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ABSTRACT

To achieve a good ecological status of water resources, we are exploring new frontiers by envisioning river basin planning through the newly
promoted digital twin perspective. In river basin management, a digital twin is an innovative virtual paradigm - a holistic living replica of the
river basin achieved by seamless integration of real-time monitoring, historical observations, data analytics, predictive modeling, and high-
performance computing within a framework of interoperable software and scalable hardware - leveraging nuanced understanding of com-
plex environmental, social, and economic interactions, discerning uncertainties, and bridging critical knowledge gaps for progressive
improvement in system understanding, optimization of operational efficiency, and continuous advancements in decision-making. This per-
spective paper lays the groundwork in transforming the futuristic vision of a river basin’s digital twin into reality. The proposed blueprint
outlines the processes for integrating digital twin components, creating dynamic replicas of river basin systems, and conducting virtual
what-if analyses. Aligning with digital transformation, this work segments the river basin into distinct systems to effectively manage diverse
objectives and ensure adaptability across various river basin types with spatiotemporal scalability. Supporting sustainable management, the
digital twin holds immense potential to surpass existing decision-support systems through continuous bi-directional feedback loops with the
river basin.
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HIGHLIGHTS

Present a six-dimensional structural framework of the foundation of digital twins.
Propose a comprehensive approach for deploying digital twins.
Introduce various maturity levels of digital twins.

[ ]
[ ]
[ ]
® Explain the application of digital twins in river basin planning.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

Digitalization plays a key role in achieving the United Nations Sustainable Development Goals and moving toward a future
resilient society (Mondejar ef al. 2021; Arnell et al. 2023). Ongoing digital transformation anticipates previously unseen
opportunities in water resource recovery, land management, food security, and energy production (Bauer ef al. 2021). The
rapid development of new measurement technologies such as satellite observations, unmanned aerial vehicles, point
cloud, and high-frequency sensors, as well as analytical methods like artificial intelligence, big data analytics, and high-per-
formance computing, has resulted in an inevitable trend of connecting the physical and virtual worlds through advanced
digital tools like digital twins (Botin-Sanabria ef al. 2022). The term digital twin initially appeared within the conceptual para-
digm of product lifecycle management (Grieves 2014). In the current landscape, the pervasive influence of digitalization is
transforming industries, resulting in the rapid rise of digital twin popularity driven by advancements in modern digitalization
(Tao & Qi 2019). However, this surge in popularity has introduced challenges to achieving a consensus on digital twin defi-
nitions, as researchers often tailor their definitions based on their unique perspectives and fields of research (Singh et al.
2021). Despite the diversity in definitions, a shared understanding exists that a digital twin accurately mirrors the real-time
state of its physical counterpart, and vice-versa, achieved through continuous bi-directional interactions and co-evolution
(Qi et al. 2021). The application of digital twin technology in industrial production spans various aspects, including
system design, enhancement of operational efficiencies, cost-effective asset management, mitigation of hazard risks, and
implementation of control measures (Khallaf ef al. 2022). Furthermore, the scope of the digital twin is expanding to represent
the complexity of the human biological system, aiming to enhance life quality and well-being (El Saddik 2018). Beyond indus-
trial and biological domains, the digital twin application to the natural environment, combining physics-based knowledge
with data-driven insights, holds immense potential to address significant environmental challenges such as water quality
deterioration, extreme hydrological events, geomorphological alteration, landscape instability, and biodiversity loss
(Blair 2021).

Climate change, rising population, and economic expansion have intensified pressures on global river basins (Khedun ef al.
2014), resulting in adverse effects on water resources, land-use, biodiversity, ecosystem services, and socioeconomic well-
being (Mancosu et al. 2015; Swetapadma & Ojha 2017). This necessitates enhancements in environmental, social, economic,
and political considerations within river basins (Wada et al. 2016), prompting a call for more responsive and holistic manage-
ment approaches (Marttila ef al. 2022). In response to a holistic perspective, the digital twin emerges as a transformative tool,
serving as a comprehensive virtual replica of the river basin. Achieved through seamless integration of data analytics and pre-
dictive modeling in a scalable backend infrastructure, it leverages nuanced understanding of dynamic systems within the river
basin to optimize operational efficiency and decision-making. The digital twin adeptly monitors human-induced
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environmental changes, establishes correlations between natural resource consumption and socioeconomic factors, and fore-
casts the future evolution of river basins, enabling early adaptation strategies and comprehensive river basin management.
Notably, it addresses challenges inherent in traditional river basin management, including irregular data collection, reliance
on outdated information, limited stakeholder engagement, and a constrained understanding of system dynamics. Addition-
ally, while river basin scale models provide a generic understanding of the physical counterpart and require new data for
predictions, a digital twin can function as a self-evolving virtual tool, accurately predicting the physical river basin at any
given time through data monitoring and dynamic simulations. The digital twin represents a paradigm shift toward more effec-
tive and adaptive river basin management in the face of complex and evolving environmental, social, and economic
challenges.

