing
systems, Digital ID enabled e-governance, and open learning platforms. Many of these platforms
have application in water management in large basins, including online/mobile platforms to support
learning or interactions among remote or disperse water user associations, and platforms to help
farmers access global marketplaces online, with feedbacks into irrigation water requirements.
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2.3. Implications for Large Basins

The implications of these new technologies, with a focus on digital technologies, for water
resources planning and management in large basins, are summarized in Table 1. Major changes
in water management around the world are likely in very short timeframes. Ref [41] Many of the
initial impacts will come from the plummeting costs of sensors, mobile devices and connectivity,
cloud services (including to process increasingly powerful earth observation and other big data),
interoperability due to online data standards and protocols, and increasing digital literacy.

Water data could be used primarily for water assessments, evaluations, operations, foresight,
design, accountability, and education [42]. Many of these are useful at different scales—from monitoring
progress towards the SDG-6 global indicators to helping design a culvert.

Many countries are modernizing their water resources institutions and developing national water
resource information systems and analytics to support basin planning and disaster management.
Some are also strengthening ties among government, academic, civil society organizations (CSO),
and private sector institutions to develop a broad stakeholder base for this transformation. Modern
water information systems require integration of data (from global, regional, national, to local sources),
data quality management, conversion to interoperable data services, and development of interactive
dashboards to help access and visualize data services and associated analytics in appropriate formats
to support decisions.

Large basins will especially benefit from these changes given both the challenges (e.g., the need
to integrate data across large areas; multiple stakeholders wishing to inform coordinated decisions;
large water infrastructure investments) and the opportunities of large basins (e.g., application of free
Earth observations in the 10–250 m resolution range; the ability to deliver reach large numbers of
remote beneficiaries with valuable data services).

Institutions such as the Mekong River Commission and the various Nile Basin Initiative centers
have demonstrated the utility of modern data and analytics in basin planning and hydro-meteorological
data integration. Other large basins (e.g., the Congo, Ganges-Brahmaputra-Meghna) are in the nascent
stages of this journey given capacity constraints and transboundary cooperation challenges.

Many countries are modernizing their water information systems taking advantage of new
technologies. The United States and Australia are improving their already well-established systems
facilitated by strong national institutions. Europe is increasingly building on its regional institutions (e.g.,
European Centre for Medium-Range Weather Forecasts, European Organisation for the Exploitation
of Meteorological Satellites, Joint Research Centre of the European Commission) to help countries
access better data and analytics. China is utilizing evapotranspiration estimates derived from Earth
observations to improve irrigation management [43,44] and India is enhancing its national water
resources information system [45].

Estimates based on satellite products or global models are increasingly found to be comparable
with those based on in-situ observations [46,47]. These techniques, especially when enhanced by a
new generation of artificial intelligence (AI)/machine-learning (ML) algorithms and global models, can
revolutionize water resources management even in data-poor environments. When accessed through
customized interactive dashboards, this information can be especially useful for estimating parts
of the water balance, estimating flooding areas, making customized weather/hydrologic/inundation
forecasts, managing large water demands (e.g., agriculture) and system losses, while enhancing and
benchmarking water productivity [48,49].
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3. Institutional Roles

Traditionally, water resources institutions have faced the challenge of inefficient workflows,
low capacity, poor coordination across sectors and governance levels, poor integration with other
kinds of institutions (e.g., academia, private sector), limited transparency, and inadequate alacrity in
learning from global good practices. New technologies are enabling improvements in information
interoperability [63] and institutional infrastructure that can be developed at reasonable cost (e.g.,
ecosystems of computers, tablets, and smartphones and related Apps; shared audio/videoconferencing,
shared communication, and touchscreen access resources; dynamic physical-computer modeling
approaches [e.g., [69]). These can be co-located in clusters such as water centers that allow for
co-location of representatives from related organizations that need to work together (e.g., the National
Water Center in the United States) to develop and use shared products (e.g., the National Water
Model [70]). These approaches could be adopted in many countries and transboundary basins where
shared personnel and tools could ‘disrupt’ traditional ‘siloed’ approaches.

New technologies are also fundamentally changing the notion of capacity-building, with services,
automation, and interfaces reducing the need for laborious and time-consuming issues related to access
restrictions, digitization, formats, fragmented desktop analysis, and dissemination on a case-by-case
basis, all with only a few people having access to even view the data and products. New more
automated systems enable wider access and a different kind of capacity development, avoiding the
need for reinventing similar systems at great cost and with limited new functionality. These systems
can increase levels of collaboration between agencies, through shared data, analytics, and visualization
services. All stakeholders can leverage the learning and collaboration systems supported by the
internet and high-speed connectivity, in order to learn rapidly from and contribute to global good
practices. New technologies can help redesign stakeholder consultation, climate hazard insurance,
payments for ecosystem services, by connecting stakeholders and by accessing new data analytics.
Different institutions have different roles in this evolving world (Table 2).

Table 2. Institutional roles in the disruption process.

Institution Potential Role in the Disruption Process

Governments

Enabling policy environment for innovation (e.g., open data policies, incentivizing
collaboration and innovation, building/facilitating the backbone cyberinfrastructure,

improving internal and external collaboration and shared vision, creating
internship/visiting expert programs, open transparent procurement and learning expos to

facilitate innovation, shared vision and collaborative decision-making) as well as
managing the downside risks (e.g., obsolete jobs, privacy, cybersecurity). The role would
be customized to the level of government institution (from national to provincial to local)

considering the opposite implications of the principles of subsidiarity and economies
of scale.

Academia

Improving research and data/tools/literature in the public domain, educate existing water
professionals and a new generation of water professionals on the potential for new

technologies, collaborative research and internship programs, contributions in hackathons
and other competitions.

Private Sector Develop innovative approaches that respond to challenges faced by various stakeholders,
showcase new approaches, explore opportunities to demonstrate proof-of-concept.

Regional and Global
Institutions

Facilitate access to finance, knowledge of regional and global good practices, learning and
collaboration (e.g., for transboundary basin organizations, multilateral or bilateral

development organizations, large CSO, partnerships, etc.) related to the use of new
technologies and sharing lessons from implementation experience.

Community

Improve awareness of emerging disruptive technologies and role of the public in
highlighting opportunities and concerns and demanding and using open data for action

and social media. Increase and improve public involvement through CSO facilitation,
citizen science approaches, and crowdsourcing/crowdfunding innovations.
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Water sector institutions have both management and governance roles [71] and both these roles
can be enhanced through technology. For example, in the case of groundwater management in large
areas, improved monitoring using in-situ sensors (e.g., for extraction, use, quality, recharge), Earth
observations (e.g., for evapotranspiration estimates and gravity-based water equivalent changes)
and improved models, could improve resource management through regulating groundwater
pumping (volumes and timing) or determining bore spacings. Modern communication including for
automated collection of fines, could improve governance to promote resource management goals of
equity, efficiency, conservation, and sustainability. New technologies could be particularly useful in
transboundary waters contexts, with multiple options now available for estimating resource extent
and condition, and other key water resources variables.

A key constraint in reaching the potential the various technologies is data availability. This could
be overcome by wider government adoption of an open data approach. For example, the California
Open and Transparent Water Data Act requires the state Department of Water Resources to create,
operate, and maintain an open-access state-wide integrated water data platform [72].

4. Benefits, Risks, and Barriers to Adoption

The technologies discussed herein offer important technical and governance benefits compared to
traditional approaches. They can increase robustness in decision making, as decisions are more likely
to be based on more complete information (e.g., from weather and other apps, portals, decision support
systems). They can increase the timeliness and accuracy of real-time and near real-time decisions
through greater use of automation and rapid and reliable communications. They can reduce the
costs of basin planning and management (e.g., lower traditional hydromet monitoring costs, reduced
redundancy, and increased economies of scale from online services). They benefit end-users through
better information and decision-support and enhanced mechanisms to connect stakeholders and global
good practice (e.g., through social media and packaged curated content). They provide enhance
trust and cooperation across sectors and regions (including transboundary) and can support more
democratic decision-making through open and equal access to data and information.

While disruptive technologies (even while often benefitting from centralized platforms and
standards) are encouraging a move away from top-down centralized decision processes, their adoption
does not guarantee this positive shift. There are many instances of the deployment of disruptive
technologies in top-down or centralized decision making without adequate stakeholder consultation.
Understanding the governance context for disruptive technology deployment is therefore critical, as is
explicit consideration of how this context determines whether new technologies enhance or hinder
processes of stakeholder participation and empowerment [73,74].

In addition to these potential negative consequences, there are significant barriers to widespread
and rapid uptake of these technologies. Adoption requires a considerable range of new technical
skills, many of which are not standard in university water management curricula. In addition to
awareness-building, there is a need to improve the sector skill-base through training, recruiting/
insourcing appropriate cutting-edge technology skills, and building partnerships. As with any new
technology, the need to invest in new infrastructure has budget implications, and while costs for many
of the technologies are rapidly reducing, governments may be reluctant to invest in what may be
perceived as non-standard equipment. As these technologies are evolving rapidly, there will be pressure
to update and upgrade more frequently than in the past. With the accelerated risk of obsolescence, it
will be important to move to new adaptable cloud-based approaches that allow rapid upgrading of
systems. This highlights the need for changed mindsets to help water resource managers and decision
makers step out of the ‘comfort zone’ to recognize this new world of rapidly evolving technologies.

As well as barriers to adoption, there are some significant risks. Effective management of privacy
and cybersecurity risks requires good institutional policies, frameworks, and systems [71]. There are
implications for professional employment, since as with any technological change, large numbers of
employees will increasingly find there is diminishing need for traditional, manual jobs as these become
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automated (e.g., gauge readers, analysts, desktop modelers, translators, etc.). Employers will need to
recognize these trends and institute retraining or retrenchment/skill upgrading/replacement programs
for effective workforce management. There is a risk that the digital divide will become greater—with
many countries, and communities within countries, unable to access the disruptions that seem to be
changing life for the better in other places and for other people. This will require increased emphasis on
low-cost or free open public-domain systems and the ability to create and use more global platforms.

5. Conclusions and Forward Look

A new world of innovative technologies has the potential to ‘disrupt’ traditional approaches
to water resources management in large basins. The widespread operationalization of the fuzzy
concept of IWRM is now within reach, with new ways to strengthen the information, institution, and
investment foundations of IWRM.

Looking ahead, there are two mutually reinforcing aspects that will help make the rate of
technological adoption exponential. First, technology is evolving at a blistering pace, dropping the
costs for every process and enabling actions that were not even considered in the realm of possibility
a few years ago. Second, the incremental adoption of some of these technological options in water
resources planning and management are generating lessons that can inspire others to do even better as
adoption spreads.

These changes are likely to lead to a new way of reconsidering data and analytical sovereignty as
data and analytics (e.g., for droughts, floods, basin scenario planning) become increasingly global,
fueled by machine learning that builds on opening up of data access for training. Water withdrawal
and net consumption will be closely tracked and monitored (with a combination of in-situ sensors and
Earth observation) to improve systems management and benchmarking. Large-basin analytics could
become virtually free for users with global, regional, and national development agencies absorbing the
costs of development and any subscription services. Services for end users (e.g., farmers) could also
become free or low-cost services and help improve water management at the user level and deliver
improved productivity.

Collectively, these changes can help to ‘democratize’ water management through improved access
to data and information, but increased attention will need to be given to equity in technology access.
Disruptive technologies will require adjustments to how water professionals are trained, an increasing
adaptiveness in water resources planning and operations, and careful consideration of privacy
and cybersecurity issues. Especially as the world struggles with the ongoing COVID-19 pandemic
experience, there is an increasing appreciation of the use of such new technologies to help conceive,
remotely monitor, and manage water resource systems and related investments. Strong leadership to
create an enabling environment to improve awareness and skills related to new technologies to realize
the promised benefits and effectively manage risks is essential to facilitate this modernized approach
to planning and managing large basins.
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Abstract: East African riparian countries have debated sharing Nile River water for centuries. To define
a reasonable allocation of water to each country, the United Nations’ Watercourse Convention could
be a key legal instrument. However, its applicability has been questioned given its overly generalized
guidance and non-quantifiable factors. This study identified and evaluated appropriate indicators
that best describe reasonable and equitable principles and factors detailed under Article 6 of the
convention in order to allocate Nile River water among the states. Potential indicators (n = 75)
were defined based on multiple sources that can address conflicting interests specific to this basin
context. A questionnaire based on these indicators was developed and distributed to 215 prominent
experts from five professional groups on five continents. To analyze the presence of agreements
or disagreements within and outside of the basin, as well as differences across expert groups,
a k-mean clustering analysis and statistical tests (ANOVA and t-test) were employed. The results
imply agreement on 75% of the proposed indicators by all experts across all continents. However,
a significant difference in identifying the importance and relevance of many indicators between
experts from Egypt and other countries was evident. This study thus demonstrates how the UN
watercourse convention principles can be quantified and applied to transboundary water allocation,
and ideally lead to informed discourse between basin countries in conflict.

Keywords: equitable water sharing; UN watercourse convention; international and transboundary
rivers; Nile River basin

1. Introduction

Conflicts over transboundary river sharing due to increases in demand from growing populations
and urbanization to produce food and energy are rapidly growing in many basins [1]. Additionally,
the impact of climate change is threatening the supply availability of water resources to a significant
degree in many locations [2,3]. This imbalance of demand and supply can lead to water insecurity and
drive riparian states to engage in unilateral development rather than follow shared water principles,
particularly when no prior agreements exist. Clearly, development plans that benefit a given state
and potentially result in reduced water availability to other riparian states may be seen as a threat.
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For this reason, disputes arise among basin countries either to secure their water quota or maintain
the status quo. The current conflict over utilization of the Nile River between Ethiopia and Egypt is a
prime illustration of this situation.

To settle such kind of controversies associated with border crossing rivers water utilization,
the necessity of properly executing international law principles is unquestionable [4]. Among many
legal instruments discussed in the next section, the recently ratified and enforced “the 1997 UN
Convention on the Law of Non-navigational Uses of International Watercourses (UNWC)” can also
be applied. This law is divided by seven parts that contain 37 articles. Particularly, when Article
5 of Part II vividly states the principle of equitable and reasonable water utilization, Article 6 of the
convention details relevant factors that should be taken into account to allocate the water in the absence
of agreement between riparian countries [5].

However, as M. Franck [6] stated, although a list of criteria or factors is essential for implementing
the principle of equitable and reasonable utilization, the seven factors categorized under Article 6 of
the UNWC below lack measurability. These factors are;

1. Geographic, hydrographic, hydrological, climatic, ecological, and other natural characteristics;
2. Social and economic needs of states;
3. The population dependent on the watercourse in each state;
4. The effects of the use or allocation by one state on other states;
5. Existing and potential uses of the watercourse;
6. Conservation, protection, development, and economic measures of watercourse use and associated

costs; and
7. The availability of alternatives, of comparable value, to a particular planned or existing use.

The difficulty of measuring these broad factors in terms of quantity or specific units also casts
doubts on its applicability and interpretation [7].

Only a few studies have addressed describing these factors with measurable indicators.
For example, Beaumont [8] suggested two indicators, namely relative flow contribution and prior
appropriation, to apply the principle of equitable and reasonable water sharing on transboundary
rivers. Ziad and Bassam [9] also proposed nine indicators for the Jordan River basin to allocate water
between Israel, Jordan, Palestine, Syria, and Lebanon. With the addition of water quality and ecological
variables, a study by Kampragou, et al. [10] proposed 13 additional indicators for equitable water
allocation in the Nestos River basin. Although the indicators from these studies provide insight into
describing factors in Article 6 of the UNWC, other studies have indicated a lack of consensus among
multidisciplinary experts on proposed indicators. Findings from a study by Fariba, et al. [11] on the
Sirwan-Diyala River between Iran and Iraq also lacked showing the adequacy of the indicators, both in
terms of incorporating the conflicting interests of watercourse states and the scope of all factors.

From the above studies, one can see that the indicators suggested by individual studies are prone
to subjective interpretation and open to criticism. The consideration of factors such as environmental,
social, economic, and political interests of states have also been disregarded in some studies like
that of Beaumont [8]. Moreover, the applicability of specific indicators also varies between locations,
and applying only a few variables may not be sufficient to fully consider all dynamics.

Therefore, for a river basin such as the Nile, where only two downstream countries fully control the
water based on the 1929 and 1959 colonial treaties and disagreements escalate from time to time [12–17],
implementing the principle of equitable and reasonable utilization by identifying measurable indicators
is warranted. If not, the Declaration of Principles (DoP) agreed upon in 2015 by Egypt, Ethiopia,
and Sudan to utilize the river based on equitable and reasonable sharing remains unfunctional [18].

For this purpose, this study identified and evaluated appropriate indicators for factors mentioned
in the UNWC to allocate the Nile River in an equitable and reasonable manner among watercourse states.
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2. Background of Legal Instruments

Following the industrial revolution, as countries started scrambling to meet their ever-increasing
water demand, international institutions were required to develop water laws to govern transboundary
rivers [19]. Two disparate doctrines were predominantly cited by riparian countries depending on
their position. Upstream countries voiced their “absolute sovereign” right to use a river without any
restriction, whereas downstream states claimed their right based on the “absolute territorial integrity”
principle. Reconciling these two opposing views was difficult, leading to multiple transboundary water
allocation conflicts [20]. In 1956, Dubrovnik developed the “limited sovereignty and territorial integrity”
principle, which later became a base for the emergence of the principle of equitable and reasonable
utilization. In 1966, the International Law Association (ILA), a scholarly but nonauthoritative institution,
adopted this principle into the Helsinki rule. This guiding rule became one of the fundamental legal
instruments for managing transboundary rivers. Specifically, Article 4 of the rule outlines 11 factors
necessary for implementing the principle of equitable and reasonable utilization of international rivers.
Though many treaties and agreements were based on this rule, neither scholars in the ILA nor the
document are recognized by all countries, leaving the agreements nonbinding [19]. The same is true
for the 2004 “Berlin rule,” which was extended after the Helsinki rule by ILA. Although the rule is
comprehensive in accounting international environmental law, human rights law and the humanitarian
law related to management of all kind of water bodies. Similarly, since countries do not agree to be
governed by this rule, it is not effective.

Given the increasing number of transboundary water conflicts, the UN General Assembly assigned
legal experts nominated by various countries to carefully evaluate international watercourse laws,
which eventually became codified in December 1970. Twenty-seven years later, the “UN Convention on
the Law of Non-navigational Uses of International Watercourses (UNWC)” was adopted by the general
assembly [21]. Whereas the convention also accepted most of the Helsinki rules, major modifications
were made including restricting navigational use, the separation of surface and ground water resources,
and condensing the original 11 factors into 7. After the ratification process, the UNWC entered into
force operationally in 2014, now serving as a key legal instrument used by the international court
of justice (ICJ) to resolve international water disputes [20,22]. The heart of the document is Articles
5–7 detailing the principle of equitable and reasonable utilization.

To highlight the abstract meaning and application of the principle of “equitable and reasonable
utilization” mentioned under Article 5 [23], Rieu-Clarke, et al. [5] stated that from both procedural
and substantive points of view, the term “equity” in international laws implies fairness and justice.
Even when UNWC did not exist in its current position, ICJ was applying this interpretation on many
international cases, including river basins such as Danube [24,25]. When the procedural interpretation
focuses on the right of sovereign states, the substantive dimension seeks to ensure distributive justice.
However, “equity” does not simply imply dividing the resource into equal portions [26]. According to
McIntyre [27], “equity” can also be viewed from a natural resource allocation perspective. This includes
a matter of ensuring certain levels of fairness between developed and developing countries as well as
between current and future generations [28,29]. An example of this is the 1992 Rio Declaration [30].
Among 27 principles, principle-16 of the declaration intended to guide countries future sustainable
development based on the “polluter pays principle.” It established a modality in which developed
countries support the green economy of developing countries to balance the harm caused by excessive
emission of pollutant gases. Similarly, the term “reasonable” refers to the rationale behind the process of
balancing various conflicting uses by states, including the state’s development level and other external
forces [5]. Again, reasonability does not necessitate achieving optimum allocation or utilization of
advanced technology. Rather, it is a relative consideration of current and future contexts without
compromising fairness and justice.

Although this principle is fully integrated into the Nile basin’s Cooperative Framework Agreement
(CFA) and Declaration of Principles (DoP), the CFA lacks a two-third vote necessary for ratification
(rejection by Egypt and Sudan), and the DoP agreement only focuses on Ethiopia, Sudan, and Egypt in
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relation to GERD filling and operation, excluding the six white Nile parties [31,32]. For this reason,
the UN convention based on customary international law and applied by the ICJ was utilized as the
legal tool in this study.

3. Methodology and Data

3.1. Study Area

The Nile River is one of the longest rivers in the world, traversing 6853 km. It consists of four major
water systems, namely the Blue Nile, Tekeze-Atbara, Baro-Sobat, and the White Nile, before forming
the main Nile in Sudan and subsequently flowing north through Egypt into the Mediterranean Sea.
The Blue Nile, Baro-Sobat, and Tekeze-Atbara originate in the Ethiopian highlands, contributing 86%
of annual flow, leaving the White Nile to contribute 14% from the equatorial African lakes region [33].
The basin covers 3.2 million km2, including 11 riparian states, namely Burundi, the Democratic Republic
of Congo, Egypt, Eritrea, Ethiopia, Kenya, Rwanda, South Sudan, Sudan, Tanzania, and Uganda
(Figure 1). The basin is home for over 257 million people, with the majority near or below the poverty
line [33–35].

Figure 1. Map of the Nile basin.
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3.2. Method

In this study, a cross-sectional analytical research design was applied to assess the level of
consensus among experts in different professions and geographic locations on the proposed indicators
to define the UN convention’s immeasurable factors. For this purpose, an indicator-based questionnaire
was selected as the most appropriate and cost-effective method for collecting primary data from relevant
experts to capture potential differences in perspectives based on professional background and location
(basin vs non-basin, downstream vs upstream, and specific basin country). The selected approach has
been applied in similar previous studies. The questionnaire was developed, distributed, and evaluated
based on factors from the UNWC, soliciting responses from five continents, to categorize relevance
and acceptability of indicators within the Nile region.

3.2.1. Initial Pool of Indicators

Based on Nile River basin hydrographic specifics and socioeconomic characteristics, 75 potential
indicators were identified from previous studies and literature, press releases describing negotiations,
and websites of international organizations to describe and measure factors contained within Article
6 of the UNWC (Table S1). The main selection criteria considered for these indicators included the
availability, affordability, and feasibility to collect and analyze data; measurability; time bounds;
the ability to consider watercourse countries claim; the ability to meet obligatory human rights and
environmental rules; and the capacity of the indicators to explain unique features of the basin and basin
countries. Also, the monitorability and operational usability was considered. The 75 indicators were
categorized under the 7 factors previously described. These indicators were given an identification (I)
number from 1 to 75 as shown in Table S1. The descriptions of the indicators were also provided in the
table, along with information of the potential data source and timeframe for the data collection.

3.2.2. Questionnaire Development and Distribution

The questionnaire was prepared with a Likert scale of 1–5 representing the following for each
indicator: 1. Not important, 2. Less important, 3. Neutral, 4. Moderately important, and 5. Very important.
It was distributed via email to a total of 215 experts in Africa, Asia, Europe, North America, and South
America, with 150 complete responses collected, following a snowball sampling method. The experts
represented five professions: Hydrology/water resources, environmental science, law, socioeconomics,
and political science. All experts had an educational background at the master’s level or above,
and worked in universities, ministries, embassies, regional and international agencies and institutes,
nongovernmental organizations, and independent consultants (Figures 2 and 3).

To differentiate potential partialities within, outside, and between countries, experts were also
grouped as basin and non-basin professionals. To ensure fair representation of experts across all
continents, when we planned three responses from each four professions in the nine basin countries
due to the difficulty and time it takes to reach out the questionnaire to experts outside of Africa,
two responses per five professions was targeted from at least two countries found in the remaining
four continents excluding Antarctica and Australia. Accordingly, 135 and 80 experts were targeted
from basin and non-basin countries, respectively. The quota of questionnaires among professions
also targeted equality. Apart from basin countries, the choice of representative countries from the
four continents were made based on their involvement in international water disputes. For example,
from Europe, Belgium and the Netherlands were selected given their experience on the Meuse River.
Similarly, the USA had negotiations with Canada and Mexico on the Colombia and Rio Grande Rivers,
respectively. Additionally, from the Middle East and Asia, Jordan and Israel (Jordan River), Iran and
Iraq (Tigris River), as well as China and India (Mekong River), were selected.
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Figure 2. Quantity and spatial distribution of the survey.

Figure 3. Country, number, and profession composition of experts responded the survey.

3.2.3. Analysis of Survey Data

To avoid overfitting and reduce dimensionality, a principal component analysis (PCA) was
employed on all indicators under each factor. A PCA reduces the size of the independent variable set
by retaining the maximum variance using fewer dimensions than the original number of indicators.
The number of principal components (PCs) retained in this study followed by Formann [36], such that
the proportion between the number observations and number variables (v) is greater than 5 × 2V.
For this study, three PCs were retained under each of the seven factors. All data were confirmed to
follow a normal distribution.

After completing the PCA, a k-means clustering algorithm was used to identify groupings of expert
responses. K-mean clustering is a partitional clustering approach identifies a user-defined number of
clusters (K), which are designated by their means or centroids. To group n-number of observations
into a K-number of clusters, this technique uses either the Euclidean or rectilinear distance of these
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scaled points from the centroids as a measure of similarity. This is performed in an iterative process.
First, the numbers of hypothetical clusters (K) based on characteristics as geography, profession and
hydrologic position of watercourse states is decided. Second, among the data points, initial centroids
are randomly selected. The number of these randomly selected observations (an associated starting
centroid) are, by default, equal to the number of assumed clusters. Third, the Euclidean distance
between these initial centroids and each data point is calculated using Equation (1). Then, individual
observations are classified into k-clusters depending on their minimum distance from the randomly
selected centroids. The smaller the Euclidean distance between a given centroid and data points,
the higher the probability to be grouped in a similar cluster. However, each time the centroid changes,
the cluster of data points also changes. Thus, at each step, centroids are updated by taking the average
of the data points that are categorized in the same cluster in the preceding iteration. This continues
until a consistent cluster assignment is obtained.

du,v =

√
(u1 − v1)

2 + (u2 − v2)
2 + . . .+

(
uq − vq

)2
(1)

where du,v is Euclidean distance between a given centroid and variable u and v, and 1,2 . . . q are data
points or observations of each variables.

Accordingly, we first set the number of hypothesized clusters at K = 2 for groupings between
basin and non-basin or upstream and downstream, K = 4 for grouping among basin states, and K = 5
for grouping by profession. Given these specified number of clusters, the algorithm iterated to identify
patterns of differences or similarities that existed in the survey data. However, because the ideal
number of clusters for a given dataset can be different from what is anticipated, an optimal number
of clusters was detected using an elbow method for proofing our assumptions. Repeating the steps
above, all variances (within sum of squared errors (SSE)) corresponding to each K values from 2 to
(n − 1) were calculated, where n is the number of observations. Then, by plotting (K vs. SSE), a point
marking the approximate location where a rapid decline in the slope of the variance ends and began to
flatten (forming an elbow shape) was noted. At this point, because the rate of change in the variance
was quite small for additional clusters, the corresponding number of clusters (K-value) was selected
as appropriate. This also allowed a k-means cluster obtained by an optimal K-value to verify the
initially selected number of clusters. Further, the number of respondents categorized in each group
from each country was also used as a check to examine the existence of expected grouping in the
survey responses.

Although the k-mean clustering identifies patterns and reasons for grouping in the data, it cannot
determine the degree of difference between groupings, thus Analysis of Variance (ANOVA) was
included to evaluate potentially statistically significant differences among basin countries, and a
t-test was used to identify potentially significant differences between, within, and outside of the
basin countries for individual indicators. To be statistically significant, results may surpass the 95%
confidence level (p-value < 0.05).

3.2.4. Final Indicator Selection

The selection of the final set of indicators was based on both statistical significance and the
percentage of responses with a Likert score of 5 (very important) (Figure 4). All indicators were
classified into levels of consensus according to the following:

(1) If there is no statistically significant difference among basin countries and between basin and
non-basin countries, regardless of the percentage of experts selecting ‘very important,’ then the
degree of consensus for that indicator is considered high;

(2) If there is a statistically significant difference either among basin countries or between basin and
non-basin countries, but the percentage of experts selecting ‘very important’ is >50%, then the
degree of consensus is considered moderate;
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(3) If there is a statistically significant difference either among basin countries or between basin and
non-basin countries, and the percentage of experts selecting ‘very important’ is <50%, then the
degree of consensus is considered low; and

(4) If there is a statistically significant difference among basin countries and between basin and
non-basin countries, regardless of the percentage of experts selecting ‘very important,’ then the
degree of consensus for that indicator is considered low.

Figure 4. Flowchart for identifying the consensus level for each indicator.

4. Results

In the following section, we present results and outcomes from all respondents, analysis comparing
among basin countries and basin versus non-basin groupings, and key indicators identified for the
Nile Basin that may be used for equitable and reasonable water allocation among the states.

4.1. Responses of All Experts

According to the summary of data (Figures 5 and 6), the response from basin country experts
covered all classes from not important to very important (1–5) for most of the indicators. For non-basin
countries, this was not the case. This emphasizes that experts from basin countries appeared more
divided on most of the indicators than non-basin experts. Yet, basin experts also expressed a common
positive inclination for some indicators, including water-food-energy risk index, population without
electricity, the relative significance of hydropower, access to drinking water, access to clean cooking,
multidimensional poverty, hunger index, existing irrigation demand, and future domestic water
demand. Contrarily, although approximately 80% of non-basin experts considered the majority of
indicators to be important, there were some exceptions on which they were divided, including ICT
index, life expectancy index, cereal yield, and industry (%GDP).

4.2. Comparison among Basin States

The sum of the variance explained from the first three PCs for each factor ranged from 60% to 95%,
expressing the scope of agreement and disagreement between basin experts. The clusters based on
these PCs for each factor were quite mixed and did not show a clear distinction (Figures 7, A1 and A2).
Overall, the influence of the expert’s profession (Figure A1) and home country (Figure A2) appears
negligible, whereas a country being grouped by hydrologic position (upstream vs. downstream) did
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indeed illustrate clearer clusters (Figure 7). This was particularly clear from factors 1 to 5, but less
so for factors 6 and 7 (costs of conservation and protection, and the availability of alternative uses
(Figure 7f,g), where a stronger similarity was observed). Thus, not all indicators necessarily imply a
difference in opinion between upstream and downstream states.

Figure 5. A percentage summary of survey responses for indicators from basin state experts.
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Figure 6. A percentage summary of survey responses for indicators from non-basin state experts.
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Figure 7. A cluster based on hydrologic position of basin states (i.e., cluster 1 and cluster
2 represent upstream and downstream countries, respectively), where (a) is experts response
division on indicators under factor-#1—called geography, hydrology, ecology, and natural features,
(b) factor-#2—socio-economic needs of basin states, (c) factor-#3—the population dependent on
the watercourse, (d) factor-#4—the effects of water use, (e) factor-#5—existing and potential uses,
(f) factor-#6—costs of conservation and protection, and (g) factor-#7—availability of alternative and
comparable values and uses.

Beyond the confirmation of optimal number of clusters to be (k = 2), the number of experts falling
into each distinct cluster based on hydrologic position is also insightful (Figure 8). Sudan and Egypt
were visibly similar for indicators focused on factor 6 (costs of conservation and protection) and factor
7 (availability of alternative uses). However, for factors 1–5, most Sudanese experts’ responses more
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closely matched upstream expert opinions, leaving a relatively clear separation between Egypt versus
other basin states. Although these conclusions can be drawn at the factor scale, broad dissimilarities
across all indicators listed under each factor are not necessarily evident. Rather, it is typical only a few
indicators under each factor that strongly influence the division by hydrologic position. These specific
indicators can be identified through the proposed statistical tests.

Figure 8. The number of experts from upstream and downstream states in each cluster, organized
by factor. Where factor-#1 is geography, hydrology, ecology, and natural features, factor-#2 is
socio-economic needs of basin states, factor-#3 is the population dependent on the watercourse,
factor-#4 is the effects of water use, factor-#5 is existing and potential uses, factor-#6 is costs of
conservation and protection, and factor-#7 is availability of alternative and comparable values and uses.
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Whereas a general agreement exists on 67 indicators among basin countries, a significant difference
exists for eight indicators among basin states as well as two indicators between Egyptian experts
(Table S2). Apart from Egypt’s experts, there were no significant differences detected within other basin
states. The eight indicators which resulted in a significant difference based on hydrologic position
included the average drought-affected people per year in each country (I-6), population living below
the income poverty line (I-30), population growth rate (I-38), wetland area (I-56), estimated cost to
conserve erosion hot spot areas (I-58), virtual water (I-61), revenue and job opportunity from ports
(I-74), and water conservation by crop pattern modification (I-75). The two indicators for which
Egyptian experts also significantly disagreed within themselves included the average drought affected
people per year in each country (I-6) and estimated cost to conserve erosion hot spot areas (I-58).

4.3. Comparison between Basin and Non-Basin Countries

To compare findings from the within-basin assessment, and particularly to understand the degree
to which outcomes strongly favored national interests, the same analysis was repeated to examine the
level of agreement between basin and non-basin states. Contrary to the within basin states analysis,
clusters between groupings of basin and non-basin states did not indicate a distinct separation (Figure 9).
Clusters based on experts’ professions between basin and non-basin states was also relatively indistinct
at the factor scale.

Figure 9. Clusters based on membership in basin (red circles) or non-basin (blue diamonds) states.
Where factor—#1 is geography, hydrology, ecology, and natural features, factor-#2 is socio-economic
needs of basin states, factor-#3 is the population dependent on the watercourse, factor-#4 is the effects
of water use, factor-#5 is existing and potential uses, factor-#6 is costs of conservation and protection,
and factor-#7 is availability of alternative and comparable values and uses.
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To address possible differences between basin and non-basin states on individual indicators
outcomes from a t-test were examined (Table S2). This resulted in basin states experts having a significant
difference with non-basin experts on 14 indicators. Three of these indicators were also identified as
differences among basin states. These indicators included the average drought-affected people per
year (I-6), red list index (I-11), total greenhouse gas emissions (I-12), environmental performance index
(I-13), transport index (I-26), ICT index (I-27), education index (I-32), infant mortality rate (I-33), gender
development index (I-35), areas exposed for severe soil erosion (I-52), protected forest area (I-53), cost to
conserve erosion hot spot areas (I-58), employment in service provision sector (I-73), and revenue and
job opportunity from ports (I-74),

To investigate the potential sources of these differences, we compared experts’ responses by
continent and the Middle East region. However, this did not indicate any potential geographic influence
on the result. Similarly, the hydrologic position of non-basin countries did not appear to illustrate any
distinct differences.

Comparing individual basin states with aggregated non-basin countries, for the 19 indicators
(mean value), one or more basin states exhibited a statistically significant difference with non-basin
countries (Figure 10), except for red list index value in each country (I-11). Predominantly, the non-basin
experts’ opinions aligned with upstream states, especially with Ethiopia. The largest gap for most of the
indicators was observed between Egypt and non-basin experts. Sudan experts’ opinions aligned closely
with Egypt for indicators such as I-58 and I-74. However, for the remaining indicators, Sudan responses
aligned more closely with upstream states, particularly with equatorial countries.

Figure 10. Mean value of all indicators for which individual basin states and non-basin states were
statistically significantly different within, among, and between each other. | drought affected people
per year (I-6), Red List Index (I-11), greenhouse gas emissions (I-12), environmental performance index
(I-13), transport Index (I-26), ICT index (I-27), population living below poverty line (I-30), education
index (I-32), infant mortality rate (I-33), gender development index (I-35), population growth rate (I-38),
areas exposed for severe soil erosion (I-52), protected forest area (I-53), wetland area (I-56), estimated
cost to conserve erosion areas (I-58), virtual water export (I-61), employment in service provision sector
(I-73), revenue and job opportunity from ports (I-74), and water saving by crop pattern modification
(I-75).

4.4. Important Indicators within Nile Basin

To categorize indicator consensus levels based on expert responses, both the statistical test results
and the majority rules detailed in the methods section were applied. Accordingly, for 56 indicators,
expert responses exhibited no significant difference, irrespective of their profession and country,
and were classified as a high consensus level (Table S2). In contrast, for three indicators, there was
no statistically significant agreement either among basin states or between basin and non-basin
groups. Thus, they were classified at a level of low consensus. These three indicators included the
average drought affected people per year (I-6), estimated cost to conserve erosion hot spot areas (I-58),
and revenue and job opportunity from ports (I-74). Nine indicators with a statistically significant
disagreement either among basin states or between the basin and non-basin states, yet experts rated
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the indicators as very important more than50% of the time were classified at a level of moderate
consensus. Finally, there were seven indicators for which there was no statistically significant agreement,
either among basin states or between basin and non-basin groups. Experts rated the indicators as very
important <50% of the time, and they were classified at a level of low consensus. As a result, 10 of the
75 indicators fell into the low consensus category.

5. Discussion

To the best of our knowledge, this study is the first to identify indicators that define factors listed
under the 1997 UN Watercourse Convention by involving multidisciplinary experts from five areas
of expertise around the globe. Overall, though the majority of 215 experts tended to rate most of the
indictors as important, there were also notable differences between indicators. The investigations into
possible sources of these differences by clustering analysis indicate neither professional background nor
experts’ geographic home in terms of basin and non-basin states play a significant role. A clear grouping
in data was observed, however, considering experts in upstream versus downstream countries. Still,
this does not necessarily imply there are no difference between basin and non-basin or individual
countries. Rather, the statistical test outcomes confirmed the existence of a significant difference for
8 (among basin countries) and 11 (between basin and non-basin countries) indicators. In addition,
Egyptian experts had a significant difference on 2 of these 19 indicators among themselves.

The mean comparison of these 19 indicators suggests that Egypt experts’ preferences are different
from other countries. This also seems likely due to the influence of national interests than other
scientific justification for water allocation. Considering the socioeconomic conditions of Egypt versus
other basin states—with the largest per capita water storage, fewest impoverished people, fixed crop
types, and largest port-based income [33,37–39]—the influence of nationalistic bias is not unexpected.
Sudan exhibits a mix of characteristics. Given the high crop water requirements in both Egypt
and Sudan as compared to other basin states [40], both are interested in virtual water trade (I-61).
Similarly, experts from Sudan and Egypt valued the importance of considering costs to conserve severe
erosion (I-58) and opportunities from ports (I-74) less. However, the two countries were distinctly
different on the remaining indicators, with Sudan generally aligning more with other basin states
(Figure A3–Appendix A). Comparing countries, these indicator preferences were generally aligned
with the positions of basin states regarding the Cooperative Framework Agreement, the most recent
legal instrument based on the principle of equitable and reasonable utilization still waiting for the
required number of ratifications to go into force [31]. Nevertheless, none of the experts from the
non-basin countries were observed to side with a particular basin country (Figure A4–Appendix A).

.Therefore, in addition to 24 unique indicators previously applied in different studies to inform
fair share of basin states [8–11], this study introduced 51 additional indicators. Of these, 56 out of
the 75 indicators were categorized as highly important, and of the remaining 19 indicators for which
significant differences were observed, the level of consensus was labelled as moderate and low (9 and
10), respectively. Out of to the 24 indicators used in previous studies on different river basins, 16 of
them were found highly relevant to the Nile basin.

6. Conclusions

The principle of equitable and reasonable utilization agreed to by Egypt, Sudan, and Ethiopia in
their 2015 Declaration of Principles (DoP) does not readily allow for quantification of water sharing due
to limitations of international laws in detailing measurable criteria for factors listed in this document
and the UNWC guidelines. This study identified and evaluated basin-specific indicators by engaging
professionals from basin and non-basin states. As observed from the summary of survey result,
although experts from different geographic locations have divided responses on the importance of
75 proposed indicators, about 60% and 80% of basin and non-basin professionals, respectively, had a
tendency to consider the majority of indicators to be relevant. The statistical tests revealed that experts
grouped as basin versus non-basin and downstream versus upstream states had a significant difference

35



Water 2020, 12, 2499

among, between, and within countries on 19 indicators. The findings also illustrate that the major
differences in assigning importance levels to proposed indicators mainly occurred between Egypt and
other countries, even more so than between basin and non-basin states. Furthermore, a clustering
analysis indicates that these differences were likely more a result of national interests rather than
profession background.

Though the position of Sudan varies from indicator to indicator, the findings of this study are
generally similar to the position that basin countries have on the Cooperative Framework Agreement
and current disagreements over the Grand Ethiopian Renaissance Dam. In conclusion, out of
75 indicators, multidisciplinary experts identified 56 as highly relevant indicators, while only 9 (10)
indicators were categorized as moderate (less) relevant. On this basis, given the number of highly
important indicators, the degree of disagreement is not interpreted to be as wide as reported in press
releases following talks and negotiations discussing political engagements over the use of the Nile
River. Rather, the indicators for which there is a high level of consensus can potentially lead to a solid
foundation for putting the UNWC into action and pave the way for utilization of the Nile River based
on the equitable and reasonable principle. Moreover, in addition to facilitating the allocation of water
between riparian countries, breaking down these broad factors into measurable indicators could help
legal and water resource policy makers to resolve disputes and mitigate controversial issues in the
river basin. However, as highlighted in the results, since competing interests of the basin countries
potentially influence expert’s judgment and these interests vary from basin to basin, all indicators
evaluated in this study for the Nile River basin may not be appropriate for other basins, as local context
must be considered. Even within the same basin, regularly gauging expert opinions about indicators
may also be important as countries and conditions change.

As the number of experts surveyed increases from all locations, the categories of moderately
important indicators may change. However, we deem the 56 highly important indicators as adequate
to improve measurability of the UNWC factors, capture the unique features of the Nile basin,
and accommodate conflicting interests of states. Beyond laying a foundation for operationality of the
UNWC, the outcomes of this study pave the way for the quantification of water allocations to riparian
countries. Future work should address investigating the priority or weight of individual indicators for
use in water resources modelling.
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Appendix A

Figure A1. A cluster based on basin experts’ professions, in which black triangles are hydrologists,
yellow rectangles are socioeconomics, purple crossed circles are environmentalists, red circles are
political scientists, and blue diamonds are law experts, where (a) are experts response divisions on
indicators under factor-#1—natural features, (b) factor-#2—socioeconomic needs of basin states,
(c) factor-#3—the population dependent on the watercourse, (d) factor-#4—the effects of water
use, (e)factor-#5—existing and potential uses, (f) factor-#6—costs of conservation & protection,
and (g) factor-#7—availability of alternative and comparable values.

Figure A2. A cluster based on individual basin experts’ country of origin, in which black triangles
are Egyptian, yellow rectangles are Ethiopians, red circles are equatorial states, and blue diamonds
are Sudanese, where (a) is experts response division on indicator under factor-#1 called natural
features, (b) factor-#2—socioeconomic needs of basin states, (c) factor-#3—the population dependent
on the watercourse, (d) factor-#4—the effects of water use, (e)factor-#5—existing and potential uses,
(f) factor-#6—costs of conservation and protection, and (g) factor-#7—availability of alternative and
comparable values.
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Figure A3. Mean value of indicators for which basin states were statistically significantly different.

Figure A4. The response of Arab league and middle east countries as compared to basin states experts.
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Abstract: Water resources are under growing pressures globally, and better basin planning is crucial
to alleviate current and future water scarcity issues. Communicating the complex interconnections
and needs of natural and human systems is a significant research challenge. With advances in
cyberinfrastructure allowing for new innovative approaches to basin planning, this same technology
can also facilitate better stakeholder engagement. The potential benefits of using digital basin
planning platforms for stakeholder engagement are immense; yet, there is limited guidance on how
to best use these platforms for more effective stakeholder engagement in water-related issues and
projects. We detail our digital platform, Basin Futures, and highlight the potential uses for stakeholder
engagement through an integrative framework across different assessment levels. Basin Futures is
a web application that is an entry-level modelling tool that aims to support rapid and exploratory
basin planning globally. As a cloud-based tool, it brings together high-performance computing and
large-scale global datasets to make data analysis accessible and efficient. We explore the potential use of
the tool through three case studies exploring agricultural development, transboundary water-sharing
agreements and allocating water for environmental flows.

Keywords: river basin planning; digital platforms; stakeholder engagement; integrated water
resource management

1. Introduction

Water resources are under growing pressures globally, with nearly 80% of the world’s population
are exposed to a high level of threats stemming from water insecurity [1–3]. Water insecurity is
manifested through physical shortages, failure of institutions or lack of infrastructure [4]. Shortages
in water impact on people’s health, livelihoods, ecosystems and the ability to produce food [4–6].
It also impacts a nation’s ability to achieve Sustainable Development Goals. Water resource issues are
driven by inter-dependencies between hydrological, social, economic and ecological needs in river,
lake and aquifer basins. Communicating the complex interconnections and needs of natural and
human systems is a significant research challenge [7]. Better water planning is crucial, and if water
management habits do not change, the global demand for water could increase by 50% by 2030 [8].
In the face of climate change, population growth, economic development and increased water demand,
these inter-dependencies require more integrated approaches to developing and managing water and
land resources [9].

The use of technology has advanced significantly in the last 20 years. The expansion in the
capabilities of computing power and cyberinfrastructure provides a new approach to address water
resource issues and engagement with society [10]. Complex interconnections and unprecedented
changes between natural and human systems are recognised as a significant research challenge [7].
There is a growing need for long-term strategic basin planning that crosses sectors and jurisdictions
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to encapsulate changes in water resources. Innovative and technologically advanced solutions are
required to manage water resources and facilitate stakeholder engagement in an accountable and
non-discriminatory manner [7,10].

There are numerous economic, environmental and social benefits to be gained from effectively
engaging with stakeholders at the basin level in water policies and projects [11–14]. Stakeholder
engagement is often undertaken in an ad-hoc and ineffective manner. Implementing a digital stakeholder
engagement strategy can dramatically improve stakeholder participation and outcomes [15–17].
The use of digital platforms assists in providing a more transparent and authentic stakeholder
engagement program and therefore improving the likelihood of engagement. Digital tools provide
accountable and transparent information to reassure the public of the evidence base underpinning
water management plans and proposals [18]. This accountability and ability to reach more participants
in a non-discriminatory manner aligns with the principles of good water governance of Integrated
Water Resource Management (IWRM) [3]. New cloud technologies for the data-intensive world can
provide the ability to analyse and integrate the vast and complex historic and current environmental
information to manageable levels [19]. Cloud technology can help to visualise issues and options to
make it easier to gain creative insights and build collaborations with stakeholders [19].

Alleviating water security challenges requires basic information on water resources [20].
This information includes knowing how much water is available, where it is distributed and how it
will change under scenarios of development and climate change. Data and models are often used to
address these questions. However, data are fragmented, difficult to access and process and models
require significant expense, time to develop, and advanced capability and capacity to use. As a result,
it can be difficult and expensive to support the basic information needs to overcome water scarcity
and for stakeholders to speak a common language. Basin Futures was developed in response to our
experiences working in Australia and internationally on potential water resource developments and
complex water management issues. During this time, we noticed users spent a lot of time in data
discovery, transformation and understanding complex modelling software. This resulted in limited
uptake and the use of tools which limited the level of engagement and participation of stakeholders
in water-related issues. We detail our digital observatory platform, Basin Futures, and highlight
the potential uses for stakeholder engagement through an integrative framework. We explore the
potential use of the tool through three case studies exploring agricultural development, transboundary
water-sharing agreements and allocating water for environmental flows.

2. The Basin Futures Platform

The Basin Futures platform was designed based on the needs expressed by catchment managers,
policymakers, environmental groups, and scientists. It is designed to lower the barrier to entry for
conducting initial assessments of basin water resources and explore future development scenarios.
Basin Futures leverages existing data (global and local) to empower decision-makers to understand their
opportunities and constraints in managing water resources [21]. The platform integrates global data
with models, all packaged in a web application with readily available cloud processing. This reduces
costs on multiple fronts: data integration, model setup and integration, and infrastructure. This setup
allows quick range-finding scenarios to be run, providing an explorative tool to aid water resource
planning discussion. Basin Futures currently has two main modelling components: rainfall-runoff
via GR4J [22] to generate the runoff in a basin, and a custom-built reach model for undertaking water
management and transfer activities such as water storage, hydropower generation, routing of flows
through the basin, demands/consumption and crop modelling (Figure 1). Basin water balance is
produced on a daily basis but lumped monthly, with outputs able to be reported on a monthly or annual
scale. Future scenarios are able to be run to explore climate change and changing population scenarios.
Basin Futures uses climate scenarios based on The Inter-Sectoral Impact Model Inter-comparison
Project (ISIMIP) outputs [23]. Enabling users to plan for climate resilient basins by assessing the
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potential changes in the quantity and timing of runoff, precipitation and streamflow based on multiple
future climate scenarios.

Figure 1. Conceptualisation of the reach model engine underlying Basin Futures.

Our approach focusses on three aspects: global application, easy development of scenarios, and a
lower barrier to entry. These key aspects are where Basin Futures differs from existing systems, such as
those focused on specific water management areas such as flood forecasting [24,25]. Our approach is
similar to a recent web implementation of the Soil and Water Assessment Tool (SWAT) Online [26];
however, we provide scenario development and result assessment. Basin Futures supports users with
a robust yet simple modelling framework and can provide a pathway to more sophisticated products
through export capabilities. The model workflow provides a consistent and repeatable process of
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basin water assessments for any basin across the globe (Figure 2). Basin Futures provides an enabling
environment for planning, cooperation and participation in water management.

Figure 2. User workflow within Basin Futures.

3. Stakeholder Engagement: Encouraging and Scaling Participation in the Basin Planning Process

Water-related developments or changes require collaboration between a wide range of stakeholder
groups from landholders to scientists to policymakers. Depending on the complexity, scale and impacts
of the project, the level of stakeholder engagement can range from merely providing information to
active partnerships and collaboration. For stakeholders to fully engage, an enabling environment
for effective, fit-for-purpose and outcome-oriented stakeholder engagement should be provided [27].
Digital platforms can be used as a common platform between stakeholders to contribute data,
knowledge and understanding and visualisation of an issue [7,10].

Digital platforms can be used to reach a wider stakeholder audience to encourage participation in
water-related planning and development. Digital platforms can be used to invite the entire population
of a basin to participate in consultations on a specific and well-defined issue or in events or actions
which have an indirect impact on the basin’s water resources management [27]. The use of digital
platforms can increase access, integration and exploitation of environmental data and knowledge
by scientific and end-user communities [15–17,19]. This is particularly relevant for cloud-based
approaches where services (i.e., computing power and data storage) are also available to users which
provide greater accessibility, efficiency and transparency to stakeholders.

The Basin Futures platform can be used to make scaling assessment areas and stakeholder
engagement easier through user-friendly interfaces, intuitive workflow and the ability to move
between multiple scales of observation (micro, meso and macro) and modelling within one platform.
This can facilitate collaboration between landholders, scientists and policymakers through the transfer
of knowledge and data from small-scale drainage basins to larger aggregates or transboundary basins,
contributing to well-informed decisions and policies (Figure 3).
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Figure 3. Representation of macro-, meso- and micro-level stakeholder groups.

4. Framework for Integrative Stakeholder Engagement

Despite the immense potential for digital platforms to be used for stakeholder engagement,
there are limited guiding frameworks for how they should be implemented in conjunction with best
practice IWRM principles. We present our framework for stakeholder engagement and collaboration
on water-related issues and projects using digital platforms (Figure 4). The framework was generated
based on IWRM principles and our collective experience of engaging with stakeholders on water
resource developments and complex water management issues We then apply this framework to
three case studies using the Basin Futures platform. The framework comprises of five main steps.
The first is to identify the problem or issue at hand, for example, will the water supply be sufficient
for future demands of a particular basin. The second step is to define the problem, identify the
stakeholders, define goals and constraints and identify alternatives. The third step is the collaborate
with stakeholders and explore options within the digital platform, including determining the current
water balance and future changes through multiple scenarios. The fourth is to evaluate options
explored and their environmental, economic and social impacts. The final step is to decide on an option
or identify alternatives.

Figure 4. Framework for stakeholder engagement and collaboration on water-related issues and
projects using digital platforms.
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5. Case Study Applications of Basin Futures

5.1. Case Study 1: Stakeholder Engagement in Agricultural Development Projects

The world’s population is projected to increase by 35% by 2050, which will require a 70–100% rise in
food production given projected trends in diets, consumption, and income [6,28,29]. Over three-quarters
of the projected increased population live in developing countries and in regions that already lack
the capacity to produce enough food [30]. Increased food production can be achieved by increasing
crop yields on existing farmland through better sustainable management practices or expanding
crop production areas. Sustainable development of agricultural resources requires resolution and
incorporation of diverse stakeholder values and interests. Collaboration and effective communication
between local-scale farmers, governing bodies and research organisations can enable an efficient
agriculture production system to be designed.

The Basin Futures platform can be used to explore and collaborate on agricultural development
scenarios. The platform can be parameterised to incorporate current agriculture demands on an annual
basis and forecast potential expansions, intensification and changes to agricultural systems as well as
changes in water supply caused by other factors such as climate change. Basin Futures can assess the
temporal reliability and production values of various agricultural scenarios and determine the impact
on water resources and the environment. We selected the Purari Basin in Papua New Guinea (PNG) to
demonstrate a potential stakeholder engagement strategy regarding agricultural development using
the Basin Futures platform.

5.1.1. The Problem—Agricultural Development in the Purari Basin, Papua New Guinea

Agriculture plays a vital role in the Papua New Guinean economy. It employs ~50% of the
national workforce, which generates 15% of gross domestic product (GDP) [31]. Despite its importance,
agricultural productivity in PNG is generally low due to inadequate infrastructure and access to
essential knowledge and farm inputs. It is estimated that 30% of the land is suitable for agriculture,
yet only 2.2% is used commercially [31]. Papua New Guinea aims to enhance agricultural productivity,
the scale of production, market access and income generation [31]. We use the Purari Basin as an
example of a potential PNG basin to undergo agricultural development. The Purari Basin is located in
the district of Chuave, Papua New Guinea. Purari Basin has an area of 33,080 km and an approximate
population of 1.9 million people. The Basin experiences low water stress, but droughts and floods
occur regularly.

5.1.2. Understanding the Problem

Papua New Guinea is a rural society with the majority of the population living in traditional
communities [31]. There is limited commercial agriculture, and most produce is from small-scale,
family-run farms. Small-scale farmers would provide invaluable insights into crop types, planting dates,
expected yields and seasonal influences that would provide validation of the current agricultural
baseline along with calibration of projected developments. The Purari Basin is home to several
protected areas such as the Siwi-Utame Wildlife Management Area. Therefore, any major development
is likely to require approval and engagement from indigenous peoples and national governing bodies
such as the Conservation and Environment Protection Authority. Potential agricultural development
would require a collaborative approach to stakeholder engagement across multiple assessment levels
(Table 1).
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Table 1. Stakeholder model inputs, contributions and outputs at various assessment levels within the
Purari Basin. Directions of arrows indicate increases (↑) and decreases (↓) of outputs.

Stakeholders Model Inputs
Assessment

Level
Contribution Outputs

Local farmers

Crop types and varieties,
crop prices, planting date,

maximum yields, cropping
intensity, irrigated supply

efficiency, soil characteristics,
planting areas, fallow

characteristics, suitability of
area for agriculture

Micro

Local knowledge,
empowerment,
concerns and
aspirations

↑ Knowledge
↑ Accuracy
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict

Indigenous peoples Suitability of area for
agriculture Micro/Meso/MacroLocal knowledge,

cultural awareness

↑ Knowledge
↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict

Environmental
groups

Suitability of area for
agriculture Micro/Meso/Macro

Local/national
knowledge,

expertise, concerns

↑ Knowledge
↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict

Academics

Crop types, crop prices,
maximum yields, cropping
intensity, irrigated supply

efficiency, suitability of area
for agriculture

Meso/Macro
Knowledge,

evidence-based
research

↑ Knowledge
↑ Accuracy
↑ Robustness

Local industry

Crop types, crop prices,
maximum yields, cropping
intensity, irrigated supply

efficiency, suitability of area
for agriculture

Micro/Meso Local concerns,
knowledge

↑ Knowledge
↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict

States/district
officials/regional
basin managers

Current storages, crop types,
maximum yields, cropping
intensity, irrigated supply
efficiency, planting areas,

suitability of area for
agriculture

Meso Facilitating efforts,
coordinating

↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict
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Table 1. Cont.

Stakeholders Model Inputs
Assessment

Level
Contribution Outputs

Government
bodies (National
Department of

Agriculture and
Livestock)

Current storages, potential
storages, crop prices,

irrigated supply efficiency,
planting areas, suitability of

area for agriculture,
nutritional values

Macro/Meso Facilitating,
funding, regulation

↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict

Community peak
bodies (i.e., Pacific

Island Farmers
Organisation

Network)

Crop prices, planting areas,
suitability of area for

agriculture
Macro/Meso

Stakeholder
representation,
communication

↑ Awareness
↑ Likelihood of

agreement
↓ Likelihood of conflict

Industry peak
bodies

Crop prices, planting areas,
suitability of area for

agriculture
Macro/Meso Regulation,

communication

↑ Awareness
↑ Likelihood of

agreement
↓ Likelihood of conflict

International
agribusinesses Crop prices, crop types Macro

Global markets
influence local

farming practices
(e.g., planting

decisions)

↑ Awareness
↑ Likelihood of

agreement
↓ Likelihood of conflict

5.1.3. Exploring and Evaluating Options with a Common Vision

Through the collaboration and use of the Basin Futures digital platform, a common vision
for agricultural development could be attained by developing relevance and direction. Enabling
cooperative, best-practice and efficient agriculture production systems to be designed. Channelling the
efforts and knowledge of all stakeholders into the one platform can increase common understanding
and agreements on priorities achieved through a fully inclusive, transparent and participatory process.

5.2. Case Study 2: Negotiating Water-Sharing Agreements

Water issues, hydrological boundaries and development impacts cut across administrative frontiers.
Well-informed water management decisions and policies require effective communication and a shared
understanding of the issue at hand between stakeholders. Communication and understanding between
stakeholders can be difficult to achieve, especially in transboundary or politically contentious basins.
Digital tools that are objective, transparent and cater to a range of abilities can pave the way forward to
understanding issues and effective communication between stakeholder groups.

The purpose of Basin Futures is to digitally transform engagement processes and make accessible
information and evidence for the majority, hence giving people voice and the ability to engage with
the evidence for themselves and explore scenarios and their alternatives rather than just relying on
more prescribed information. The use of digital platforms that can take into account global scale
hydrological changes such as climate change and local scale water issues and developments and
create tangible dialogues for action at appropriate national, regional, and local scales is a key to
future stakeholder engagement processes. We selected the Mahanadi Basin to demonstrate a potential
stakeholder engagement strategy for negotiating water-sharing agreements between the states of
Chhattisgarh and Odisha using the Basin Futures platform.

5.2.1. The Problem—Water Sharing in the Mahanadi Basin, India

The Mahanadi Basin in India is home to ~36 million people. The Mahanadi River begins in the
state of Chhattisgarh and flows through to the state of Odisha. The river is essential for intensive
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agriculture in the region, not only for irrigation but for extensive fertile soil the river deposits along
the 858 km river course. The construction of the large Hirakud Dam has greatly altered the flow
regime and extent of flooding that occurs in the region. Water sharing practices in the Mahanadi Basin
have been a source of conflict between the Indian States of Chhattisgarh and Odisha. The two states
are in dispute over the construction of allegedly illegal barrages within the respective states that are
damaging the ecological integrity of the river. The states also disagree on the use of the Hirakud Dam
and the catchment area share each state has of the reservoir.

5.2.2. Understanding the Problem

The Mahanadi Basin is essential for agriculture, industry, drinking water and the environment.
Negotiating water-sharing agreements in this Basin would require an objective tool that would foster
cooperation and partnership between contrasting stakeholder groups and governing bodies. The use
of the Basin Futures platform could provide an easy exchange of information based on a common
agenda across many production systems and ecological zones. Cooperation could be further facilitated
through clear mechanisms and lines of communication. All efforts and resources of stakeholders
should be channelled in that direction, guided by common understanding and agreements on priorities
achieved through fully inclusive and participatory processes (Table 2). Furthermore, the use of the
same datasets, methods and modelling platform would allow for unbiased dialogues and solutions to
be created.

Table 2. Stakeholder model inputs, contributions and outputs at various assessment levels within the
Mahanadi Basin. Directions of arrows indicate increases (↑) and decreases (↓) of outputs.

Stakeholders Model Inputs
Assessment

Level
Contribution Outputs

Local farmers Irrigated demands, timing of
demands Micro/Meso Local knowledge,

concerns, inputs

↑ Knowledge
↑ Participation
↑ Likelihood of

agreement
↓ Likelihood of conflict

Indigenous peoples Cultural values Micro/Meso/
Macro

Local knowledge,
cultural awareness

↑ Knowledge
↑ Participation
↑ Awareness
↑ Inclusiveness
↑ Likelihood of

agreement
↓ Likelihood of conflict

Environmental
groups

Environmental values and
requirements

Micro/Meso/
Macro

Local/national
knowledge,

concerns,
awareness

↑ Knowledge
↑ Participation
↑ Awareness
↑ Inclusiveness
↑ Likelihood of

agreement
↓ Likelihood of conflict

Academics Evidence-based water
transfer partitioning Meso/Macro

Knowledge,
evidence-based
research, range
finding, system

sensitivity

↑ Knowledge
↑ Accuracy
↑ Robustness
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict
↓ Unintended trade-offs

in water benefits
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Table 2. Cont.

Stakeholders Model Inputs
Assessment

Level
Contribution Outputs

Local industry Water demands and timing Micro/Meso Local concerns,
knowledge, inputs

↑ Knowledge
↑ Participation
↑ Likelihood of

agreement
↓ Likelihood of conflict

States/district
officials/regional
basin managers

Current demands, future
demands, water allocation

requirements
Meso

Facilitating efforts,
coordinating,

communication,
awareness,

prioritisation,
range finding,

alternative
pathways, system

sensitivity

↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict
↓ Unintended trade-offs

in water benefits

Government
bodies

Current demands, future
demands, water allocation

requirements
Macro/Meso

Facilitating efforts,
coordinating,

communication,
awareness,

prioritisation,
range finding,

alternative
pathways, system

sensitivity

↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict
↓ Unintended trade-offs

in water benefits

Environmental
peak bodies (i.e.,
World Wildlife

Foundation)

Environmental values and
requirements Macro/Meso

Local/national
knowledge,

concerns,
awareness

↑ Knowledge
↑ Robustness
↑ Accuracy
↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Support

↑ Likelihood of
agreement

↓ Likelihood of conflict

Industry peak
bodies Export demands Macro/Meso Regulation,

communication

↑ Awareness
↑ Likelihood of

agreement
↓ Likelihood of conflict

Intergovernmental
organisations

Evidence-based water
transfer partitioning Macro Regulation,

communication

↑ Awareness
↑ Likelihood of

agreement
↓ Likelihood of conflict

5.3. Case Study 3: Environmental Flows

Water resources produced by healthy ecosystems provide livelihood support for millions of
people; this support is often extremely critical and essential for developing regions. River flow regimes
are regarded to be the primary drivers of riverine and floodplain wetland ecosystems [32–34]. The flow
regime is a major determinant of both biotic and abiotic components of a river system. Alteration of
the natural flow regime can have serious consequences on the ecological sustainability of rivers and
their associated floodplain wetlands [32,34]. The environment needs water to sustain itself, but in the
water allocation decision-making process, the needs of the environment are often neglected [35]. If too
much water is allocated to other sectors, the impacts on ecosystems can be devastating. A balance
needs to be struck between people’s direct water needs for domestic use, industry and agriculture
and their indirect needs, through the numerous and unquantified goods and services provided by
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functioning ecosystems [36]. Stakeholder engagement and consensus in environmental flows can be
difficult to obtain due to a lack of clarity on the issue, perceived non-transparent information and
complexities of interacting perspectives.

The Basin Futures platform can be used to explore and collaborate on environmental flow scenarios.
The platform is objective, transparent and allows users to run their own models, interpret results and
form their own opinions instead of relying on more prescribed information. The platform can be
used to range find and balance the inter-dependencies between hydrological, social, economic and
ecological needs in river, lake and aquifer basins. We have selected the Pangani Basin in Tanzania,
Africa, to demonstrate a potential stakeholder engagement strategy for environmental flows using the
Basin Futures platform.

5.3.1. The Problem—Environmental Flows in the Pangani Basin, Tanzania

The Pangani River Basin in East Africa has a population of 2.6 million people. The Pangani River
begins as a series of small streams near Mount Kilimanjaro and passes through the arid Masai Steppe
before reaching its estuary and the Indian Ocean. Along its 500 km course, the Pangani River is a
lifeline for biodiversity, people, and industry, and is fundamental to the economic development of the
region. The Basin is home to Kilimanjaro National Park, a listed World Heritage Site with extensive
biodiversity values. The Pangani Basin experiences medium to high water stress with a high flood
occurrence. The Basin contains several critically endangered terrestrial and aquatic species.

5.3.2. Understanding the Problem

The Pangani Basin has widespread biodiversity values but is also used extensively for agriculture,
industry and hydropower. Agreement on allocating water for the environment would have to include
contrasting stakeholder groups with different perspectives and values. Consensus on how much,
when and the variability of water provided to the environment would require a mechanism for
negotiation using processes that enable the interests of traditionally more powerful water users and
less powerful sectors to be reconciled [37,38]. Environmental flows must have clear objectives and
scenarios built on multi-stakeholder consensus. Scientists can provide expert advice on how river
basins change under various flow conditions, but it is the stakeholders who can say what the river is
used for and how much water they need. The Basin Futures platform can be used to reconcile different
stakeholder views and inputs to evaluate how ecology, economic costs and benefits across sectors and
social equity respond to alternate river flow scenarios at multiple assessment levels (Table 3).

Table 3. Stakeholder model inputs, contributions and outputs at various assessment levels within the
Pangani River Basin. Directions of arrows indicate increases (↑) and decreases (↓) of outputs.

Stakeholders Model Inputs
Assessment

Level
Contribution Outputs

Local farmers Irrigated demands, timing of
demands Micro/Meso Local knowledge,

concerns, inputs

↑ Knowledge
↑ Participation
↑ Likelihood of

agreement
↓ Likelihood of conflict

Indigenous peoples Environmental values, flow
timing and requirements

Micro/Meso/
Macro

Local knowledge,
cultural awareness,
environmental and

cultural inputs,
prioritisation

↑ Knowledge
↑ Robustness
↑ Accuracy
↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict
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Table 3. Cont.

Stakeholders Model Inputs
Assessment

Level
Contribution Outputs

Environmental
groups

Environmental and cultural
values, flow timing and

requirements,

Micro/Meso/
Macro

Local/national
knowledge,
awareness,

prioritisation,
range finding,

alternative
pathways, system

sensitivity

↑ Knowledge
↑ Robustness
↑ Accuracy
↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict

Academics Flow timing and
requirements Meso/Macro

Knowledge,
evidence-based
research, range
finding, system

sensitivity

↑ Knowledge
↑ Accuracy
↑ Robustness

Local industry Water demands and timing Micro/Meso Local concerns,
knowledge, inputs

↑ Knowledge
↑ Participation
↑ Likelihood of

agreement
↓ Likelihood of conflict

States/district
officials/regional
basin managers

Current demands, future
demands, water

management strategies
Meso Facilitating efforts,

coordinating

↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict
↓ Unintended trade-offs

in water benefits

Government
bodies

Current demands, future
demands, water

management strategies
Macro/Meso Facilitating,

funding, regulation

↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Stakeholder

empowerment and
equity

↑ Likelihood of
agreement

↓ Likelihood of conflict
↓ Unintended trade-offs

in water benefits

Environmental
peak bodies (i.e.,
World Wildlife

Foundation)

Current demands, future
demands, water

management strategies,
environmental and cultural

values, flow timing and
requirements

Macro/Meso

Stakeholder
representation,

communication,
awareness,

prioritisation,
range finding,

alternative
pathways, system

sensitivity

↑ Knowledge
↑ Robustness
↑ Accuracy
↑ Awareness
↑ Inclusiveness
↑ Participation
↑ Support

↑ Likelihood of
agreement

↓ Likelihood of conflict

Industry peak
bodies Export demands Macro/Meso Regulation,

communication

↑ Awareness
↑ Likelihood of

agreement
↓ Likelihood of conflict
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6. Assumptions and Disadvantages of Digital Platforms for Stakeholder Engagement

There are clear benefits to utilising digital platforms in the stakeholder engagement process.
However, there are user assumptions and drawbacks of using technological-based approaches that
must be considered. An assumption and disadvantage of using digital tools are that users are expected
to be computer literate and have a working internet connection and access to electronic devices.
While the world is becoming increasingly technologically connected, the adoption of digital platforms
could further the equality gap between traditionally more powerful water users and less powerful
sectors such as local farmers. These local farmers could be left out or disadvantaged by the engagement
process if digital tools were solely used. Furthermore, in-person contact and interactions between
stakeholders during the participatory process can reveal conflicts or issues that are otherwise not
visible to water managers and planners. Loss of personal connections could increase the likelihood of
conflict and disagreement of water management and development plans. Therefore, digital platforms
should not be used as a complete replacement of traditional stakeholder engagement strategies but
rather as a tool to compliment them.

7. Conclusions

Well-informed water management decisions and policies require effective communication and a
shared understanding of the issue at hand between stakeholders. Communication and understanding
between stakeholders can be difficult to achieve, especially in transboundary or politically contentious
basins. Digital tools that are objective, transparent and cater to a range of abilities can pave the
way forward to understanding issues and effective communication between stakeholder groups.
Despite the volume of information, data and models that can be provided to stakeholders in regards to
water-related issues, supported decisions can be difficult to obtain. In this paper, we demonstrated
how our platform can be used to reconcile and channel differing stakeholder views into the one
modelling platform by exploring three broad yet common water resource planning issues. Each case
study explored interactions approximately between 10 stakeholders with interests at micro/meso or
macro scale in the basin. The flexibility in transcending the scales with relative ease while ensuring
accuracy and transparency leads to an increase in the overall participation and knowledge. While Basin
Futures can be used to engage and collaborate with a variety of stakeholders on water-related issues
and projects, it is essential that the process is ground-truthed with local data. The platform can be
used to gain creative insights and a better understanding of the issue at hand to build consensus and
agreement between stakeholder groups.
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Abstract: Several studies have demonstrated the continuum of cooperation on transboundary
rivers, but have largely focused on government to government (Track 1) cooperation and formal
diplomacy. Formal arrangements like treaties, agreements, joint mechanisms, joint bodies, joint
commissions (e.g., river basin organizations), etc., fall within the scope of transboundary waters
cooperation. However, in some transboundary rivers, often due to political constraints, Track 1
cooperation might not be a feasible option. When governmental cooperation is a non-starter, effort
and progress made outside the government domain through informal dialogues can play a significant
role. It is therefore important to re-examine the definition of cooperation as it applies to international
rivers, and potentially to broaden its scope. Such an examination raises important questions: What
does international cooperation in this context actually mean? Is it formal (Track 1) cooperation
related to sharing of water, data, and information only, or does it have a broader meaning? What,
precisely, can be the entry point for such cooperation? Are informal transboundary dialogues and
water diplomacy itself an entry point for cooperation on international rivers? This paper aimed to
answer these critical questions drawing from the “Brahmaputra Dialogue” project initiated in 2013
under the South Asia Water Initiative (SAWI), which involved the four riparian countries of the
Brahmaputra Basin. Several important focal points of cooperation emerged through this sustained
dialogue, which went beyond sharing hydrological data or signing a basin-level treaty, broadening
the definition of “cooperation”. The paper, bringing evidence from the dialogue, argues that the
Brahmaputra Dialogue process has led to a broader understanding of cooperation among basin
stakeholders, which could influence water resource management of the basin in the future.

Keywords: transboundary waters; cooperation; integrated water resource management; Brahmaputra
River Basin; South Asia

1. Introduction

The 2030 Agenda for Sustainable Development and its Sustainable Development Goals (SDG)
framework considers transboundary water cooperation critical to development, prosperity, and peace.
Target 6.5 of SDG 6 (Ensure access to water and sanitation for all), in particular, emphasizes the need to
implement integrated water resources management (IWRM) and the need to include a transboundary
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dimension. Transboundary water cooperation is thus crucial to fully achieving the 2030 Agenda for
Sustainable Development.

“Cooperation” is defined here as coordination between states, where they collaborate to achieve
common interests with mutual benefits. To promote greater cooperation around the world’s
international river basins, significant efforts have been underway in the decades since the Dublin and
Rio conferences. (In 1992 the International Conference on Water and the Environment was held in
Dublin, Ireland. The output from this conference was a declaration regarding water that was presented
to the United Nations Conference on Environment and Development (UNCED) that was held in
Rio de Janeiro in June that year where the ideas from the 1987 UN Report (the Brundtland Report)
were developed and discussed. The Rio conference, which came to be known as the “Earth Summit”,
was attended by 118 heads of government and was a major turning point in bringing the issues of
sustainability and sustainable development onto the international political stage. The inclusion of the
Dublin Principles in the conference debate helped to highlight the importance of water as a resource
for environmental protection and human development.) States now also have general frameworks
under international law applicable to the non-navigational uses of transboundary rivers and lakes
in the form of the United Nations Watercourses Convention on the Law of the Non-Navigational
Uses of International Watercourses (UNWC) and the UNECE Convention on the Protection and Use
of Transboundary Watercourses and International Lakes. The water conventions provide riparian
countries with a framework for cooperation, a common language and platform upon which States
can negotiate equitable and sustainable solutions [1], identify common interests, and develop actions
toward mutual benefits.

There is also a growing body of literature highlighting that conflict and cooperation can co-exist
in transboundary waters situations [2–6]. There are several river basins across the world, such as the
Nile, Jordan, and Mekong, which demonstrate that water, by its very nature, tends to induce even
non-cooperative co-riparians to cooperate. While water has the ability to pose a threat (with scarcity
leading to competition for the resource), it can also provide opportunity for increasing cooperation.
The continuum of such water cooperation, as demonstrated by different studies, is mostly related to
the direct mutual benefits from the water resources, such as coordinated water management plans,
hydrological data exchange, joint water infrastructure development, flood management, etc. As such,
formal arrangements like treaties, agreements, joint mechanisms, joint bodies, joint commissions
(e.g., river basin organizations), etc., fall within the scope of transboundary cooperation. The water
conventions also support the development of such agreements, the establishment of joint bodies,
and strengthening of institutions through the implementation of basin-level projects. Thus, the focus
of “transboundary cooperation” has largely been on government-to-government (Track 1) cooperation
and formal diplomacy; such cooperation is driven by the political moods of the riparian countries and
is mostly negotiated through an official process of transboundary interactions, making cooperation
over transboundary rivers a complex and inherently political process [7,8]. The different tracks of
diplomacy can be defined as:

• Track 1 (traditional official diplomacy): Dialogues or negotiation between officials, which mostly
include politicians, policy makers, and high-ranking military personnel in a nation-state
centered perspective.

• Track 1.5: “Diplomatic initiatives that are facilitated by unofficial bodies, but directly involve
officials from the conflict in question” [9].

• Track 2: As defined by [10], “unofficial, informal interaction between members of adversary
groups or nations, who can interact more freely than high-ranking officials, to develop strategies,
to influence public opinion, and organize human and material resources in ways that might help
resolve their conflict”.

• Track 3: People-to-people or grassroots-level diplomacy undertaken by individuals, civil society,
and private groups to encourage interaction and understanding of communities’ issues, and to
generate awareness for empowerment within these communities [11].
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Water diplomacy facilitates communication between sovereign states with the aim of promoting
constructive cooperation and preventing conflicts over shared water resources [12]. While traditionally,
diplomacy is defined as high-level interaction and dialogue between nation-states, in the present
context, the definition has been broadened to include various other levels as well [13]. Hence, in the
transboundary context, Track 1.5 and Track 2 diplomacy has played a significant role in several river
basins in building trust and confidence of multiple stakeholders. Such efforts and progress being
made outside of the government domain through informal diplomacy can play a significant role when
governmental cooperation is a non-starter [2]. However, cooperation achieved through such informal
diplomacy has usually remained outside the scope of “transboundary cooperation”, because this
cooperation is not directly related to benefits from the water resources.

This cooperation mostly takes the form of civil society collaborations on transboundary concerns,
joint research undertaken by academics for knowledge creation, and joint stories developed by media
personnel for the river basin, etc. In order to encourage such endeavors dedicated to building trust
between multiple stakeholders sharing the same rivers, and to create socio-political environments
that enable potential “formal” cooperation, it is therefore important to re-examine the definition of
cooperation around transboundary rivers and potentially broaden its scope. Such a re-examination
raises a few pertinent questions, such as: What does transboundary cooperation actually means?
Is it formal (Track 1) cooperation related to sharing of water, data, and information only, or does it
have a broader meaning? What precisely can be the entry point of such cooperation? Are informal
transboundary dialogues and diplomacy itself an entry point of cooperation on international rivers?

The paper aimed to answer these critical questions, drawing from the “Brahmaputra Dialogue”
(Transboundary Policy Dialogue for Improved Water Governance of Brahmaputra River) project
initiated in 2013 under the South Asian Water Initiative (SAWI), which involves the four riparian
countries of the Yarlung–Zangbo–Brahmaputra–Jamuna River Basin (herein referred to as Brahmaputra
Basin). The Brahmaputra Dialogue is an informal platform, and was initiated to assist communication
at different tracks and between different actors (representatives of states, civil society, academia, etc.)
across the basin countries, in establishing connections and building trust. Significant avenues of
cooperation emerged due to a sustained dialogue that went beyond sharing hydrological data or
signing a basin-level treaty, broadening the definition of “cooperation”. The paper, bringing evidence
from the dialogue, discusses how the Brahmaputra Dialogue process has led to a broader understanding
of “cooperation” among basin stakeholders, which could influence water resource management of the
basin in the future.

This article is divided into four additional sections. The second section (next) brings in a conceptual
discussion of transboundary cooperation. The third section explains the methodology used for data
collection and analysis. It also briefly sets the context of the Brahmaputra River Basin. Section 4
presents the findings of this article, explaining how different elements of cooperation are emerging via
the Brahmaputra Dialogue. The last section presents a discussion and concludes the article.

2. Conceptual Discussion on Transboundary Cooperation

Transboundary cooperation has numerous challenges, as the potential and incentive for each
sovereign state to cooperate varies [11]. Cooperation requires an understanding to be formed of the
diverse interests of stakeholders with respect to water resources, ensuring the sustainable development
of a river or lake basin as a whole [14]. Integrated water resources management (IWRM) and
transboundary water management are therefore two important components of SDG 6 (Target 6.5),
and are intrinsically connected to the other principles of the SDGs and their targets. Progress towards
SDG Target 6.5 is monitored through two indicators: 6.5.1 tracks the degree of implementation of
IWRM at all levels, and Indicator 6.5.2, specific to transboundary water cooperation, is defined as the
“proportion of transboundary basin area with an operational arrangement for water cooperation”.
These indicators were agreed by the United Nations Statistical Commission in March 2016 and were
subsequently adopted in July 2017 by the United Nations General Assembly as part of the global
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indicator framework for the Sustainable Development Goals and Targets of the 2030 Agenda for
Sustainable Development.

Transboundary Rivers, by their basic nature of crossing one or more political boundaries, are in
the realm of international relations engagement between two or more nation states. International
relations (IR) theory can help us understand the way the international systems work, as well as
how nations engage with each other and view the world [15]. Various schools of thought in
international relations—realists, liberal institutionalists, and constructivists—have theories on conflict
and cooperation. The realists concentrate on hard military power and why cooperation is very difficult
and complicated to achieve among states [16]. They state that all nations are working to increase
their own power, and that those countries that manage to horde power most efficiently will thrive,
as they can easily eclipse the achievements of less powerful nations. The liberals, also called “liberal
internationalism”, believe that the current global system is capable of engendering a peaceful world
order. They believe in the power of institutions, and rather than relying on direct force, such as military
action, liberalism places an emphasis on international cooperation as a means of furthering each
nation’s respective interests [17,18]. Constructivists rest on the notion that rather than the outright
pursuit of material interests, it is a nation’s belief systems—historical, cultural, and social—that explain
its foreign policy efforts and behavior [19,20]. Constructivists also argue that states are not the most
important actors in international relations, but that international institutions and other non-state actors
are valuable in influencing behavior through lobbying and acts of persuasion [19]. [21], however,
describes the framing of conflict and cooperation within the mainstream IR theory (realist and new
liberalism) as a binary pair, which has led to the assumption that conflict and cooperation are the two
basic or ideal types of international interaction. The overwhelming use of mainstream approaches,
as Selby argues, has led to a narrow understanding of conflict and cooperation, and “cooperation”
is invariably defined in opposition to “conflict”. Due to such binary framing within mainstream IR
theory, there is a strong value judgment, even within water-specific literature, that “cooperation is
good and conflict is bad” [21]. As such, cooperation over water is considered to be the policy goal,
irrespective of how it is achieved and who gains from such cooperation.

Within water literature, cooperation over transboundary water has evolved over the years. In the
1990’s, water was looked at more from a conflict lens, which gave rise to a “Water Wars Thesis”.
The Water War Thesis argued that an inevitable global water crisis is advancing, which will trigger
international wars between states [22,23] or two or more countries solely over water. The thesis
drew support from water resource development literature as well as from the international rivers
literature, which also focused on the possibility of disputes over water spilling over into outright
conflict between states. However, the water war thesis has become the subject of extensive critique in
recent years. For example, [24–26] have argued that disputes over water very rarely develop into acute
militarized conflicts, as this would jeopardize the use of the resource itself. The critics even argued that
water conflicts have actually encouraged cooperation between states. [27] claimed that, historically,
cooperative efforts have always overpowered violent disputes over transboundary waters. There is a
consensus among water professionals that the cooperative management of shared river basins should
provide opportunities to increase the scope and scale of benefits [28,29]. In fact, [6,30] went a step
further and even rejected the mainstream IR focus on conflict and cooperation in favor of a broader
analysis of relations of power and hegemony within transboundary basins.