In recent years, the rapid deployment of digital twins across various sectors, such as aerospace, automobile, manufacturing,
healthcare, and construction, has been well documented (Rasheed ef al. 2020). Concurrently, a significant surge in interest
among researchers has emerged regarding the application of digital twins in urban water distribution (Alzamora et al.
2021; Pedersen et al. 2021; Valverde-Pérez et al. 2021). Furthermore, a limited number of studies have directed their focus
toward the deployment of digital twins in areas critical for water resources planning and management. Notably, these
areas include terrestrial water cycle (Brocca et al. 2024), water resource recovery facility (Torfs et al. 2022), drainage
system (Bartos & Kerkez 2021), flood risk mitigation (Tarpanelli e al. 2023), hydrological systems (Rigon ef al. 2022), waste-
water treatment (Johnson et al. 2021), land management (Park ef al. 2023), land-use (Akroyd et al. 2022), dam operation
(Park & You 2023), and nature-based solutions (Pillai ef al. 2022). These examples highlight the observation that existing digi-
tal twin concepts and applications in water resources planning are often compartmentalized into subfields rather than
approached with a unified perspective, especially in the context of a complex river basin system. Based on a recent study
(Wenzheng 2022), the adoption of a digital twin for river basin management is recommended as a forward-thinking strategy.
Our current understanding indicates a discernible gap in the conceptualization of a blueprint tailored specifically for a river
basin’s digital twin. Addressing this gap necessitates prioritizing a visionary framework over exhaustive technical intricacies.
This strategic approach aids in understanding the fundamental aspects of a river basin’s digital twin, encompassing its pur-
pose, functionality, components, design principles, uncertainty handling, and potential applications. Moreover, it serves as
a foundational point for stakeholders to initiate more detailed planning and development initiatives toward the implemen-
tation of the digital twin for a river basin.

A seminal paper published in the late 1960s, at the dawn of computer technology availability, proposed a blueprint for
developing a physics-based hydrologic response model through digital simulations (Freeze & Harlan 1969). To date, numer-
ous hydrological modeling schemes have put their visionary ideas into action (Simmons et al. 2020). In this paper, we take a
similar leap of faith by providing a blueprint for a river basin’s digital twin. We strive to provide an in-depth understanding of
the methodology involved in creating the river basin’s digital twin. The methodology begins by describing the conceptualiz-
ation of a river basin’s digital twin, outlining the fundamental principles and vision behind this innovative approach.
Following this, the structural framework is presented, establishing the foundational architecture that supports the digital
twin. The methodology then delves into the design implementation, detailing how the structural framework and its com-
ponents are realized to ensure functionality and scalability. Subsequently, we address data measurement and modeling
simulations, which constitute the core operational elements of the digital twin, driving its analytical and predictive capabili-
ties. The decision-making workflow highlights the processes by which the digital twin supports stakeholders in managing the
river basin. The methodology also explores the maturity spectrum, showcasing the progressive development stages of the digi-
tal twin, and how it evolves to achieve higher levels of integration and sophistication. Furthermore, we discuss approaches for
overcoming challenges encountered during development and deployment, as well as the potential applications of the digital
twin, demonstrating its versatility in addressing critical issues in river basin management.

2. METHODOLOGY

2.1. Conceptualization

A digital twin of a river basin has the potential to serve as a dynamic and holistic virtual counterpart, forming a robust and
evolving basis for informed river basin management. The core objectives of the digital twin include optimizing operational
efficiency, identifying uncertainties, bridging crucial knowledge gaps, and perpetually advancing decision-making processes
within the river basin. Functioning within a framework of interoperable software and scalable hardware, the digital twin
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seamlessly integrates real-time monitoring, historical observations, data analytics, and predictive modeling. This integration
leverages a nuanced understanding of the intricate environmental, social, and economic interactions occurring within the
river basin. The observation and application of the digital twin on the river basin is an ongoing process, facilitated by a struc-
tural framework involving backend infrastructure, data, modeling, services, and connection components.

The ownership and governance of a river basin’s digital twin involve multiple stakeholders, including river basin auth-
orities, governmental bodies, regional administrations, industry representatives, academic institutions, policymakers,
funding bodies, non-governmental organizations, and local communities. These stakeholders have diverse interests, leading
to a wide range of objectives, such as flood risk management, water supply optimization, agricultural productivity, environ-
mental conservation, and economic development. A robust governance framework must balance these varied interests while
ensuring fairness, transparency, and accountability. This could be achieved through a hybrid governance model that inte-
grates a centralized administrative body - tasked with mediating stakeholder interests, defining shared objectives, and
implementing standardized rules — with a distributed ownership framework that allocates responsibilities to stakeholders
based on their expertise in the digital twin’s development and maintenance, while preventing exclusive claims over any
specific part of it. Clear protocols for collaboration and conflict resolution would further support this hybrid governance
model.

The sustainability and effective implementation of the digital twin depend on stakeholders’ funding commitment, resource
allocation, regular communication, data-sharing agreements, and well-defined responsibilities. Data standardization,
reliability, and provision are critical components, overseen by the centralized administrative body in collaboration with tech-
nical experts and stakeholders. Decisions regarding the accuracy, timeliness, and frequency of data collection must align with
the digital twin’s objectives - be it real-time applications for flood prediction, periodic updates for infrastructure planning, or
long-term trend analysis for climate adaptation. Evolutions of the river basin are simulated using integrated modeling
approaches, including structural, data-driven, and physics-based methods, combined with real-time and historical data.
Clear guidelines outlining data collection, modeling techniques, system validation, and information-sharing protocols, sup-
ported by periodic reviews involving all stakeholders, further enhance collaboration. Regular engagement sessions and
updates foster alignment of expectations and ensure that the digital twin remains responsive to emerging challenges in
river basin management.

Both digital twins and decision-support systems serve important roles in river basin management (Blair 2021). A decision-
support system, which provides analytical capabilities for simulating specific outputs and aiding decision-making across var-
ious river basins, can also be considered a component of a digital twin. However, a digital twin surpasses the scope of a
decision-support system by integrating bi-directional communication and offering the flexibility to dynamically adapt its
objectives to evolving conditions within a specific river basin. Unlike decision-support systems, which typically operate
within a fixed framework and focus primarily on uncertainties that can be reduced using techniques like data assimilation
(Alfieri et al. 2022), digital twins handle a broader range of uncertainties. By continuously integrating real-time data, digital
twins not only address reducible uncertainties but also adapt to irreducible and critical uncertainties arising from natural
variability or factors that significantly influence decision-making. Digital twins achieve this dynamic adaptation through con-
tinuous feedback, pattern recognition, and advanced modeling techniques such as stochastic prediction, scenario simulation,
and ensemble modeling. These capabilities enable digital twins to iteratively refine their underlying frameworks, ensuring
greater predictive accuracy and operational relevance. Furthermore, digital twins incorporate multidisciplinary hybrid mod-
eling, where data-driven insights complement untheorized gaps in physics-based simulations, effectively overcoming
limitations often encountered in single-discipline decision-support system implementations. By combining advanced model-
ing techniques, robust infrastructure, stakeholder collaboration, and dynamic adaptability, a digital twin emerges as a
comprehensive tool for river basin management, representing a transformative evolution in decision-making frameworks.
The digital twin can further help attain a sustainable future and meet the United Nations Sustainable Development Goals
by supporting policy analysis, risk assessment, and mitigation strategies (Faivre et al. 2017).

2.2. Structural framework

To create the river basin’s digital twin, we propose a six-dimensional structural framework. The dimensions are physical river
basin, backend infrastructure, data, modeling, service, and connectivity. The backend infrastructure serves as the backbone of
the digital twin, supporting data storage, model simulation, and decision-making services for stakeholders. Data is the essen-
tial fuel of the digital twin, providing the raw input needed to monitor river basin dynamics. Modeling acts as the driver of the
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digital twin, using data to simulate future scenarios within the river basin. Service represents the tangible outcomes of the
digital twin, delivering predictions and actionable information to stakeholders. Finally, connectivity ensures seamless inte-
gration among all dimensions, enabling efficient communication and coordination within the digital twin. A conceptual
representation of the dimension relationships and their dominant features is shown in Figure 1.