The hydro-hegemony analysts of international water politics (see [6,30]) have provided a broader
analysis of relations of power and hegemony within transboundary basins. They contend that to
understand the water issues in any river basin it is important to understand the politics involving the
nation states in that particular river basin [6]. [4] took this research a step forward and emphasized
that, in the vast majority of hydro-political contexts, conflict and cooperation co-exist. There is also
recognition that power relations are asymmetrical, particularly between upstream and downstream
countries, and that “not all cooperation is pretty” [4]. Hence, the conceptual frameworks that argue that
conflict and cooperation can exist simultaneously in any river basin, without reverting to a “water wars”
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scenario [31], provide a counter-narrative to the assumptions that have held conflict and cooperation
as essentially opposite ends of the spectrum of interactions. These researchers also put forth that
cooperation should not be looked at as the end product of any international negotiation or international
legal principle, as gains from cooperation may be unevenly distributed [21].

While these insights are important and have helped to move thinking away from the binary
understanding of conflict and cooperation, in the view of the authors of this paper, the definition of
cooperation still needs further refinement. The transboundary interactions that this water literature
has focused on or analyzed are confined mostly to the state actors. Concepts like hegemony, power,
power asymmetries, and domination etc., which have been prefixed to cooperation, mostly describe the
engagement of state actors (between upstream and downstream countries) in international negotiations
or interactions (i.e., Track 1 diplomacy leading to river basin organizations or institutional arrangements).
At international levels, legal and institutional frameworks also center around such normative emphasis
on state-driven cooperation. For example, the Convention on the Protection and Use of Transboundary
Watercourses and International Lakes (Water Convention) provides a key legal and intergovernmental
framework for promoting transboundary water cooperation [32]. The framework fosters the IWRM
approach, and emphasizes that parties bordering the same transboundary waters should cooperate
by entering into specific agreements and establishing joint bodies. An interstate agreement, or a
joint body, joint mechanism, or commission that commonly governs transboundary rivers, such as
a river basin organization, is considered transboundary cooperation. These interstate agreements
often incorporate water convention principles such as “equitable and reasonable utilization” and
“sustainable development” of shared watercourses with “no significant harm”.

While treaties or agreements are important to bringing stability and enhance security in a
transboundary river context, establishing and ensuring such long-term cooperation at the transboundary
scale requires strong political commitments from the riparian countries. Generating such political will
is not only challenging, but is also a drawn-out process. As politics take center stage, transboundary
cooperation becomes complex and extremely challenging. There is always a risk of change in political
leadership, and efforts made to generate willingness at the political level (Track 1) may not lead to
fruition. Furthermore, as discussed above, in most cases such state-driven cooperation is skewed and
benefits only the powerful riparians. Cooperation through asymmetrical treaties (like for the Nile,
Jordan, and Ganges) has become a source of conflict rather than cooperation [33]. Therefore, [21] poses
an interesting question: “Do there exist, or should there exist, limits to the idea of international
‘cooperation’?”

In this paper, we focused on this aspect of cooperation and have argued that there is a need
to extend the focus of transboundary cooperation beyond state actors. Cooperation can happen at
multiple levels and between multiple stakeholders. There is a need to move from a purely analytical
perspective, primarily centered on the role of the state [2,34–38], and to include the influence that
non-state actors have on managing the river. Focusing only on state-driven cooperation denies or
undermines cooperation that is driven by non-state actors at multiple levels, and it narrows the scope
of the definition of cooperation to only what is defined in legal frameworks.

There are already several initiatives underway in river basins where either cooperation has been a
non-starter or a treaty has led to conflict among the countries signing the agreement. One example is the
Indus Basin Knowledge Forum, which helps to connect multiple stakeholders of the Indus Basin, shared
by Afghanistan, China, India, and Pakistan. Some 300 million people live within the basin and rely on its
resource base, and many more benefit from the harnessing of the basin’s resources. India and Pakistan,
the countries with the most area within the basin, divided up rights to the various tributaries under the
Indus Water Treaty of 1960 (IWT). The IWT has survived various wars and other hostilities between the
two countries, and, as such, it is largely considered a success. Today, however, the treaty is increasingly
facing challenges it was not designed to address [39]. Growing demand for water and energy in
both India and Pakistan, coupled with uncertain climate futures, has put the treaty under increasing
stress, leading to a complex decision-making environment. Despite significant expertise and donor
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support over several decades, water management across the Indus Basin remains poor. Poor water
resources management could be viewed as a missed opportunity to drive resilient economic growth
and poverty reduction, while vulnerability to floods and droughts remains prevalent. Against this
backdrop, the Indus Basin Knowledge Network (IBKN) or Indus Basin Dialogue was initiated in
June 2013—an informal mechanism comprising participants from each of the four basin countries.
The network has been able to bring together a wide range of stakeholders (including policy makers,
development practitioners, academics, civil society organizations, and media), to increase the likelihood
of information exchanges, which, in turn, could inform change in the basin. The dialogue has been able
to build trust among stakeholders across the riparian countries through an Indus-Basin-wide dialogue
process, providing capacity building, generating knowledge and information sharing, assessing climate
change impacts, and promoting data exchange and collaborative research. This progress is significant,
as it is a Track 2 dialogue involving participants from all four countries (not just India and Pakistan).
The process is helping to build an enabling environment for cross-border collaboration on research as
well as to ensure longer-term sustainability for the dialogue.

Similarly, IHE Delft has initiated new research in the Nile Basin on the role that journalists
and scientists can play in transboundary conflicts or cooperation. The Nile—particularly the Blue
Nile shared by Egypt, Sudan, and Ethiopia—is one of the international rivers often described as
being on the verge of a “water war”, as a consequence of competing claims and concurrent projects
of water exploitation by the riparian countries. The “Open Water Diplomacy: Media, Science and
Transboundary Cooperation in the Nile Basin” project aims to offer a space where water journalists
and water scientists from different Nile Basin countries can get acquainted and engage in a process
of common learning and co-production of knowledge. The project also aims to reach out to water
diplomats—national governments, international institutions, NGOs involved in transboundary water
management—to contribute to building shared narratives and a culture of cooperation in the Nile Basin.

In the Lancang–Mekong River—which originates from China as Lancang River and flows through
Myanmar, Lao, Thailand, Cambodia, and Vietnam as Mekong River—China, as the first upstream
country, is at a strategic geopolitical position and of paramount importance in terms of transboundary
river cooperation in this region. While China’s first multi-lateral engagement began with becoming
an observer of the Mekong River Commission (MRC) in 1996—a regional mechanism founded by
Laos, Thailand, Cambodia, and Vietnam—its most influential and recent engagement is probably the
initiation of the Lancang–Mekong Cooperation (LMC) mechanism, including all six countries, in 2015.
However, it is often overlooked that Chinese engagement in this region has been shaped outside the
governmental domain for a very long time, both before and after the LMC was launched. For instance,
in 2008, the Department of International Relationship at Yunnan University held an international
academic workshop on the “Greater Mekong Subregion Economic Corridor Construction: Cooperation
and Development”, which was attended by more than 70 academics from Cambodia, Laos, Myanmar,
Thailand, Vietnam, India, Japan, South Korea, and China. In 2019, the Lancang–Mekong Youth Exchange
and Cooperation Center was established jointly by six universities from all six countries at Fudan
University in Shanghai, with a memorandum of understanding signed to promote communication
among youths in this region. Such collaboration and communication among the academic communities
is playing an important role in creating a cooperative atmosphere and momentum, especially among
the citizens, for encouraging any official cooperation among governmental entities.

Initiatives such as those discussed above can make a substantial contribution, particularly when
Track 1 cooperation is challenging due to political constraints. A significant effort is needed to
strengthen transboundary water cooperation and to realize its potential to support SDG6 and the
many other water-related SDGs. Effort and progress made outside the government domain, through
informal dialogues, can play an important role when governmental cooperation is a non-starter.
These endeavors are dedicated to building trust between nations sharing the same rivers and creating
enabling socio-political environments, as potential ‘formal’ cooperation needs to be encouraged. Hence,
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this paper argues that it is important to re-examine the definition of cooperation on international rivers
and to potentially broaden its scope.

3. Methodology

3.1. Physical and Political Context of the Brahmaputra Basin

The Brahmaputra Basin (please see Figure 1) originates in the Tibet Autonomous Region (TAR)
of China, has a basin drainage area of 580,000 km2, and empties into the Bay of Bengal [40]. It is
shared between four countries—China (50.5% of the total basin area), India (33.6%), Bangladesh (8.1%),
and Bhutan (7.8%). The climate of the basin is monsoon (south-west) driven, with a distinct monsoon
season from May to September accounting for 60–70% of the annual rainfall, but the upper flow is
supported by groundwater and glacial/snow melt. The annual flow of the Brahmaputra River from
China to India is estimated to be 165.4 billion cubic meters (BCM), with an additional 78 BCM entering
India from Bhutan. As the river descends from Tibet, increased precipitation supports the growth
of forests such as sal, a valuable timber tree found in Assam. At lower elevations, tall reed jungles
grow in the swamps and depressed, water-filled areas (jheels) of the floodplains. Communities in the
Assam Valley primarily grow tea in the upstream region, and cultivate fruit trees including plantains,
papayas, mangos, and jackfruit. In this region, one can find 220 languages originating from three
distinct language families—Indo-Aryan, Sino-Tibetan, and Austric. “The Brahmaputra basin lies in
distinct geological and climatic zones, extending from the dry region of Tibet in the rain shadow of the
Himalaya to the eastern basin receiving extremely high rainfall” [40,41].

Figure 1. Map of Brahmaputra Basin (Source: IITG).

The basin has a varied terrain, high seasonal variability of river flow, and is also susceptible
to sudden channel migration, making it a highly unpredictable and complex water system [40].
More than 100 million people live in the basin and the economic structure is highly river-dependent,
with livelihoods relying on agriculture, livestock, forestry, and fisheries, among others. While the river
is the primary source for the basin communities, a majority of the communities are marginalized and
live in poverty. Although the river basin has immense potential to reduce poverty, with opportunities
for irrigation development, livelihood enhancement, and operations such as inland water navigation
and hydropower development, they have not been well harnessed [11].

Water scarcity is severe in South Asia and among other regions globally, and it is expected to
get worse in the coming time. The hydrological impact of climate change on Brahmaputra Basin is
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expected to be greater than that of other basins, as it will be contributed to by glacial melt and extreme
monsoon rainfall [42]. Monsoon is characterized by seasonal variations in rainfall in the region and
the streamflow is likely to be affected due to climate change, with an increase in rainfall during wet
summer period [43], but less rainfall during the dry winter period [44]. Over the downstream of the
basin, seasonal fluctuations of surface water availability and water demand are out of phase (inflow of
a large volume of surface water is limited in a relatively short monsoon season). During the dry season,
there is a serious water shortage, with water demand exceeding water availability [45]. The population,
along with their food demand and economic development of the basin, is anticipated to rise at a faster
rate compared to other regions [44].

The basin is rich in biodiversity [46–48], but, the riparian countries face challenges related to floods
and droughts, development of infrastructure, and lack of open communication, both within and between
the countries. Consequentially, within the Brahmaputra Basin, there are the stereotypical conflicts of
interest between upstream and downstream riparians, related to water resources development and
water diversion plans of the upstream areas [46]. As each riparian country has a national priority with
regard to the Brahmaputra, the understanding of benefit from the Brahmaputra River, therefore, varies
between the four sovereign states of the basin, along with the incentives to cooperate. While the river
provides economic and energy opportunities for China, India’s main concerns include control of floods
and erosion and harnessing the river’s potential (through the development of hydroelectricity and
navigation) to foster integration of North-East India (which is relatively isolated) with the rest of the
country. For Bangladesh, it is crucial to manage the physical impacts of the river (like riverbank erosion,
annual flooding, sedimentation, and diminished water flow in the dry season) [49,50]. Being the most
downstream country, Bangladesh sees the development of water infrastructure in India and China as a
threat. Conflicts often arise between India and Bangladesh regarding the strategies being adopted for
controlling floods and harnessing of the potential of the Brahmaputra [7]. Each country does realize the
potential the river provides for economic development, but the benefits are seen through localized and
sectoral lenses, which trigger tension and disputes within, as well as between, the riparian countries.
While the three riparian countries have not been able to harness the potential of the river together, India
and Bhutan have been able to achieve some cooperation through the development of hydropower
projects [11].

Other key concerns and challenges that are typical to the Brahmaputra Basin countries are
historical rivalries (China–India war of 1962 and their border disputes), high political mistrust and
suspicion, increasing nationalism, closed-door negotiations exclusively on water issues, and absence
of negotiation frameworks [47]. Unlike in other international river basins, there is no institutional
mechanism in place to address the issue of water management at the river basin level [48]. There are
few bilateral agreements (Memoranda of Understanding) between the riparian countries addressing
water-related issues like data sharing and flood forecasting. The overall scope of cooperation through
such avenues is quite narrow. While the lower riparian countries insist on getting continuous data
and information, it is shared only during the wet season [46]. To date, no multi-lateral or basin-wide
agreement has been signed regarding the Brahmaputra Basin.

There are ongoing discussions among the political leaders for regional multi-lateral cooperation
on water management of the Brahmaputra Basin, but very little progress has actually been made in
achieving cooperation at the Track 1 level (i.e., government-to-government). For example, there were
plans of instituting a Brahmaputra Valley Authority within India, similar to the Tennessee Valley
Authority, but it never materialized [46]. Further, there is a lack of scientific knowledge and information
about the river, as the Brahmaputra River Basin is relatively under-researched compared to other
river basins in South Asia. This lack of information has not hampered the construction of water
infrastructure projects on the river, especially by India and China. However, very little information
about these projects is made available in the public domain, which has created mistrust and suspicion
among the riparian countries [11,46].
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A vital factor in the case of Brahmaputra Basin is the lack of a reliable and comprehensive
network of basin-wide information on climate change, flow data, natural hazards, and economic
factors (agricultural production, prices, and trade through navigation) [40]. To reduce the pressure on
water demand due to the region’s growing population and high development activities, long-term
sustainable planning (population control, land use policy) is required. Some other non-structural
measures that are significant for reducing exposure and social vulnerability could include development
of an early warning system and implementation of water policy that benefit the marginalized. To
mitigate the risk of water scarcity and to secure the livelihood of the communities, adaptation strategies
need to be jointly discussed by the policy makers, researchers and grassroots level stakeholders across
the countries, and river basin management authority of the region would require consolidation of
relevant institutional mechanisms at various governance scales [51].

Water being both a center and state subject in India along with the central level institutions,
it is the state-level institutions of Assam and Arunachal Pradesh that are involved with the river.
Within the country, it is the states, not the central government, that have primary jurisdiction over the
management of water resources. In the case of China, water is a national property and is therefore
administered by the national-level ministry, i.e., MWR (Ministry of Water Resources of the People’s
Republic of China), which has the power to formulate sector policies, regulations, and laws. However,
policy implementation and enforcement fall on the shoulders of provincial water bureaus, who are
supposed to obey both of their superiors, i.e., MWR and provincial government. In Bangladesh and
Bhutan, the river is managed primarily by the national-level government. Institutions present at the
local level are involved only during implementation and consultation during planning of activities.
Meanwhile, the transnational aspect pertaining to this basin, is missing from all the countries with the
absence of any regional-level authority.

In order to develop trust and confidence between the riparian countries of the Brahmaputra
and to work on the aforementioned issues and potential development agendas, there has to be
long-term interaction and communication between different stakeholders, which should also include
non-traditional stakeholders, such as the private sector, media, funding institutions, and marginalized
groups, including women. Such multi-track diplomacy for the Brahmaputra Basin will create and
support spaces where meaningful conversation can take place among diverse stakeholder groups. Such
interaction can eventually inform and help shape more formal negotiations and decision making [52].

With this backdrop, in 2013, a multi-lateral and multi-track dialogue was initiated by SaciWATERs
(a non-governmental organization based in India) (South Asia Consortium for Interdisciplinary Water
Resources Studies) for the Brahmaputra Basin, with the aim of enhancing the interaction between
multiple stakeholders. The dialogue initiated by SaciWATERs is, to date, the only multi-track and
multi-lateral initiative that involves all the four basin countries and deals with the Brahmaputra River
Basin. The first phase of the dialogue was supported by The Asia Foundation, and from 2014 onward,
the dialogue became part of World Bank’s SAWI project. In this paper, discussion is concentrated on the
progress of the dialogue under the SAWI initiative. The dialogue has recently become institutionalized,
with government funded research/academic institutes becoming the nodal partners (India: Indian
Institute of Technology, Guwahati (IITG) and the regional nodal institute, Bangladesh: Institute of
Water Modelling (IWM)) in each riparian nation for facilitating the dialogue.

3.2. Data Collection

For the purpose of this research, we studied the Brahmaputra Dialogue meetings in 2014–2018.
The dialogue took a constructivist approach, as it is believed that both state and non-state actors are
important stakeholders in transboundary water management, and that non-state actors can make a
valuable contribution to paving the path of cooperation between state actors. We collected all the
reports of the Brahmaputra Dialogue (BD) organized between 2014 and 2018 (see Appendix A for more
details). In three phases, 23 workshops and meetings were held (see Figure 2 below). The meeting was
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conducted in India (New Delhi, Guwahati, and Itanagar), Bangladesh (Dhaka), and Singapore, where
Bangladeshi, Bhutanese, Chinese, and Indian participants from Track 3 to Track 1.5 were present.

 

Figure 2. Brahmaputra Dialogue under the South Asian Water Initiative (SAWI).

Track 3 and 2 involved members from CSOs, NGOs like Aaranayak, Centre for North East Studies
and Policy Research (C-NES) from India; Bhutan Water Partnership and the Royal Society for Protection
of Nature (RSPN) from Bhutan; and Jagrata Juba Shangha (JJS) from Bangladesh. It also involved
academic and research institutions like the Institute of Chinese Studies (ICS), Dibrugarh University
and Indian Institute of Technology Guwahati from India; BRAC University, Bangladesh University of
Engineering and Technology, and the Institute of Water Modelling from Bangladesh; and Shanghai
Institute for International Studies (SIIS) and Yunnan University from China. Track 1.5 included
government officials from various ministries and departments of India, Bhutan, and Bangladesh. For
instance, the Ministry of Jal Shakti (previously Ministry of Water Resources), Brahmaputra Board,
Water Resources Department of Assam, and Arunachal Pradesh, Assam Disaster Management Authority
from India; Ministry of Water Resources, Bangladesh Water Development Board, Water Resources
Planning Organization from Bangladesh; National Environment Commission Ministry of Agriculture
and Forest and Ministry of Home and Cultural Affairs from Bhutan. Track 1.5 actors have always been
reluctant about their participation in these dialogues, and have particularly stated that the opinions
shared on the platform are personal and do not reflect the opinions of the state. There has not been
any particular formal statement from a government body, which itself shows a lack of commitment
from governance institutions. Track 2 has always emphasized data sharing that can contribute to
research activities, and the grassroots and civil groups have emphasized the need for transparency in
the decision-making processes of the countries. The Track 3 stakeholders have always emphasized on
the need for inclusive governance, with accountability for the issues raised by the stakeholders who
rely on the river directly.

We numbered these meeting reports with unique codes and used them in our analysis section.
For instance, the first meeting of Phase I of BD is coded as BD(I), 2015 (1). For at least 12 meetings,
we also collected the audio recording and notes made during the meetings. The notes and audio
recordings helped to triangulate the data of the BD meeting reports.

3.3. Data Analysis

An iterative process of document analysis was used to analyze the BD meeting reports. To make
sense of how cooperation between stakeholders emerged in different tracks, we focused on the question:
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“What is the data (text of the meeting/workshop documents) telling us about the cooperation?” We
read each meeting document in detail, marking keywords, phrases, and sections, and identified how
stakeholders wanted to further collaborate or showed signs of cooperation, for instance, how Indian
media stakeholders understood the issues of Brahmaputra Basin and how they wanted to further
collaborate with media stakeholders in Bhutan and Bangladesh. We analyzed the text in the BD reports
where media stakeholders discussed the ways of collaborating with other countries’ stakeholders.
Similarly, the outcomes of each meeting were also analyzed to understand the cooperation between
different stakeholders.

3.4. Limitations

In this article, we analyzed only the meeting documents and notes, and there are certain
limitations attached to this methodology. Two main limitations are attached to document analysis.
First, the documents were produced for a particular purpose and not aligned to a particular research
question. The documents did not provide sufficient detail to answer a particular question (in this case
to redefine cooperation). However, we analyzed the documents through the lens of cooperation at
different tracks, elaborating how the actors have understood cooperation and how each riparian country
progressed in terms of cooperation at different tracks between 2014 and 2018. Second, policy documents
report on an event in a specific time period; the data did not have the flexibility to present details
before and after the event. The documents used in this article only present the views of stakeholders in
those particular meetings, and did not highlight how stakeholders behaved after the meetings.

4. Analysis

4.1. Re-Interpreting Transboundary Water Cooperation Through Brahmaputra Dialogue

The Brahmaputra Dialogue was initiated as a bilateral initiative with people-to-people diplomacy
in 2013, but from 2014, the dialogue shaped into a multi-track and multi-stakeholder deliberation
engaging the four basin nations and identifying avenues of cooperation. While dialogue at the Track 1
level, with a top down approach, has always been considered an acceptable form of formal cooperation,
this initiative attempted to acknowledge the inclusivity that dialogues at the Track 3 and 2 levels
can bring into the decision-making process, as the perspective on the issues plaguing the basin can
flow from the bottom to top only when there is accountability to those whose lives and livelihoods
are impacted directly by the river. A narrow definition of water cooperation, limited to the Track 1
governmental domain, not only undermines the fruition of the cooperation in other forms, but also
actively prevents the maximized impacts being generated. For example, the Indus Treaty has been
a diplomatic initiative purely at the political and policy level, but it still remains disputable and
unsatisfactory to the basin-level stakeholders on the ground [53,54]. This platform has served to
provide a non-formal cooperative arrangement to not only the policy makers and bureaucrats (former
and serving) but also to those engaged with civil society and research. The ability to bring on board
the serving bureaucrats has been vital, as under certain circumstances formal communication is not
possible, but unofficial bodies can facilitate the deliberation among the parties. The initiative has
fostered relationships that have lasted beyond the dialogue meetings, and have initiated joint efforts
beyond the platform to work together on relevant issues among the stakeholders.

In the first phase, the dialogue moved to a Track 2 mode. The structure of the workshops saw
country-level workshops followed by regional-level dialogues. The country-level workshops were
conducted only in India and Bangladesh, with plans to expand them to China and Bhutan in the next
phase. In the second phase, the dialogue expanded its reach to Bhutan and China by organizing country
consultation meetings in both countries, along with dialogue workshops in India and Bangladesh.
The third phase has been concentrated on particular themes that were the outcomes of the first two
phases—institutional mapping, disaster management, inland water navigation, and water–energy
nexus. It has provided space for the government stakeholders to formally and informally deliberate on
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issues concerning the basin, and received significant participation from China to advocate south–south
cooperation on developing water–energy nexus in the region.

The dialogue meetings and workshops conducted have been cross-cut across the tracks in
the aforementioned phases, but the outcomes can be outlined at different track levels. Dialogue
workshops conducted between 2014 and 2018 are listed in the table in Appendix A. The workshops,
meetings, and reports have been provided with a unique code, which were used for reference in the
analysis section.

Figure 3 represents the recurring themes that were identified from document analysis and that have
been emphasized by different stakeholders. These themes are also cross-cutting and interconnecting.
Each theme also identifies which group of stakeholders is more invested in working towards cooperation
in the basin through color codes. In the above diagram, “active” denotes energetic pursuit of an activity
by being on the forefront, while “passive” involves watching, looking at, or listening to things rather
than being actively involved in an activity. This schematic representation is intended to address how
dialogue/diplomacy at the informal level can also contribute to cooperation through collaborations at
that level and by keeping the diplomats at the formal level diplomacy informed. The details of this
representation are addressed in the following.

 

Figure 3. Schematic representation of the analysis.

4.1.1. Data and Knowledge Sharing

Since its inception, the dialogue has involved active participation from the grassroots level
(Track 3), as any sort of policy dialogue has to acknowledge the association of the communities that
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are primarily dependent on the river. “Any intervention implemented in Arunachal should take into
account the land and water rights of the tribal communities” [55]. In fact, in 2016, an initiative was
exclusively taken under the dialogue to bring together the CSOs of the three countries—the Centre
for North East Studies and Policy Research (C-NES) from India, the Royal Society for the Protection
of Nature (RSPN) from Bhutan, and Jagrata Juba Shangha (JJS) from Bangladesh. The aim was to
bring about cooperation by the sharing of knowledge and experiences between these groups. Within
this initiative, a gendered narrative (from marginalized groups) on coping and adapting to disasters
across India, Bhutan, and Bangladesh at the community level was also developed, with the intention
of sharing the learning with academics/researchers (Track 2) and policy makers (Track 1). “Free flow of
data is required, which can contribute to reduce misunderstandings to a great extent” [55].

The best practices followed in Bangladesh, such as community-level disaster management systems,
have been shared [56], so the other basin countries can see if these can be incorporated in their nations
as well. Bangladesh’s capacity to cope with disasters, with efficient communication from top to
bottom, was well appreciated by not only the CSOs, but also the government officials that were present
from India and Bhutan. The workshop in Shanghai, organized in September 2019, brought together
both academics and ex-bureaucrats to discuss how to realize multiple benefits, including optimized
energy security and enhanced climate change resilience, through international water cooperation [57].
There are several joint collaborations, mentioned in the following sections, that have also facilitated the
sharing of information across. While Track 1.5 has been involved in the process of sharing information,
it is usually Tracks 2 and 3 that have fostered better research outputs in the basin. These tracks are also
responsible for communicating the information requirements to diplomats from Track 1, who facilitate
such transnational data exchange.

4.1.2. Collaborations

A Facebook group titled “The Brahmaputra Dialogue” was initiated in 2017, which brought
together the members of CSOs and academics of the three countries (India, Bhutan, and Bangladesh),
along with media representatives. This form of cooperation can promote the sharing of information,
generating common understanding on various issues related to the river and also building consensus
regarding contested issues. Such social media groups can also help in facilitating advocacy at
inter-country level [58]. The dialogue has also paved the way for science and media communication
initiatives for the basin, engaging scientists and media personnel for improved generation of information
and to avoid misinformation, which has been an issue in the region.

The dialogue participants have often emphasized the importance of conducting joint research and
how it can help to promote cooperation in the basin. “Joint research should be conducted at the basin
level by bringing all the riparian countries together, regarding issues related to the river basin” [59].
Yunnan University has extensive experience working on Mekong River, and they agreed to share
their tools, which can also be applied to the Brahmaputra Basin. As a result, a basin-level project was
initiated between Yunnan University from China, IIT Guwahati, and the Institute of Water Modelling
(IWM) from Bangladesh. The project, titled “Water Resources Vulnerability and Security Assessment
of the Yarlung Tsangpo–Brahmaputra Transboundary River Basin” is funded by the National Natural
Science Foundation of China and the International Centre for Integrated Mountain Development
(ICIMOD). Further, in 2017, a MoU (Memorandum of Understanding) was signed between Yunnan
University from China and Indian Institute of Technology Guwahati (IIT Guwahati) to carry out data
sharing, and exchange of faculty and students to ultimately foster joint research in the basin.

In 2019, the initiative was taken to develop a book called “Perspectives on the
Yarlung–Tsangpo–Brahmaputra–Jamuna River”. The book is one of the first of its kind, as it is
being written in a collaborative manner by academics from all four riparian countries. The objective
of this book is to introduce the multiple dimensions of this river, including hydrology, cultural,
biodiversity, development, and so forth. The efforts for collaboration have happened only at the Track
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3 and 2 level, with Track 1.5 actors being involved either as experts or recipients of the project outputs,
like policy brief, reports, and research papers that can help influence decision making.

4.1.3. Bridging the Gap

Continuous deliberation with the participants through the dialogue has helped to build trust
and bring cooperation among academics from India, China, and Bangladesh. The first step towards
this was taken in [60], when the first country-level workshop was organized in Yunnan University in
China, which also included participants from India and Bangladesh. While discussions and efforts on
transboundary water diplomacy and cooperation have been focused on Track 1 cooperation among
governments, academic communities also have a crucial role to play. Communication and collaboration
between academics can generate many benefits, such as generating and sharing knowledge on water
diplomacy and cooperation, developing the capacity of the next generation of water diplomats,
identifying opportunities for conflict prevention and cooperation over transboundary water resources,
and developing and improving relevant tools. Moreover, in some countries where transboundary
water cooperation might be politically sensitive, academic discourses are important to creating social
momentum and bridging the communication and understanding among their respective citizens.
Under the Brahmaputra Dialogue, an increasing number of academic players have been brought
into the conversation. Take China, for example—the dialogue was initiated with only researchers
from the Yunnan University Asian International Rivers Center as participants. After several years of
development, its network has grown substantially within China to include more academic institutions
as well as governmental think tanks. Similarly, in Bangladesh, apart from IWM, academics from BRAC
University are now involved in the process. While mistrust has been the roadblock to citizens from
different countries from getting to know each other, suspicion among citizens is counterproductive to
advancing the cooperation agenda. “The way with trust, confidence, dialogue, and consultation, a
major trans-boundary river like the Mekong has come up with a commission, similarly it is possible
for Brahmaputra to be the subject of some kind of consensus among its riparian countries—it may take
10–15 years but it is definitely possible through such dialogues” [59]. This Track 2 level cooperation
can help to reveal the unknown, which is the first step for dismantling mistrust and promises the hope
of reaching Track 1 cooperation in the governmental domain.

Bureaucrats from Assam and Arunachal Pradesh in India have even endorsed the dialogue and
recognized the importance of involving multiple stakeholders [59]. “...involving multiple stakeholders
at multiple levels from all the basin countries, which will ultimately lead to wellbeing of the common
people” [59]. As a result of these continued deliberations, the participants themselves demanded
the continuation of the dialogue in 2015 [61]. This, itself, can be seen as a point of cooperation,
with the four riparian countries wanting to discuss the issues and concerns through the informal
platform. In April 2017, serving and former bureaucrats (along with members of CSOs) from India
and Bhutan visited Bangladesh to better understand the disaster management system in place in
Bangladesh [56]. In order to facilitate this exchange of information, discussions were conducted with a
few of the union- and district-level Disaster Management Committees of Bangladesh. This form of
cooperation helped the exchange of information related to disaster management between the three
countries. “Various suggestions have come—holistic and basin-level approaches, integrated water
resource management, regional cooperation, etc.—but all these will not succeed without dialogues and
consultations between riparian countries” [59]. Track 1.5 level diplomacy has also helped to bridge
the gap between government officials and civil society [62]. Track 3 and 2 play more active roles than
Track 1.5.

4.1.4. Multi-Track Cooperation

By being multi-stakeholder in nature, the dialogue over the years has provided a platform for
deliberations of stakeholders such as serving and retired bureaucrats, NGOs, academics and researchers,
and CSOs of all the four riparian countries. Therefore, the dialogue has not only helped in building
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cooperation among the government officials (serving and retired bureaucrats) of the riparian countries
but also between officials and other stakeholders. In a group discussion during [58] at the Track 3 level
in India, the participants themselves highlighted the importance of cooperation between them. “CSOs
also need to motivate themselves into working as a team, whether with other CSOs or with the research
community, as one single CSO might not have the capacity to deal with certain problems alone” [58].
Further, CSOs need to engage with the media to highlight important stories and issues. “ . . . civil
society and NGOs working on the ground should be in regular touch with media through e-mail,
Whatsapp, and other social media networks so that they can come into parlance with larger issues” [58].
As compared to other river basins of South Asia, Brahmaputra is relatively under-researched [11].
Due to the lack of available scientific information, academics (Track 2) have been a central part of the
Brahmaputra Dialogue. Starting with India and Bangladesh, as the dialogue progressed, academics
from China also became a part of the process, generating an atmosphere of cooperation among this
group multi-laterally [59].

“Cumulative Environmental Impact Assessment Studies at the transnational level should be taken
up as a means of cooperation across riparian countries.” [59]. When the dialogue became multi-track,
the initiative was also presented to major political leaders, such as the Chief Minister of Arunachal
Pradesh and the Secretary of Water Resources Department (WRD) Assam, who appreciated the efforts
of the dialogue [63]. The members of the Central Water Commission of India and water resource
departments in both Bangladesh and India had agreed to be on the advisory board for the next phase of
the dialogue by the end of the first phase, making the dialogue multi-track [63]. During the Bangladesh
country workshop [56], members of RSPN and C-NES (along with others) conducted field research
along with a multi-track meeting, where the discussions concentrated on the local-level management of
disasters in the country. The meeting was organized by JJS under the BD initiative, with participation
from government departments of India and Bangladesh (Track 1.5).

Academics and researchers (along with other stakeholders) from all the four countries have also
come together through the dialogue on various occasions, such as the regional-level workshop in
Singapore in October 2016 [64] and the Brahmaputra River Symposium in New Delhi [65] in September
2017, which has helped in enhancing cooperation among them. “Ecological needs must be taken into
account when we talk about development and therefore a multi-dimensional approach is needed” has
been a suggestion during [59]. Sometimes, academics or academic outcomes may exert influence over
a country’s political leaders’ decisions. For example, the Chinese have shared their experience from
Lancang–Mekong on long-term cooperation during the initial dialogues, and how the same strategies
could be adopted towards the formation of the Brahmaputra River Commission [55].

In September 2019, IIT Guwahati and the Shanghai Institute for International Studies,
a governmental-affiliated think tank, co-hosted the first multi-lateral workshop in China on
“Climate-Water-Energy Nexus and South-South Cooperation” with participants from China, India,
and Bangladesh [57]. Governmental officials also participated as observers. The workshop discussions
highlighted the paramount importance of academic collaboration in creating consistent and positive
discourses. Therefore, it is evident that Track 2 academic cooperation has already gained traction,
as well as Track 1.5, in all the riparian countries. Therefore, the Brahmaputra Dialogue has helped
the development of cooperation among academics and researchers of all the four riparian countries,
often shaping it for the coming phases through suggestions that would sustain the initiative and
seek to influence policies. For example, [65] and the following consultation meeting with Chinese
delegates [66] brought forth recommendations for capacity building of the existing institutions to
manage the river system effectively, integrated investment in the Brahmaputra Basin to mitigate
risks and make more productive use of water resources, and enhancing cooperation between the
riparian countries and states by promoting inland water navigation, finding nodal partners from each
riparian nation, institutional mapping, benefit sharing, media involvement, and disaster risk reduction.
These suggestions have been integral to the third phase of the dialogue. Track 1.5 seems more eager to
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participate in the current phase, reflecting political willingness to cooperate, making them more active
than passive now.

From the beginning, conducting joint research on issues of common interest has been emphasized
across the tracks to ease the sharing of knowledge across the countries, and has been achieved in
the more recent phases of the dialogue. Since each riparian nation has a different perspective on
river water management, the dialogue has been able to identify common avenues that could generate
cooperation, like flood and erosion management, inland water navigation, and the water–energy
nexus. Patience is the key to such dialogue projects, as has been emphasized by the stakeholders time
and again, to generate willingness to cooperate on a regional level. The Mekong River Commission,
which belongs to a more familiar geographical context as both basins are in the South of Asia with
familiar development issues, took 37 years to materialize [67]. The dialogue acknowledges the
contribution of diplomacy and cooperation efforts at the Track 1.5, 2, and 3 levels as effective and
necessary, because the outcomes keep the Track 1 informed. This provides encouragement for the
Track 1 diplomats to also engage in basin-level dialogue formally.

5. Conclusions

While state cooperation in transboundary waters is seen as a logical consequence of
interdependencies, such cooperation is driven by several factors, such as national security, historical
rivalries, hydrological conditions of the basin, and also, at times, intervention of third parties [32]. It is
a drawn-out process and, at times, states may not be motivated enough to cooperate. Hence, there is a
necessity to expand the focus of cooperation beyond state actors. The Brahmaputra Dialogue provides a
neutral platform for open communication among participants. The dialogue does not necessarily focus
on a consensus outcome, but is a multi-lateral platform for informal engagement and consultation to
identify avenues for cooperation in the transboundary context. Through multi-stakeholder engagement,
the dialogue initiative aims to increase cooperation at multiple levels and decrease conflict within
the basin. While transboundary cooperation is mostly looked at as a state-led process resulting from
political interaction between the riparian countries, this initiative emphasizes the need to widen the
scope of cooperation to incorporate initiatives that are happening outside the formal process. Such
transboundary interactions between non-state actors could influence resolutions of the transboundary
water issues of the Brahmaputra Basin.

Flood management, erosion control, hydropower, navigation, and ecological integrity etc.,
are issues of high importance to all countries sharing the basin, but there is a need to better understand
the system in order to improve its management for economic development. Although researchers,
water practitioners, and managers, among others, have conducted substantial analyses to understand
the dynamics and potential of this mighty river, there remain significant knowledge gaps in the
system and in sustainable approaches able to make the most productive use of rich water resources
while reigning in destructive forces. Due to the securitization of hydrological data, there is secrecy
around water knowledge in the basin, and a lack of transparency surrounds the knowledge that is
available. All of these issues have also resulted in knowledge gaps, which pose a real challenge
to IWRM in the region. By bringing the academic community of all the four countries together,
this initiative is providing them a platform to interact and work in cooperation to generate basin-wide
knowledge. Such basin-wide knowledge can help to strengthen the evidence base and enhance the
shared understanding of the system. Such understanding would foster more strategic and cooperative
planning across administrative and sectoral boundaries, as well as in multiple disciplines. This,
in addition to strengthening the interface between science and policy, would lead to more informed
decision making for improved policy formulation (such as the SDGs) and river basin management.

Several focal points where the countries could cooperate have emerged only because the dialogue
could be sustained to provide an opportunity for the stakeholders to identify the common issues.
Therefore, the dialogue also goes beyond hydrological data sharing or signing of a basin-level
treaty, thus broadening the definition of “cooperation” in the Brahmaputra Basin. The identified
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focal points of cooperation include the academic exchange of scholars, joint research proposals,
organizing joint workshops and conferences, joint publications, civil society meets, media interactions,
and science–media dialogues. Such collaboration is already paving the way in the Brahmaputra Basin
and can be seen as an entry point of cooperation among the Brahmaputra Basin countries.
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Appendix A

Table A1. Workshops, meetings and reports from Phase I to Phase III (2014–2018).

Sl. No.
Workshop/Meetings
/Reports

Location Month/Year Stakeholders Involved Unique Code

Phase I

1
Country-level

meeting India January 2015
Government and

non-government stakeholders
from India

BD(I), 2015 (1)

2

Bilateral
meetings with
government

officials in Assam

India March 2015

From following
departments—Flood and

River Erosion Management
Authority (FREMA),
Brahmaputra board,
Department of Water

Resources, and Department of
Environment and Forest.

BD(I), 2015 (2)

3

Bilateral meeting
with government

officials in
Arunachal

Pradesh

India April 2015

From following
departments—Department of
Water Resources, Department

of Forest and Environment,
and the Chief Minister’s office

BD(I), 2015 (3)

4
Multi-lateral

dialogue meeting Bangladesh May 2015

The dialogue moved from
bilateral to multi-lateral level

with the inclusion of
stakeholders (track 2 level)

from Bhutan and China

BD(I), 2015 (4)

5
Dissemination

meeting India August 2015
Government and

non-government stakeholders
from the four countries

BD(I), 2015 (5)

6
Consolidated

report – – – BD(I), 2015 (6)
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Table A1. Cont.

Sl. No.
Workshop/Meetings
/Reports

Location Month/Year Stakeholders Involved Unique Code

Phase II

7
Advisory

committee
meeting

India February 2016

A committee with mostly
academics was formed to

forward the dialogue in the
respective countries.

BD(II), 2016 (1)

8

Role of dialogue
in transboundary

water
management
(Policy brief)

– February 2016 – BD(II), 2016 (2)

9
Country-level

meeting Bangladesh June 2016

Government and
non-government stakeholders

including Senior Secretary,
Ministry of Water Resources,

Bangladesh

BD(II), 2016 (3)

10 Bilateral meeting Bangladesh June 2016

Non-government and
government stakeholders
from MoWR, Joint River

Commission (JRC), WARPO,
Bangladesh Water Board

BD(II), 2016 (4)

11

Multi-lateral
country level
consultation

meeting

China July 2016

Meeting organized at Yunnan
University between academics

to identify joint research
themes

BD(II), 2016 (5)

12
Country-level

meeting India August 2016

Non-government and
government stakeholders

including Secretary MoWR,
India, to discuss ways for

cooperation among the states
within India

BD(II), 2016 (6)

13
Consultation

meeting Bhutan September 2016

Non-government and
government stakeholders of

various departments like
National Environment

Commission, Ministry of
Agriculture and Forest,
Ministry of Home and

Cultural Affairs

BD(II), 2016 (7)

14

Closed door
meeting during

International
River

Symposium

India September 2016

Government and
non-government stakeholders

from Bangladesh, Bhutan,
and India (under Chatham

house rule)

BD(II), 2016 (8)

15
Regional-level

dialogue meeting Singapore October 2016

Government and
non-government

representatives of four
countries including the Senior
Secretary, MoWR, Bangladesh

BD(II), 2016 (9)

16

Country-level
workshop on
Brahmaputra
Knowledge
Exchange

Programme

India November 2016

Attended by CSOs, academic
community and state officials
to bridge the knowledge gap

on science, policies,
and common perceptions

about the Brahmaputra River

BD(II), 2016 (10)
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Table A1. Cont.