The creation of a digital twin is imperative for the river basin dimension, which is a physical system characterized by com-
plex interactions between natural resources, environmental phenomena, and socioeconomic functions. Climate conditions,
water, geodiversity, land cover, and biodiversity are examples of natural resources, whereas environmental phenomena
emerge from hydrological, morphological, and biogeochemical functions. Socioeconomic functions such as urbanization,
agriculture, and industrialization, are the primary causes of natural resource depletion and environmental degradation,
having a direct impact on stakeholder concerns like water quality, soil fertility, and natural hazard risk mitigation. The
real-world dynamics of the physical river basin and its continuous management are mirrored in virtual representations, sup-
ported by the backend infrastructure, data, modeling, service, and connectivity dimensions.

The backend infrastructure dimension encompasses instrumentation, storage, computational scalability, and Internet of
Things, ensuring the seamless operation of the digital twin. The instrumentation of the digital twin, driven by remote and
direct sensing devices, produces substantial volumes of climatological, environmental, and socioeconomic data. This data
is stored either in strategically positioned edge servers near the data source within local networks or cloud storage platforms,
based on the preference for decentralized or centralized data storage. Proprietary data is managed through a hierarchical
access control system overseen by the administrative body in collaboration with key stakeholders. Access levels, defined
by stakeholder roles such as researchers, policymakers, and operational managers, are secured by encrypted transmission
protocols to ensure privacy and compliance with regulatory frameworks. Data security and traceability are further strength-
ened through regular audits and access log monitoring. To simulate models at the river basin scale, computational scalability
can be addressed through the application of edge, grid, and cluster computing techniques, each catering to specific needs.

Instrumentation | ‘Data collection

Cloud storage Backend Data standardization
Computation infrastructure Data fusion
Internet of Things Data analysis
/ N
Data

Structural model
Data-driven model
‘What-if analysis

Figure 1 | A graphical abstract illustrating the six-dimensional framework of the digital twin concept applied to a river basin. The dimensions
include the river basin, backend infrastructure, data, modeling, service, and connectivity. The dominant features of each dimension are
represented by corresponding colored rectangular shapes. Arrows depict one-directional connectivity between the river basin and the four
hierarchical dimensions - backend infrastructure, data, modeling, and service — which are also interlinked through bi-directional
relationships.
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Edge computing processes data close to its source, reducing latency and enhancing response times. Grid computing employs
distributed networks for parallel processing of large-scale simulations. Cluster computing integrates tightly coupled systems to
deliver high-performance computational capabilities. Modern communication technologies, such as Internet of Things,
enhance system connectivity, while robust encryption and cybersecurity protocols mitigate risks, ensuring secure and reliable
operations across all dimensions.

The data dimension manages all aspects of data flow, including collection, standardization, fusion, and analysis. Continu-
ous collection from various spatial and temporal scales across climate, water, land, social, and economic domains is done
from the instrumentation of the backend infrastructure dimension. Heterogeneous data from diverse sources is standardized
to ensure interoperability, including consistent formats, harmonized metadata, error correction, gap-filling, and reliability
checks. The administrative body, in collaboration with stakeholders, approves consensus on data standardization practices.
This is achieved through workshops, discussions, and conflict-resolution mechanisms, emphasizing the shared benefits of
improved data interoperability. Privacy-preserving techniques, such as anonymization and encryption, balance accessibility
and confidentiality, while collaboratively developed data-sharing policies define access conditions, licensing agreements,
and sharing protocols in line with legal and regulatory requirements. Data quality is continuously monitored by technical
experts, with periodic stakeholder reviews to address emerging challenges. The data dimension ensures that data remains
high-quality, accessible, compliant, private, and secure. Data fusion integrates heterogeneous datasets, enhancing the value
of individual datasets and synthesizing complementary information to provide a holistic view of the river basin system.
Analysis of standardized and unified data supports comprehensive assessments of river basin dynamics, identifying hydro-
morphological and anthropogenic pressures that contribute to natural resource depletion and environmental degradation,
thereby facilitating informed decision-making.

The modeling dimension endeavors to project the evolution of river basins across diverse temporal scales while preserving
local-level phenomena through a modular and hierarchical framework. This framework accommodates the diverse objectives
of the digital twin by segmenting models into self-contained units integrated into a shared ecosystem, ensuring alignment with
broader goals. Each model is developed with a clearly defined purpose to address specific river basin objectives. A model
management committee, composed of scientists, policymakers, and technical experts, oversees the interoperability, updates,
and calibration of models to maintain consistency in outputs, support emerging modeling needs, and enable cohesive oper-
ation. The modeling dimension employs a synergy of structural, physics-based, data-driven, and what-if approaches to
simulate river basin dynamics. Structural modeling captures the geometric and static features of the river basin, including
infrastructure such as dams, reservoirs, and levees, and helps in understanding how physical elements of the river basin inter-
act with natural processes. Physics-based modeling represents environmental processes, including hydrological flow, stream
hydrodynamics, soil erosion, and sediment transport, based on scientific principles. Data-driven modeling complements these
approaches by identifying patterns in environmental stochasticity, such as precipitation variations and evapotranspiration,
alongside socioeconomic factors, including crop production and water contamination. Continuous calibration and validation
ensure the accuracy and relevance of models, considering key factors such as parameter complexity, data variability, compu-
tational cost, and model performance metrics. What-if analyses are conducted using loosely and tightly coupled models,
enabling stakeholders to explore strategies that optimize resource use, environmental sustainability, and socioeconomic
growth without affecting the physical river basin. Emerging hybrid modeling techniques, combining the interpretability of
physics-based models with the efficiency of data-driven approaches, enhance the modeling dimension’s ability to generate
actionable insights for river basin management.

The service dimension contributes to routine operations, thematic information, and risk management within the river
basin, while also addressing user needs. The data analysis and model simulations of the digital twin calculate the river
basin’s parameters, assisting stakeholders in deciding routine operations. This dimension further supports regional authorities
in implementing proactive measures to uphold the environmental standards of the river basin. By providing thematic infor-
mation in disciplines such as hydrology, geomorphology, and biogeochemistry, the service dimension empowers
administrators to take strategic actions. Moreover, risk management is facilitated by assessing the impact of optimal manage-
ment strategies on potential future risks, which are evaluated through the what-if analyses in the modeling dimension,
ensuring the sustainability of the river basin. User needs, including data accessibility, interactive analysis, remote simulation,
and application programming interfaces, are comprehensively addressed within this dimension. The application program-
ming interfaces, in particular, enable stakeholders to develop interoperable applications for hindcasting, nowcasting, and
forecasting diverse river basin scenarios, fostering innovation and adaptability in management practices.
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The connectivity dimension promotes collaboration among the other dimensions. The connectivity between the river basin
and the four dimensions represents an iterative process that begins by accounting for the current state of the river basin and
ends with strategic actions for plausible vulnerability in the river basin. Among the four dimensions, the backend infrastruc-
ture underpins data, modeling, and service, reflecting a hierarchical yet bi-directional connectivity. The service dimension
receives outputs from the data and modeling dimensions, which in turn rely on the backend infrastructure. New services
requested by stakeholders necessitate changes in the modeling, data, and backend infrastructure dimensions. The expansion
of the backend infrastructure depends on data volume, computational scalability, and increased stakeholder services. The
processes in the data, modeling, and service dimensions are managed within the backend infrastructure, ensuring seamless
integration and efficient operation of the digital twin as it interacts with the physical river basin.

2.3. Design implementation

This section outlines the design and implementation process for a river basin’s digital twin, structured according to the hier-
archical framework proposed for smart manufacturing digital twins (Tao et al. 2019). To facilitate understanding, a schematic
illustration is provided in Figure 2, offering a visual aid to better understand the intricacies of the design implementation. The
implementation unfolds through three progressive phases: Unit, System, and System of Systems (SoS). At the System of Sys-
tems (SoS) phase, the river basin is viewed as an interconnected network of multiple systems, including climatological,
hydrological, fluvial, geomorphological, infrastructural, environmental, social, economic, and governance systems. However,
the administrative body, in collaboration with stakeholders, retains the flexibility to further classify these systems based on the
specific goals of the digital twin. The progression through the Unit, System, and SoS phases represents increasing levels of
complexity and integration: mild, moderate, and intense, respectively. Each phase addresses different decision-making
aspects. The Unit phase focuses on localized, routine decisions, such as daily water usage or flood management. The
System phase addresses more integrated decisions, such as resource allocation across the hydrological system. The SoS
phase oversees overarching decisions for the entire river basin, integrating multiple systems into a cohesive framework.
Each of these phases also aligns with distinct types of uncertainty. The Unit phase primarily deals with reducible uncertain-
ties, such as real-time water flow data, which can be improved through data assimilation. The System phase addresses
irreducible uncertainties, such as rainfall pattern variability that cannot be fully predicted. In contrast, the SoS phase tackles
critical uncertainties, such as social or political factors that significantly affect long-term planning for the river basin. These