Sl. No.
Workshop/Meetings
/Reports

Location Month/Year Stakeholders Involved Unique Code

17

Consolidated
report from

January–December
2016

– – – BD(II), 2016 (11)

18
Country-level

workshop Bhutan March 2017

National deliberation between
state officials and CSOs on

transboundary river
governance of Brahmaputra

River

BD(II), 2016 (12)

19
Country-level

workshop Bangladesh April 2017

Government and
non-government stakeholders
for disaster management for

the Brahmaputra Basin

BD(II), 2017 (13)

20
Country-level

workshop India June 2017 Skill and training workshop
for Tracks 3 and 2 BD(II), 2017 (14)

21

Regional
symposium

“Brahmaputra
River

Symposium:
knowledge

beyond
boundaries’

India September 2017

150 delegates including
government and

non-government stakeholders
from within and outside the

region

BD (II), 2017 (15)

22

Brainstorming
meeting between

India, China,
and Bangladesh

India December 2017

The discussions during the
academic meeting contributed

to the understanding of the
outcomes of the existing

dialogue process, the gaps and
challenges associated with it,
and the way forward for the

third phase.

BD(II), 2017 (16)

Phase III

23
Inception

meeting for
Phase III

India May 2018 Government stakeholders
from India and Bangladesh BD(III), 2018 (1)

24
Bangladesh

country-level
meeting

Bangladesh August 2018 Government and
non-government stakeholders BD(III), 2018 (2)

25

Climate–water–energy
nexus and

south–south
cooperation

China September 2018 Government and
non-government stakeholders BD(III), 2018 (3)

26
CSO meet for the

Brahmaputra
River Basin

India November 2018 Non-government stakeholders BD(III), 2018 (4)
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Abstract: We reflect on methodologies to support integrated river basin planning for the Ayeyarwady
Basin in Myanmar, and the Kamala Basin in Nepal, to which we contributed from 2017 to 2019. The
principles of Integrated Water Resources Management have been promoted across states and regions
with markedly different biophysical and political economic conditions. IWRM-based river basin
planning is complex, resource intensive, and aspirational. It deserves scrutiny to improve process
and outcome legitimacy. We focus on the value of co-production and deliberation in IWRM. Among
our findings: (i) multi-stakeholder participation can be complicated by competition between actors
for resources and legitimacy; (ii) despite such challenges, multi-stakeholder deliberative approaches
can empower actors and can be an effective means for co-producing knowledge; (iii) tensions
between (rational choice and co-productive) models of decision complicate participatory deliberative
planning. Our experience suggests that a commitment to co-productive decision-making fosters
socially legitimate IWRM outcomes.

Keywords: co-production; development assistance; hydrological modelling; irrigation; IWRM;
rational choice; stakeholder participation; scenario analysis; water governance

1. Introduction

Strategic river basin planning consists of a complex, socially ambitious set of knowledge production
practices, involving monitoring and assessment, expert-led analysis, and participatory planning [1,2].
This set of practices involves the production and synthesis of knowledge in multiple domains,
the interpretation of key messages by policy actors, and the deployment of such messages in planning
processes. Because they are complex, resource-intensive, and generally publicly funded, and because
actors use them to justify particular investments or development trajectories, river basin planning
practices deserve critical reflection.

In this perspective paper, we reflect on the processes and outcomes of two participatory river
basin planning initiatives, to which—as process designers, implementers, and observers—we have
contributed. One subset of the co-authors implemented an exploratory planning study for the
Ayeyarwady river basin, completed in 2018 as a step towards a river basin master plan [3]. Another
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subset initiated Nepal’s first participatory water resources development strategy for the Kamala,
a 2050 km2 river basin in Nepal, an ongoing initiative as of 2019 [4]. These capability-constrained,
post-conflict, democratizing settings offer vital insights into the strengths and limitations of approaches
to strategic planning. The paper argues that IWRM-based planning requires co-productive models of
planning. This argument is based on the authors’ reflection on methodological challenges we navigated
when designing and implementing river basin planning projects in Myanmar and Nepal.

The concept of strategic river basin planning has evolved since its emergence in the late 20th C.
Until the 1990s, it essentially meant long-term infrastructural development planning, with relatively
simple social or environmental analysis. Post-WWII water supply infrastructure was planned according
to an engineering-oriented paradigm to meet certain objectives (such as irrigated agriculture and
hydropower production) [1]. However, events preceding and during the 1990s revealed the social
and environmental limitations of such paradigms to river basin development. Thailand and Nepal,
for instance, debated the social acceptability of, and alternatives to, large hydropower dams [5,6]. After
experiencing major floods in 1993 and 1995, the Netherlands came to recognise the limits of engineering
practice, and the value of integrating spatial planning and water management [7,8]. In 1995, Australia
announced a cap on diversions from the Murray Darling Basin, to avoid the ecological collapse of
Australia’s largest river system. At this time, a less fragmented, more coordinated, and systemic
paradigm for water resources planning emerged, as reflected in the 1992 Dublin Statement on Water
and Sustainable Development [9]. The Dublin Statement is the foundation for an integrated approach
to planning water resources, subsequently promoted by development actors during the 2000s under
the name of Integrated Water Resources Management (IWRM).

IWRM aspires to improve three “Es”: efficiency, equity, and environmental sustainability [10].
It explicitly promotes the integration of multiple stakeholders, disciplines, and spatio-temporal
scales [11]. However, within two decades of its emergence, practices to implement IWRM drew
criticism for overly optimistic assumptions about how changes to water planning could deliver
the three Es in unequal societies such as South Africa [10], Tanzania [12], and Nepal [13], and
transboundary regions such as the Mekong basin. Contemporary IWRM is an ambiguous and
diverse set of practices [11,14]. It includes top-down, principle-driven variants, as well as local-level,
bottom-up, “expedient” versions [15,16]). The basin planning processes we reflect on in this paper have
been influenced by highly aspirational IWRM principles, such as formulating a stakeholder-agreed
development plan for the Ayeyarwady basin in Myanmar [17], or the desire among water agency
professionals in Nepal to identify optimal development strategies using decision support systems.
However, to realize—even partially—such aspirations, a river basin development plan would require
meaningful participation and collaboration at, and across, multiple levels of governance [14].

Proponents of IWRM in developing countries face two notable political challenges. The first
such challenge is asymmetry of knowledge and power, manifested as the uneven distribution of
capability and authority between local and national government. Not only are water and land resources
unevenly distributed in river basins, the capability of planners, as well as of affected people, is also
concentrated at particular levels and locations (and decisions at one location or level can lead to
unwanted consequences elsewhere in the system). For example, until recently, the unitary system of
Nepal concentrated planning resources and capability at the centre. Power asymmetry can limit the
recognition of local interests, knowledge, and socio-technical water management. It can prioritise
national-level water resource development preferences. For example, large hydropower and inter-basin
water diversion projects for irrigation have dominated planning conversations in Myanmar and Nepal,
respectively [18,19]. The challenge of power asymmetry is exacerbated in contexts of data scarcity and
uncertainty about river basins as social–ecological systems, where the state of the basin is influenced
by political dynamics and narratives, as much as biophysical processes.

A second political challenge consists of the organizational mode by which IWRM initiatives have
been delivered to developing countries. The recurring mode has been the international technical
assistance project. Project modalities may constrain local interest and institutionalization, particularly
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when assistance is narrowly channelled. This risk is heightened in settings such as Myanmar and
Nepal, which have restructured their water-related agencies and sought to establish new inter-agency
water bodies. Although inter-agency coordination is challenging in any context, it is particularly acute
in contexts of radical state restructuring, such as Nepal. Compounding these particular challenges,
bureaucratic competition [20] and deficits of trust (between non-state and state actors, between lower-
and high-level state actors) may arise.

The above conditions and dynamics have influenced the methods and techniques applied to
river basin planning—the focus of this paper. Modern basin planning, which pre-dates IWRM,
has favoured a particular set of expertise and stakeholders. For example, the expertise of hydrologists,
engineers, lawyers, and national government officials tends to outweigh that of citizens, local
officials, livelihood specialists, gender and social inclusion experts, and political economists [21].
The expertise and stakeholders favoured may insufficiently represent the breadth of water- and
development-related concerns of people in large or complex river basins [22]. Even the production
of disciplinary knowledge—such as a basin-scale surface water model—requires within-disciplinary
diversity (e.g., rigorous peer-review) to be credible. The consumption of expert knowledge by
non-experts requires accountability and transparency among knowledge producers (e.g., about
the implications of uncertainty). When expertise, stakeholder concerns, interests, and relevant
socio-technical options are inadequately included, legitimacy is compromised [18,23].

How can IWRM-based river basin planners increase the legitimacy of the strategic planning
processes they design and facilitate? We engage with this question by reflecting on how particular
methodological commitments, evident in our case studies from Myanmar and Nepal, exert influence
on knowledge production and stakeholder participation. By “methodological commitments”, we mean
recurring preferences that we, as planning practitioners or stakeholders, exhibit towards particular
methodologies (understood as conceptual models, and associated study designs and techniques). Such
commitments can be explicit or tacit. The commitments discussed in this paper are inferences we have
made, based on a review of key primary texts (e.g., terms of reference) and participant-observation.

To support such an interpretation, we use two models of how expertise and knowledge inform
policy action. The first model is a rational choice model of decision-making [24,25]. In this model,
an authorized decision maker (e.g., a minister, or ministerial council) makes decisions which allocate
finite public resources so as to maximize societal utility, based on preferences voiced by citizens [26].
This model of expertise and choice assigns high responsibility to credentialed experts, who advise on the
consequences of taking different socio-technical options. The second model is a co-productive model of
decision-making. This model attaches relatively greater weight to the knowledge of non-credentialed
experts. Through collaborative processes involving diverse actors, it seeks to produce agreement on
shared goals, and to produce knowledge relevant to achieving those goals [27–30]. In the second model,
authorities make decisions after recognizing, participating in, and responding to recommendations
from co-productive processes (Section 3.2).

The two models of decision-making diverge on what constitutes actionable knowledge and
how it should be produced (Section 3.2). Our case studies reveal the tensions that arise when
both models co-exist in river basin planning. We describe our attempts to negotiate such tensions,
and the consequences for planning of such negotiations. Our motivation is thus to reflect critically on
the consequences of making particular methodological commitments, including those to which we
contributed, for the purpose of improving IWRM-based planning.

Section 2 expands on the development contexts of Myanmar and Nepal. Section 3 then summarizes
the original designs of the two river basin planning initiatives in Myanmar and Nepal, showing
how their specific features originate in designs by water resource experts affiliated with international
development partners. We also describe how specific commitments led to methodological tensions,
which challenged us to revise or augment our original designs. Based on the insights from our two
cases, Section 4 discusses implications for realizing IWRM-based river basin planning in developing
countries. Section 5 concludes with recommendations.
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2. Water Resources Development Contexts: Myanmar and Nepal

2.1. Myanmar

Since 2011, Myanmar’s partial and contested democratization [18] has led to a notable increase in
technical assistance by international development partners, to multiple sectors. In turn, since 2017, such
assistance has yielded an efflorescence of water and water-related studies (e.g., [3,31–33]). Development
technical assistance involves the promotion, by partners of national expertise (e.g., Australia and
other donors in water resources modelling), of cooperation among partners to focus investment
(e.g., an Australia–The Netherlands memorandum of cooperation around water resources assistance in
Myanmar), as well as competition among partners promoting IWRM-based planning (e.g., Australia,
The Netherlands) and those promoting infrastructural development (e.g., China, Japan, Korea).

In 2015, the World Bank initiated a Decision Support System and Basin Master Plan (herein,
“Basin Master Plan”) project for the Ayeyarwady river basin, as part of a $100 M credit-financed
initiative known as the Ayeyarwady Integrated River Basin Management Project. The 2018–2020 Basin
Master Plan project is a major investment in evidence-based planning for Ayeyarwady. It aims to
deliver a stakeholder-agreed basin development strategy for the Ayeyarwady, under the auspices of
the National Water Resources Committee (NWRC), an inter-agency advisory body formed in 2015.
Reaching agreement among a diversity of actors and interests is demanding in any context, let alone in
the Ayeyarwady basin of Myanmar, where ethnic armed and quasi-state organizations contend for
power and recognition against the Union government.

2.2. Nepal

Nepal’s development context includes severe political instability that ended in the early 2000s,
followed by a decade of negotiation that led to an agreement to create a federal state with a greater
voice for citizens in historically marginalized regions of the country, and a state with more explicit
commitments to gender equality and social inclusion. Since the enactment of the 2015 Constitution,
Nepal has been undertaking a process of state restructuring, involving the devolution of authority and
public revenue to seven new provincial-level governments, and 753 new local government bodies,
with local and provincial elections held in 2017. The emergence of provincial agencies involved some
transfer of authorities and personnel previously assigned to the central government. At the national
level, state restructuring involved negotiations to reorganize and consolidate particular ministries,
leading to the emergence of a Ministry of Energy, Water Resources, and Irrigation in 2017.

Since the early 1990s, hydropower development in Nepal has been based on principles of
liberalization. Private investment, however, has been constrained by a number of financial and
institutional risks [34]. In response, the national government has sought to support hydropower
development through greater government involvement—identifying important projects, building
national schemes and managing hydropower licensing issues [35]. Water and Energy Commission
Secretariat (WECS) started a 2018–2021 study to prepare river basin plans and a hydropower
development master plan of all river basins of Nepal, supported by strategic environmental and
social assessment of these plans. As with the Ayeyarwady Basin Master Plan project, this is a major
investment in strategic planning. It includes hydrological modelling, hydropower optimization
studies, and strategic environmental and social assessment. The resultant river basin plans are
intended to inform the selection of hydropower, irrigation and water supply infrastructure, as well
as natural resource management projects in each basin. As with the Ayeyarwady Basin Master Plan
project, this initiative will engage with multiple categories of stakeholder, including representatives
of affected communities. In both cases, the process by which stakeholder consultations will lead to
stakeholder-agreed outcomes is not explicitly stated [17,36].
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3. Methodological Commitments and Consequences

3.1. Formulating Strategy

Our two river basin planning initiatives in Myanmar and Nepal had compatible aims and
conceptual methodologies, focussed on the participatory formulation of strategy. Strategy refers to
“the art or practice of planning the future direction or outcome of something especially of a long-term
or ambitious nature” [37]. To strategize means to formulate courses of action to realize development
values. Values are topics which matter (or arguably could matter) to an actor [38] (e.g., improving
women’s access to water, as proposed in Nepal’s draft National Water Resources Policy [Section 3.4.1]).
To strategize means to articulate goals, major means-to-goal, actions and responsible parties (Figure 1,
“Development Pathways”). Strategizing further involves assessing the strengths and limitations of
alternative courses of action to reach a goal (Figure 1, “Development Scenarios”). Such assessment can
be done using techniques such as multi-criteria analysis (Kamala) and exploratory scenario analysis
(Ayeyarwady). Development scenarios which have been prioritized through such assessment would
then receive analysis to identify how they could be implemented (i.e., institutional and political
economy analysis) [39–41] (Figure 1). In our case studies, strategies have the status of non-binding
texts, which may mobilize further action and investment.

Figure 1. Participatory river basin planning: key components. Source: adapted from [3]. Note:
definition of “development pathway” “development scenario”, and “development strategy” based on
our interpretation of [17]. Note: analysis of performance may use “exploratory scenarios” (Section 3.3).

To support participatory formulation of strategy, we anchored both projects to an explicitly
deliberative and analytic methodology. By deliberation, we refer to dialogue and argumentation, which
aim to generate advice on a set of alternative development strategies or options [38]. An emphasis on
deliberation is justifiable, given the weaknesses of participation organized in a top-down, orchestrated
manner [42]. Such weaknesses include a tendency to de-politicize values, goals, and means-to-goal
actions, for example, by assessing means-to-goal actions using a limited range of evaluation criteria.
Accordingly, we reviewed scientific and grey literature on planning approaches which were both
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technically-informed, and participatory [1,43–46]. In addition, we reviewed literature on specific
relevant methods or techniques, such as scenario formulation [3] (chapter 3), multi-criteria analysis [47,
48], and hydrological modelling [3] (chapter 4, 8).

With respect to grey literature, we drew in particular on terms of reference for the Ayeyarwady
Basin Master Plan project [17], on the basis that Nepal and Myanmar share broadly comparable
development contexts, and common water sector development partners. (The Ayeyarwady Basin
Master Plan project also includes the preparation of operational plans, and investment plans—however,
these outputs were beyond the scope and resources of the Kamala initiative.)

3.2. Collaborative Model of Governance, Co-Productive Model of Decision-Making

An IWRM-based river basin planning process demands meaningful stakeholder participation.
In order to facilitate such participation, we based both initiatives on a collaborative model of governance.
Emerson et al. [49] describe collaborative governance as working via three processes, which may
interact in a virtuous cycle over time. Each process requires particular kinds of interactions between
individuals or small groups:

(i) Principled engagement. This refers to interactions that lead to participants understanding each
other’s interests. Principled engagement requires sufficient initial levels of trust and accountability.
It may further emerge through reasoned argument and deliberation, focussed on defining problems
and finding agreements together. In order to facilitate reasoned and reflective argumentation,
we applied a framework which allows facilitators and participants to distinguish different
components of a practical policy argument [3]. Over time, principled engagement enables “shared
motivation”.

(ii) Shared motivation. Shared motivation emerges from interactions that build trust, foster mutual
recognition of interdependence, established shared ownership, and create a sense of internal
legitimacy.

(iii) Capacity for joint action. Joint action refers to mobilisation of knowledge and resources, leading
to outputs and outcomes that cannot be accomplished by any policy actor working in isolation,
such as recommendations to reform institutional arrangements.

Our river basin planning initiatives sought to catalyse the first two phases of collaborative
governance, mentioned above. We proposed designs which were iterative (repeated interactions
among a core set of stakeholders); incremental (outputs from earlier activities directly influencing
subsequent activities), and deliberative (e.g., use of participatory multi-criteria analysis to support
structured argument about water augmentation options in Nepal) (see Figures 2 and 3 below). In doing
so, we sought to realize the essence of a co-productive model of decision-making in planning, within the
limitations of each project (such as language barriers, constrained access to local level stakeholders, and
budgetary constraints). In this model, multiple state and non-state actors build knowledge together
via processes they value (e.g., processes they regard as credible, legitimate, relevant), leading in turn to
outcomes they value (e.g., a strategy regarded as legitimate; citizenship regarded as empowered) [27].
By contrast, in a rational choice model of decision-making, a much narrower group of (elite) policy
actors processes information provided by stakeholders and experts, and maximizes societal welfare on
the basis of such inputs [24].

Table 1 summarizes the essential components, and important variants, of rational choice and
co-production models of decision-making. The models are ideal-types, on a spectrum of models of
decision-making. (For example, instrumental versions of co-productive decision-making overlap
with variants of rational choice which seek diverse expertise to improve problem and solution
framing.) Nonetheless, the models differ with respect to how they conceptualize the process of taking
authoritative decisions.
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Figure 2. Ayeyarwady Basin Exploratory Scoping Study: original and implemented study designs.

Figure 3. Kamala basin water resources development strategy: implemented study design. Note:
Certain proposed actions were not feasible to evaluate using MCA, given resource constraints.

Table 1. Models of decision-making in planning.

Components Rational Choice Model Co-Production Model

Typical style of water governance Hierarchical Collaborative (network)
Typical governance regime Centralized Polycentric

Knowledge-policy linkages Relatively compartmentalized
interactions Interactions bridging across roles

Assumptions about actors’ core
roles and capabilities: (A) State

authorities (bureaucrats,
politicians)

Interpret and process relevant
information provided by (B) and (C)
Maximize societal utility on basis of

inputs from (B) and (C)

Co-design processes
Participate in analysis and deliberation

Legitimize collaborative processes
through recognition, and responding to

key outputs

(B) Credentialed experts
Generate substantive findings

Translate findings into
recommendations

Co-design processes (may lead)
Facilitate (documenting outputs &

outcomes of key activities)
Participate in analysis and deliberation

(C) Non-credentialed experts & lay
people

Communicate preferences to (A) and
knowledge of impacts to (B)

Co-design processes
Participate in analysis and deliberation

(may lead)
Time requirements Low to moderate 1 Moderate to high 2

Notable variants
Recognition of, and actions to mitigate,
the effect of “non-rational” influences

on (A), such as emotions and heuristics

Coproduction of public services
Participation as instrumental means

Source: Authors, based on [24,27]. Notes: 1 Proportionate to cognitive complexity; assumes non-conflictual relations
between actors. 2 Proportionate to cognitive and political complexity [50].
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Table 1 refers to governance regimes [51]. We understand the polycentricity of a governance
regime as (i) the degree to which power is distributed among centers of authority (centralized vs.
distributed), and (ii) the degree to which effective coordination between authorities exists (highly
coordinated vs. fragmented) [52]. A rational choice model of decision-making in planning is typically
associated with a centralized and coordinated governance regime, and a co-productive model typically
associated with a polycentric (i.e., distributed and coordinated) regime, but such association is not a
necessary property of either type of governance regime.

Among the project teams of both planning initiatives (Table 2), the rational choice model of
decision-making co-existed with a co-productive model. The following two sections describe the
tension between these methodological commitments, and the consequences for river basin planning.

Table 2. Summary: key elements of river basin planning initiatives (this paper).

Element
Initiative 1 (Ayeyarwady Basin,

Myanmar)
Initiative 2 (Kamala Basin, Nepal)

Aim

Enhance capability of state and
non-state actors to participate in
strategic river basin planning by

demonstration of relevant techniques

Enhance capability of (primarily) state
actors to formulate a river basin

development strategy

Objectives

Explore uncertain long-term futures
Characterize hydro-physical processes
Facilitate dialogue around challenges,

goals, and possible development
pathways

Define actions and investments to support
objectives such as:

- improving accessibility, quality and
reliability of water resources across the

basin;
- improving quality of life and

environmental standards;
- improving representation of women and

marginalised people

Timeframe ~12 months (plan)
~20 months (implemented) ~18 months (plan)

Status (October 2019) Completed In progress

Focal agency Hydro-Informatics Centre (HIC) Water and Energy Commission Secretariat
(WECS)

Key participants

Seven national-level agencies
Two metropolitan agencies
Six non-state organizations

18 Young Water Professionals

Seven federal agencies
12 local agencies

One provincial agency
Two non-state organizations

(as of June 2019)
Focal agency control over

implementation Relatively low Relatively high

Methodology:
Model of decision-making

in planning
Rational choice (original design)

Collaborative (implemented design)
Collaborative (original design)
Hybrid2 (implemented design)

Development pathways Core focus: Formulated by stakeholders
(two rounds of workshops)

Exploratory scenarios Core focus: three narrative storylines
illustrated with hydrological model runs Secondary focus (desktop analysis)

Development scenarios Not in scope Core focus (four scenarios illustrated with
hydrological model runs)

Participatory assessment Rapid integrated assessment workshop
(March 2018) Multi-criteria analysis workshop (May 2019)

Institutional & political
economy analysis Secondary focus (literature review) Core focus (literature review & primary

data collection)
2 Refers to co-existence of both models (Section 3.4).

3.3. Initiative 1: An Exploratory Scoping Study for the Ayeyarwady Basin, Myanmar

3.3.1. Origins and Actors

The Ayeyarwady Basin Exploratory Scoping Study (BESS) was designed to help bridge the gap
between the Ayeyarwady State of the Basin (SOBA) assessment, and the World Bank-supported Basin
Master Plan project. BESS was sponsored by the Australian Water Partnership, Myanmar Directorate
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of Water Resources and Improvement of River Systems (DWIR), and the Australian science agency
CSIRO. The focal agency, HIC, is a project-based entity affiliated with the National Water Resources
Committee (NWRC). NWRC is an inter-agency group formed in 2015 to advise on water-related risks
and development. Implementing partners consisted of Chiang Mai University—Unit for Social and
Environmental Research (CMU-USER), eWater Ltd., Flow Matters Pty Ltd., International Centre for
Environmental Management (ICEM), and CSIRO.

With respect to participation in BESS, given the project’s exploratory scope, advisors to the Basin
Master Plan project recommended that a small subset of stakeholders, based primarily in Yangon and
Nay Pyi Taw, be recruited. Participation in BESS primarily meant contributing to structured small
group discussions in two one-day workshops: a rapid integrated assessment workshop (March 2018),
and a development pathways workshop (May 2018). The agreed participant pool consisted of four
categories of actors:

(A). Advisory Group (AG) to the National Water Resources Committee. The advisors comprise a
small number of senior experts, some of whom are former government officers;

(B). Officers and young professionals affiliated with HIC’s Young Water Professionals (YWP) and
Junior Researcher programs, whom we invited and trained to serve as rapporteurs and task
facilitators for project workshops;

(C). Officers of government agencies other than DWIR. We invited agencies responsible for domains of
central relevance to strategic basin planning to nominate technical or policy experts to participate
in the project workshops. Those domains included hydropower, forest conservation, irrigation
development, pollution control, rural water provision, and urban planning;

(D). Representatives of civil society and research organizations. Criteria for recruitment included
organizations with an interest in strategic water-related planning, or with a reputation for previous
substantive work on a related topic, or having a prior contribution to the SOBA. We invited both
domestic and international organizations, with a preference for Myanmar nationals.

For participation in the final, development pathways workshop, all attendees of the first workshop
were invited. In addition, a small set of new organizations and individuals were invited, selected on
the basis of their expertise on issues the team considered important (e.g., agricultural development).

3.3.2. Methodological Commitments

In addition to its capacity building objectives, sponsors conceived of BESS as an opportunity
to provide an independent, expert perspective on risks, opportunities, trade-offs, and synergies in
the Ayeyarwady basin [53]. BESS aimed to demonstrate the complex social-ecological implications
of resource development decisions. In so doing, BESS could demonstrate the value of an inclusive,
integrated human-environment approach, and offer guidance on the development of the subsequent
Basin Master Plan project.

Specifically, designers wanted BESS to offer a consolidated understanding of the basin as a
hydro-ecological system. This understanding would include the degree to which hydro-physical
changes would lead to a change in ecological functioning. The hydro-physical changes of interest
included change to land use/land cover (notably from forest conversion or restoration) and changes to
flow regimes from the development of water storage for hydropower and irrigation. The effects of
interest included impacts on sediment dynamics, fisheries, flooding, and navigation. This consolidated
understanding was of interest to BESS’ sponsors, because they anticipated that the Basin Master Plan
project would emphasize the extent of unrealized natural resource development opportunities, in a
manner similar to the Basin Development Plan program of the Mekong River Commission [54].

As shown in Figure 2 below, the original design of BESS focussed on hydrological scenario analysis
as an entry point to an understanding of environmental and social impacts. The hydro-physical
scenarios would inform a rapid integrated assessment, based on expert judgement. This assessment
of ecological and social responses—to be provided in a semi-qualitative manner by specific experts
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who had co-authored the SOBA—would then allow the team to draw conclusions about development
opportunities and trade-offs for the Basin. In addition, the design called for the study team to formulate
“candidate” development objectives, for example, water levels that should be maintained to allow
year-round navigation between key cities. The envisioned timeframe for the study was approximately
12 months, with the intent of influencing the design phase of the DSS/Basin Master Plan project.

3.3.3. Consequences for River Basin Planning

The original design and methodology for BESS had an ambitious goal (the synthesis of key
development opportunities and trade-offs); a broad scope yet short timeframe; and a particular
emphasis on hydro-ecological impact assessment. In attempting to implement this design and
methodology we experienced several constraints, tensions and contradictions, which are notable
from the perspective of IWRM. These challenges required that we adapt and augment the original
methodology, as described below.

The original design emphasized hydrological modelled scenarios and hydro-ecological knowledge.
The Ayeyarwady hydrological model allowed us to explore the impacts on surface water resources
availability under three exploratory scenarios (described below), and to describe notable alterations to
flow regimes at the sub-basin level [3].

To conduct the above analysis, it was necessary to translate qualitative narratives to quantitative
modelled scenarios. We made modelled outputs available to participants via an online dashboard,
presentations from modellers and access to modellers for questions during workshops. However,
we experienced several challenges. Some aspects of particular interest to stakeholders (e.g., navigability)
were not explicitly modelled. Model parameterisation also required assumptions that could only be
partially tested, given the scarcity of observational data [3] (chapter 4). For example, configuring
storages in the model required assumptions about operational rules, yet these details are not always
known for existing storages, let alone planned facilities. The impacts of hydropower development on
downstream flows were sensitive to such assumptions. We made assumptions that stakeholders and
modellers regarded as appropriate, choosing operating rules that maximise the impact of hydropower
options on the seasonal hydrograph. Such challenges contributed to our decision to complement the
modelling with more intensive stakeholder involvement in the impact assessment process.

Time delays incurred during the activities above meant that we were not able to enlist a sufficient
number of the original SOBA co-authors, to conduct the rapid integrated assessment (essentially,
an estimate of alternative bundles of ecosystem goods and services that the Ayeyarwady basin could
provide under the exploratory hydrological scenarios). This delay had implications for the production
of the rapid integrated assessment (Figure 2, “A”) and for overall project delivery. In order to
deliver, within an acceptable timeframe, an assessment of strategic trade-offs and opportunities—a
key intermediate output—it was necessary to make several interlinked revisions to the design. These
revisions amounted to a move from a multi-disciplinary to a transdisciplinary practice [30].

First, to conduct a rapid ecological and socio-economic impact assessment, assumptions about
future states were required to complement the hydrological modelled scenarios. We therefore developed
three “Ayeyarwady 2055” exploratory scenarios. These storylines depicted imagined future conditions
in upland and lowland zones of the Ayeyarwady basin, based on an initial set of drivers and outcomes
that were explicitly social and political, as well as bio-physical. The storylines conveyed essential
social and economic dynamics. Although the hydrological scenarios remained analytically distinct, we
conceptualised them as devices to illustrate the storylines [3] (pp. 9–44). In so doing, we made them
more accessible to a non-specialist set of participants.

Second, the original design focused heavily on hydrological scenarios and made the expertise of
the SOBA authors prerequisites for stakeholder discussion about strategic issues. This was consistent
with a rational choice model where authority is vested with experts; however, we revised the technique
to be more conducive to co-production of knowledge. Our first workshop invited a set of state and
non-state stakeholders in Myanmar to discuss such issues using their existing knowledge (Figure 2).
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In so doing, we mobilized a wider set of expertise, beyond that of disciplinary specialists (cf., [45]).
To motivate this discussion about impacts, risks and opportunities, participants first read and discussed
the Ayeyarwady 2055 scenario storylines. The integrated assessment workshop elicited a wide
range of development issues which the participants regarded as significant. Participants provided
insights regarding the broader, cross-sectoral impacts ssociated with upland and lowland resource
development [3] (pp. 45–51).

Our subsequent “development pathways” workshop (Figure 2, “B”) invited a broader cohort of
participants than was conceived in the original design to formulate major sequences of public actions
to attain development objectives, to which, as citizens of Myanmar, they might reasonably aspire [3].
Participants formulated objectives to improve water quality, upland forest and catchment governance,
sediment management, electrification, and agricultural development. They articulated ambitious goals
and proposed reasonable and relevant sets of objectives linked to each goal. For each objective, they
generated actions, ranging from concrete, incremental steps, achievable in the short term, to more
complex actions. Some of the latter are ambiguous, and will require clarification and elaboration.
Many of the pathways require transformative changes (for example, peace agreements with inclusive
approaches to upland catchment management) [3] (pp. 52–60). The study then explored the gap
between such aspirations, and dynamics-as-usual trajectories of development in the Ayeyarwady
basin. It concluded by reflecting on the implications of its methodology for the ongoing Basin Master
Plan project.

3.4. Initiative 2: Water Resources Development Strategy for Kamala Basin, Nepal

3.4.1. Origins and Actors

Government of Nepal’s Water and Energy Commission Secretariat (WECS) formulated a National
Water Resources Strategy in 2002, and a National Water Plan in 2005. WECS provides other government
agencies with a technical review of their development plans. Since the early 2000s, it has been the
proponent of IWRM in Nepal, with IWRM officially recognised in the Water Resources Strategy [55].

In 2017, WECS intiated the formulation of a National Water Resources Policy. The draft policy
proposes differentiated responsibilities for water management, consistent with the 2015 Constitution.
Among other things, it proposes that a revitalized Water and Energy Commission and its Secretariat
approve the periodic submission of strategic river basin plans. Further, it proposes that all three tiers of
government, including the private sector, need to take techno-economic clearance (consent) from WECS
to implement any new water resources development project in a river basin. WECS consequently
identified that it would need to build hydrological and associated modelling capabilities, in order to
support a techno-economic review of proposed water resource development plans and projects. For
improving the capacity for multi-objective optimization for planning, as well as participatory planning,
the Kamala river basin (population 610,000) was selected as an appropriate case. The implementing
partners are WECS and CSIRO.

The participant pool for Kamala basin strategy formulation initially consisted of the following
categories of actors, with A–F identified through a stakeholder analysis:

(A). Representatives of each of the Basin’s 15 local government bodies (elected officials and/or senior
staff);

(B). Representatives of approximately six national government agencies serving on the Advisory
Committee to the project;

(C). Academic and consultant water and agricultural professionals;
(D). Officers of the Kamala Irrigation Project, Department of Water Resources and Irrigation;
(E). Civil society organizations representing ultimate beneficiaries;
(F). Representatives of private enterprises operating in the basin, and;
(G). Individual women and men, representing particular communities of ultimate beneficiaries.
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As of 2019, actual participants have come from categories A–D. These participants contributed
to structured small group discussions in one or more of the following workshops: six visioning and
goal setting workshops (July and November 2018), and a multi-criteria analysis workshop (May 2019).
By contrast, participation of actors from categories E–G has occurred through interviews and focus
group discussions on selected topics (e.g., livelihoods and water use), as opposed to direct participation
in strategy formulation.

3.4.2. Methodological Commitments

Figure 3 shows key steps in the methodology as of 2019. Those include participatory formulation
of development pathways (following techniques used in Initiative 1); multi-disciplinary analysis impact
assessment of development scenarios; participatory multi-criteria analysis (MCA) of development
scenarios; and institutional and political economy analysis of preferred development scenarios, for the
purpose of providing implementation advice. (The original study design [4] included additional
techniques which the study team elected not to pursue because of resource constraints.)

The implemented design is consistent with a deliberative, analytic approach to strategy formulation.
However, its detail and complexity has not been well suited to an operating context constrained by
time, geographic distance, and disciplinary backgrounds. Furthermore, the scope of topics of interest
to participants has been broad, in comparison with the project’s resources and timeframe.

3.4.3. Consequences for River Basin Planning

Project constraints drew to light methodological tensions within the project team, as well as
between stakeholders, where time, budget, resources and significant uncertainty dominated. As we
explore in this section, tensions over prioritization included the acquisition of new data; the production
of knowledge by technical experts; and the integration of stakeholder knowledge and participation in
the planning process.

The complexities of design and technique led to disagreement across the project team about the
significance of each technical component, its definition and necessity, and, hence, its relative priority
in a context of constrained resources. For example, one position observed among the team was the
prioritization of detailed baseline assessment, as well as the projection of future water demand and
supply (Figure 3, step 1), as an important pre-requisite to strategy formulation. This position questioned
the value of developing a strategic plan based on limited observational data. A contrasting position
observed among the team was a belief that the central methodological challenge was, notwithstanding
the inevitability of limited data, could any strategic advice be offered regarding two or more options to
achieve key objectives (e.g., meeting agricultural water demand)?

One element in our response to this planning challenge was to use participatory multi-criteria
analysis (MCA), a technique that could be iterated to incorporate new knowledge (Figure 3, step 5).
Participants in the Kamala initiative had previously formulated three goals as part of their Development
Pathways (Figure 3, step 2). The Pathways were formulated through the exchange between local and
national government actors of values, goals, and means–goal actions. One of the three goals was a
broad, water-centred development goal: “reduced impact of water induced disasters, and improved
availability, use, and allocation of water resources for livelihood generation, well-being and economic
growth” [56]. Participants envisaged several major actions that could meet this goal: building
small or medium reservoirs; the conjunctive use of groundwater and surface water; and building a
large inter-basin water transfer scheme (the Sun Koshi–Kamala multi-purpose diversion project [57]).
The project team elaborated these actions, plus the rehabilitation of the existing Kamala Irrigation
Project [58], into four Development Scenarios. Notwithstanding uncertainty about the status and trends
of water supply and demand, the project partners eventually agreed to proceed with a participatory
MCA workshop focussed on the Development Scenarios.

MCA is sensitive to prior understandings of a policy issue, and how particular options are described.
The question of who evaluates has consequences for representation and legitimacy [48,59]—as such,
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we recommended inclusive participation. Our MCA design, adapted from [47], involved an impact
evaluation conducted by the project team (based on desktop analysis, hydrological modelling,
and expert interviews), for nine initial evaluation criteria. Participants individually weighed each
criterion twice, before and after viewing evaluation results. The team computed individual utility
scores. The median and distribution of individual scores for each Development Scenario were then
viewed, as a contribution to the deliberation over prioritizing the Development Scenarios.

The focal agency regarded particular NGOs and research organizations as inappropriately
politicized, or insufficiently prepared to engage in such deliberation. Consequently, we invited
participants from the three levels of government, and a restricted set of research organizations. Such
outcomes reflect unfamiliarity with public participation in the direct formulation of strategy (Figure 3).
They further reflect relatively low trust, and perhaps relatively low mutual accountability, between
state and non-state actors in Nepal’s water sector (cf. Section 3.2). Such dispositions were concentrated
among Nepali experts advising the focal agency, but at times were expressed by elected representatives.
(In late 2018, some elected local government representatives told us that time constraints prohibited
their direct participation in co-production of the water resources development strategy. Instead, they
requested to review the team’s analyses and recommendations, consistent with a rational choice model
of decision-making. The local representatives did not express preferences regarding the participation of
other actors)1. We reflect on the appropriateness of the methodological design in the following section.

4. Discussion

4.1. Negotiating Mixed Methodological Commitments

Figure 4 summarizes the consequences for river basin planning of the methodological commitments
made in our Nepal and Myanmar initiatives. It summarizes the key influences on those commitments,
as well as some responses to mitigate certain undesired consequences.

Figure 4. Methodological challenges for river basin planning in developing countries.

In both cases, more than one model of decision-making influenced original design commitments.
In both cases, following a co-production model, one subset of the partners committed to using multiple
disciplinary techniques to support an analytic deliberative process. On the other hand, consistent with
a rational choice model, a second subset of the partners regarded specific expertise to be a prerequisite
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for participatory basin planning to commence. In both cases, the ensuing epistemological tension led
the partners to occasionally disagree over technique prioritization and resource deployment. Both cases
highlight the importance of fostering competencies and capacities to negotiate acceptable outcomes
when such tensions arise.

In the Ayeyarwady case, challenges in producing and interpreting hydrological modelled scenarios
offered the team an opportunity to adapt the rapid integrated assessment method (Figure 2). We widened
it from a realtively narrow Delphi process to a process more inclusive of our workshop participants’
social, political, and environmental knowledge. This adaptation met the project’s overall objectives,
but in a manner consistent with a co-productive model, not a rational choice model, of decision-making.
By contrast, in the Kamala case, divergence over who could effectively contribute to MCA (Section 3.4.3)
impacted discussion around the pros and cons of the four Development Scenarios.

When mixed methodological commitments lead to undesired consequences from an IWRM
perspective, the specific autonomy of process designers matters. In the Myanmar case, our autonomy
as process designers was relatively high, whereas in the Nepal case, it was relatively low (as manifested
in constraints on the type of stakeholder, and types of knowledge production, admitted or preferred
by the focal agency; Section 3.4.3). We interpret this difference in control primarily to contextual
differences between Myanmar and Nepal. The Ayeyarwady BESS initiative-an exploratory study with
lower stakes for the focal agency–allowed innovation with co-productive methods, with minimal
contestation from advisors to the focal agency.

By contrast, the Kamala initiative aimed to produce an actual strategy, and to do so in a context of
relatively profound state restructuring compared to Myanmar. Nepal’s federal structure has constituted
and mobilized local and provincial government actors. Concurrently, key organizations of federal
government are in the process of restructuring, along with legislation reform. WECS is proposed
to have significant institutional reforms in order to implement IWRM-based river basin planning.
It takes time to adopt a co-production model of decision-making and a vigorous multi-stakeholder
process. A deliberative analytic design (Figure 3) offers multiple points for project sponsors to intervene,
occasionally exercising veto power, to shape the scope and extent of stakeholder participation (Figure 4).

To navigate undesired consequences when multiple techniques are required (Figure 4), we found
it helpful to simplify essential techniques (Figure 3), and to propose planning processes that do not
allow any one actor to dominate methodological choices (Ayeyarwady). In the Ayeyarwady case,
the explicitly co-productive approach mitigated the risk of over-weighting biophysical analysis. In
both cases, we found it helpful to affirm and elicit expertise from different disciplines. The ability to
iterate contested or unimplemented techniques would further contribute to a shared understandinging
of their value.