Reducible Irreducible Critical
uncertainty uncertainty uncertainty
T spzema
Objective Al
ComekAd S
i Knowledge Wisdom
et
System B
ksl Ohjecve
P
_ Task Objective
— System C
Objective C
Unit phase SoS phase
Observation River basin Application

Figure 2 | A schematic representation of the river basin’s digital twin design implementation, which progresses through three phases: Unit,
System, and System of Systems (SoS). Unit phase tasks A21 and A22 correspond to System phase objective A2, tasks B1 and B2 correspond
to System phase objective B, and so on. The Unit, System, and SoS phases mitigate reducible, irreducible, and critical uncertainties,
respectively. Red, yellow, and green colors denote mild, moderate, and intense progress in the digital twin implementation.
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uncertainties are managed using different modeling techniques and stakeholder interactions, ensuring well-informed short-
term operational decisions and long-term strategic planning.

Although the implementation of the digital twin follows three progressive phases — Unit, System, and SoS - the planning
process begins in reverse, starting with the long-term sustainable goals of the SoS phase. These goals must align with the
diverse interests of stakeholders, including water resources planning, resilient ecosystem services, and sustainable socioeco-
nomic conditions. To ensure effective communication among stakeholders, the administrative body adopts standardized
technical and scientific terminology, facilitating clarity and minimizing ambiguities during discussions. Guided by stake-
holders’ concerns, perspectives, and expertise, the digital twin management team - including scientists, engineers,
policymakers, and river basin managers — systematically categorizes the goals identified at the SoS phase into actionable
objectives for the System phase. These objectives must address key issues, establish a clear decision-making framework,
and align with expected outcomes. Stakeholder approval ensures that the objectives reflect shared priorities and are feasible
within the available resources and constraints. Each System phase objective undergoes further subdivision into specific Unit
phase tasks, enabling measurable achievement within a predefined timeframe. For instance, within the environmental system
objective of water quality improvement, a specific task might involve achieving a 20% reduction in nutrient levels within a
year.

After the planning phase, the administrative body shifts focus to executing Unit phase tasks by addressing critical factors
such as budget allocation, expert team formation, and regulatory compliance. The expert team adopts a systematic approach
to the assigned tasks, encompassing the monitoring of features, development of data collection strategies, selection of appro-
priate modeling techniques, adoption of standardized data formats, assessment of cybersecurity threats, identification of
decision variables, and anticipation of potential challenges. Upon finalizing these aspects, strategic deployment of devices
and sensors ensures continuous data monitoring. Model simulations are conducted using test data, followed by calibration
with real-time data, while accounting for reducible uncertainties such as data gaps and parameter sensitivity. Unit phase
tasks play a crucial role in extracting scientific knowledge, encompassing both quantitative and qualitative aspects, from
the river basin information. This knowledge serves as input for the System phase implementation. Throughout this process,
technical interoperability is prioritized to facilitate seamless cross-platform integration across all implementation phases.

Depending on specific requirements, each Unit phase task within the System phase objective can be executed indepen-
dently or integrated with other tasks, utilizing loose or tight coupling techniques. Ensuring precise coupling requires
validating the simulated outcomes of the coupled Unit phase tasks against benchmark scenarios specific to the river basin
processes. After validating all Unit phase tasks, each System phase objective undergoes a comprehensive analysis to identify
existing pressures and discern their driving forces. Leveraging these driving forces and pressures, each System phase objective
conducts what-if scenarios to account for irreducible uncertainties inherent in river basin processes. For example, this
involves evaluating the dynamics of surface water-groundwater interactions in the hydrological system while considering
inherent variations in precipitation. System phase objectives interact with one another, and the collective wisdom from
these interactions serves as input for the SoS phase.

The SoS phase involves coupling System phase objectives, undergoing validation against benchmark scenarios tailored to
the river basin. The SoS phase enhances the understanding of the interdependencies and trade-offs between System phase
objectives. This holistic perspective enables a comprehensive grasp of the river basin’s current state and anticipated future
impact. To address future impacts, the SoS phase conducts what-if scenarios for risk mitigation planning, considering critical
uncertainties such as the impact of climate change on precipitation patterns. The SoS phase engages in multi-criteria decision-
making, considering Unit phase knowledge, System phase wisdom, and optimal solutions derived from SoS phase what-if
scenarios. This process aids in making synergized decisions for routine operation measures and long-term strategic actions
for restoration management in the river basin. The implementation of the digital twin reaches its conclusion when the
SoS phase is connected to the river basin, enabling the application of actionable decision-making derived from the digital
twin. Following the execution of these measures and actions, evolving conditions within the river basin may necessitate revi-
sions to the Unit, System, and SoS phases. Such changes could lead to the introduction of new goals, objectives, and tasks
tailored to address the updated river basin dynamics. The flexible design framework of the digital twin can integrate these
revisions, facilitating the inclusion of new technologies and modeling features. For instance, advanced hydrological sensors
integrated with machine learning models can be incorporated into the Unit phase, significantly improving the accuracy and
efficiency of data collection and analysis. Similarly, the System phase can integrate advanced water resource management
practices, while the SoS phase can include new governance models or innovative restoration strategies informed by
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multidisciplinary research. This flexibility ensures that the digital twin remains a forward-looking tool, capable of addressing
both current challenges and future demands, while consistently refining its predictive accuracy and operational relevance.