4.2. Implications for Realizing Aspirations of IWRM

We noted at the outset that IWRM-based river basin planning is a project with high aspirations,
such as formulating a stakeholder-agreed development plan for the Ayeyarwady basin in Myanmar [17],
or producing a river basin development strategy for the Kamala to realize an optimal set of economic,
social, and environmental benefits [60].

Our attempts to further such aspirations led us to adopt analytic, deliberative methodologies,
consistent with collaborative and co-productive models of decision-making. However, these are not
without constraints. For example, authority and influence in water policy are concentrated among
actors who are familiar with stakeholder consultation in the form of roundtable or town hall style
meetings, but less familiar with the notion of empowering stakeholders to formulate strategy-based on
analytic, deliberative methods. Furthermore, the institutions of river basin planning are nascent in
developing, post-conflict settings.

A more subtle constraint arises from the fact that IWRM-based planning is logically consistent
with a co-productive model of decision-making (and a collaborative style of governance)—yet, at a
global level, development partners promoting IWRM-based planning predominately subscribe to a
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rational choice model of decision-making (and a hierarchical style of governance). They recognize
the instrumental value of stakeholder consultation, but ultimately assign to specialists the task of
formulating the options presented to decision takers (see e.g., design documents for the Myanmar
BESS project [53] and the DSS/Basin Master Plan project [17]).

This presents a tension for development donors. On the one hand, a state-centric and hierarchical
interpretation of IWRM is expedient, and may appear to be the only overarching model of technical
assistance acceptable to recipient states. One the other hand, we have shown that contrasting
understandings of how expertise links to action, and of what expertise should be prioritized, have
important socio-political effects, some of which can undermine the inclusive aspirations of IWRM.

5. Conclusions: Advancing Collaborative, Co-Productive IWRM

This paper focussed on IWRM-based planning in Myanmar and Nepal, during a period in which
we had the privilege of co-designing and implementing river basin planning initiatives (2016–2019).

During this period, the politics and institutions related to water resources development were
dynamic and contested in both countries. We did not attempt a comprehensive diagnosis of the
institutional and political constraints to realizing IWRM aspirations. Instead, by focusing on
planning methodology in action, we offer insights to improve river basin planning practice in
democratizing settings.

Both our planning initiatives made use of participatory, deliberative, analytical designs. Although
such designs are consistent with a co-productive model of decision-making, they are complex. In a
context of hierarchical governance, such designs offer many intervention or veto points. From the
standpoint of realizing the aspirations of IWRM in democratizing settings, such points of interception
have desirable and undesirable implications (Section 4.1). Nonetheless, when they apply co-productive
knowledge production in and beyond the project cycle, donors and designers advance IWRM-based
river basin planning.

Sponsors uncertain of participatory deliberative processes might draw confidence from the
relative success of the multi-stakeholder visioning (“development pathways”) components in our
planning initiatives. In both cases, participants articulated broad development agendas for their river
basins [3,56]. They expressed concern for marginalized people (e.g., landless farmers; people in conflict
zones), and recommended equitable and ecologically sensitive investment in upland natural resources
and farming. They proposed multiple water resources development options (and, in the Kamala, Nepal
case, subsequently deliberated on them in detail). They believed their understanding of strategic issues
improved, and that co-participants gave reasoned arguments for positions. Participants considered it
important to contribute to river basin planning beyond their specific expertise—that is, beyond their
instrumental value. They explicitly valued a collaborative multi-stakeholder approach to planning.
Participants’ evaluations from the Kamala development pathways and MCA workshops are consistent
with evaluations obtained by the BESS project [3] (Annex 3).

Donors and designers can scrutinize IWRM technical assistance for the presence of rational
choice models of decision-making, in order to reflect on advantages and limitations of their specific
models. Sophisticated rational choice models recognize the potential for non-rational influences on
decision-maker cognition. They recognize that it is not enough to present credible analysis to public
actors who are assumed capable of acting on such knowledge to further their interests, in accordance
with their values. However, even sophisticated rational choice models may underestimate the
effect of power imbalances between actors, and externalize the challenges of political accountability
(e.g., by assuming that elections or other accountability processes will ultimately steer authorities to
maximize societal utility).

In the wider Mekong region, much authority to take decisions remains with agencies with the
expertise to control floods, irrigate arid land, and otherwise meet water demand through infrastructural
means [21]. However, consistent with IWRM principles, water resources development has grown
considerably more complex in recent decades. It is evolving from technical optimization to integrated,
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systemic, foresight-oriented concerns [1]. Yet, state water agencies in the Mekong continue to privilege
the original set of engineering and hydraulic expertise.

A co-productive model of knowledge production widens the scope of relevant expertise.
The collaborative mode of governance underpinning it explicitly seeks to empower and mobilize
civil society and private sector actors. We found that actors thus empowered can set the planning
agenda. In the Ayeyarwady case, we found that co-production allows stakeholders to mitigate certain
challenges encountered in scenario modelling (Section 3.3.3), and helps shape a planning process that
can start immediately, even as data collection and model development continue in parallel. By working
with planning stakeholders, we discovered more effective ways to combine and sequence disciplinary
knowledge (Figure 2).

Our experiences in Myanmar and Nepal show that, with adequate support, stakeholders can
co-design more vigorously, for example providing guidance for which disciplines are necessary
and sufficient to address their agenda. We have shown the difficulties of trying to implement
co-productive and collaborative models. Yet the alternative—managing complexity and contestation
via bureaucratic modes of governance—offers no greater likelihood of planning outcomes legitimized
by society (cf., [18]). Development partners instead can point to longstanding practices of collaborative
planning in their own contexts. Australia, for example, can offer diverse models of collaborative
governance, as reflected in the work of Landcare, Catchment Management Authorities, regional
natural resource management bodies, and participatory urban planning initiatives. Such domains
have yielded productive multi-stakeholder deliberative initiatives [47,61,62]; comparative insights on
collaborative management [63,64]; insights on the challenges of integrating Indigenous knowledge
into river basin planning [65]; and reflections on the interaction between collaborative and hierarchical
governance [66,67].

In conclusion, methodologies are not neutral in their effects—they empower some actors at the
expense of others. IWRM initiatives in democratizing developing countries face multiple challenges.
While the rational choice model of decision-making which persists in IWRM-based planning offers an
administratively simpler approach to development assistance, it runs the risk of unduly concentrating
expertise and power. In so doing, it undermines the ultimate aspirations of IWRM, which require
co-productive approaches. We hope the insights offered as a result of our experience can guide
improved IWRM investments and outcomes.
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Abstract: The Ganga Basin in India experiences problems related to water availability, water quality
and ecological degradation because of over-abstraction of surface and groundwater, the presence of
various hydraulic infrastructure, discharge of untreated sewage water, and other point and non-point
source pollution. The basin is experiencing rapid socio-economic development that will increase both
the demand for water and pollution load. Climate change adds to the uncertainty and future variability
of water availability. To support strategic planning for the Ganga Basin by the Indian Ministry of
Water Resources, River Development and Ganga Rejuvenation and the governments of the concerned
Indian states, a river basin model was developed that integrates hydrology, geohydrology, water
resources management, water quality and ecology. The model was developed with the involvement
of key basin stakeholders across central and state governments. No previous models of the Ganga
Basin integrate all these aspects, and this is the first time that a participatory approach was applied
for the development of a Ganga Basin model. The model was applied to assess the impact of future
socio-economic and climate change scenarios and management strategies. The results suggest that the
impact of socio-economic development will far exceed the impacts of climate change. To balance the
use of surface and groundwater to support sustained economic growth and an ecologically healthy
river, it is necessary to combine investments in wastewater treatment and reservoir capacity with
interventions that reduce water demand, especially for irrigation, and that increase dry season river
flow. An important option for further investigation is the greater use of alluvial aquifers for temporary
water storage.

Keywords: integrated water resources management; river basin planning; Ganga River; India;
participatory modelling; conjunctive water use; hydrologic modelling

1. Introduction

The Ganga River Basin (Figure 1) in India stretches over 860,000 km2 [1] and is home to more than
485 million people (2011 census data [2]). The population is concentrated on the plains that support
extensive irrigated agriculture. The plains are of very low slope, falling from 250 m above mean sea
level in the west, to approximately 25 m near Farakka at the border with Bangladesh—a distance of
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over 1500 km. North of the plains the Ganga and its tributaries flow from the Himalaya at elevations
over 6000 m. Covered by snow and glaciers, the Himalaya significantly influence the flow regime
in the northern tributaries. The mountains and hills to the south are much lower, with an average
elevation of around 1000 m. Water availability increases in the plains from west to east. The Himalayan
tributaries of the Ganga (the Yamuna, Ghagra, Gandak and Kosi) supply the majority of the water to
the plains. Conjunctive irrigation using surface and groundwater in the western part of the plains has
led to local decreases in groundwater tables, while in some canal and eastern areas waterlogging is
a major problem. In the basin, precipitation increases further to the east, as does mainstem flow as
tributaries join. Pre-monsoon water shortage is common in dry years, especially in the western plains.

 
Figure 1. Ganga river basin map. Background based on Wikimedia unlabeled layer.

Water is diverted from rivers through canals and pumped from groundwater. A large fraction of
irrigation water is not used for plant transpiration and returns as aquifer recharge or drainage to canals
and rivers. There are direct exchanges between the rivers and groundwater. Depending on river and
groundwater level, the flow is either from groundwater to river (gaining river) or from rivers/canals to
groundwater (losing river). Water quality and riverine ecology depend strongly on the flows resulting
from the interaction between geo-hydrology and water resources management.

The ecological health of the Ganga River and some of its tributaries has deteriorated significantly
due to high pollution loads from point and non-point sources; river modifications with infrastructure
(dams and barrages); flow regime changes caused by high levels of water abstraction, mostly for
irrigation, but also for municipal and industrial uses; and hydropower generation [3]. The Government
of India has committed to an ambitious goal of rejuvenating the Ganga and has assigned significant
funds to address the problem [4]. Since India is a federated country, and responsibility for water
resources management is assigned to the states by the Constitution cooperation with and between the
national government and those of the 11 Indian states is required for effective basin management.

The Ganga River Basin Model was developed by a collaborative team of national and international
scientists with funding from the South Asia Water Initiative (a multi-donor trust fund managed
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by the World Bank) to support strategic river basin planning. It assesses the impacts of different
socio-economic and climate change scenarios combined with different strategies for new infrastructure,
management and operation. The objective of applying a participatory approach to model development
was to both improve the quality of the model and to increase the commitment and ownership of
relevant authorities and agencies. The process of model construction and the assessment of the first
scenarios and strategies led by international scientists are intended as the start of a continuous process
of model application and improvement led by Indian authorities and agencies. A set of reports provides
a description of the set-up and calibration of the Ganga River Basin Model [5], a description of the
participatory modelling process [6], and presentation and discussion of the scenario modelling results,
environmental flow analysis, and surface-groundwater analysis [7].

2. Materials and Methods

2.1. Participatory Modelling

The technical complexity and scale of the Ganga Basin makes its rejuvenation a problem in which
there is a need both for enhanced system understanding and for balancing of a diversity of stakeholder
values and perspectives. A participatory modelling approach [8] was applied to facilitate a robust
technical analysis to increase existing knowledge on the Ganges River system. Direct interaction
with stakeholders facilitated the input of important local knowledge, open discussion of results,
interventions, scenarios and strategies. This is the first time a participatory modelling approach has
been applied for the Ganga Basin in India.

Participatory modeling refers in this case to the integration of four distinct approaches that can
be applied to support strategic basin planning: (i) water resources planning, e.g., the assessment
of the impact of different planning alternatives; (ii) the use of scientific knowledge by means of
computer-based models to assess impacts; (iii) stakeholder participation in the definition of objectives,
indicators, models, interventions, scenarios and strategies; and (iv) collaboration, in the sense of
negotiation between stakeholders to reach a decision on the desired plan (Figure 2) [8].

 
Figure 2. Collaborative modeling for policy analysis.
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For system and model definition we adapted and applied a Group Model Building (GMB) approach,
a participatory technique to explore constructively and synthesize the multitude of stakeholder perceptions
of the interactions in the river system [9,10]. GMB was used particularly for problem and indicator
identification and scenario definition, and its results informed the development and application of the
computational framework. Further stakeholder engagement was carried out for model validation and
strategy development in working groups and workshop settings, where a combination of plenary and
focus group discussion techniques were applied.

To effectively involve the range of key technical partners and other stakeholders (both hereafter
collectively referred to as ‘stakeholders’) in the entire Ganga Basin in India, we distinguished different
geographical levels (basin and state), and different involvement levels (circles of influence).

2.1.1. Determining Stakeholder Involvement: ‘Circles of Influence’

We used a circles of influence approach [11] to structure the participatory planning process for the
Strategic Basin Planning in the Ganges River Basin. This approach has been successfully applied in
many programs and projects worldwide.

The circles of influence approach engages different stakeholders in various formats and levels of
intensity. The generic Circles of Influence framework includes four circles: Circle A—Model Developers,
Circle B—Model Users and Validators, Circle C—Interested Parties, and Circle D—Decision Makers
(Figure 3). In this project, Circle A stakeholders comprised governmental agencies, such as CWC
(Central Water Commission) and CGWB (Central Ground Water Board), and knowledge institutes,
such as NIH (National Institute of Hydrology). They were responsible for co-developing the model
together with the international technical team. They were trained in hydrologic and river system
modelling and were involved in training and capacity building of stakeholders in other circles. Several
working groups were organized with Circle B stakeholders—the model validators and users. Circle C
stakeholders were consulted at several moments throughout the planning process through multiple
consultation meetings conducted in each of the riparian states. Decision makers (Circle D) were also
periodically informed and consulted. Stakeholder identification and analysis was conducted during
project inception to map stakeholders to their respective circles of influence [11].

 
Figure 3. The “circles of influence” process framework [11].

2.1.2. Implementation of the Participation Process

The different stakeholder groups were each engaged in different ways at different stages of
the development of the decision-support system (Table 1). The dashboard mentioned in the table is
a visualization tool developed to analyze and compare model results (see Section 2.2.6 for details).
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Table 1. Summary of steps in stakeholder engagement (A = Model Developers; B = Model Users;
C = Interested Parties; D = Decision Makers).

Phase/Step Stakeholder Groups Activity

Conceptualization Phase

1 Definition of methods, models
and integration A, B Several meetings at Delhi and Roorkee

A, B, D 29 January 2016, first basin-wide Workshop

2 Data Collection and Analysis A, B Small working group meetings per topic

Collaborative Modelling Phase

3 Identification of indicators D and partly C February–May 2016, first series of meetings
in all eleven states

B, D Questionnaires from stakeholder
organizations in the eleven states

4 Model set-up (indicators,
schematization, assumptions) A, B, D July 2016, second basin-level workshop

A, B, C, D July–November 2016, second series of
workshops in all eleven states

5 Model calibration A, B Small working group meetings by topic
6 Draft version dashboard A, B

Scenario Building Phase

7 Scenario definition A

Small working group meetings by task8 Selection of indicators A

9 Model application current
situation A

10 Model application scenarios and
strategies A

11 Strategy development (packages
of measures, dashboard) A, B, C, D March 2017, third basin-level workshop

12 Final version dashboard A, B, C, D March–June 2017, third series of workshops
in all eleven states

Consolidation Phase

13 Training and dissemination A, B Small working group meetings by task

14 Presentation of realistic
scenarios and strategies January 2018, fourth basin-level workshop

In the basin-wide workshops, representatives from national organizations as well as from the
eleven States participated. In the different state workshops, participation was limited mostly to
representatives from organizations from the hosting state. The first basin-wide workshop (January
2016) and the first series of state meetings in all eleven Ganga Basin States (February–May 2016) were
used to introduce project assignments to state-level stakeholders and seek stakeholder responses on
the project assignment and circulate stakeholder questionnaires to assess concerns and ideas on water
management in the Ganga Basin. The second basin-wide workshop (July 2016) and the second series
of state meetings (July–November 2016) were used to validate and further elaborate the findings from
the questionnaires for input into the technical modeling process. On average, 25 participants from
10–15 organizations participated in each of the state workshops.

The results of the second series of consultations was used to improve the Ganga River Basin
Model and the dashboard developed to present its results. The third basin-wide workshop (March
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2017) and the third series of state meetings (March–June 2017) focused on the validation of the model
results for the present situation and for the development of scenarios and strategies.

2.2. Computational Framework

A model to support strategic planning should include all essential components of the system and their
interactions in order to be able to assess the impact of scenarios and strategies. However, the amount of
detail that can be included in the model is limited. The value of the model is in its schematic representation
of reality. Previous modelling exercises for the Ganga Basin include:

1. Water systems modelling for Ganga Basin by INRM Consultants Pvt. Ltd. [12], which applied the
SWAT model;

2. Ganges river basin modelling by Institute of Water Modelling [13], which applied the MIKE
BASIN model; and

3. Surface and groundwater modelling of the Ganga River Basin by IIT (Indian Institutes of
Technology) [14], which applied SWAT and MODFLOW.

All three reports mention issues regarding lack of data for model input as well as calibration, and
all three show calibration results with varying degrees of acceptability, as well as results from limited
scenario analysis. Ref. [12,13] are limited to surface water hydrology. Ref. [14] combines modeling of
surface and groundwater, but the interaction between the two systems is not modelled dynamically.
Only [12] includes water quality modeling, but no calibration is included. None of these modelling
exercises includes impacts on ecology and the results. The recommendations of these studies have
had little impact on management and planning for the Ganga Basin [15]. Model input and output
generated as part of these three studies have not been made available publicly and can therefore not be
used as a starting point for new modeling.

The Ganga River Basin Model presented in this paper has a very wide scope allowing for
an integrated assessment of impacts related to hydrology, geohydrology, water resources management,
water quality and ecology. This is the first time that all these aspects have been integrated into one
modelling approach. The level of detail included is limited to keep the model manageable and the
complexity understandable.

The model components and their interactions (Figure 4) are described in the remainder of this
Section, focusing on the input data and the interaction between the model components with references
provided for detailed descriptions of the individual components.

 

Figure 4. Schematic representation of the workflow of the different model components of the Ganga
River Basin Model.

104



Water 2019, 11, 2443

The hydrological models cover the entire Ganga Basin upstream of Farakka Barrage including
those parts of the upstream basin located in Nepal and China. This permits robust assessment of the
upstream flows. On request of the state of West Bengal, the part of the catchment west of the Hooghly
branch below Farakka was also been included in the model area. The remainder of the analysis focuses
on the Indian part of the basin upstream of Farakka Barrage.

2.2.1. Hydrological Models

The description of basin hydrology uses the SPHY [16,17] and Wflow [18] models. These are fully
distributed models implemented on a 1 km by 1 km grid. SPHY describes the hydrological process in
the mountainous areas of the Himalaya and was selected as it is specifically designed for glacier and
snow hydrology and it has previously been successfully applied to the Himalaya [19]. Rainfall-runoff
for the non-mountainous part of the Ganga Basin were simulated with Wflow—a general-purpose
hydrological model. River discharges from SPHY provide inputs to Wflow. Both models use the
following static input data:

• A digital elevation model (DEM) derived from the HydroSheds SRTM DEM [20]
• A shapefile of the main rivers derived from Open Street Map [21]
• Land use/land cover map for the Indian part of the model area from the Indian Institutes of

Technology (IIT), based on data from the National Remote Sensing Centre (NRSC) [22]) and the
GlobCover map [23] for the parts in Nepal and China

• A soil map based on FAO’s Soil Map of the World [24] and a soil map with quantitative soil
properties for the topsoil and subsoil [25]

SPHY also uses a map of glacier outlines and distinction between debris-covered and debris-free
glacier surfaces from [26].

Both models use the following distributed meteorological data:

• Precipitation inside India for the period 1959–2012 from the Indian Meteorological Department
(IMD) [27] and for the years 2013 and 2014 data from the WFDEI data set [28]. Outside India the
EUWATCH dataset [29] were used for the period 1959–1978 and WFDEI for 1979–2014.

• For temperature and potential evapotranspiration, the IMD data could not be used due to an issue
with the interpolation in the Himalayas [30]. Therefore, the global data sets from EUWATCH,
for 1959–1978, and WFDEI, for 1979–2014, were used for the entire model domain.

The concepts used by SPHY and Wflow to simulate river flow are described in [16,17] and [18]
respectively. They produce gridded, daily flows across the entire model domain, which are input to
the water resources model (see Section 2.2.2), and gridded, daily infiltration rates, which are input to
the groundwater model (see Section 2.2.4).

2.2.2. Water Resources Model

RIBASIM [31,32] simulates the use and distribution of water using river discharges from Wflow
as input. It uses a schematization of links and nodes (Figure 5) to describe the flow of water in the
rivers, storage in reservoirs, diversions into canals, and consumptive use and return flows across the
basin. Water can be used from precipitation, rivers, canals, or from groundwater. Conjunctive use
of surface and groundwater is included. Return flows can be divided between rivers, canals and
groundwater. This is important for the Ganga plains, where extensive leakage from irrigation canals
recharges groundwater aquifers. RIBASIM was linked to the groundwater model by simulation of
extraction and infiltration rates and by the flux between the river and the groundwater, as simulated
by the groundwater model.
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Figure 5. Schematization of the Ganga River Basin in RIBASIM.

Data for water infrastructure such as barrages, dams and canals were mainly been derived
from the Ganga Basin Report [33] and the India-WRIS (Water Resources Information System [34]).
The schematization was adapted with input from the first round of state and basin-wide workshops,
including on the location of existing and planned reservoirs and canals, the compartmentalization of
irrigated areas in command areas, and the main abstractions of surface and groundwater.

Information on irrigated crop areas was derived from the Land Use Statistics Information System of
the Ministry of Agriculture and Farmers Welfare [35]. Data for 246 districts was aggregated to data for
41 irrigation nodes. The cropping calendar, describing when which crop is planted, was derived from
information provided by the Crop Science Division of the Indian Council of Agricultural Research [36].
Estimates for irrigation efficiencies and return flow fractions from [37] and monthly average reference
evapotranspiration data per state from [38] were used. Monthly crop transpiration coefficients for most
crops are India specific values from [39], but for maize and rapeseed coefficients from [40] were used.
For sugarcane, tobacco and fodder crops no information specific for India could be found, and values
from FAO [41] were used.

District-level population data from the 2011 census data [2] were used to assess domestic water
demands and extrapolated to 2015 based on projections for 2001 to 2026 [42] and on urbanization rates
for the period 2001–2011. District data were aggregated to correspond with the 55 public water supply
nodes for domestic demand. Data on water sources, leakage and return flow for major cities from [43]
and data on industrial water demand from [44] were also used.

The water demand of public water supply and irrigation nodes can be fulfilled by water from
surface and groundwater resources to simulate conjunctive use. The capacity of the surface water
supply for irrigation is determined by the canal capacity, mostly obtained from India-WRIS, and for
public water supply from [43]. The capacity of groundwater supply for both has been tuned to yield
results that are comparable to the estimates presented in [45].

During periods of water shortage, RIBASIM allocates water based on priorities. The following
ranking of priorities was used in the Ganga Basin Model:

1. Drinking water supply;
2. Industrial water supply;
3. Irrigation water supply;
4. Low flow requirements for spiritual use, bathing and environmental flows.
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The concepts used by RIBASIM to simulate water demand and allocation, and the operation of
infrastructure, are described in [31,32]. RIBASIM results include monthly flows in rivers and canals,
groundwater abstraction rates, and the water supplied to fulfil each water demand. The simulated
groundwater abstraction rates are used as input to groundwater model. Simulated river flows are used
in the groundwater model to assess the water level that determines the exchange between the river
and the groundwater. In the workflow (Figure 4) the water resources model is run twice: once before
the groundwater simulation with zero exchange between rivers and groundwater, and once after
the completion of the groundwater simulation with the exchanges as calculated by the groundwater
model. The simulated flows in the rivers are used as input to the water-quality model, the ecological
assessment module, and the dashboard.

2.2.3. Water-Quality Model

Water quality is assessed using DWAQ [46,47] by combining RIBASIM discharges with pollutant
load estimates. DWAQ applies the advection-diffusion equation using a numerical solution based
on finite volumes derived from the RIBASIM calculation grid to obtain pollutant concentrations of,
among others, BOD5 (Biological Oxygen Demand in 5 days) and coliform bacteria. For RIBASIM,
links representing schematized canals without flow volumes are estimated based on length of the
link and estimated maximum flow velocity in the link. Decay of BOD5 and coliforms in the Ganges
and Yamuna depends on simulated residence time and kinetic rate constants adapted from [48] and
adjusted by calibration against surface water quality measurements obtained by CWC and CPCB
(Central Pollution Control Board) for the period 1999–2014. In DWAQ, pollutants enter surface water
as net emissions representing the non-treated fraction of the total waste load generated at RIBASIM
nodes. Gross emissions are the product of emission variables and specific emission factors as follows:

• number of rural and urban population multiplied by waste production per capita [44,49,50];
• industrial effluent [44] multiplied by the typical effluent concentrations for chemicals [49,51],

distilleries [52], dying textile and bleaching [49,51], food, dairy and beverages [53,54], pulp and
paper [55,56], sugar [57] and for tanneries and others [51,58,59]; and

• cropping pattern area (Section 2.2.2) multiplied by specific emission factors to represent irrigation
losses by leaching from soil [59].

Sewage effluent and treatment is modelled separately, considering volumetric treatment capacity
based predominantly on [40] and removal efficiency by contaminant from [60,61].

2.2.4. Groundwater Model

Groundwater movement is simulated by iMOD [62], the Deltares extension of the well-known
MODFLOW code [63] for solving the groundwater flow equation. iMOD uses the same calculation grid
as Wflow, but is applied only to the alluvial area of the basin. It was not possible to model groundwater
in the hard-rock areas because of a lack of data on surface-groundwater connectivity. iMOD simulations
are transient, while recharge, abstraction and surface water level data inputs are time-dependent.

iMOD describes the alluvial aquifers using geological information. Fence diagrams were available
from CGWB as well as MAP files describing the thickness of geologic layers. The result is a three-layer
aquifer conceptualization of variable thickness. In the mountainous areas to the south, the shallow
aquifer thins; it is thickest in the central basin with a maximum depth of approximately 400 m below
sea level. Aquifer parameters (permeability, storage coefficient) were provided by CGWB based on
modelling studies by Indian Institutes of Technology [14]. Groundwater recharge was obtained from
Wflow (grid-based) for non-irrigated areas and from RIBASIM (lumped) for irrigated areas.

Based on RIBASIM river discharge, river water levels are derived on a 1 km scale and used to
calculate fluxes between the river and groundwater. This approach was applied to the Ganga and its
main tributaries. For the intermediary areas the surface water system, represented by minor streams and
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local drainage, is modelled using the MODFLOW Drain Package [63]. This simulates head-dependent
flux boundaries, such as the exchange between the groundwater and local surface water.

For each RIBASIM node, groundwater demand for irrigation, industry and public water supply
is estimated. For iMOD, all demands besides irrigation are equally distributed as abstraction wells
on a 1 km scale over each node area. Irrigation abstraction is spatially distributed using additional
information from the irrigation map developed by the International Water Management Institute [64]
that indicates irrigation areas and irrigation source. Abstraction wells are only located in cells indicated
with irrigation from groundwater.

The CGWB manages a widely-distributed network of nearly 9000 groundwater monitoring
locations. Data from this network was made available for calibration. A selection of 1800 locations was
used to adjust the model parameters.

2.2.5. Ecological Assessment Module

The ecological assessment module translates the simulated impact of scenarios and interventions
on hydrology and water quality into impacts on ecology and ecosystem services. To calculate the
overall hydrological indicator, ten ecologically-relevant hydrological sub-indicators were identified
to give an indication of changes in magnitude, duration, timing and frequency of both low and high
discharge events compared to the pristine condition.

Ecological sub-indicators are expressed as changes in habitat suitability compared to the pristine
situation for several fish species, the Ganga river dolphin, the Gharial and the Indian Flapshell turtle.
Habitat suitability was calculated with response curves containing environmental thresholds for water
quality and water depth.

For socio-economics, the sub-indicators are fisheries, ritual bathing and floodplain agriculture.
The fisheries score depends on habitat suitability for the commercially valuable fish species; the religious
bathing scope depends on water depth and BOD, coliform bacteria are less important due to the lower risk
of contamination during religious bathing when compared to swimming; and the floodplain agriculture
score depends on previously flooded bare areas that becomes available during the dry season.

Since the Ganga River and its tributaries differ in geomorphology, discharge and anthropogenic
pressures, the system is subdivided into relatively homogeneous eco-zones. Habitat suitability of
species is calculated by eco-zone with dose–effect relations for water depth, dissolved oxygen and
temperature, which are extracted from the results of the other parts of the Ganga River Basin Model.
Ecological scores are calculated as a percentage of agreement with the reference situation, which is the
simulated pristine situation without anthropogenic pressures and with historical land use.

The ecological assessment module and its application to the analysis of different flow regimes is
described in detail in [7].

2.2.6. Water Information System and Dashboard

All model inputs and all relevant outputs are stored in the database of the water information system
GangaWIS (Figure 6). Delft-FEWS [65] is used to run the different model components and Delft-FEWS
model connectors are used to export input data from the database to different model components and
to import simulation results from the model components into the database. The database consists of
a PostgreSQL/PostGIS [66] geodatabase for time series and vector data and a THREDDS server [67] to
store and retrieve gridded data in NetCDF format [68].

The dissemination layer has three components. A website [69] presents static information, such as
the project description and reports. The Delta Data Viewer [70] is used to present data from the database
on a webpage. And the dashboard presents simulation results aggregated into eleven indicators (Table 2)
supported by maps and a Ganga River long-section (profile). All indicator values are calculated based
on the simulation results of the meteorological time period 1985–2014.
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Figure 6. GangaWIS (water information system) structure.

Table 2. Description of the eleven indicators presented on the dashboard of the GangaWIS (see [5]
and [7] for detailed descriptions).

Indicator Description

State of groundwater
development (% critical
areas)

The percentage of the area where the simulated groundwater
abstraction amounts to 90% or more of the simulated recharge. The
basis for this information is obtained from the model irrigation nodes.

Lowest discharge at
Farakka (m3/s)

The lowest monthly simulated discharge of the Ganga River above the
Farakka Barrier for the one-in-ten dry year.

Volume in reservoirs
(billion m3)

The total sum of simulated water stored in the main basin reservoirs at
the end of the monsoon period, October, for the one-in-ten dry year.

Agricultural crop
production
(% of area harvested)

Ratio between the actual and potential harvested area at basin level for
the one-in-ten lowest production year.

Deficit irrigation water
(%)

The difference between simulated irrigation water supply and simulated
demand as a percentage of the simulated demand for a one-in-ten dry
year.

Deficit drinking water (%)
The difference between simulated drinking water supply and simulated
demand as a percentage of the simulated demand for a one-in-ten dry
year.

Surface water quality
index

Dimensionless index based on classification as presented in [44] for the
parameters total coliforms, BOD5 and dissolved oxygen.

Volume of GW
(groundwater) extracted
(billion m3)

The total simulated volume of groundwater abstracted for public water
supply and irrigation during the year with the one-in-ten highest
abstraction.

E-flow: Ecological status
(%)

Average percentage of agreement with the simulated pristine status for
the habitat suitability of nine key species

E-flow: Hydrological
status (%)

Average percentage of agreement with the simulated pristine status for
ten hydrological discharge indicators representing magnitude, timing,
duration and frequency low, average and high flows based on the
Indicators of Hydrological Alteration method [71].

E-flow: Socio-Economic
status (%)

Average percentage of agreement with the simulated pristine status of
the indicators for the three ecosystem services religious bathing,
fisheries and floodplain agriculture
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Separate pages zoom to state-level and add state-specific indicators, maps and graphs. Indicators
of interest were determined through the participatory modelling process. The dashboard was designed
for end-users to assess the impact of scenarios and strategies by comparing results between two model
runs with different inputs.

3. Results

3.1. Results of Participatory Modelling Process

3.1.1. Broad Participation

One of the results of the adopted approach was broad participation from different national-level
government departments/agencies and those from the eleven Ganga states, both in the series of
basin-wide workshops as well as in the different state-level workshops (Tables 3–5). Participants were
particularly positive about the opportunities the approach offered counterparts in different government
agencies to collaborate and share cross-sectoral information relevant to Ganga basin planning. Many
reported gaining new insights into the river basin, users’ needs and interests and the role modeling
can play in the planning process.

Table 3. Participation of national-level and state-level organizations in basin-wide workshops.

1st Workshop
New Delhi 29
January 2016

2nd Workshop
Lucknow 18

July 2016

3rd Workshop
Kolkata 2

March 2017

4th Workshop
New Delhi 20
February 2017

Total Average

# participants from
central agencies 51 21 24 38 134 34

# participants from
state government 40 33 21 12 106 27

# of participants from
other organizations 12 11 1 16 40 10

Table 4. Participation of stakeholder organizations in state-level participatory modelling workshops,
July–October 2016.

State 1 HP UK Har Del Raj MP UP Jhar Chh Bih WB Total Average

# participants per workshop/state 34 26 27 23 25 27 27 32 19 22 22 284 26
# of different

departments/organizations present 11 12 8 7 8 10 12 10 8 10 9 105 10

1 HP = Himachal Pradesh, UK = Uttarakhand, Har = Haryana, Del = Delhi, Raj = Rajasthan, MP =Madya Pradesh,
UP = Uttar Pradesh, Jhar = Jharkhand, Chh = Chhattisgarh, Bih = Bihar, WB =West Bengal.

Table 5. Participation of stakeholder organizations in state-level model validation workshops,
April–June 2017.

State HP UK Har Del Raj MP UP Jhar Chh Bih WB Total Average

# participants per workshop/state 28 30 17 29 28 20 25 38 18 36 26 295 27
# of different

departments/organizations present 14 17 10 10 14 10 15 8 12 11 12 133 12

3.1.2. Input to the Dashboard

The interactive workshops in 2016 provided input on the most important problems in the basin
and provided data for model development. The workshops paid special attention to identifying
indicators relevant for stakeholders. The dashboard is based on the indicators identified through this
process. Where indicators were proposed that could not be evaluated using the modeling framework,
the participatory process helped to manage expectations.
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3.1.3. Use of the Ganga River Basin Model in Workshops

In the third round of workshops in April 2017 participants articulated priority interventions.
Group discussions confirmed four potentially effective strategies:

• increasing irrigation efficiency
• limiting groundwater abstraction
• increasing waste water treatment, and
• increasing reservoir volume

Demonstration model runs were carried out for the strategies with updated inputs representing
the different strategies.

3.1.4. Opportunities for Follow-Up

Followingprojectconclusion, thedashboardandunderlyingmodelsprovideafoundationforcoordinated
strategic planning in the Ganga Basin. Key to success will be continued stakeholder engagement. In the
future, stakeholder engagement could be expanded to include representatives from a wider range stakeholder
organizations and community bodies.

3.2. Calibration and Validation of the Ganga River Basin Model

The model components for hydrology, geohydrology and water resources management have been
jointly calibrated and validated, as river flows are influenced by water use and water infrastructure operations.
Flows were calibrated using 1995–2009 data and validated against 1985–1994 data. Flow calibration and
validation focused on the Ganga mainstream and its main tributaries. Calibration and validation data for
iMOD were specified by location not time period. The entire calibration process had six steps:

1. Calibration of SPHY flows at locations in the Himalayan catchments upstream of any significant
water demand or water infrastructure;

2. Calibration of Wflow flows at locations in the catchments outside the Himalayas upstream of any
significant water demand or water infrastructure;

3. Calibration of iMOD groundwater levels with a fixed river water level;
4. Calibration of pumping capacities for irrigation and public water supply in RIBASIM, using

estimates of 2011 annual pumping from CGWB (2014), and where data unavailable using canal
capacities, assuming no supply shortages in wetter than average years;

5. Combined calibration of SPHY, Wflow and RIBASIM using measured river discharges assuming no
supply shortages in wetter than average years and zero flux between rivers and the groundwater; and

6. Combined calibration of SPHY, Wflow, RIBASIM and iMOD using measured river discharges
after incorporation of river-groundwater exchanges from step simulation of iMOD.

A complete description of calibration and validation results as well as sensitivity analysis results
are in [5]. Figures 7 and 8 show calibration and validation for monthly flows at two locations on the
Ganga River. Observed flow data are from CWC. Flow values are omitted in compliance with the
Government of India Water Data Policy for classified data. Figure 7 shows results for Rishikesh, where
the Ganga descends from the Himalayas onto the plains. Simulations generally agree well with the
measurements but underestimate peak monsoon flows. These peak flows are less important from a water
supply perspective, as during the monsoon demands (including to fill storage) are far lower than supply.
Figure 8 shows results for Varanasi, the most downstream location on the Ganga for which data were
available. Again, simulations match measurements well, but with an overestimation of dry season flows.
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Figure 7. Validation (1985–1994, top) and calibration (1995–2009, bottom) results for the Ganga River
at Rishikesh; monthly discharges (left), mean monthly discharges (right bottom) and location of the
station (red dot on map right top).
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Figure 8. Validation (1985–1994, top) and calibration (1995–2009, bottom) results for the Ganga River
at Varanasi; monthly discharges (left), mean monthly discharges (right bottom) and location of the
station (red dot on map right top).

It is difficult to compare the results of model calibration and validation with those of previous
studies, since model results of previous studies are only available in the form of reports and since
different data were made available to prior studies. Limited availability of measured discharge data
within India for the studies reported in [12,13] made these studies focus on stations in Nepal. Ref. [13]
reports results for the station Hardinge Bridge in Bangladesh for the period 1998 to 2006. These results
show Nash–Sutcliffe efficiency (NSE) coefficients of 0.85 to 0.89, which is comparable to the values
presented here for Varanasi (Figure 8), the most downstream station for which data were available in
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this study. Ref. [14] presents NSE and volume bias for simulation results for 1990 to 2004 for a number
of stations within India. For Rishikesh an NSE of 0.60 and a volume bias of +30% is reported, which
compares unfavorably with the results presented here where NSE of 0.73 to 0.77 and a bias of −6% to
−7% were achieved (Figure 7). There are two more stations both on the Ganga River for which both
this study and [14] reports results: Ankinghat and Kanpur. Both studies show comparable values for
the NSE, but the volume bias reported in [14] is +30%, while our results vary between −18% to −32%.

Overall, the calibration and validation of this study benefited from better data availability than
previous studies. As far as results can be compared, the hydrological results of the Ganga River
Basin Model appear to be comparable to the results of previous studies and sometimes represent
a slight improvement.

3.3. Assessment of the Impact of Scenarios and Strategies

Herein, the term scenario describes developments that impact water resources, but that are outside
the direct influence of water managers (e.g., population growth or climate change); and the term
strategy describes a combination of interventions designed to address current or future management
issues. The effectiveness of strategies can be assessed for different scenarios.

Except for the present scenario, all scenarios are based on assumptions or projections and are,
therefore, uncertain. The ‘pristine’ scenario describes the basin without water resource development.
Other scenarios describe possible futures for around the year 2040. All include increases in domestic,
industrial, and agricultural water demand. Three climate change futures are considered: no climate
change, climate described by the Intergovernmental Panel on Climate Change (IPCC) Representative
Concentration Pathway (RCP) 4.5 scenario and climate described by the IPCC RCP8.5 scenario.

Based on stakeholder inputs, strategies were developed that could be implemented in combination
or separately:

• Business as Usual (BAU): No changes in water resources management.
• Approved Infrastructure (Appr.Inf): Implementation of infrastructure projects approved as of

early 2018.
• Inter-Basin Transfer Links (IBTL+): Implementation of the main proposed inter-basin transfers

relating to the Ganga Basin.
• NMCG Planned Treatment (Pl.tr): Implementation of the additional treatment plants planned

by National Mission for Clean Ganga (NMCG).
• Improved Treatment (Imp.tr): All planned wastewater treatment plants implemented and fully

operational, and rural wastewater impact reduced by additional treatment.
• Increased Irrigation Efficiency (Eff): Surface water irrigation efficiency increased from 40% to

48% and groundwater irrigation efficiency increased from 70% to 74%.
• Conjunctive Use (Conj.use): Groundwater abstraction reduced by 50% at over-extracted nodes.

(Six nodes are over-abstracted in the present scenario and 12 nodes in the 2040 scenarios).
• E-Flow (e-flow): Minimum flow forced to 40% of pristine flow for each month, whenever possible.

Most strategies can be scaled to increase their impact. Figure 9 shows basin-wide indicator values
for the modelled scenarios. Impacts are most visible in the hydrological indicators: areas with critical
groundwater use increase significantly, and the lowest dry-year river discharge diminishes significantly.
The e-flow indicators differ significantly from the pristine condition, however, there are only small
differences in e-flow indicators between future scenarios. Scenario assessments (without management
interventions) indicate a significant decrease in future water availability, water quality and ecological
status. Changes are mainly caused by socio-economic factors, not climate change.
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Table 6. Basin wide indicator scores for eight strategies under the IPCC 2040_RCP4.5 scenario.