2.4. Data measurement and model simulations

Modern data instrumentation monitors terrain and environment data in the river basin at high spatiotemporal resolutions.
Remote sensing techniques, including Aerial Photogrammetry, Synthetic Aperture Radar, Light Detection and Ranging, Mod-
erate Resolution Imaging Spectroradiometer, and Passive Microwave Radiometry, facilitates the mapping of topography
(Okolie & Smit 2022), land cover classification (Teo & Wu 2017), and snow cover (Xue et al. 2019), as well as surface
water storage in rivers, wetlands, and lakes (Papa & Frappart 2021). To capture three-dimensional water flow velocity, sedi-
ment transport, and hydro-morphological changes, various methods are employed, including the Acoustic Doppler
Velocimeter and video frames from close-range time-lapse cameras or drones (Eltner ef al. 2021; Lotsari et al. 2022).
Water quality is represented through several parameters that are measured using remote sensing and in-situ measurements
(O’Grady et al. 2021). Some water quality parameters, such as nitrogen, phosphorus, and chemical oxygen demand, can
be used as proxies to assess socioeconomic activities such as crop production and industrial development (Duan et al
2022). Other socioeconomic indicators, such as population density and average monthly income, are available from national
organizations concerned with social welfare and economic affairs (Malik & Bhat 2014). The operational efficiency of the digi-
tal twin relies on flexible data collection frequencies. For instance, streamflow velocity and water quality are monitored at
high frequencies such as every second, minute, hour, or day, while wildlife habitat, crop production, and employment
rates are tracked less frequently, such as monthly, quarterly, or yearly. Spatial resolutions are similarly tailored to monitoring
needs: 1-5 meters for topography, 10-50 meters for land cover classes, 100-500 meters for average meteorological variables,
and 1,000-10,000 meters for population density and economic activities. This adaptive approach ensures optimal data gran-
ularity, aligning with diverse monitoring objectives. To address potential challenges of over data collection, the centralized
body implements a hierarchical data prioritization mechanism guided by stakeholder requirements in the data collection
framework of the digital twin. Data relevance, frequency of updates, and operational objectives are key determinants of prior-
itization. High-priority data, such as real-time streamflow and water quality, are monitored with finer granularity and greater
frequency, while low-priority data are collected less often or at coarser resolutions. Advanced data compression and storage
techniques optimize the management of large datasets, while redundant or less informative data is either filtered out or
archived for potential future use. These measures ensure efficient system performance, cost-effectiveness, and alignment
with the operational objectives of the digital twin.

In the digital twin, diverse models, such as hydrological, hydrodynamic, land management, ecosystem service, social, and
economic models, are employed to predict and forecast the river basin status. These models can be broadly categorized as
structural, physics-based mechanistic, and data-driven machine learning approaches. Structural models assess the impact
of physical infrastructure - such as dams, levees, reservoirs, and bridges — on river basin dynamics, including water flow, sedi-
ment transport, and land erosion. Mechanistic models translate hydrological, morphological, and biogeochemical processes
into mathematical equations, offering interpretability and the ability to extrapolate values across spatiotemporal scales
(Kuffour et al. 2020). However, they often involve high computational costs and struggle to predict phenomena not ade-
quately captured by their predefined mathematical formulations. Machine learning models, by contrast, excel at
uncovering stochastic relationships between environmental variables and socioeconomic functions, effectively handling
large datasets with lower computational costs (Carozza & Boudreault 2021). Despite their efficiency and ability to identify
unknown patterns, machine learning models lack interpretability and are constrained by the boundaries of their training
data, limiting their extrapolation capabilities. Given that a digital twin serves as a comprehensive platform for data integration
and multidisciplinary modeling, hybrid modeling holds significant potential as a promising approach, combining the
strengths of both mechanistic and machine learning models. By leveraging the interpretability of mechanistic models and
the pattern recognition capabilities of machine learning models, hybrid models improve prediction accuracy, interpretability,
and extrapolation potential (Gonzales-Inca et al. 2022). Recent studies in river basin management have demonstrated that
hybrid models can outperform traditional physics-based and data-driven approaches (Kumar et al. 2024; Li et al. 2024).
While traditional approaches retain significant value, hybrid modeling represents the future of river basin management.
With advances in machine learning techniques and high-performance computing, hybrid models are uniquely positioned
to address complex challenges within a digital twin, offering enhanced predictive accuracy and decision-making capabilities.
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2.5. Decision-making workflow