Indicator Code BAU Appr. Inf Conj.use IBTL+ Eff Pl.tr Imp.tr e-flow

State of Groundwater development
(% critical areas)

GW
over-abstraction 88 88 79 83 88 88 88 95

Lowest discharge at Farakka (m3/s) Low Q 1502 1458 1622 1258 1483 1502 1502 1528
Volume in reservoirs (billion m3) Res. Store 52 55 53 41 53 52 52 20

Agricultural crop production (% of
area harvested) Agr. Harv. 87 89 74 92 89 87 87 84

Deficit irrigation water (%) IRR deficit 31 31 47 30 29 31 31 39
Deficit drinking water (%) DR deficit 34 34 35 35 34 34 34 39

Surface water quality index (-) WQ index 4 4 4 4 5 4 4 5
Volume of GW extracted (Billion m3) GW used 217 215 176 206 207 217 217 235

E-flow: Ecological status (%) E-ecol 65 65 66 63 66 65 66 73
E-flow: Hydrological status (%) E-hydr 47 46 49 44 47 47 47 56

E-flow: Socio-Economic status (%) E-socio 66 66 67 68 66 67 69 75

Figure 9. Basin-wide indicators for five scenarios. Values are scaled from 0 to 100, with the pristine
scenario as 100). Indicator codes are explained in Table 6 and described in Table 2.

Given the significant potential degradation by 2040, it is informative to evaluate the effectiveness
of strategies proposed by stakeholders. Table 6 and Figure 10 show indicator scores for individual
strategies under the IPCC 2040_RCP4.5 scenario. If multiple strategies were combined, a greater
response would be expected. Details of the assessment are available in [7].

 

Figure 10. Percent change in basin-wide indicator values for intervention strategies. Values relative to
the business as usual scenario. Increases indicate improvement and reduction indicate deterioration.

4. Discussion

The scenario assessments indicate significant degradation from the pristine condition. During
part of the year a large fraction of the flow is diverted to canals, sometimes reducing flow in the river
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to almost zero. Groundwater levels have changed significantly. Flows in the shallow aquifers in the
Ganga plains now entirely reflect anthropogenic influences. Water quality has been severely degraded
by liquid and solid waste discharges into the river and its tributaries. It is the first time that these
findings can be based on comparison of model results for the actual situation with a pristine scenario.

Model results suggest significant additional degradation in water availability, water quality and
ecological status will occur in coming decades in the absence of strong management intervention.
A new finding from the scenario analysis is that degradation will be mainly caused by socio-economic
factors, not climate change. The projected significant increases in water demand by 2040 will mainly
affect groundwater, because most available surface river water is already used. Scenario results show
that drinking water and irrigation water deficits will increase, and water quality will further deteriorate.
Despite considerable data uncertainty, climate change is expected to affect water demand more than
water availability.

Results of the analysis show that there is no single simple intervention to address the multiple
pressures on the Ganga. A combination of interventions is required. However, the suite of currently
considered interventions, which would require huge investment and face significant technical challenges
and stakeholder opposition, will not adequately address the future challenges of water availability,
water quality and ecology. Indeed, they will not even address the current severe pressures on the river
system. This is an important new finding of this study.

The intervention with the greatest potential benefits is further improvement of municipal wastewater
treatment. Whether centralized or decentralized, high- or low-technology, greater reduction in pollution
improves downstream water quality, improves ecosystem services, and reduces water-related illnesses
and deaths. The next most important intervention is an increase in water-use efficiency, especially in
irrigated agriculture. Increased efficiency will not immediately increase water availability; however,
irrigation deficits may be reduced. This means greater agricultural production for the same level of
irrigation withdrawals.

Model results show that water availability in the basin will be insufficient to meet projected future
demands and that there are no easy technical solutions. Many interventions that are beneficial for one
sector or outcome show negative effects for others.

The results of the scenario analysis show that ambitious strategies are needed to reduce demands
across all sectors and that trade-offs need to be made between sectors. The agricultural sector will
need to adapt to lower water availability in terms of crop choices, planting seasons and irrigation
efficiency. Farmers will need to develop flexible approaches, choosing irrigated or non-irrigated crops
depending on monsoon rainfall. This will affect agricultural production and sector employment.

Without coordination and careful balancing of interests, expensive interventions may fail, wasting
scarce financial resources. The absence of a functioning water-resources management governance
structure in the basin aggravates the challenges the basin is facing. Although not as a result of the
presented study, the authors recommend from global experience that a basin management organization
with a legal mandate to work across state boundaries is needed to plan the strategy and implement it.

The consequences of the conclusions presented above are far-reaching and will involve many
departments and ministries beyond just water resources. Non-technical interventions, including
incentives to change cropping patterns and to reduce water use, are required. Fundamentally, the focus
will need to shift from more “crop per drop” to more “jobs per drop”. Service and industrial sectors
consume far less water per employment generated, supporting greater growth.

The participatory approach to prepare and apply an integrated river basin model as presented
in this paper has potential to support improved strategic planning for the Ganga Basin as shown by
the results for the scenario and strategies presented. A similar approach can also have added value
to support strategic planning for other large river basins in South Asia and the rest of the world.
The components of the integrated model should then be modified to reflect the river basin, the issues
and the possible interventions.
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Abstract: Hydropower development causes a multitude of negative effects on freshwater ecosystems,
and to prevent and minimize possible damage, environmental impact assessments must be conducted
and optimal management scenarios designed. This paper examines the impacts of both existing
and proposed hydropower development on the transboundary Amur River basin shared by Russia,
China, and Mongolia, including the effectiveness of different tools and measures to minimize damage.
It demonstrates that the application of various assessment and conservation tools at the proper time
and in the proper sequence is the key factor in mitigating and minimizing the environmental impacts
of dams. The tools considered include basin-wide assessments of hydropower impacts, the creation
of protected areas on rivers threatened by dam construction, and environmental flows. The results of
this work show how the initial avoidance and mitigation of hydropower impacts at early planning
stages are more productive than the application of any measures during and after dam construction,
that the assessment of hydropower impacts must be performed at a basin level rather than be limited
to a project implementation site, and that the full spectrum of possible development scenarios should
be considered. In addition, this project demonstrates that stakeholder analysis and robust public
engagement are as crucial for the success of environmental assessments as scientific research is for the
protection of river basins.

Keywords: hydropower; dam; damage; ecosystem; conservation measures; environmental
assessment; environmental flows; GIS

1. Introduction

1.1. Freshwater Biodiversity and Dams

Although freshwater ecosystems cover less than 1% of the earth’s surface, freshwater habitats are
home to more than 10% of all known animals and about one-third of all known vertebrate species [1].
These ecosystems are also the most threatened: They are strongly affected by habitat modification,
fragmentation and destruction, invasive species, overfishing, pollution, disease, climate change, etc.
Freshwater ecosystem health is defined by its water quality and quantity [2], connectivity to other
parts of the system and landscape, habitat condition [3], and diversity and abundance of plant and
animal species [4]. Infrastructure development—especially dams—has caused a dramatic decline in
the number of connected, free-flowing rivers [5]: Currently, there are more than 50,000 large dams
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worldwide [6]. Some of these dams are used for hydropower, which is the largest contributor to
global renewable electricity generation, supplying 16.4% of the world’s electricity from all sources [7].
During the process of hydropower project development, insufficient attention is paid to impacts
on the environment (such as the disruption of the natural flow regime, fragmentation of the single
river ecosystem, suppression of migration paths and the changing habitats of species, greenhouse
gas emissions from reservoirs, changes in sediment flow and channel processes, changes in the
microclimate, transformation of biological and chemical properties of the water body) and measures to
minimize these [8].

1.2. Assessment Hierarchy and Sequencing for Hydropower

Hydropower projects should seek to minimize their impact on natural ecosystems and ecosystem
services while optimizing the project’s energy generation potential. Adherence to the mitigation
hierarchy from the earliest planning phase and throughout the project life cycle can achieve more
sustainable hydropower generation [9].

The evolving context of available energy alternatives is implicitly present in hydropower discourse.
From the beginning of the 21st century, wide recognition of the urgent need to reduce greenhouse
gas (GHG) emissions was the reason for proponents of large hydro and nuclear power to promote
these technologies as the most promising climate-friendly options [10] that provided unique benefits
outweighing negative impacts on ecosystems and local communities [11]. With the emergence of
massive wind and solar production having the potential to outcompete more expensive technologies,
the same groups now describe hydropower as an important enabler and stabilizer for the mass
deployment of intermittent renewable technologies [12]. Other industry-led entities, such as the
Global Energy Interconnection and Development Organization, dare to propose world-wide renewable
energy systems, where a unified high-voltage grid supplies load centers from remote solar, wind, and
hydropower “energy bases” [13]. Therefore, an analysis of alternatives at the energy system level is no
longer a formality, but a necessary first step when considering impact assessments in the energy sector.

The strategic environmental assessment (SEA) is accepted worldwide as the instrument to facilitate
a more comprehensive analysis of energy development, either standing alone or in combination with
integrated planning approaches, such as integrated water resources management (IWRM) or integrated
river basin planning [14]. According to the Netherlands Commission for Environmental Assessment
(NCEA), about 30 SEAs have been executed supporting decision-making on hydropower development,
with most of those completed in Asian countries [15].

In theory, three distinct phases can be identified in the assessment and decision-making that leads
to large dam development:

1. Strategic planning to explore ways to fulfill societal needs with dams considered as one of
the options;

2. Dam prefeasibility studies, including siting studies;
3. Dam feasibility and design after the selection of the preferred dam option [16].

In practice, only phase three is subject to an environmental assessment with formalized public
participation, and hydropower project proponents will usually perform the previous phases without
public consultations.

The objective is to compare environmental risks that have been mitigated at different stages of
hydropower development and analyze the effectiveness of conservation measures. The hypothesis is
that initial avoidance and mitigation of hydropower impacts undertaken at early planning stages are
more effective in reducing damage to ecosystems in a given basin than measures undertaken during
and after a dam is constructed.

The effectiveness of application of specific assessment methodologies can be judged only in
the institutional and social context of its use. Governance systems as such may require formalized
assessment before decisions to invest in hydropower project are made. According to the Netherlands
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Commission for Environmental Assessment (NCEA), drivers (or root causes) for negative effects of
dam development decisions are mostly related to deficiencies in the wider governance context such as
neglect of strategic and system-based studies, favoring large dams above potentially more sustainable
options without justification, and national public governance system incapable of correcting this
situation due to late or insufficient involvement in the development process [16].

1.3. Importance of Stakeholder Engagement

Stakeholder analysis and proper engagement are crucial for environmental impact assessments
(EIAs) because outcomes depend on the timely participation of stakeholders in the process, which
can increase the willingness of the project developers to implement recommendations resulting from
assessments. The social and cultural dimensions of dam development are widely documented and
recognized [17] but are still rarely considered in assessments, especially at early stages of project
identification [18]. The most neglected dimensions are an analysis of stakeholders involved in and
affected by hydropower construction, and the development of tools to promote early stakeholder
involvement into decision-making. In emerging economies, strategic planning is often expected to be
based on objective science [19], rather than on the demands of various stakeholders [20].

While negative impacts on local communities partly resulting from incomplete assessments are
well described in the literature [21], analyses of response strategies available to various stakeholder
groups excluded from the assessment process are limited. One research work compared the more
robust indigenous participatory mechanisms in Canada to those in Russia, where the development of
the large Evenkiiskaya dam was halted partly due to active resistance from the indigenous community
that was denied access to the official decision-making process [22]. Similar research on the Mekong [23]
and rivers of Myanmar [24] has shown that the various facets in civil society that are denied access
to decision-making may engage in developing their own disruptive strategies, including alternative
assessment frameworks, and this may lead to drastic adjustments to project development processes
driven by project proponents. Even companies strictly following national guidelines (and even best
international practices) for public consultations during an EIA process still often experience fierce
opposition from local communities, mainly when communities believe that the consultation process
is being used as a tool to force hydropower projects in areas where communities do not agree in
principle with dam building, or they see dams as a tool used by outside forces (e.g., central government)
to impose control over territory/resources that local communities want to manage themselves [25].
Therefore, caution regarding public participation among project developers is quite understandable
and underlies the strategy to make investment plans public only at the last stages of decision-making.
However, a study that modeled such a process in Nepal still concluded that conflicts with local
populations (inevitably embedded in dam projects) should be revealed and addressed at early stages
of development and that by doing so, developers will save money and decrease risks [26]. The authors
emphasized the lower implementation costs and higher chance for success when plans are changed at
an early stage in the project cycle.

Many local stakeholders potentially affected by hydropower development are also unprepared
to devote their resources to assess strategic planning documents. The majority of strategic planning
documents, such as basin management plans, are not viewed by the public in developing/emerging
economies as the real foundation for future decision-making, which is subject to the discretion of various
government officials. Local actors most readily address problems that have already materialized and
threatened their livelihoods, such as proposals to build a specific dam.

1.4. Amur River Basin: Biodiversity and Hydropower

An evaluation of the impacts of hydropower dams in the transboundary Amur basin is used to
support the hypothesis that initial avoidance and mitigation of hydropower impacts can lead to better
conservation outcomes. Amur is the largest transboundary river system in Northeast Asia, flowing
through Mongolia, China, and Russia and forming a natural border between China and Russia (see
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Figure 1). The river basin is famous for rare waterfowl, big cats, and endemic fish. The basin is still
an arena for massive fish migration along the main stem and tributaries, with salmonids, sturgeon,
and lamprey being three important examples [27]. The floodplains of the Amur and its tributaries
create a belt of wetlands with high biodiversity value. The basin area is included in the list of Global
200 Ecoregions of the World, which are a priority for conservation efforts [28].

Figure 1. The Amur River basin and its protected areas. ©WWF-Russia.

In 2019, there were approximately 100 dams in the basin, including 19 large dams, of which 3 are
located in the Russian part on the Zeya and Bureya rivers. The total generation is almost 22 GWh per
year, with the three large Russian dams producing 13.7 GWh per year.

In China, all the most promising sites suitable for large hydropower had already been used by
the beginning of the 21st century. Recently built medium-sized dams (e.g., Hadashan on the Second
Songhua River) have pursued multiple purposes, with hydropower being subordinate to irrigation,
water supply, navigation, etc. Since 2015, Chinese authorities have imposed restrictions on new small
hydropower construction and have started the assessment, reconstruction, and removal of smaller
dams in many river basins, including the headwaters of the Second Songhua River in the Amur
basin [29].

In Russia, the Amur basin was the first region where intensive hydropower construction was
resumed after the economic crisis of the 1990s: The Bureya hydropower dam was put into operation
in 2003 to complement the Zeya dam built in 1975, and the Lower Bureya dam started generation
in 2017. The flow regime of the Zeya and Bureya have changed significantly, which has resulted
in the alteration of the natural floodplain ecosystems on both rivers. This has caused a decline in
typical floodplain communities [30], habitats of cranes and storks [31], and refuges for fish species [32].
Dams have become a barrier to migration, and chum salmon (keta), lamprey, and whitefish have
disappeared above the dams [33]. The continuing degradation processes of the floodplain system of
the Amur under the cumulative influence of the Zeya and Bureya hydropower dams has been further
exacerbated below the mouth of the Songhua River, where the flow regime has undergone additional
anthropogenic changes due to the construction of hydro-engineering structures in China [34].
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1.5. Initial Dialogue between CSOs and Energy Industry

The hypothesis is that the basin-wide assessment of hydropower impacts is an effective tool in
early planning when analyzing environmental costs of hydropower development and comparing
possible development scenarios.

In Russia, the official environmental impact assessment methods used for hydropower projects do
not allow for the analysis of complex impacts from dam construction on the ecosystem of the basin as a
whole and do not compare different scenarios to optimize development [35]. For comparison, in 2011,
Chinese regulations were issued for basin-wide hydropower schemes that require a basin-wide strategic
assessment to precede individual dam EIAs [36]. However, the application of such assessments with
meaningful public participation is yet to be fully implemented.

The lack of legal requirements and established practices for comprehensive basin-wide
assessments of hydropower impacts in early 21st century Russia has become a serious obstacle
to productive dialogue between the newly created state-owned Hydro-OGK hydropower company,
in charge of 70% of hydropower dams (later renamed RusHydro Co.), and a wide coalition of
non-governmental organizations (International Socio-Ecological Union, Greenpeace, WWF-Russia,
Russian Bird Conservation Union, and other NGOs.). In the aftermath of the World Commission on
Dams Report [17], the two sides sought to agree on safeguards to prevent negative impacts from new
hydropower projects under specific conditions for Russia. NGO and industry experts compiled a
“comprehensive list of impacts from hydropower dams and reservoirs on the environment”, which
identified 9 groups of problems and more than 100 specific potential impacts. An analysis of causal
relationships between a multitude of effects and issues demonstrated that the majority of these were
determined or strongly correlated with three fundamental environmental changes brought about by
large reservoir development. These changes included (1) freshwater ecosystem fragmentation/blocking
of the natural movement of biological organisms, sediments, nutrients, etc.; (2) the augmentation
of natural flow dynamics of matter and energy in the river network; and (3) the creation of vast
lake-like habitats serving various human activities that replaced natural river valleys. Discussions
between NGOs and hydropower corporations highlighted mutual interest in identifying and ranking
hydropower development options in each large river basin according to the potential severity of local
and basin-wide impacts on ecosystems. This could assist both the industry and NGO community in
defining long-term priorities for action and predicting and preventing possible conflicts and negative
consequences. Therefore, it was suggested that the optimization of hydropower development in a large
river basin first requires an assessment of impacts resulting from these three fundamental changes
under different hydropower development scenarios. Such an assessment scheme was later designed
by NGO experts and was initially welcomed by RusHydro management, although it was not explicitly
used by the company [37].

2. Materials and Methods

The dialogue between RusHydro and leading civil society organizations (CSOs) held in 2007
helped to identify and introduce into the national policy debate key tools for preventing hydropower’s
negative impacts on nature and people who became the foundation for CSO activities in this field
for the following decade. In this paper, we explore how some of those tools were applied to the
Amur basin.

The tools to prevent adverse dam impacts employed in the Amur basin by civil society included
the following:

1. A strategic basin-wide assessment of hydropower impact;
2. The creation of protected areas on the rivers that were threatened by hydropower development;
3. Environmental flows.

The methodology underlying each of the tools designed for trial use in the Amur River basin is
described in this section.
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2.1. Strategic Basin-Wide Rapid Assessment of Hydropower Impacts

During preliminary phases of hydropower development planning, it is important to determine
the scale of impacts from each potential dam and rank proposed projects and multidam development
scenarios according to the degree of their environmental impacts. A basin-wide assessment of
hydropower options allows for a comparison of dam sites in terms of potential effects on connectivity
and downstream flow regimes. Somewhat similar basin-wide optimization approaches proposed by
The Nature Conservancy (TNC) [38] and other research papers on the global footprint of dams [39]
inspired the formulation of specific minimum requirements for the rapid assessment of basin-wide
environmental impacts of existing and planned hydropower dams. Such an approach could yield the
most significant gains if used to guide development in large basins not yet significantly altered by
hydropower, and therefore the transboundary Amur basin was considered the priority among basins
of Russia.

Rapid assessment methodology is focused on simple modeling of potential impacts from dams on
river ecosystems and is intended to guide developers on how to choose options with the least negative
environmental effects. When assessing the cumulative impacts of several dams on the ecological
condition of the basin, first and foremost, we considered the following broad impact factors, which
have been jointly identified as the most important by NGOs and industry experts:

1. The alteration of flow regimes and ecosystems downstream of dams that affects the
three-dimensional interaction of the river and valley;

2. The transformation of riverine habitats in the region through their replacement by water reservoirs;
3. The fragmentation of river networks, including the disruption of migration routes of species and

material transport.

As demonstrated by previous assessments of river basins around the world, these three factors
are associated with the majority of observed and predicted consequences of dam building for aquatic
ecosystems, e.g., mapping the world’s free-flowing rivers [5], global threats to human water security
and river biodiversity [40], and restoring environmental flows by modifying dam operations [41].

To assess and compare the impacts of multiple scenarios on the river basin, three pairs of proxy
indicators for impact were designed, so that each of the main factors could be expressed both in
absolute and relative values.

2.1.1. Flow Regime Alteration and Floodplain Transformation Downstream from Dams

The most important objective should be to protect the Amur River and its floodplains, which
contain the main biological resources and ecological services as well as the natural support base for
the local communities of the Southern Far East. The methodology for evaluating the socioecological
impacts and criteria for future dam construction should be developed based on the main concern [42].
The degree of floodplain ecosystem transformation downstream from dams reflects the consequences
of altering the natural hydrological regime of a river. The index is based on the relationship between
the storage volume (live volume) of a reservoir(s) and the total annual river flow volume at the dam’s
location, which is a consensual index used in many studies. However, for the Amur River, it is expressed
not just as the percentage of the flow volume that can be withheld in the dam’s reservoirs upstream of
a given river’s reach (index commonly known as the degree of regulation (DOR), see Reference [5]),
but is further multiplied by the area of the floodplain ecosystem at a given reach. The resulting index,
Imp_fl (km2), is proportional to both the area of vulnerable habitats and the degree of impact in a given
river reach (stretch). To characterize the basin-wide situation, it is summed across all river reaches of
the basin/sub-basin (ALT_fl (km2)). When related to the original unaltered floodplain area of a given
river reach, it approximates the share of affected floodplains as a percent: Imp_fl (%). For each scenario,
it is summed across all river reaches of the basin/sub-basin. To characterize the basin-wide alteration
of floodplains, the ratio between ALT_fl (km2) and total area of natural floodplains (

∑
Sfl) in the given

basin/sub-basin is used and is expressed as a percent: 100 ×∑Imp_fl/(
∑

Sfl) = ALT_mean (%).
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The degree of floodplain ecosystem transformation provides an index to measure how strongly a
dam or set of dams can affect the natural floodplains and their ecosystem services.

Floodplains are singled out as the most ecologically important habitat affected by flow regulation,
which is valid for the Amur basin, but applying the assessment methodology in a different river
ecosystem may require focusing on different key habitat types. The biota and ecosystems of the rivers
in the Amur catchment are strongly dependent on the floods that are regulated by dams.

2.1.2. Transformation of Riverine Habitats by Reservoirs

Any reservoir is an anthropogenic feature replacing the essential socioecological landscapes: river
valleys. It is assumed that the larger the surface of the water reservoirs and the greater their share in
all water surfaces of the river system, then the more they transform aquatic and terrestrial ecosystems.
The surface of the existing river system and the modeled surface of planned reservoirs as well as the
surface of all freshwater ecosystems upstream from the dam preceding reservoir formation (during the
low-flow period) is calculated. Reservoir surface areas are expressed as Imp_res (km2). Transformation
by the reservoir is calculated as the percent ratio between reservoir surface area and surface area of all
aquatic ecosystems of a given sub-basin before reservoir formation IMP_reservoir (%).

The value of this measure, when applied to the Bureya and Zeya dams, can be seen on the impacts
of fish species and stocks. The Bureya dam and Zeya dam reservoirs together occupy 3160 km2, which
is roughly equal to 45% of the total water surface in the Middle Amur Freshwater Ecoregion in Russia.
In China, all 12 hydropower reservoirs of the basin occupy only half of that area. The Zeya and Bureya
reservoirs have low-quality water, in part due to inundation by massive volumes of vegetation, soil,
and peat. Before the Zeya dam construction, the composition of the fish fauna of the Upper Zeya
basin in 1970 included 38 species, but by 2007 the fish fauna of the Zeya reservoir was reduced to
26 species [43]. Fish stocks of the Zeya reservoir have been seriously depressed for many years.

2.1.3. Blocked Sub-Basins: A Measure of Basin Fragmentation

River fragmentation indices typically measure the degree to which river networks are fragmented
longitudinally by infrastructure, such as hydropower dams. Fragmentation prevents effective ecological
processes that depend on longitudinal river connectivity, including the transport of organic and
inorganic matter and upstream and downstream movements of aquatic and riparian species [5,39].

A simple measure of the fragmentation of the river basin is a percentage of the basin area that is
cut off from the sea by dams. This study takes as a proxy measure the area (Imp_bl (km2)) or share
(IMP_block (%)) of the basin disconnected by dams from the sea. In other more sophisticated versions
of this methodology (not presented in this paper), additional fragmentation indices have also been
tested that measure the degree of partition in many disconnected sub-basins [44]. For purposes of this
rapid assessment, those additional indices do not reveal new trends but reinforce the emphasis on
fragmentation. In a more nuanced study with a detailed comparison of multidam scenarios, the use of
such indices would be more justified.

A blocked basin index was justified as a proxy index in our analysis because the global value of
the Amur Freshwater Ecoregion was primarily attributed to the abundance of diadromous fish species
that suffer from disruption of migratory routes to the sea [27]. For example, upstream from the Zeya
and Bureya dams, the Amur sturgeon, kaluga, keta salmon, Japanese lamprey, and other migratory
species have already disappeared. Taken together, by 2011, the Zeya and Bureya dams blocked 9%
of the Amur catchment area, while all of the existing dams in China blocked an additional 22–23%.
This means that nearly one-third of the Amur River system has already been isolated from the sea and
can no longer sustain key migratory species, e.g., diadromous fish.

For calculations, the analyzed river system was divided into reaches (stretches) limited by
existing and potential dams and confluences with tributaries. Since the analysis was applied only
to large dams/reservoirs, the inquiry was limited to streams having a catchment area of more than
10,000 km2 (with 3–4 exceptions where large dams were planned in catchments of a smaller size).
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Each stretch with a complex of natural characteristics was defined as a key basic unit in the multifactor
analysis. The whole Amur basin was delineated into 214 units/stretches (see Figure S1), to which we
attributed characteristics of the respective elementary sub-basins. To define stream direction, borders
of watersheds, the size of planned reservoirs, hydrographic models, and data from the Shuttle Radar
Topographic Mission (SRTM) [45] were used.

Satellite imagery was processed using Erdas Image software, while expert interpretation of water
bodies and floodplains was performed using ArcGIS 10.5. The sources of cartographic information
were Landsat Aster and Sentinel-2 satellite imagery, SRTM water body data (SWBD) [46], and vector
topographic maps (1:500,000–1:100,000).

Characteristics of hydropower engineering projects have been derived from planning documents,
river basin development schemes, technical documentation for dam design, etc. Annual discharge
at each reach was derived from official Soviet hydrological bulletins and literature on hydropower
projects and plans, e.g., hydropower master plans [47], natural resource allocation studies [48], bilateral
water management schemes [49,50], and five-year plans [51]. The remaining data gaps were filled by
modeling/approximation.

From all available sources, a list of 84 possible large dam locations in the Amur River basin was
compiled, from which 45 projects had data sufficient to perform a basin-wide impact analysis (see
Figure 2).

The characteristics were attributed to each river reach (stretch) and related sub-basin as appropriate.
The three proxy indicators of impact were calculated at each river stretch and/or each sub-basin for
each assessed basin-wide hydropower development scenario (see Table S1).

The values of the three indicators at the river mouth (or at the terminal point of any
sub-basin/catchment) were taken as a proxy for a basin-wide score for a given scenario in this
catchment. To characterize the degree of alteration from one value (following the advice of Dr.
Alexander Martynov), an integrated index was also developed:

INT3 =
3
√
(ALT_mean) × (IMP_reservoir) × (IMP_block).

For comparisons between basin-wide scenarios, the three proxy indicators were used as well as
the integrated index calculated at the Amur River estuary.

To relate electricity production to the potential impact, all proxy indices were divided by the
annual electricity production expected in a given scenario. The impact per unit of energy generation is
an important measure of efficiency in terms of environmental economics [52].

All existing and possible dams and hydropower development scenarios (combinations of dams
described in planning documents) in the Amur River basin were ranked according to their potential
environmental impacts and efficiency relative to energy production (see Table S2).

For the sustainable development of hydropower in a given river basin, the aim is to minimize
both potential impacts and their relative measure per unit of energy production. This rapid assessment
methodology enables a quick initial ranking of multiple hydropower development scenarios in a large
river basin according to their key potential negative impacts. Therefore, it provides developers with an
opportunity to concentrate further efforts on less risky development options, while conservationists
can focus on the prevention of dam construction at locations where it may lead to the greatest negative
impacts for natural freshwater ecosystems.

This is the first basin-wide assessment of hydropower impacts designed for the Amur basin and
the first ever suggested in Russia. The main innovation of our methodology compared to earlier
assessment methods designed for other basins has been to reduce the assessment to three key variables,
which, once agreed upon, do not require subjective expert inputs in further scenario assessment.
This enables a credible comparison of impacts from any number of hydropower development scenarios
at a basin-wide scale, including existing and proposed dams. Despite simplification, the methodology
still takes into account specific features of the basin in question (e.g., using the degree of floodplain
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ecosystem transformation index in place of the conventional degree of regulation index (DOR)).
Our model has also been shown to have certain theoretical value by successfully relating various
degrees of hydropower potential utilization to measurements of potential impacts associated with
such development scenarios.

Figure 2. Locations of the existing and potential dams in the Amur River basin. ©WWF-Russia.

2.2. Creation of Protected Areas at River Stretches Targeted for Hydropower Development

In the case of the Amur, the river stretches where hydropower construction is predicted to cause
the most damage to the ecosystem of a given river basin are pre-emptively protected in perpetuity to
constrain the future design of hydropower at such sites by legal regulations. Since sites known to be
suitable for large dams are scarce and often located in river gorges with rich biodiversity, it is often
possible to justify protected area development based on local natural values even without reference
to its wider safeguarding function for a basin-wide river ecosystem. Since Russian legislation does
not prescribe the design of specific biodiversity conservation measures as part of basin-wide water
resources management planning, after the identification of critical sites, the rest of the work follows a
standard methodology for the creation of protected areas.

In Russia, legally protected natural areas of different types can be established at a provincial and
national level, while in China, four levels of government have such authority. In both countries, there
are long-term plans for gazetting conservation areas, in which prospective protected areas should
be included in order to be considered [53]. Field research by local scientists to collect data to justify
the protection of a given site is usually required. In both countries, formal reports covering the
scientific, economic, and management justification for a given protected area should be presented
to a special commission formed by a relevant government agency. In addition, until 2019, Russia
required the socioeconomic justification for protected areas (PA) establishment to be subject to an EIA
procedure, which included public consultations with potentially affected stakeholders. The overall
process of PA establishment could take anywhere from 2 to 10 years. However, once preservation on
a natural hydrological regime and/or prohibition for massive infrastructure development is written
into management regulations of a new protected area, it becomes a legal requirement. Removing or
adjusting such prohibitions requires a new and lengthy procedure involving a new EIA and public
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consultations. Adjustments to a protection regime happen more often in China than in Russia, but
still present serious legal and reputational challenges for proponents of dam building. In China, at
least one precedent of the protected area being reconfigured to give way to dam building is known.
However, this has not happened in Russia.

Protected areas have been created several times since the 1990s in the Amur basin to protect the
most vulnerable sites. The Norsky Strict Nature Reserve in Amurskaya Province of Russia was the
first such PA (successfully created in 1998) to safeguard the confluence of the Nora and Selemdzha
rivers, where development of the Dagmarskaya dam was proposed in the early 1990s. The method
was pioneered by a team of local conservation biologists led by Dr. Yury Darman [54].

This team of authors (to the best of our knowledge) is the first to apply this approach to protected
areas for freshwater ecosystem conservation at the basin scale, namely to establish conservation areas
at potential damming sites in a systematic manner.

2.3. Environmental Flows

Transformation of the flow regime downstream from the dam is among the most adverse impacts
of dam construction on freshwater ecosystems. One of the compensatory measures to mitigate the
impacts of dam construction is the implementation of environmental flow, which is the release of a
specific volume of water from the reservoir to mimic the characteristics of the natural flow variability
of water and sediments [7].

There are about 200 methods for determining environmental flows [55] being used globally.
Regardless of the chosen method, it is important to characterize the flow regime and its intra- and
interannual variability in natural conditions. These characteristics describe the water regime to which
the ecosystem has been adapted.

In Russia, guidelines for the development of reservoir operating rules indicate that reservoirs
should also be used for environmental flow releases [56]. The method prescribed in “Methodological
Guidelines for Developing Standards to Assess Environmental Flow” is based on preserving the
freshwater ecosystem in a state where its restoration potential is not disturbed by determining the
critical flow volume [57]. Environmental flow is calculated based on the difference between the values
of annual runoff and the volume of allowable water withdrawal. In this study, the applicability of
various methods to freshwater ecosystems of the Amur basin was assessed, but we did not seek to
design another specific methodology.

3. Results

The description of the results is characterized, to the extent possible, both from technical outcomes
of the assessments as well as from the public participation and policy processes in which they were used.

3.1. Basin-Wide Hydropower Assessment

3.1.1. Main Assessment Findings

Using the basin-wide rapid assessment tool, how potential impacts depend on the degree and
pattern of hydropower development was analyzed, with the following results.

At initial phases of development in unaffected basins, individual hydropower dams with similar
production may have a more than 10-fold difference in potential basin-wide environmental impacts
(Figure 3).
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Figure 3. Impact of individual hydropower dams.

It was found that as the development of hydropower potential progresses, the difference between
“best” and “worst” development options decreases. The scenarios selected for analysis in this paper
are described in Table 1.

Table 1. Composition of the scenarios shown in Figures 4–6.

Figure 4 Figure 5 Figure 6

Scenario
10% min 37, 38 Scenario

Actual

2, 56, 98, 107, 108,
116, 118, 122, 125,
128, 139, 141, 142

Scenario actual
2, 56, 98, 107, 108, 116,
118, 122, 125, 128, 139,

141, 142

Scenario
10% max 41.2 Scenario

Head 1 141, 159, 93, 155, 67
Scenario actual,

add Bureya
cascade

2, 56, 91, 93, 94, 98, 99,
107, 108, 116, 118, 122,
125, 128, 139, 141, 142

Scenario
25% actual

2, 56, 98, 107, 108, 116, 118, 122,
125, 128, 139, 141, 142

Scenario
Head 2 18, 68, 125, 105, 54 Scenario actual,

add low

2, 56, 64.1, 98, 99, 107,
108, 116, 118, 122, 125,

128, 139, 141, 142

Scenario
25% max 56, 98, 15, 28.2, 70, 107, 116, 159 Scenario

Head 3 54, 70, 179 Scenario actual,
add Shilka

2, 28.2, 56, 98, 107, 108,
116, 118, 122, 125, 128,

139, 141, 142

Scenario
25% min 56, 98, 91, 59, 94, 99, 93 Scenario

Head 4 103, 150, 94,43, 142 Scenario actual,
add Taipinggou

2, 56, 98, 101, 107, 108,
116, 118, 122, 125, 128,

139, 141, 142

Scenario
75% max

2, 15, 31, 37, 41.2, 45, 56, 98, 101,
107, 116, 118, 122, 125, 128, 139,

141, 142

Scenario
Head 5 56 Scenario actual,

add mainstream

2, 31, 41.3, 45, 56, 98, 101,
107, 108, 116, 118, 122,
125, 128, 139, 141, 142

Scenario
75% min

2, 15, 18, 43, 54, 56, 64.1, 66, 67, 68,
70, 87, 91, 93, 94, 98, 99, 103, 105,
107, 111, 116, 118, 123, 122, 125,
128, 139, 141, 142, 143, 150, 155,

156, 159, 164, 179

Scenario
Down 1 41.3

Scenario
100%

2, 15,18, 31, 37, 41.2, 43, 46, 54, 56,
59, 63, 64.1, 64.2, 66, 67, 68, 70, 87,
91, 93, 94, 98, 99, 101, 103, 105, 107,

111, 116, 118, 123, 122, 125, 128,
131, 139, 140, 141, 142, 143, 150,

155, 156, 159, 164, 179

Scenario
Down 2 28.2, 45
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Figure 4 shows the scenarios with minimum and maximum impact, which were identified from
all scenarios utilizing 10% of economic hydropower potential. In terms of the integral impact index,
they differed six-fold, still showing ample potential for avoiding the most negative basin-wide impacts.

Figure 4 also shows an analysis of the actual development in the Amur basin (Scenario 25% actual),
which was just below 25% of total economic hydropower potential, indicating that the same electricity
production could have been achieved with a much smaller integral impact (Scenario 25% min), while
the degree of impact in a scenario with maximum possible damage (Scenario 25% max) was 100% more
than in Scenario 25% min, but only 10% more than in Scenario 25% actual.

Figure 4. Scenario analysis and the corresponding impact due to different levels of development of the
hydropower potential in the Amur basin.

Figure 5. Relationship between the impact factors in scenarios when dams are located in the upper
(Up) and lower (Down) parts of the Amur basin.
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Figure 6. Potential scenarios of hydropower development based on the current situation.

Further modeling of scenarios with the development of 75% of technical potential resulting in
maximum (Scenario 75% max) and minimal (Scenario 75% min) impact demonstrated that few choices
remain between “worse” and the “worst” impacts, with only a 15% difference between the most
damaging and least damaging options. Further development of “full economic potential” (Scenario
100%) led to only a 25% increase in integral impacts.

This shows that the common argument by hydropower proponents that “only 10% of hydropower
potential is developed and therefore we need to develop much more” likely has an acute conflict
with the notion of sustainable development because a greater proportion of basin-wide hydropower
development leaves no room for “low-impact” sustainable development scenarios.

On the other hand, most impact has usually been achieved at relatively low levels of hydropower
development (at least in the case of the Amur), while the additional development of dams in an already
heavily affected basin brings significantly smaller additional incremental impacts. This also calls for
the cautionary use of “efficiency” measures relating impact to the production of electricity, because it
does not caution against excessive development in a given basin.

Dam location seems to be the leading factor defining the integral impact of hydropower
development scenarios. According to this assessment methodology, “dams located downstream” are
the dams that block a greater part of the overall basin. To test how this factor influences integral impact,
dams were grouped in 8–9 scenarios, each having a total production of 5–6 GWh/year, with projects in
a given scenario having similar “blocked basin” index values (see Figure 5). Some scenarios consisted
of a single large dam on the main stem. Integral impact per unit production (INT3/kWh) increased for
scenarios with dams located further downstream, primarily due to the increased share of the blocked
basin (IMP_block, %), while the variation of the other two indices had no clear trend as we moved
downstream. For “downstream” dams, the value of INT3/kWh was usually 2–2.5 times higher than for
scenarios with “upstream” dams. If other aspects of fragmentation were included in the equation, dam
location became an even more influential factor in defining the overall impact.

For the Amur basin, this assessment concludes that minimal additional impact is associated with
the development of hydropower cascades on tributaries that already have dams. This minimizes
fragmentation of the basin, interference with sediment flows, and other negative influences. Conversely,
the development of dam cascades on the main stem of the Amur will lead to maximum negative
impacts. The addition of even one relatively small dam (Khingansky—Taipinggou) on the main channel
will lead to a sharp increase in the cumulative impacts of hydropower in the basin (see Figure 6).
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However, “sustainable” development of hydropower in the Amur basin is significantly limited
by the degree of cumulative impact from existing dams, which is already very close to the maximum
possible impact that could be induced by any scenario with comparable electricity production.

3.1.2. Application of the Methodology in Business Interactions

In 2011, En+ Group/EuroSibEnergo Company, the largest private hydropower producer in Russia,
announced plans to build a Transsibirskaya (Shilkinskaya) hydropower dam on the Shilka River.
The company sought to diversify its business, which was primarily focused on aluminum production,
and develop energy projects targeting the Chinese market and investors. The local population, as
well as regional scientists and environmentalists, strongly opposed the proposed construction of a
dam on the Shilka River, partly because this project had previously been proposed in the 1990s and its
environmental impact assessment had shown significant negative impacts. WWF-Russia and other
CSOs assisted local Russian stakeholders in developing a basin-wide campaign to communicate the
potential effects and solicit feedback from civil society and local authorities in the five provinces of
Russia along the Amur River [58]. To manage the conflict, the company decided to start a dialogue
with civil society about sustainable hydropower options. In 2012, WWF-Russia and the En+ Group
launched a research project to look into the potential for hydropower development in the Amur basin.
The ultimate goal of the strategic assessment was to identify hydropower dam location options with
the fewest environmental impacts for the whole Amur basin and the maximum social and economic
benefit to the region. A list of 43 possible dam locations in the basin was determined, and potential
environmental and socioeconomic impacts of the development on the region were analyzed.

The environmental part of the research assessed the condition of freshwater ecoregions, and
one finding was that preservation of the unaltered Shilka ecoregion is essential for sustaining the
ecological health of the Amur basin. The Transsibirskaya dam proposed on the Shilka River would
increase the negative integral impact on the basin by 16% (see “Scenario actual, add Transsibirskaya”
in Figure 6). In comparison, two additional dams on the Zeya and Bureya rivers would generate
20% more energy than the Transsibirskaya dam, but add only 4% to the integral impact on the Amur
basin (see “Scenario actual, add low” in Figure 6). The assessment findings demonstrated that the
increase in potential negative environmental impacts may differ by more than 10 times for development
scenarios with the same additional electricity production. Dam location is the most decisive factor
defining cumulative impacts on a basin scale. The best mitigation is to choose sites by using strategic
assessments of the basin-wide plan and avoiding, at all costs, the development of sites that result in
substantial basin-wide impacts. Existing high-impact dams severely limit the opportunities for further
low-impact hydropower development and sustainable integrated water resources management.

The socioeconomic part attempted to assess the economic efficiency of the project: average
prevented flood damage, macroeconomic budget efficiency, changes in employment, number of
people resettled, changes in navigation conditions and turnover, losses to architectural heritage and
archaeological sites, changes in fisheries, flooding, and economic flooding of objects. The socioeconomic
part found that the existing Zeya and Bureya hydropower plants provide the biggest socioeconomic
benefits compared to the other possible options. Among those possible dams, the Transsibirskaya dam
along with the hydropower dam on the Lower Zeya and the Upper Bureya was listed as the next best
option. However, the En+ Group stated that the joint assessment showed that the Transsibirskaya dam
is an unbalanced/unsustainable option [44], and the company has not pursued this dam development
any further.

According to the NCEA, this group is the first team of researchers and practitioners to document
the process and outcomes of an SEA-like exercise carried out in real-life situations in partnership with
a commercial company, without major involvement and mediation from state authorities. This makes
the case study unique when compared to several other hydropower-related SEA cases that have been
documented to date [11].
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3.1.3. Interaction with Other Stakeholders and Further Policy Dialogue

The draft WWF&En+ Group basin-wide strategic environmental assessment report was subjected
to a thorough review by local experts and representatives of various agencies. Their written comments
and recommendations on the draft report were compiled and published with response matrices as
an intrinsic part of the final assessment document. Besides the immediate value for the study and
confirmation of its appropriateness and technical validity, such reviews played an important role in
legitimizing, in the eyes of policy-makers, the results of an environmental assessment that had been
initiated between an NGO and a private company and not sanctioned by authorities or academia.
The company opted not to subject the economic part of the assessment to a similar review procedure,
but published it with comments only from the members of the environmental assessment team.

At the same time, WWF-Russia and the En+ Group decided not to subject the report to public
consultation with the local population because of the immense complexity of organizing it over the
whole basin, which covers five provinces in Russia. Since the report was prepared in the Russian
language, there was no formal involvement of stakeholders from China in its review either. The Rivers
without Boundaries Coalition developed a summary of findings in English and shared it with relevant
potential investors, including the China Yangtze Power and China Three Gorges corporations [59].

The same methodology of basin-wide hydropower assessment was applied to communicate with
Russian and Chinese actors the potential impacts from a plan to develop 5–8 flood-control hydropower
dams that had emerged in the aftermath of catastrophic flooding in the Amur basin in 2013. The CSOs
argued that the proposed reservoirs had limited value for flow augmentation in comparison to existing
natural floodplains [60], while the cumulative environmental impact from their development would
be quite substantial [61]. By 2019, none of these flood control dam projects had progressed, and they
are unlikely to re-emerge in the near future.

This was the first SEA-like methodology applied to basin-wide hydropower planning in Russia
that received societal acceptance from various stakeholder groups, thus creating an important basis for
future use of SEAs in water resources management in the country. To the best of the team’s knowledge,
this was also the first assessment focused on transboundary basins shared by China, and (although
they did not actively participate) Chinese corporate stakeholders informed us that they used its results
to inform their investment decisions.

3.2. Establishment of the Wildlife Refuge in the Area of Proposed Hydropower Development

In parallel with the basin-wide assessment described above, the local government, WWF-Russia,
the Rivers without Boundaries Coalition, and scientists undertook assessments and negotiations to
establish a wildlife refuge. In 2015, the Verkhneamursky (Upper Amur) Wildlife Refuge, with an
area of 239,639 ha, was established along the Shilka, Argun, and Amur rivers [62], covering three
sites previously identified as suitable for the construction of large hydropower reservoirs. One of the
proposed sites was the Transsibirskaya dam, as shown in Figure 7.

The new protected area covered the potential dam building sites on both the Shilka River and
Upper Amur River, and specific regulations for this wildlife refuge establishment made the future
planning and development of water infrastructure illegal. To open these sites for development,
the provincial government would have to undertake specific painstaking bureaucratic procedures
(e.g., assessments, public consultations) to modify the legal protection regime or boundaries of the
protected area, which may also serve as an additional deterrent for potential investors.

Unlike strategic environmental assessments, the procedure of creating a wildlife refuge in Russia
includes mandatory public consultations with local communities. Such discussions were held in the
Mogochinsky District of Zabaikalsky Province in 2015 and resulted in modification of the intended
protection regime to accommodate specific traditional uses by local communities, such as hunting and
fishing. Given strong opposition against dam construction on the Shilka River among local people, as
well as fears of forest devastation as a consequence of the Chinese-built Amazarsky pulp mill [63],
the idea to establish a vast nature reserve along the major rivers gained wide popular support.
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Figure 7. Map of the Verkhneamusky (Upper Amur) Wildlife Refuge and the potential Transsibirskaya
dam site. ©WWF-Russia.

3.3. Difficulties of Managing Environmental Flows in the Amur Basin

In the Amur basin, the main stakeholders pushing for the development of environmental releases
from the already existing reservoirs are NGOs and scientists. Understanding the difficulties connected
with environmental flow assessment and integration into hydropower management, NGOs have
chosen a strategy to prevent initial damage instead of mitigating it after dam construction. Attempts
to assess and develop environmental flows were made in 1993 [49], 2007–2010 [64], and 2013 [65].
However, as of 2019, the requirements for environmental flows from the reservoirs on the Zeya and
Bureya rivers to sustain the freshwater and floodplain ecosystems below the dams had not been
prescribed in the “Reservoir Operating Rules”. Solving this problem is difficult due to the lack of
knowledge of the biological resources of these freshwater ecosystems. In addition, for the Zeya River,
there is no data on the initial conditions of the river ecosystem. This obstructs the assessment of
the effectiveness of any implemented environmental flows. All these factors result in difficulties in
assessing the damage caused by existing dams and developing adequate measures for its minimization
and compensation.

4. Discussion

This section discusses how the work in the Amur basin compares to work in other basins and the
possible reasons for notable variations in strategy, tactics, and outcomes. It explores aspects such as an
assessment of alternatives to hydropower development, the timing of the strategic assessments and
further implementation of their results, the protection of river ecosystems by establishing protected
areas at undeveloped river stretches, environmental flows, and different strategies for their integration
into reservoir management.
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4.1. Amur and Baikal: Different Approaches to Alternatives

In different basins, the focus of key elements of strategic assessments could be quite different
depending on local circumstances or changes in the global energy development context. In 2014–2018,
members of the Rivers without Boundaries International Coalition (RwB) were involved in a basin-wide
analysis of potential hydropower impacts in Lake Baikal and the Selenge River basin, shared by Mongolia
and Russia. Mongolian authorities, supported by the World Bank, wanted to develop feasibility studies
for two specific large dams, while the RwB members and local communities in Mongolia and Russia
(as well as the World Heritage Committee) insisted that a strategic environmental assessment should
first be carried out to determine the limitations for water infrastructure development in the basin
and to explore available alternatives. In contrast to the analysis of alternatives in the Amur River
basin, which focused on a comparison of impacts from different hydropower development scenarios,
the emphasis of the analysis requested for the Lake Baikal basin was on a comparison of intended
hydropower against alternative means to improve the energy supply system of Mongolia, including the
deployment of solar, wind, and transboundary transmission grids, pumped storage, and other storage
technologies. So far, Mongolia has agreed to conduct a regional environmental assessment for the
Baikal–Selenge basin and has committed to undertake a thorough analysis of alternative technologies
to the proposed hydropower dams [66]. This type of shift in focus from an analysis of dam siting to
optimize hydropower development to considering alternative generating technologies at the energy
system level is seen by the expert community as an important necessity (see, e.g., advice for donor
governments [12], handbook on paradigm shifts in energy system planning [15], analysis of emerging
trends in the Greater Mekong Subregion [67].

4.2. Basin-Wide Stragic Assessment: Experience in the Amur and Elsewhere

In the same decade that the WWF&En+ strategic assessment took place in Amur, many other
basin-wide strategic environmental assessments (and other EIAs) have been carried out in different large
transboundary basins [68]. Some of those assessments have been much more elaborate and detailed
than the express analysis undertaken for Amur and were sanctioned and funded by intergovernmental
organizations, governments of basin countries, donor agencies, and other relevant sources of authority.
A detailed comparative study is needed in the future on the specific place and role of such SEA efforts
in public education and decision-making processes [69]. Policy outcomes informed by environmental
assessments vary dramatically. Shortcomings in the “Environmental Impact Report of Hydropower
Development in the Upper Reaches of the Ayeyarwady River in Myanmar”, performed by the
Changjiang Institute of Survey, Planning, Design, and Research (CISPDR) in 2011 and subsequently
highlighted by an independent review by International Rivers, contributed to the continued freezing
of the controversial Myitsone dam [70]. Meanwhile, in another important case, a state-of-the-art
presentation of overwhelming evidence on the negative consequences from damming the Mekong River
did not stop those dams from being developed by Laos with investment from various international
funders [71]. In a recent case in Myanmar, a key player, the Energy Ministry, in 2018 removed its
endorsement from the final report of the most elaborate and balanced country-wide SEA, allegedly
yielding to pressure from foreign firms with licenses for large hydropower development on major
rivers [72]. Nevertheless, there are many examples from Vietnam, India, Pakistan, and Nepal where
the recommendations of an SEA were not challenged and were partly used in decision-making.
However, long-term perspectives and systemic findings of SEAs often contradict short-term interests of
policy-makers and confront the shortcomings of projects already designed and invested in by developers.

The reason for the relative success of the Amur basin-wide assessment in helping to prevent
further development of the most harmful hydropower projects is that it was undertaken at the earliest
stages of planning, when potential project proponents were exploring project opportunities and had not
yet invested heavily in a preferred option. Another important factor was the continuity of institutional
knowledge and capacity building among Russian conservation NGOs and the expert community,
who had, since 1990, preserved evidence on hydropower impacts that was collected during earlier
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assessments. Finally, little formal involvement from governmental bureaucratic mechanisms also likely
contributed to the relative ease with which the assessment outcomes were internalized by various
stakeholders. Even the pledge by the company to withdraw from the Transsibirskaya dam project on
the Shilka River was a voluntary action without any legal obligations or dangerous consequences.

Through the activities of the Rivers without Boundaries International Coalition, the methodology
and experiences from the Amur River assessment have been shared and thoroughly discussed with
experts and CSOs from China, Australia, Netherlands, Myanmar, Thailand, Nepal, and Brazil. Various
elements of the methodology could be applied to designing basin-wide assessments in other regions.
However, even such a simple methodology requires indices to be modified for different river basins to
represent the main impact factors. New factors may also need to be added, such as water withdrawal,
which was very modest in the case of the Amur basin but may be significant in other regions.

4.3. Conservation of River Ecosystems by Protected Areas

The movement to set aside undeveloped river stretches [73] and preserve free-flowing rivers has a
long history with a growing and diverse number of precedents and supporters [74,75]. This discussion
will focus only on efforts to use traditional protected areas to protect river ecosystems in East Asia.
In China, extensive efforts have been undertaken by civil society to prevent the damming of the Nu
River (called Thanlwin or Salween downstream in Myanmar) and to preserve the last undammed
stretches of the Yangtze–Jinsha River (e.g., Tiger Leaping Gorge). Both river stretches are immediately
adjacent to the “Three Parallel Rivers of Yunnan PAs” World Heritage Site, which was explicitly
designed to not include riverbanks to avoid conflict with planned hydropower [76]. Nevertheless,
World Heritage status has been an important factor slowing and temporarily halting hydropower
development in these stretches, but there are signs it may restart in the near future since no explicit
“red lines” have been drawn to limit such development in perpetuity [77].

Another example is the Upper Yangtze Rare and Endemic Fish National Nature Reserve, the last
undammed stretch in the Yangtze midflow, whose boundaries were redrawn twice in 2005 and in 2011
to make way for hydropower development [78]. The first revision excluded the most valuable habitats
to give way for the giant Xiangjiaba and Xiluodu hydropower projects. However, the second revision
of the reserve’s borders, which allowed the construction of the Xiaonanhai dam and two more dams
upstream of Chongqing City, was reversed in 2015 after wide public discussion initiated by Friends of
Nature and other Chinese NGOs. The presence of the Endemic Fish National Nature Reserve has been
central to the argument made by NGOs and is at the heart of the reasoning in the decision announced
by the Ministry of Environmental Protection to further limit dam development [79]. The Endemic Fish
National Nature Reserve, while not offering absolute protection, was still an important factor in the
safeguarding from damming of the last undeveloped stretch of the Yangtze, but it has limited value in
terms of preserving the biodiversity of migratory fish, since it is located on a fragmented river between
large dams. For example, the cascade of dams blocking a spawning habitat has led to an ongoing
decline in the number of adult Chinese sturgeon in the Yangtze River and the sea, from more than
32,000 before 1981 to 2500 in 2015, and extinction in the wild is possible within the next decade [80].

On the Amur River main channel, the development of the Taipinggou National Nature Reserve in
China and Verkhneamursky (Upper Amur) Wildlife Refuge in Russia has provided a certain degree of
protection to the two river stretches most susceptible to damming and has played an important role in
an overall multifaceted effort to preserve the main channel of the Amur as a free-flowing river.

Taking into account the timing and dynamics of investors’ decision-making has been an important
factor in the success of this conservation effort. The creation of such protected areas has become possible
because the intention of various stakeholders to develop large hydropower at a given site was not
constant over long periods, but reemerged sporadically. Attempts to dam the Amur main stem were
repeated in 1986–1993, 2000, 2007, and 2016, while during the periods in between, hydropower design
was not a focus of interest for any investors or politicians. In addition, in Russia, the stakeholders
who are likely to benefit the most from hydropower development are not local (e.g., hydropower
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companies, investors, national agencies), and the opportunity to build a dam is not seen as an essential
economic opportunity by the majority of local communities or even local authorities. In contrast,
in China, specific river stretches are formally assigned to large energy companies for development
upon agreement with local municipalities, and this dramatically decreases the chances for successful
gazetting of protected areas at such sites with the consent of local authorities.

Since freshwater biodiversity faces a severe crisis driven by impacts from large infrastructure, this
approach is considered highly valuable, and work continues with CSOs globally to make business,
governments, and intergovernmental bodies recognize it as an important and urgent measure to protect
free-flowing rivers [29].

4.4. Compensatory Measures to Reduce Dam Impacts on Freshwater Ecosystems

The best tactic to protect fragile freshwater ecosystems is to avoid harmful hydropower construction
by conducting a strategic environmental assessment, maintaining free-flowing rivers, and proposing
careful dam siting, design, and operation. For existing dams or dams under construction, measures to
minimize and compensate for their negative impacts to maintain and restore ecosystems should be
implemented. Downstream effects of dams can be minimized through the provision of environmental
flows and fish passages. Ecosystem restoration can be achieved through improved species, habitat, or
catchment management interventions. Compensation measures implemented at different hydropower
projects tend to be more effective when planned at an early stage with a basin-wide view of the situation.

On the Russian tributary of the Amur River, a program for ecosystem conservation was undertaken
alongside the construction of the Lower Bureya dam (320 MW). The “Bureisky Compromise”
environmental program was implemented by the hydropower company RusHydro, the local
government, the UNDP implementing a project of the Global Environmental Fund (UNDP/GEF), and
ecologists. The project activities were aimed at minimizing the negative impact of the Lower Bureya
dam’s construction on the biodiversity of the terrestrial ecosystem. In Russia, this was the first time
such an environmental compensation program had been used when constructing a large dam [81].
However, the program did not include measures aimed at conserving freshwater ecosystems or species,
and no study was undertaken to design environmental flow releases. As a result, the feasibility for
freshwater ecosystem conservation of the Lower Bureya and Middle Amur was not assessed.

Examples of reportedly successful dam reoperation with environmental flow releases are known
from several rivers of the world, including from the Three Gorges dam on the Yangtze River, China [82].
These releases, which have been provided since 2011, are successfully contributing to carp spawning [83].
However, potential improvements that could be achieved on the Yangtze via introducing environmental
flows may offset only a small part of the negative impacts on freshwater biodiversity caused by extensive
hydropower development. Another example of a high-resolution environmental flow assessment is
the 102-MW Gulpur Hydropower Project on the Poonch River (Pakistan). The assessment resulted in
decisions such as (1) reducing the dewatered section by relocating the weir closer to the powerhouse,
(2) releasing environmental flows, (3) implementing a management plan for the Poonch River National
Park, and (4) establishing a fish hatchery used to stock the reach downstream of the Gulpur tailrace
with native fish. Additionally, the construction of two more dams on the Poonch River was cancelled
due to incompatibility with the preservation of the river ecosystem in the National Park [9].

5. Conclusions

Hydropower and other water infrastructure development have caused a dramatic worldwide
decline in the number of connected, free-flowing rivers due to haphazard planning and disregard for
environmental and social values [5]. Clear limits should be placed on the allowable alteration of a large
river system by water infrastructure development so that a basin can retain its vital natural processes,
species diversity and abundance, vital ecosystem services, and associated cultural values.

Long-term conservation of freshwater ecosystems can only be achieved on a system scale. In most
cases, a strategic assessment of hydropower has to be performed at the basin level to be successful,
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rather than being limited to the project implementation site, although this has certain trade-offs in the
ability to achieve all-inclusive public participation. Stakeholder analysis and proper engagement are
as important for environmental assessments as scientific research. Public participation has been the
key process in hydropower development, even when no formal public consultation procedure was
implemented by dam project proponents.

To mitigate potential conflicts emerging at the Transsibirskaya dam, WWF-Russia and En+ Group
launched a basin-wide research project at the transboundary Amur basin. The ultimate goal of the
strategic assessment was to evaluate different options and identify hydropower dam location options
with the least environmental impacts for the whole basin, as well as maximize the social and economic
benefits to the region. To achieve this, a new methodology for the rapid environmental assessment
of hydropower development in large river basins was developed. This methodology can be applied
before any investments or construction takes place and is able to assess and rank options using three
main factors that determine the environmental impacts of hydropower.

As a result of the project and despite the expected economic benefits from the Transsibirskaya dam,
the En+ Group company stated that the joint assessment showed that a dam on the Shilka River would
be an unbalanced/unsustainable option due to its environmental and social impacts. The company
and its Chinese counterparts have not pursued the development of this dam any further. At the same
time, development of the Lower Bureya hydropower dam proceeded smoothly without major conflicts
with environmental CSOs because it was characterized by low expected impacts on the freshwater
ecosystem of the Amur. Thus, the design of a common roadmap with the expectations and aspirations
of both energy companies and civil society groups decreased conflict and allowed stakeholders to
concentrate on identifying mutually acceptable development options.

Based on this experience, the timing and sequence of the assessment tools used is the key factor
in mitigating impacts from hydropower development. Starting earlier and fully incorporating the
perspectives of affected stakeholders improves the chances that optimal decisions are made and
that the least negative impacts are suffered by companies, communities, and natural ecosystems.
The effectiveness of initial avoidance and mitigation of hydropower impacts at early planning stages is
far higher compared to applying measures after dam construction.

Applying the newly developed methodology, which includes all possible development scenarios
combining existing and potential large dams in the Amur basin, it was concluded that maintenance
of the free-flowing Shilka River is essential for sustaining the ecological health of the Amur basin
as a whole, and the Transsibirskaya dam scored among five of the most environmentally damaging
development scenarios.

Other results of the research illustrated the following:

1. Even if a hydropower scheme is carefully planned, a variety of relatively low-impact scenarios
are available only for harnessing the first 10–25% of basin-wide hydropower potential. In any
scenario attempting to realize a greater proportion of the technically feasible potential of the
Amur basin, the expected environmental impacts grow dramatically, and the difference between
the “best” and the “worst” scenarios becomes insignificant. No sustainable development options
were found for utilizing the majority of basin-wide hydropower potential;

2. The main factor limiting opportunities for future sustainable development of hydropower in the
Amur basin is the negative cumulative impact resulting from existing dams. If planned in an
environmentally sound way, the current generating capacity could have been developed with an
environmental impact two times smaller;

3. A hydropower cascade on the main stem of the Amur River would be associated with the highest
basin-wide environmental impact (which is consistent with findings from many other large
basins), while additional dams on tributaries already altered by hydropower are associated with
the smallest additional basin-wide environmental impact.
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5.1. Long-Term Protection of Rivers and Ecosystems

The creation of protected areas in places suitable for damming can constrain hydropower
development at ecologically sensitive sites and lead to long-term protection of wild rivers and
surrounding terrestrial ecosystems. The chances of success depend on the timing of the nature
reserve planning vis-à-vis the hydropower project cycle and the attitudes toward hydropower held
by the local population and authorities responsible for protected area development. The threat of
hydropower, which certainly blocks access to many traditionally used resources, often causes local
communities to proactively support nature reserve creation, despite the restrictions it imposes on land
use. This approach has led to the successful establishment of three nature reserves in places suitable
for hydropower dams in the Amur River basin and thus should be considered replicable at least in
this large basin. Efforts to mitigate dam impacts in the Amur basin were more successful than in the
Yangtze basin for a variety of reasons, such as modest prospects for hydropower development in
the Amur basin, fewer obstacles in the legal system in Russia, and the difference in the hydropower
development process in Russia and China. Nevertheless, the general utility of this approach has been
demonstrated in the Yangtze River basin as well, albeit with less obvious long-term outcomes for
basin-wide ecosystem conservation.

5.2. Minimization of and Compensation for Negative Impacts

For existing dams or dams under construction, measures to minimize and compensate for negative
impacts and maintain and restore the affected ecosystems should be implemented. Downstream
impacts can be minimized through the provision of environmental flows. Currently, requirements for
environmental flow releases for the reservoirs on the Zeya and Bureya rivers have not been developed.
In Russia, environmental flow releases are not implemented in practice for most reservoirs. Since the
legislative framework does not force water management stakeholders to implement measures for the
conservation and restoration of freshwater ecosystems, it is difficult to assess the damage caused by
existing dams and to develop adequate means for its minimization and compensation. Another reason
for the lack of integration of environmental flow releases is the lack of influence and interest on the
part of societal groups who could potentially benefit from them. Another problem is the lack of proper
monitoring and the shortage of data on the initial state of the ecosystem, without which it is difficult to
assess the effectiveness of the environmental flow regime if it is implemented.

5.3. Building Additional Tools

The conservation methodologies developed and employed so far should be complemented in the
Amur basin by detailed mapping of the distribution and connectivity between biodiversity hotspots [84].
As the first step in this work, the “Fishes of the Amur” Atlas was published [85]. The underlying
database on the distribution and abundance of fish species will be used in the future to supplement
basin-wide rapid assessments with a component taking into account the distribution and migration of
fish species.

All conservation tools should be used in an interrelated manner in one robust planning process.
To produce a conservation and development master plan for the Amur aimed at sustaining a healthy
free-flowing river ecosystem, a comprehensive strategic environmental assessment of the current
river basin management system and various plans for future development (including hydropower) is
necessary. Of course, this arduous task is complicated by the division of our basin between China,
Russia, and Mongolia, but must be undertaken to build a new “ecological civilization” together and
achieve harmony between nature and humans.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/8/1570/s1,
Figure S1: Delineated 214 units/stretches with attributed characteristic of respective elementary sub-basins,
Table S1: Calculation of the main factors of dam impact by river sections, Table S2: Primary data on hydropower
dams and rivers for the production of calculations on the analyzed sections.
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Abstract: Water resources systems are often characterized by multiple objectives. Typically, there
is no single optimal solution which can simultaneously satisfy all the objectives but rather a set of
technologically efficient non-inferior or Pareto optimal solutions exists. Another point regarding
multi-objective optimization is that interdependence and contradictions are common among one or
more objectives. Therefore, understanding the competition mechanism of the multiple objectives plays
a significant role in achieving an optimal solution. This study examines cascade reservoirs in the Heihe
River Basin of China, with a focus on exploring the multi-objective competition mechanism among
irrigation water shortage, ecological water shortage and the power generation of cascade hydropower
stations. Our results can be summarized as follows: (1) the three-dimensional and two-dimensional
spatial distributions of a Pareto set reveal that these three objectives, that is, irrigation water shortage,
ecological water shortage and power generation of cascade hydropower stations cannot reach
the theoretical optimal solution at the same time, implying the existence of mutual restrictions;
(2) to avoid subjectivity in choosing limited representative solutions from the Pareto set, the long series
of non-inferior solutions are adopted to study the competition mechanism. The premise of sufficient
optimization suggests a macro-rule of ‘one falls and another rises,’ that is, when one objective value is
inferior, the other two objectives show stronger and superior correlation; (3) the joint copula function
of two variables is firstly employed to explore the multi-objective competition mechanism in this
study. It is found that the competition between power generation and the other objectives is minimal.
Furthermore, the recommended annual average water shortage are 1492 × 104 m3 for irrigation and
4951 × 104 m3 for ecological, respectively. This study is expected to provide a foundation for selective
preference of a Pareto set and insights for other multi-objective research.

Keywords: multi-objective competition mechanism; cascade reservoirs operation; copula function;
Pareto set

1. Introduction

Real-world systems always refer to multiple objective optimization in their operations.
Multi-objective optimization problems (MOPs) usually require the simultaneous optimization of
some incommensurable and competitive objectives. A reservoir system, for example, serves various
purposes and involves multi-objective decision-making in the implementation process. With continuous
development and utilization of water resources and hydropower resources and the expansion of
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management and the protection objectives of natural resources, watershed development has shifted
from a traditional single task such as power generation and flood control to comprehensive utilization
taking account of the ecological environment. While on the basis of the total amount of water
resources availability, there are often contradictions among the development goals in the basin due to
unreasonable utilization [1] such as deterioration of the ecological environment caused by the increase
of irrigation water usage and large power loss as a result of large discharge in the flooding season and
insufficient water after the flooding season.

The proper operation of cascade reservoirs is a multi-stage, nonlinear, high-dimensional and strictly
controlled optimization process pertinent to the planning and management of water resources [2–5].
From the optimization direction, the optimization methods could be categorized as gradient search,
direct search and meta-heuristic search [6]. From the development process, algorithms utilized to
achieve optimal scheme of reservoir operation could be divided into classic methods and intelligence
optimization algorithms. Traditionally, many researchers have adopted classical techniques such as
linear programming, nonlinear programming and dynamic programming to deal with the MOPs,
either a weighted or a constrained approach, without considering all objectives simultaneously [7–9].
The classic methods are relatively simple but are limited by the possibilities such as not attaining global
optima, convergence to local optima and being hampered by dimensionality. Natural phenomena drive
the development of the latter intelligence optimization methods. One of the strengths of intelligence
optimization algorithms is their convergence to be virtually global optimal for any well-defined
optimization problem [10–12]. In recent years, many intelligent optimization algorithms and improved
algorithms, such as Evolutionary Algorithms (EA), Artificial Neutral Network (ANN), Non-Dominated
Sorting Genetic Algorithm-II (NSGA-II), Particle Swarm Optimization (PSO) and Cuckoo Search (CS),
have been proved to be useful in the multi-reservoir systems optimization for maximizing benefits
of multi-objectives [13–18]. This study employs improved NSGA-II to solve the MOPs of reservoir
optimal dispatching.

As the MOPs usually contain multiple incommensurable and competing objectives, it is impossible
to find a single optimal solution to satisfy all the targets. Instead, the solution exists in the form of
alternative trade-offs, known as the Pareto optimal solutions [19]. There is a contradiction between
objectives of every Pareto optimal solution, identified as universality and particularity. To better
understand the evolution process of Pareto optimality and choose the optimum, it is necessary to
explore the competition mechanism among multiple objectives and the interactions between two or
three objectives.

Currently, most of studies on the competition mechanism between multiple objectives always
focus on the objectives of several typical schemes which are unavoidably subjective, while few studies
address the competition rules among multi-objectives (≥3) of long series to reflect the statistical law of
each objective [20–22]. Copulas [23] are known as an effective means for describing the dependence
between random variables, thus expected to be suitable for studying competition or dependence
among multi-objectives. Recently, different copulas have been employed for the multivariate analysis
of spatiotemporal change in probabilistic forecasting of seasonal droughts [24], multivariate real-time
droughts assessment [25], joint return periods of precipitation and temperature extremes [26], flood
frequency analysis [27,28], risk analysis [29], energy environmental optimization [30–32], stochastic
hydrological simulation [33] and so on, while its application in the research field of multi-objective
competition relationship has not yet emerged. A key feature of copula is to characterize the dependency
structure of two or more variables, either cross-correlation or auto-correlation [34], making it a
promising method for the multi-objective questions. In this study, copula function is chosen to
construct joint sequence values of two targets. This is the first time that copula is applied to explore
multi-objective competition mechanism whereby the overall impact of one objective on the other two
objectives can be evaluated.

The Heihe River Basin, as the second largest inland river basin of China, is the study area.
The primary goals of this study are: (1) to analyze the three-dimensional and two-dimensional spatial
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distributions of the Pareto set obtained on account of reservoir dispatching obtained in the preliminary
work; (2) to establish a formula for quantitatively describing the relationship between two objectives
and to inform the law of water use; and (3) to explore the multi-objective competition mechanism for
the overall impact of one objective on the other two objectives with the copula function constructing
the joint sequence of two targets. The goal of this study is to reveal the multi-objective competitive
mechanism and alleviate the competitive nature of water usage. It also provides guidance for the
unified allocation of water resources and provides insights for other multi-objective problems.

2. Study Area and Data

As the second largest inland river basin of China, Heihe River Basin is situated within 98◦ E~102◦ E
and 37.5◦ N~42.4◦ N, with an area of about 134,000 km2. With an average annual precipitation of
400 mm and an average annual potential evaporation of 1600 mm, the basin lays in the interior of the
Eurasian continent and characterized by arid hydrological features. The predominant land use types
are desert and grass lands, accounting for roughly 60% and 25% of the total area, respectively [35].
Under water and ecological stresses, the Heihe River Basin suffers water-table decline, terminal lakes
dryness, grassland degeneration as well as widespread desertification largely owing to the combined
impacts of climate change and human activities [36,37]. Given its key role in water resources planning
and management in northwestern China, the Heihe River Basin has long been a focus of studies on
inland rivers in arid regions and it is therefore selected for this case study.

The main stream of Heihe River is about 928 km long from the birthplace of the Qilian Mountains
to the tail of Juyan Lake. It is divided into upstream, middle and downstream areas by the Yingluo
Gorge and the Zhengyi Gorge. The upstream is the main water production area. The middle is the
main irrigation water area. The downstream is the main ecological water consumption area (as shown
in Figure 1). The first control project in the Heihe river basin is Huangzangsi hydro-junction, covering
an area of 7648 km2 and controlling almost 80% incoming water in the upper reaches of the Heihe
River (Figure 1). Huangzangsi is a within-year reservoir which has 4.06 × 108 m3 total storage and
3.34 × 108 m3 regulating storage, with 6.02 MW guaranteed output and 49 MW installed capacity.
Huangzangsi Reservoir and seven run-off hydropower stations, which are Baopinghe, Sandaowan,
Erlongshan, Dagushan, Xiaogushan, Longshou-II and Longshou-I, combining with the Zhengyixia
Reservoir at the end of the middle reaches, to constitute the structure of cascade reservoirs that have
‘2 reservoirs 7 stations.’

In the previous work, based on the long series of monthly run-off data from July 1957 to June 2014,
the model of cascade reservoirs dispatching in the Heihe River Basin has been established and solved,
which will be the basis of this study.
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Figure 1. Location and sections distribution of the Heihe River Basin.

3. Research Methodology

3.1. Description of Multi-Objective Model of the Heihe Cascade Reservoirs Operation

Objective Function

The comprehensive utilization of water resources in the main stream of Heihe River is mainly
embodied by three aspects: power generation in the upper reaches, irrigation in the middle reaches and
ecological water use in the lower reaches. Consequently, this configuration has three objectives, namely
minimum irrigation water shortage, minimum ecological water shortage and maximum generation
capacity of cascade hydropower stations. The allocation of water resources in the Heihe River Basin
requires that the ‘electricity regulation’ complies with the ‘water regulation,’ that is, the irrigation
water and the ecological water need to be given priority while taking into account power generation
requirements. With the decision variables of the final water level of the time interval of Huangzangsi
Reservoir and Zhengyixia Reservoir, the objective functions are as follows:

Objective 1: Minimum Irrigation Water Shortage

min f1 =
T∑

t=1

I∑
i=1

α(t, i)
[
Qd

irr(t, i) −Qs
irr(t, i)

]
Δt (1)

α(t, i) =
{

0 Qd
irr(t, i) ≤ Qs

irr(t, i)
1 Qd

irr(t, i) > Qs
irr(t, i)

(2)
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Objective 2: Minimum Ecological Water Shortage

min f2 =
T∑

t=1

β(t)
[
Qd

eco(t) −Qs
eco(t)

]
Δt (3)

β(t) =
{

0 Qd
eco(t) ≤ Qs

eco(t)
1 Qd

eco(t) > Qs
eco(t)

(4)

Objective 3: Maximum generation capacity

max f3 =
T∑

t=1

J∑
j=1

KjQge(t, j)H(t, j)Δt (5)

Subject to the following constraints:

V(t, j) = V(t− 1, j) + [Qin(t, j) −Qout(t, j)]Δt (6)

Zl( j) ≤ Z(t, j) ≤ Zh( j) (7)

Qmin( j) ≤ Qout(t, j) ≤ Qmax( j) (8)

0.6×Ng( j) ≤ N(t, j) ≤ Nc( j) (9)

All variables need to satisfy non-negative constraints where, f1 (104 m3) is irrigation water
shortage; f2 (104 m3) denotes ecological water shortage; f3 (108 kW·h) indicates generation capacity of
cascade hydropower stations; t is time interval number and T is total number of time intervals, T = 684;
i is river number and I is total river reach number, I = 5; Qd

irr(t, i) and Qs
irr(t, i) indicates irrigation water

demand and water supply flow of time t and river i respectively, m3/s; α(t, i) denotes the irrigation
coefficient of time t and river I; Δt is unit time, Δt = 2.63 × 106 s; Qd

eco(t) and Qs
eco(t) represents the

ecological water demand and water supply flow of time t respectively; β(t) is the ecological coefficient
in time t; j is hydropower station number and J is total number of hydropower stations, J = 9; Kj is
comprehensive output coefficient of station j; Qge(t, j) indicates generation flow in time t of station
j; H(t, j) (m) denotes the net water head in time t of station j; V(t, j) indicates the terminal storage
capacity of time t and station j; Qin(t, j) and Qout(t, j) denote the input and outflow. Zl( j) and Zh( j)
describe the lowest water level and the highest water level for power generation in Reservoir j; Z(t, j)
is the final reservoir level of time t and station j; Qmin( j) and Qmax( j) indicates the minimum discharge
and maximum safe discharge of station j; Ng( j) and Nc( j) are the guarantee output and installed
capacity respectively of station j; N(t, j) is the output of time t and station j.

The constraints include: reservoir water balance constraint; reservoir water level constraint; reservoir
discharge; hydropower station output; boundary initial conditions; and non-negative variables.

3.2. ICGC-NSGA-II Algorithm

NSGA-II is recognized as one of the most effective multi-objective optimization algorithms.
By non-dominated sorting of multi-objective problems, NSGA-II replaces the traditional multi-objective
methods in transforming objective functions (such as weighted or constrained transformation).
Its inherent parallelism makes it possible to search multi-objective non-inferior solution sets
simultaneously and to deal with non-inferior frontier irregular optimization problems [7,38,39].
Moreover, it can better maintain the diversity of the population and has a strong robustness. However,
multi-objective reservoir dispatching is a multi-stage decision-making problem. The value of decision
variables in the previous stage usually affects the scope of the feasible region in the next stage. When
evolutionary algorithm is adopted to solve the problem, the feasible region takes a small proportion in
the search space and the efficiency of the evolutionary algorithm is very low. Reducing the proportion
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of infeasible areas in search area is thus one of the most effective methods for improving the efficiency
of operation. In this study, ICGC-NSGA-II is used to solve the reservoir dispatching model and the
specific procedures can be found in Reference [21].

3.3. Normalization of Objective Sequence

In this study, the three target values are normalized. To eliminate the difference of dimension of
each objective and make them comparable, each object is normalized according to the following formula:

yij =
[
xij −min

(
xij
)]

/
[
max
(
xij
)
−min

(
xij
)]

(10)

where, xij and yij are target eigenvalue and the normalized value of the non-inferior solution
j( j = 1, 2, . . . , n) of the object i(i = 1, 2, . . . , m) respectively; Δxij is the difference between the target
eigenvalue and the moderate value.

Among the three objectives of this study, the average irrigation water shortage (Obj-1) and
ecological water shortage (Obj-2) are the minimizing objectives. Conversely, the multi-year average
generation capacity (Obj-3) belongs to the maximizing objective. The optimization directions of
objectives are different. In order to construct the joint sequence values of two targets, the optimization
direction of normalized values needs to be consistent. The normalized value of Obj-1 and Obj-2 were
subtracted by 1. A new normalized matrix is generated by replacing the original normalized value
with the difference.

3.4. Copulas Theory

The copula was originally introduced by Sklar et al. [40] as a useful method to derive joint
distributions with marginals. Its design allows it to deal with non-normal distributions. This method
is also likely to be beneficial when the marginals can be definitely stipulated but the joint distribution
is not straightforward to construct. The name ‘copula’ basically comes from the word ‘couple’ to
emphasize a manner whereby a joint distribution function and the marginals can be combined [23].
The copula is a multidimensional joint probability distribution function with a uniform distribution in
[0,1] interval. It can connect multiple random variables F(x1, x2, . . . , xn) with their respective marginal
distribution functions F1(x1), F2(x2), . . . , Fn(xn) for the joint distribution function. Therefore, copula
is often referred to as ‘connection functions’ or ‘dependent functions.’ Among them, the marginal
distribution function describes the distribution of a single variable, while the copula function indicates
the joint distribution of multi-dimensional composite variables [41].

The ‘Sklar theorem’ defines that: Assuming F is an n-dimensional distribution function whose
marginals are (F1, F2, . . . , Fn) of a random vector (X1, X2, . . . , Xn), there exists an n-dimensional copula
function C, which satisfies the following formula for arbitrary x ∈ Rn:

F(x1, x2, . . . , xn) = C[F1(x1), F2(x2), . . . , Fn(xn)] = C(u1, u2, . . . , un) (11)

If the marginal distributions F1, F2, . . . , Fn are continuous, function C is uniquely determined.
Conversely, if C is an n-dimensional copula function and F1, F2, . . . , Fn are a set of univariate distribution
functions, the function F defined by Equation (11) is an n-dimensional distribution function having
marginal distribution as F1, F2, . . . , Fn.

Copula functions could be divided into four categories as a whole: Archimedean Copula, Extreme
Copula, Elliptical Copulas and other hybrid families of copulas. In this study, two-dimensional copula
of Clayton Copula, Frank Copula and Gumbel Copula in the Archimedean Copula function family
and Gaussian Copula and Student Copula in the elliptic population are selected.

Copula is able to construct multi-dimensional joint probability distribution function by arbitrary
marginal distribution and correlation structure [42]. It is flexible in forms and does not require
all variables to obey the same scatter. In recent years, copula is often used to analyze the joint
recurrence period of multi-variables and the frequency of combined events. Copula function has
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natural advantages in constructing joint distribution of two variables. In this study, copula is used to
construct joint sequence values of two targets and applied to the study of multi-objective competition
mechanism for the first time. Procedures of constructing joint sequence values of two targets are
as follows:

1. Dependence measurement. Before constructing multivariate joint distribution, it is necessary to
measure the correlation between different random variables according to the correlation index.

2. Marginal distribution fitting. The marginal distribution of each single variable should be fitted
to find the appropriate distribution type. Since all the parametric methods in this study have
not passed the test, the non-parametric method is adopted here. In this paper, a non-parametric
empirical frequency determination method based on the Gringorten formula [43,44] is introduced.

3. Parameter estimation of copula function. In this paper, the maximum likelihood estimation
method [45] is used to estimate parameters.

4. Goodness of fit evaluation. The goodness-of-fit evaluation is an important way of comparing and
analyzing the goodness-of-fit evaluation indices of different types of copula functions, so as to
optimize the most suitable distribution of copula functions.

The AIC (Akaike Information Criterion) method is proposed by Akaike in 1974 [46] from
the perspective of information theory. It is a goodness-of-fit evaluation criterion based on the
Kullback-Leibler information metric, which contains two factors: the deviation between the empirical
points and theoretical copula functions as well as the error fluctuation caused by the number of
parameters of copula functions. Taking the joint copula function of two variables as an example,
the concrete formulas of the AIC information criterion method are as follows:

MSE =
1
n

n∑
i=1

(Fn(xi, yi) −C(ui, vi))
2 (12)

AIC = n ln(MSE) + 2m (13)

where, Fn(xi, yi), C(ui, vi) are the empirical and theoretical frequencies of the joint copula function
with two variables are expressed, respectively. MSE is the mean square error and m is the number of
parameters of the model.

Among them, the smaller the value of AIC, the better the fitting of the copula function. The AIC
information criterion is applicable to the comparison and optimization of copula functions with a
different number of model parameters.

5. Computation of Joint Distribution Sequence Values. In order to find a new sequence that reflects
the overall characteristics of the two variables, it needs to inverse the frequency sequence obtained
above and then get the joint sequence value of the two variables. In this study, the inverse function,
that is, NORMINV for the normal cumulative distribution function in the MATLAB software is
used to derive the sequence values of the joint probability distribution of the copula function.

In this paper, with the Pareto set output from the multi-objective optimal operation model as the
input, copula is employed to study the multi-objective competition mechanism. The main research
process is as follows (Figure 2):
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Figure 2. The main research framework.

4. Results and Discussions

4.1. Optimal Results of the ICGC-NSGA-II

In the main stream of the Heihe River, Huangzangsi Reservoir, seven run-off hydropower stations
of Baopinghe, Sandaowan, Erlongshan, Dagushan, Xiaogushan, Longshou-II and Longshou-I and
Zhengyixia Reservoir at the end of the middle reaches constitute the structure of ‘2 reservoirs 7 stations’
as the cascade reservoirs’ hydropower station system. With the ICGC-NSGA-II algorithm for solving
the optimal dispatching multi-objective model, the decision variables are the final water level of the
time interval of Huangzangsi Reservoir and Zhengyixia Reservoir. The population size is 2000 and
the number of iterations is 500 generations. The results of long-term optimal scheduling are sorted
according to the ascending order of annual water shortage, as shown in Table 1.

According to Table 1, the minimum and maximum annual average water shortage of irrigation
are 925 × 104 m3 and 6595 × 104 m3; the minimum and maximum of the ecological water shortage
are 3925 × 104 m3 and 9058 × 104 m3; and the minimum and maximum of the multi-year average
power generation are 25.54 × 108 kW·h and 26.99 × 108 kW·h, respectively. The non-inferior solution
set is plotted in one coordinate system and the Pareto surface maps of irrigation, ecology and power
generation are obtained, as shown in Figure 3.
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Table 1. Multi-objective Pareto optimal set.

No.
Annual Water Shortage

in Irrigation (104 m3)
Annual Water Shortage
in Ecological (104 m3)

Annual Generation
Capacity (108 kW·h)

1 925 9058 25.95
2 926 9010 25.94
3 935 9000 25.96
. . . . . . . . . . . .

1998 6580 4396 26.34
1999 6584 4400 26.34
2000 6595 4424 26.35

Figure 3. Multi-objective Pareto surface graph of Obj 1~3 in one coordinate system. Blue points
indicates non-inferior solution.

Intuitively, the three-dimensional spatial distribution and the surface shape of the multi-objective
non-inferior solution are shown in Figure 3. The non-inferior solutions appear in clusters in the Pareto
surface graph (Figure 3) and are distributed over a wide range. The results show that there is little
difference among non-inferior solutions in the same cluster and the optimal scheduling results converge
well near the clusters to which the non-inferior solution belongs. The algorithm itself retains the
diversity of non-inferior solutions. As the basic regulating rules, the Obj-1 and Obj-2 are ‘the smaller the
better’ and the Obj-3 is the larger the better. Hence, theoretically, the optimal solution for the scheme is
‘925 × 104 m3, 3925 × 104 m3, 26.99 × 108 kW·h.’ However, the three objectives cannot reach the optimal
solution of the sample theory at the same time—an indication of mutual restrictions and influences
among the three objectives. The Pareto surface of the scheme is a smooth space surface oriented to the
vector ± (−1, −1, 1) direction (the main vertical line of the surface is consistent with the direction of a
vector, which is expressed as the surface oriented to the vector direction). It can be inferred that the set
of non-inferior solutions is composed of the non-inferior solution, which is weighted by the equivalent
distance from the optimal solution of the sample theory. Vector ± (−1, −1, 1) is the superior direction
of non-inferior solutions, consistent with the direction of the non-inferior solutions set towards the
optimal solution of the sample theory, while vector ± (1, 1, −1) is the inferior direction.

It is difficult to exhibit the mutual restriction among different objectives; therefore,
the three-dimensional stereogram was converted into two-dimensional plane map [47] and three
objectives are respectively described in terms of bubble size. The bigger the bubble, the better the
objective. Thus, the multi-objective bubble diagram is generated and shown in Figures 4–6.
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Figure 4. Bubble graph of irrigation and ecology, in which the bubble size represents the multi-year
average power generation (Obj-3).

 

Figure 5. Bubble graph of irrigation and power generation, in which the bubble size represents the
multi-year average ecological water shortage (Obj-2).

 

Figure 6. Bubble graph of ecology and power generation, in which the bubble size represents the
multi-year average irrigation water shortage (Obj-1).
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The bubble diagram shows an approximate linear distribution with layers (Figures 4–6). Taking
the bubble graph of irrigation and ecology (Figure 4) as an example, the majority distribution of
non-inferior solutions spreads wider. The stratification phenomenon and the wide distribution are
supportive of the convergence and diversity of the optimal dispatching results. The approximate
linear distribution indicates that there exists a distinct growth-decline phenomenon and a direct water
competition relationship between the irrigation water shortage and the ecological water shortage. It is
notable that the closer to the intersection of the two coordinate axes, the smaller the bubble; while the
farther away from the intersection, the larger the bubble. Within the same layer, the bubble size is
equivalent. According to the basic regulating rules, it is evident that the closer the equivalent weighted
distance from the intersection, the better the non-inferior solution and the larger the air bubbles.
The distribution of bubble size illustrates the competitive relationship between power generation with
irrigation and ecological water, that is, the smaller the water shortage of irrigation and ecology, the less
power generation capacity. The contrary indicates more power generation.

4.2. Analysis of Two-Objective Competition Mechanism

As a way of exploring the competition mechanism and quantitatively describe the transformation
law among objectives, the Pareto frontier is fitted to obtain the quantitative transformation formula
between any two objectives. According to the previous analysis, the three-objective Pareto solution set
is fully optimized and most of the solutions are high-quality feasible solutions close to the optimum one.
On the premise of sufficient optimization, there is a macro-rule of ‘one falls another rises.’ By sorting
the normalized values of one objective and drawing two-dimensional scatter plots of the normalized
indices of the other two, several solutions are intercepted using the normalized values from small to
large. It can be found that these solutions are exactly the Pareto frontier of the other two objectives.
In other words, when the normalized value of one objective is small (that is, the solution is inferior),
then the other two targets show the strongest regularity and optimum. Additionally, the number of
interception solutions for sorting targets depends on the coverage of the Pareto frontier of the other
two targets.

As shown in Figure 7, the two-dimensional scatter plots of Obj-1 and Obj-2 normalization indices,
the non-inferior solutions are sorted in descending order according to the normalized value of Obj-3.
After 700 solutions are intercepted, the Pareto frontier of Obj-1&2 is obtained as the orange points
(Figure 7). A mutation point (0.7968, 0.4905) is found in the red dot (Figure 7).

Figure 7. The two-dimensional scatter plots of Obj-1 and Obj-2’s normalized value. All the points
indicate Pareto set, and among them, the orange points represent the Pareto frontier.
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The scatter plots are drawn by selecting two sequences before and after the mutation points in the
Pareto frontier (Figure 7). Then, the piecewise linear function relationship of the two series is obtained,
as shown in Figure 7. The correlation coefficients of the two series are 0.981 and 0.942, respectively.

From the above formula, it can be seen that both the slopes of the two piecewise functions are less
than zero and the normalized values of Obj-1 and Obj-2 are inversely correlated.

In front of the mutation point, the independent variable fluctuates within the range of [0,0.7968]
and the normalized value of Obj-2 decreases by 0.7726 for each increase of Obj-1. Following the
mutation point, the range changes to [0.7968,1] and the normalized value of Obj-2 decreases by 1.7388
for each increase of Obj-1. Converting to their own respective target values of the scheme, when the
independent variable is between 925~2078 × 104 m3, the average annual ecological water shortage will
increase by 9.0553 × 104 m3 for each reduction of 1 × 104 m3 of the average annual irrigation water
shortage. Yet, when the independent variable is between 2078~6595 × 104 m3, the average annual
ecological water shortage will increase by 0.6825 × 104 m3 for each reduction of 1 × 104 m3 of the
average annual irrigation water shortage. Conclusively, in the interval where the irrigation water
shortage is large, the increase of the ecological water shortage is slow while reducing the irrigation
water shortage. In the interval where the irrigation water shortage is small, continuing to reduce the
irrigation water shortage will lead to a significant increase in the ecological water shortage.

The two-dimensional scatter plot of the normalized indices of ’Obj-1 and Obj-3’ and ‘Obj-2 and
Obj-3’ is shown in Figures 8 and 9 in the way similar to Figure 7, with correlation coefficients of 0.984
and 0.933, respectively.

From Figure 8, it can be seen that the slope of the trend line is negative and the normalized values
of Obj-1 and Obj-3 are inversely correlated. The normalized value of Obj-3 decreases by 1.3009 units for
each additional unit of Obj-1 normalized value. An indication is that for each reduction of the average
annual irrigation water shortage by 100 × 104 m3, the average annual power generation decreases by
0.03349 × 108 kW·h. The average annual irrigation water shortage is positively correlated with the
average annual power generation.

From Figure 9, the slope is also negative and the normalized values of Obj-2 are inversely
correlated with Obj-3. The normalized value of Obj-3 decreases by 1.0687 units for each additional
unit of Obj-2 normalized value. The inference of the results is that: for each reduction of the average
annual ecological water shortage by 100 × 104 m3, the average annual power generation decreases
by 0.03443 × 108 kW·h. There is a positive correlation between the average annual irrigation water
shortage and the average annual power generation.

Figure 8. The two-dimensional scatter plots of Obj-1 and Obj-3’s normalized value. All the points
indicate Pareto set, and among them, the orange points represent the Pareto frontier.
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Figure 9. The two-dimensional scatter plots of Obj-2 and Obj-3’s normalized value. All the points
indicate Pareto set, and among them, the orange points represent the Pareto frontier.

4.3. Analysis of Three-Objective Competition Mechanism

Considering that the objectives of the Heihe River Basin are integrally and mutually restrictive,
it is virtually impossible to reveal the law of the whole water resources system only by studying the
relationship between the two objectives. This section synthesizes the sequence values of any two
targets into a new sequence that represent the characteristics and information of two sub-sequences
and analyses impact of the change of one target on the whole of the other targets in the Heihe River
Basin. Through these analyses, the competition mechanism among the three objectives is explored.

Dependence between hydrological series is the premise of constructing the joint distribution using
multivariate copula. The previous study indicates that the correlation coefficient between any two
objectives is within 0.933~0.984. Such a high correlation supports the construction of the joint copula
function of two variables.

The marginal distribution of each target is constructed with the non-parametric method of
Gringorten and the empirical frequency estimates of each target sequence are obtained. The maximum
likelihood method is used to get the parameter estimates of five joint copula functions between the two
target sequence values and the corresponding cumulative distribution function values are calculated.
The goodness of fit of five copula functions is evaluated with the AIC method which are best matching
with existing hydrological sequences. The AIC evaluation indices of five combined copula functions
under different objective combinations are obtained as shown in Table 2.

Table 2. Five copula functions’ Akaike Information Criterion (AIC) evaluating value.

Objective
Combination

Clayton
Copula

Frank
Copula

Gumbel
Copula

Gaussian
Copula

Student
Copula

Obj-1&2 −8635.43 −16,051.64 −8635.43 −16,435.24 −16,437.86
Obj-1&3 −10,140.03 −10,629.38 −10,140.03 −10,671.15 −10,669.85
Obj-2&3 −10,075.94 −11,292.73 −10,075.93 −11,282.21 −11,281.74

According to the AIC information criterion, the smaller the value of AIC evaluation index, the better
the fit of representative copula function. As can be seen from Table 2 above, the minimum AIC evaluation
index of Obj-1&2 is −16,437.86 with the Student Copula function. Similarly, the minimum in Obj-1&3
and Obj-2&3 are −10,671.15 (Gaussian Copula) and −11,292.73 (Frank Copula) respectively. As a result,
the three two-variable-copula functions are selected as the optimal bivariate copula joint distribution
for combining sequences.
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To derive the sequence value of joint distribution, the joint sequence value of the optimal copula
function under three combinations is obtained. The joint sequence value covers the characteristics
and the information of the two objective sequences that represent the overall level. The scatter plot of
the Obj-1 normalized value and the Frank Copula joint sequence value of Obj-2&3 is illustrated in
Figure 10, as well as the ‘Obj-2 + Obj-1&3(Gaussian Copula)’ and ‘Obj-3 + Obj-1&2(Student Copula)’
showed in Figures 11 and 12, respectively.

Comparing Figures 10–12, Figure 12 appears the most discrete, which indicates that the regularity
of the impact of Obj-3 on Obj-1&2 in the Heihe River Basin is the worst. It is known that power
generation does not consume but rather utilizes surface water resources, so the competition between
power generation and the other objectives is minimal. Moreover, the slope is the smallest, indicating
that the change of power generation has the least impact on Obj-1&2.

Figure 10. The normalized value of Obj-1 and Obj-2&3’s joint series scatter diagram.

Figure 11. The normalized value of Obj-2 and Obj-1&3’s joint series scatter diagram.
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Figure 12. The normalized value of Obj-3 and Obj-1&2’s joint series scatter diagram.

The increase of Obj-1 normalization index will lead to the decrease of combined sequence value of
Obj-2&3, which indicates that when Obj-1 tends to be more optimized, the Obj-2&3 will become worse
as a whole. The slope of the Obj-1 normalized value in scatter plot ahead of 0.9 is milder than that
after 0.9, which denotes that when irrigation water shortage is greater than 1492 × 104 m3, with the
decrease of irrigation water shortage, the overall impact on ecological water and power generation is
smaller and the cost of the optimal irrigation water shortage is lower. When Obj-1 is more satisfied,
that is, when irrigation water shortage is less than 1492 × 104 m3, with the decrease of irrigation water
shortage, the overall impact on ecological water and power generation is greater and the cost of the
optimal irrigation water shortage is higher. Therefore, it is recommended that the average annual
water shortage for irrigation should be about 1492 × 104 m3.

The plot of the Obj-1 normalization index is scattered before 0.6 and clustered after 0.6. It illustrates
that when the irrigation water shortage is greater than 3193 × 104 m3, the change of irrigation water has
little effect on the ecological water and power generation integrally; after 0.6, when the irrigation water
shortage is less than 3193 × 104 m3, the irrigation water exhibits a strong influence on other objectives.

The increase of the Obj-2 normalization index will lead to the decrease of the combined sequence
value of Obj-1&3, which indicates that when the Obj-2 is more optimized, the Obj-1&3 may become
worse as a whole. The slope of the Obj-2 normalization index in the scatter plot before 0.8 is milder
than that after 0.8, which denotes that, in the stage of lower ecological satisfaction, when ecological
water shortage is greater than 4951 × 104 m3, with the decrease of ecological water shortage, the overall
impact of irrigation water and power generation is smaller and the cost of optimizing the ecological
water shortage is lower. Otherwise, when ecological water shortage is less than 4951 × 104 m3, with
the decrease of ecological water shortage, the overall impact on irrigation water and power generation
is greater and the cost of optimizing ecology water shortage is higher. It is recommended that the
average annual water shortage in the ecological process should be around 4951 × 104 m3.

The increase of normalized index of Obj-3 will lead to a decrease of the combined sequence value
of Obj-1&2, which indicates that when the Obj-3 tends to be more optimized, the Obj-1&2 will become
worse as a whole. The scatter plots before 0.65 are discrete and after 0.65 are concentrated, showing
that when the average annual power generation is less than 26.48 × 108 kW h, the change of power
generation has little effect on the irrigation and ecological water as a whole; on the contrary, the impact
is stronger.

5. Conclusions

This study takes the multi-objective joint optimal dispatch of cascade reservoirs in the Heihe
River Basin as a study object. Based on the ICGC-NSGA-II algorithm to solve this model, the Pareto
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non-inferior solution set is obtained. The competition mechanism among two objectives is quantitatively
described by statistical means and with the copula function constructing the joint sequence of two
targets, the three objectives’ competition mechanism is explored too. This study expects to provide a
foundation for selective preference of the Pareto set and a new idea for multi-objective study. The main
conclusions are summarized as follows:

1. The three-dimensional and two-dimensional spatial distributions of the Pareto solutions prove
that there are mutual restrictions and influences among the three objectives. In order to avoid
the disadvantage of choosing only a limited number of representative solutions and being too
arbitrary, the long series of non-inferior solutions obtained are adopted to study the competition
mechanism in this study. On the premise of sufficient optimization, there is a macro-rule of ’one
falls another rises.’ When one objective solution is inferior, then the other two targets show the
strongest regularity and optimum.

2. In the analysis of the two-objective competition mechanism, the functional formulas between
the sequences of two objects are given, which can quantitatively describe the relationship and
interactions. It was found that when the irrigation water shortage was large, with it decreasing,
the ecological water shortage increased slowly, which indicates that the two are inversely
correlated. In addition, there is a positive correlation between the multi-year average irrigation
water shortage and the average power generation, as there is between ecological water shortage
and power generation.

3. This study first applied the two-variable joint copula function to the study of the multi-objective
competition mechanism. Based on the advantage that copula function cannot produce information
distortion in the process of connecting the marginal distribution of two sub-sequences, a new
sequence containing the comprehensive information of the two targets is generated by using the
joint copula function of two variables to combine the sequence values of any two objectives and
the competition mechanism between the remaining target sequence and the joint sequence of two
targets is studied. A new way is provided for studying the influence of a single sequence on the
compound sequence of two sequences.

4. The three-objective competition mechanism infers that the competition between power generation
and other objectives is the least and the change of power generation has the least influence on
the other two as a whole. Specifically, the recommended annual average water shortage for
irrigation is about 1492 × 104 m3. When it is less than this value, with decreasing irrigation water
shortage, the overall impact of ecological water and power generation is greater. Only when
the irrigation water shortage is less than 3193 × 104 m3, will there be a strong impact on other
objectives. Additionally, the average annual ecological water shortage is about 4951 × 104m3,
when it is less than this value, the overall impact of the irrigation water and power generation
will be greater as the ecological water shortage decreases. After the average generation capacity
has been more than 26.48 × 108 kW h for many years, the objective of power generation has a
strong influence on the other targets.

To summarize, the copula function could combine the marginal distribution of any two sequences
and construct a new joint sequence and all the information of the sub-sequence is contained, so there
is no information distortion during the combination process. It is an effective tool for quantitatively
studying the multi-objective competition mechanism. At present, the research on multi-objective
competition mechanisms is in the preliminary stage and the methods adopted in this paper enrich
this field.
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Abstract: In large river basins where in situ data were limited or absent, satellite-based soil moisture
estimates can be used to supplement ground measurements for land and water resource management
solutions. Consistent soil moisture estimation can aid in monitoring droughts, forecasting floods,
monitoring crop productivity, and assisting weather forecasting. Satellite-based soil moisture estimates
are readily available at the global scale but are provided at spatial scales that are relatively coarse
for many hydrological modeling and decision-making purposes. Soil moisture data are obtained
from NASA’s soil moisture active passive (SMAP) mission radiometer as an interpolated product at
9 km gridded resolution. This study implements a soil moisture downscaling algorithm that was
developed based on the relationship between daily temperature change and average soil moisture
under varying vegetation conditions. It applies a look-up table using global land data assimilation
system (GLDAS) soil moisture and surface temperature data, and advanced very high resolution
radiometer (AVHRR) and moderate resolution imaging spectroradiometer (MODIS) normalized
difference vegetation index (NDVI) and land surface temperature (LST). MODIS LST and NDVI are
used to obtain downscaled soil moisture estimates. These estimates are then used to enhance the
spatial resolution of soil moisture estimates from SMAP 9 km to 1 km. Soil moisture estimates at
1 km resolution are able to provide detailed information on the spatial distribution and pattern over
the regions being analyzed. Higher resolution soil moisture data are needed for practical applications
and modelling in large watersheds with limited in situ data, like in the Lower Mekong River Basin
(LMB) in Southeast Asia. The 1 km soil moisture estimates can be applied directly to improve flood
prediction and assessment as well as drought monitoring and agricultural productivity predictions
for large river basins.

Keywords: SMAP; passive microwave soil moisture; soil moisture downscaling

1. Introduction

Estimating the water balance in large watersheds is of great interest for water resource management
and soil moisture is a key variable in this estimation as it effects evaporation, infiltration, and runoff [1].
Soil moisture acts as a link between energy and water fluxes at Earth’s surface-atmosphere interface,
and knowledge of soil moisture variation is the key to understanding the hydrological cycle [2].
Soil moisture is the primary source of water for agriculture and directly influences crop growth
and food production [3]. Even though it only accounts for a small portion of global freshwater,
it is still an important factor in global hydrologic cycles [3]. This seemingly small layer (top few
centimeters) controls the regulation and distribution of precipitation between runoff and water
storage [4]. Soil moisture observations over large areas are increasingly necessary for a range of
applications such as meteorology, hydrology, water resource management, and climatology [5].
Remote sensing has provided valuable data sets for understanding land surface hydrological and
meteorological processes [6–9].
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Obtaining soil moisture measurements can be achieved using a variety of remote sensing
instruments or ground-based systems. Satellite-based radars can measure soil moisture at high
resolution but are limited in spatial coverage and temporal frequency. Satellite data products can
produce global soil moisture estimates but are usually too coarse for practical use in modelling and
decision-making [10]. High resolution soil moisture estimates can be applied directly to improve flood
prediction and assessment as well as drought monitoring, agricultural productivity prediction, and
irrigation management [11–14]. With improved prediction of extreme events, we can also better prepare
for their effects on the natural environment and future climate change [2]. NASA’s soil moisture active
passive (SMAP) will help determine whether there will be more or less water, regionally, in the future
compared to today [15,16]. Monitoring these changes in future water resources is a very important
aspect of climate change as this will affect the future water supply and food production in areas like the
Lower Mekong Basin [17–19]. High resolution soil moisture can aid in crop yield forecasting as well as
by providing earlier monitoring of droughts and better understanding of hydrologic processes [4].

This research uses global soil moisture data derived from the L-band radiometer aboard NASA’s
SMAP observatory [20]. However, satellite microwave radiometers are much coarser than active
microwave and optical systems [6]. This coarseness reduces satellite applicability in large watershed
models and for regional flood prediction [21]. This study aims to downscale SMAP soil moisture
estimates, from gridded 9 km resolution to 1 km resolution, in the Lower Mekong Basin (LMB). This will
be done using the regression relationship between daily temperature changes and daily soil moisture
under different vegetation conditions with the algorithm developed by Fang et al., 2013. Soil moisture
estimates with high spatial resolution can be very useful for watershed scale hydrological modeling
due to the fact that soil moisture estimates can be used to constrain errors during extensive wetting
and dry downs [21]. The downscaling algorithm and methodology implemented in this research
were developed in a previous study by Fang et al., 2018. This algorithm has been applied to the
Black Bear-Red Rock watershed in Oklahoma and validated with in situ soil moisture from the ISMN
(International Soil Moisture Network). Regions with low elevation are vulnerable to flooding and
other water-resource related problems. With these problems, it is important to increase the capacity of
flood and drought monitoring. Here we apply this validated algorithm to the Lower Mekong Basin,
an area with no functioning in situ soil moisture network. With higher resolution soil moisture, this
region would have greater modelling capabilities and the ability to make better decisions concerning
water resource management. This algorithm can be applied to other watersheds worldwide, with little
absent from the in situ soil moisture systems.

The Mekong River in Southeast Asia provides food, water, and energy resources to the countries of
China, Laos, Myanmar, Thailand, Cambodia, and Vietnam [2]. It is the 12th longest river in the world,
extending over 4300 km [22]. The basin can be divided into two major catchments also known as the
upper and lower river basins. The upper basin is mostly mountainous, rising in the Tibetan Plateau
(Figure 1). The Lower Mekong Basin (LMB) is subject to high levels of flooding due to the combination
of low-lying terrain and seasonal precipitation cycles [22]. The LMB is home to the rice paddy fields
of Vietnam, which would benefit greatly from consistent soil moisture data. Unfortunately, the LMB
does not have a consistent in situ soil moisture measuring system, which makes satellite-derived soil
moisture estimates appealing for application in watershed-scale hydrological modelling in this region.
The lack of ground measurements for soil moisture also complicated the validity of remotely-sensed
estimates of the LMB [2].
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Figure 1. Topography and river networks in Lower Mekong River Basin (LMB).

2. Data

2.1. SMAP Data

Developed by NASA, the soil moisture active passive (SMAP) observatory was designed to
distinguish between frozen and thawed land surfaces [14]. This mission was launched in January
2015 with the goal of combining radar and radiometer at L-band frequencies to record high resolution
soil moisture measurements and freeze/thaw detection at global scale. Unfortunately, shortly after
the launch a hardware failure caused the radar to stop working, leaving the radiometer as the only
operational mechanism to record data [23]. Since the launch, the radiometer aboard the observatory
has been collecting data at a spatial resolution of 36 km and providing global coverage every 2 to
3 days [23]. Observations from SMAP will provide improved estimates of water, energy, and transfers
between land and atmosphere [24,25]. SMAP uses lower frequency microwave radiometry (L Band)
to map soil moisture at Earth’s land surface because at lower frequencies the atmosphere is less
opaque, vegetation is more transparent, and the results were more representative of the soil below
the skin surface than when higher frequencies were used [26,27]. This research utilizes the SMAP
Level 2 enhanced passive soil moisture product (L2_SM_P_E), which is available on a 9-km grid for
downscaling to 1-km resolution.

2.2. GLDAS Data

NASA’s global land data assimilation system (GLDAS) was designed to combine satellite-
and observation-based data to produce high resolution, global information on Earth’s land surface
states and fluxes [28]. GLDAS is able to provide 36 land surface fields from 2000 to the present,
including soil moisture, surface temperature, surface runoff, and rainfall. The product of 3-hourly
data (GLDAS_NOAH025_3H) with 0.25◦ × 0.25◦ spatial resolution was used in this study [29].
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Our downscaling approach utilized soil moisture with 0 to 10 cm depth and surface skin temperature
from GLDAS that corresponded to the closest overpass times of the Aqua satellite for the LMB, which
was approximately 12:00 and 24:00 local time.

2.3. MODIS Data

NASA’s moderate resolution imaging spectroradiometer (MODIS) was launched aboard the Earth
observing system (EOS) aqua satellite in May 2002 and provides atmospheric, terrestrial and oceanic
data products [30]. With 36 spectral bands, the highest of any global coverage moderate resolution
imager, and spatial resolution ranging from 250 m to 1 km, MODIS is able to provide a multitude of
global land products [30]. In this study, daily normalized difference vegetation index (NDVI) and
land surface temperature (LST) from MODIS were used to downscale SMAP soil moisture estimates.
The 1 km daily LST (MYD11A1), 1 km biweekly NDVI (MYD13A2), and 500 m biweekly climate
modeling grid (CMG) NDVI (MYD13C1) were utilized in this study.

2.4. AVHRR Data

The advanced very high resolution radiometer (AVHRR) utilizes National Oceanic and
Atmospheric Administration (NOAA) polar-orbiting satellites to provide four- to six- band multispectral
global data [31]. The AVHRR is used to remotely detect cloud cover and the Earth’s surface temperature
(NOAA satellite information system, 2013). Prior to MODIS data, AVHRR’s 5 km CMG NDVI data
were used for long-term surface ground measurements [11]. In this study, daily NDVI data (AVH13C1)
from AVHRR from 1981 to 1999 were used. The quality of AVHRR data after this time period is
inadequate due to satellite drifting and, therefore, data after 2000 was not used in this study [11]
(Table 1).

Table 1. Description of the data products used in the downscaling process including their spatial and
temporal resolutions and data availability.

Data Product Variable Spatial Resolution
Temporal

Resolution
Availability

SMAP Soil moisture 9 km Daily 2015–present
GPM IMERG Precipitation 10 km Daily 2000–present

GLDAS Soil moisture 25 km 3 hours 1979–present

MODIS Land surface
temperature (LST) 1 km Daily 2002–present

MODIS NDVI 1 km Biweekly 2002–present
AVHRR NDVI 5 km Daily 1981–1999

3. Methodology

In this research, the downscaling algorithm and methodology used were developed in Fang et al.,
2018 [32]. Similar to the study by Lakshmi and Fang (2015) of the Little Washita Watershed, this study
assumes that LST is a linear combination of soil and vegetation temperature [33]. We assume the top soil
moisture layer is a function of soil evaporation efficiency and field capacity. It is assumed that the soil
moisture at a certain time during the day is inversely proportional to the daily temperature change for
the same day, and that the presence of vegetation (NDVI) will influence the soil moisture–temperature
change relationship. We also assume that the thermal inertia relationship between temperature
difference and soil moisture within a 25 km domain has no spatial variability. Additionally, the
assumption is made that the field capacity of each NLDAS pixel is homogenous and does not account
for variation at the 1 km scale [32].

In this study, we applied an algorithm developed by Fang et al., 2018, based on soil moisture,
LST, and NDVI, to create 1 km soil moisture maps [32]. The methodology of this algorithm is outlined
in Figure 2. Due to the effects of vegetation cover on soil moisture estimation, the algorithm applied
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here uses a vegetation-based lookup table to relate microwave polarization to soil moisture estimates.
As soil becomes more wet its heat capacity increases. The soil moisture at a given time is inversely
proportional to the change in temperature 12 hours beforehand, which corresponds with SMAP AM and
PM overpasses. Soil moisture daily values were negatively related to the daily temperature difference
under varying vegetation conditions. The following equation represents the linear relationship between
soil moisture and temperature difference for a specific NDVI (single month):

θ(i, j) = a0 + a1ΔTs(i, j) (1)

where θ(i, j) is GLDAS soil moisture gridded to match SMAP overpasses and ΔTs(i, j) is the GLDAS
12 h temperature difference closest and prior to SMAP overpasses. This equation uses data at the
GLDAS spatial resolution for soil moisture and surface temperature for single months, beginning in
1981. Using the nearest neighbor method, daily NDVI from AVHRR was aggregated to corresponding
GLDAS pixels. The NDVI data were categorized into classes from 0 to 1 with increments at 0.1. Classes
with less than 8 data points were not included because a sample size smaller than this will not yield
valid and statistically significant results from linear regression fitting. Soil moisture at 1 km resolution
was calculated from 1 km MODIS LST difference at the corresponding NDVI class. We applied the
linear regression fit equation between θ and ΔTs, which was built at 25 km resolution, to all the
1 km MODIS grids within the 25 km GLDAS grid. We assumed that the thermal inertia relationship
between temperature difference and soil moisture within the 25 km domain had no spatial variability.
The following equation represents the correction of the 1 km soil moisture pixel from the MODIS LST
products, acquired by removing the difference between SMAP and MODIS derived soil moisture:

θcorr(i, j) = θ(i, j) +

⎡⎢⎢⎢⎢⎢⎣Θ − 1
n

n∑
i=1

Θi

⎤⎥⎥⎥⎥⎥⎦ (2)

where θcorr(i, j) is the corrected 1 km soil moisture, n is the number of 1 km soil moisture pixels that
are in each SMAP 9 km pixel, Θ is the original SMAP 9 km soil moisture estimate, and θi is the number
of uncorrected 1 km SMAP soil moisture pixels that fall in the original 9 km SMAP grid Θ. The value
of n is ideally 81, but it may be less due to cloud contaminated data. The corrected soil moisture was
characterized by the soil moisture and daily temperature relationship, which changed under different
vegetation conditions. Since visualizing rainfall is essential to determining the response of the soil
moisture, rainfall from GPM IMERG was used in this study to analyze the wetting and dry-down
patterns after a significant rainfall event. One limitation of this methodology occurred when the
9 km original SMAP was biased. Then that bias was passed onto the corrected 1 km soil moisture.
Another limitation was the difficulty to recover cloud-contaminated data, which resulted in spatial
inconsistencies in the 1 km corrected soil moisture maps.

Build Look-Up Table

Process 25-km GLDAS 
soil moisture and land 

surface temperature

Process 5-km AVHRR 
and MODIS NDVI

Build look-up table for 
downscaling model

Downscale Soil Moisture to 1 km

Process 1-km MODIS 
NDVI and LST

Process 1 km MODIS 
soil moisture

Correct 9-km SMAP 
soil moisture

Figure 2. Workflow for building downscaling model and executing the algorithm.
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The algorithm used in this study was validated using in situ measurements in the CONUS region,
by Fang et al., 2018, for soil moisture estimates from AMSR2 between 2015 and 2017. Their validation
showed variability in seasonal performance and stronger correlations in the soil moisture–temperature
change relationship during summer months. Also, the remotely sensed soil moisture and downscaled
estimates both underestimated in situ soil moisture during precipitation events. It is important to note
the effects of precipitation on soil moisture retrieval; the microwave sensing depth is reduced. An
additional validation of this algorithm was performed in the Walnut Gulch Experimental Watershed
(WGEW) and indicated that downscaled soil moisture had better validation metrics than the original
SMAP [32]. The R2 of the 1 km soil moisture ranged from 0.189 to 0.697, whereas the 9 km SMAP
ranged from 0.003 to 0.597. The slope values for the 1 km are higher than those for the 9 km SMAP.
Additionally, the 1 km soil moisture RMSE values and biases improved compared to the original
SMAP data. There were no consistent soil moisture measurements in the Lower Mekong Basin, and
this presents a formidable challenge to validation. However, future work may be able to carry out
validation by comparison of the 1 km soil moisture to outputs from hydrological models.

4. Results

4.1. Rainfall Variation in the Lower Mekong Basin

Variations in rainfall patterns result in changes in soil moisture. Precipitation has a direct impact
on the wetting and drying of soils and, therefore, must be examined alongside soil moisture. In the
LMB, the annual wet season (April–September) results in more vegetation growth and cloud cover
compared to the dry season. Therefore, the ability to measure soil moisture via remote sensing is
affected during these months. Daily precipitation data from GPM IMERG Final Precipitation L3 1 day
0.1◦ by 0.1◦ V05 (GPM_3IMERGDF) were aggregated for monthly accumulation for April through
September from 2015 to 2018, to correspond with the downscaled soil moisture in order to examine the
monthly variations (Figure 3) [34].

Figure 3. Bar plot of monthly average precipitation for April 2015–September 2018 in the LMB.

In this study, precipitation patterns varied in the wet season months, with July and August
generally accumulating the most rainfall and April and May receiving the least (Figure 3). Additionally,
precipitation varied from year to year over the LMB, with certain years being more dry or wet than
others due to regulation by monsoons. For example, comparing the year 2016 to 2018 in Figure 3
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shows 2016 as a much dryer year, especially in the wettest month of the year, July, which received
over 100 mm of rainfall. This pattern can also be seen by comparing the monthly maps from 2016
and 2018 (Figure 4). Figure 4 shows the spatial distribution of accumulated precipitation over the
LMB for each month, corresponding to the 1 km soil moisture estimates. Rainfall patterns varied
significantly between countries in the LMB. Areas in Laos and Cambodia receive the greatest amounts
of precipitation annually (over 2800 mm), while the Thailand plateau only received a third or less of
that amount. Here, precipitation from IMERG was used to detect and observe the dry-down patterns
of soil moisture after a large rainfall event.

Figure 4. Monthly rainfall accumulation from GPM IMERG for April 2015–September 2018 in the LMB.

4.2. Soil Dryness Response to Large Rainfall Events

In this section, soil moisture is examined alongside precipitation with the purpose of examining
the drying of soil over time in response to a rainfall event. By evaluating the time series after a large
precipitation event with almost no subsequent precipitation, we were able to observe the near-surface
soil moisture observations as they transitioned from saturated to dry conditions. Daily 9 km SMAP
soil moisture estimates were compared to daily 10 km IMERG precipitation to examine the response of
soil moisture to precipitation events. It is possible that, in the absence of precipitation, agriculture is
irrigated. Hence, we may have seen wetness from irrigation in these regions, despite no significant
rainfall event. Figure 5 shows the relationship between daily rainfall and soil moisture between 2015
and 2018 averaged over the LMB.
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Figure 5. Time series of daily soil moisture active passive (SMAP) 9 km soil moisture and daily Global
Precipitation Measurement-Integrated Multi-satellitE Retrieval (GPM-IMERG) 10 km precipitation for
April 2015–September 2018 averaged in the LMB.

Using Figure 5, two precipitation events were selected in which soil moisture exhibited a
clear dry-down pattern after the rainfall. The events were examined more closely in combination
with corresponding daily downscaled soil moisture, in order to evaluate the improvement in the
representation of drying from 9 km to 1 km. Figure 6 more closely examines the time series of the
dry-down period in the LMB from 13 April 2015 to 20 April 2015, after a large precipitation event
occurred on 13 April. Figure 7 shows the spatial distribution of rainfall, 9 km SMAP soil moisture,
and 1 km downscaled soil moisture for each day during the dry-down period. The second event
selected was from 6 April 2018 to 11 April 2018. Figure 8 shows the time series of the dry-down
period after the precipitation event on 6 April 2018. The 1 km soil moisture (blue) was better able to
capture the dry-down pattern than the 9 km SMAP soil moisture (green) (Figure 8). Figure 9 shows
the spatial distribution of rainfall, 9 km SMAP soil moisture, and 1 km downscaled soil moisture for
each day during the dry-down period in April 2018. The coverage of the 1 km corrected soil moisture
was dependent on MODIS LST data and influenced by cloud cover, which made it difficult to find
good coverage on consecutive days. The 1 km SMAP did not perform as well during wet days due
to the spatial coverage of the MODIS land surface temperature (LST) data being compromised by
cloud contamination.

Figure 6. Time series of dry-down event from 13 April 2015 to 20 April 2015 with 9 km SMAP soil
moisture (green), 1 km downscaled soil moisture (blue), and 10 km rainfall data from GPM IMERG
(black).
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Figure 7. Cont.
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Figure 7. Dry-down event for 13 April 2015 to 20 April 2018 represented by 10 km IMERG rainfall,
9 km SMAP, and 1 km downscaled soil moisture.

Figure 8. Time series of dry-down event from 6 April 2018 to 11 April 2018 with 9 km SMAP soil
moisture (green), 1 km downscaled soil moisture (blue), and 10 km rainfall data from GPM IMERG
(black).

176



Water 2020, 12, 56

Figure 9. Dry-down event for 6 April 2018 to 11 April 2018 represented by 10 km IMERG rainfall, 9 km
SMAP, and 1 km downscaled soil moisture.

4.3. Importance of High Spatial Resolution Soil Moisture for Hydrology and Water Resources

The high spatial resolution observed soil moisture generated in this study was an important data
set that could not be obtained from other sources. Firstly, there are no consistent in situ networks that
monitor soil moisture in the Lower Mekong River Basin. Even in other parts of the world that do have
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such networks, they are seldom dense enough to produce soil moisture at 1 km spatial resolution.
Secondly, although land surface models can simulate soil moisture at high spatial resolution, they lack
the precipitation input at 1 km spatial resolution, which is needed to minimize variations in small-scale
processes [35]. Currently, the “best” spatial resolution of globally available precipitation is the climate
hazards group infrared precipitation with station observations (CHIRPS) at 0.05◦. CHIRPS provides
estimates from 1981 to the near present and uses a recently produced satellite rainfall algorithm that
combines climatology data, satellite precipitation estimates, and in situ rain gauge measurements to
produce a high resolution precipitation product [36].

The 1 km spatial resolution soil moisture from this research can be used in combination with land
use and land cover data from MODIS (moderate resolution imaging spectroradiometer) at 1 km and
Landsat imagery at 30 m to map the co-variability of land use and wetness. This will be a valuable
tool for land use planning, specifically in the LMB where there are competing cropping strategies and
land use for industrial development. Additionally, this 1 km soil moisture can be used to determine
antecedent soil moisture conditions in watershed modeling, meaning it can serve as an input to
determine the portion of rainfall that will infiltrate the soil and that which will run off to the stream
network. More detailed estimations of streamflow runoff will in turn benefit flood prediction and
monitoring in watersheds [37]. This high spatial resolution 1 km observed soil moisture can serve a
variety of water resource applications and will be of much use in the LMB.

5. Conclusions

This study applied a previously developed method to a new geographical location where in
situ observations are lacking. Here, higher resolution could help various land use decisions such
as construction of dams, agriculture, and aquaculture. In this study, soil moisture estimates of the
Lower Mekong River Basin from April 2015–September 2018, from SMAP Enhanced L2 Radiometer
Half-Orbit 9 km V.2., were enhanced to 1 km resolution. In this study, we applied an algorithm
developed by Fang et al., 2018, based on soil moisture, LST, and NDVI to create 1 km soil moisture
maps. Soil moisture daily values were negatively related to the daily temperature difference under
varying vegetation conditions. The downscaling algorithm was based on LST, soil moisture, and NDVI
and used the relationship between daily soil moisture and daily land surface temperature difference
between satellite overpasses as well as the vegetation class to downscale soil moisture to a higher
resolution. The months of April and May showed the best coverage of soil moisture at 1 km and
July–September showed the least coverage at 1 km, due to LST/NDVI data with substantial cloud
coverage and higher vegetation growth. It was discovered in this study that the 1 km SMAP did not
perform as well during wet days due to the spatial coverage of the MODIS land surface temperature
(LST) data being compromised by cloud contamination.

Soil moisture estimates are readily available at global scale from a multitude of satellite products
but are represented at spatial scales that are often too coarse for effective hydrological modeling
and decision-making purposes. Soil moisture at high resolution can be used in place of ground
measurements for land and water management decisions in large river basins where in situ data are
limited such as the LMB. The high resolution soil moisture estimates derived in this study can be
more useful for assessing dry-down and wetting trends than coarser resolution data, such as the 9 km
SMAP product in the LMB. Additionally, 1 km soil moisture retrievals can better aid drought and crop
productivity monitoring, flood forecasting, and assist weather forecasting by providing greater spatial
representation than coarser products. This high spatial resolution soil moisture at 1 km can be applied
to a multitude of water resources applications in order to benefit large watershed management.
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