In Figure 3, we present the decision-making workflow for the river basin’s digital twin. The initial step involves collecting data
from the river basin, which is processed by embedded data analysis algorithms into a predetermined format approved by the
administrative body before being stored in the database. The processed data is then utilized by the digital twin for data fusion
and model simulations. The outcomes of data fusion, model simulations, and calibrated parameters are stored in the database,
enabling revisitation of historical conditions as needed. Leveraging these capabilities, the digital twin can nowcast environ-
mental phenomena and socioeconomic activities, integrating past river basin conditions. The accuracy of nowcasting and
overall prediction reliability is assessed by comparing nowcasted results with actual events. The more accurate the digital
twin projections, the more valuable they become for decision-making regarding routine operational measures such as sectoral
water distribution and flood control. The domain expert team among the stakeholders is notified of newly generated data and
nowecasted events through the digital twin’s user interface. This interface ensures secure and transparent sharing of infor-
mation while safeguarding sensitive data. The domain expert team is responsible for interpreting and applying this
information in various areas, including policy planning, law enforcement, and short-term restoration measures. Established
protocols govern data access and utilization, fostering collaborative decision-making among stakeholders.

Input/ Manual
5h5P0< Start/end ) / ousp = / Process m\ / d::l::r:z: (  Display '

Color |

Figure 3 | An illustrative representation of the decision-making workflow within the digital twin to support river basin management. The
color legends highlight the sequence of processes and their interdependencies, aligning with the backend infrastructure, data, modeling, and
service dimensions outlined in Figure 1.
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Beyond nowcasting, the digital twin can estimate future risks through a combination of structural alteration, data-driven
pattern, and physics-based interpretation. Examples of risks include water contamination, soil fertility deterioration, ecosys-
tem service degradation, and hydrological extreme events. While data-driven models leverage historical and real-time data
for pattern recognition, physics-based models estimate risks by simulating system behavior under given conditions. Both
approaches are integral to the digital twin, ensuring robust risk estimation when used with accurate inputs. By communi-
cating the underlying causes of risks, the digital twin can assist stakeholders in risk mitigation planning. The domain expert
team define objectives, decision variables, and constraints in planning exercises. This information enables the digital twin
to employ what-if analysis and multi-objective optimization to forecast optimal solutions in the virtual river basin without
affecting the physical river basin. The multi-criteria decision-making system, which combines quantitative metrics and sta-
keholder-defined priorities, aids in evaluating trade-offs among competing objectives such as cost, environmental
sustainability, and reliability. This ensures stakeholders are equipped to select the most suitable solutions for the river
basin.

While the digital twin is vital in recommending optimal solutions, it is imperative to highlight, especially at the initial
stage of its operation, that manual cross-verification is a prerequisite before implementing optimal solutions in the phys-
ical river basin. Relying solely on the digital twin’s recommendations without manual cross-checking poses potential risks
until the digital twin attains a satisfactory level of prediction accuracy over time. Once optimal solutions for risk mitiga-
tion are finalized, the domain expert team oversees their implementation in the river basin. The digital twin is then
employed to monitor the performance of these solutions using key indicators such as the comparison of projected
versus actual outcomes, adherence to project timelines, consistent performance under varying conditions, adaptability
to stressors, and efficient resource utilization relative to benefits. If the performance is deemed unsatisfactory, the digital
twin facilitates revisions to the implementation plan to achieve the desired outcomes. Its documentation repository serves
as a centralized storage space for revisiting prior optimization approaches to tackle historical river basin conditions. This
repository provides valuable scientific insights for designing future planning measures and ensuring sustainable manage-
ment practices.

2.6. Maturity spectrum of digital twin

We present a five-level maturity spectrum for the digital twin of a river basin, drawing on prior research (Evans ef al. 2019). In
Figure 4, each maturity level is represented as a digital twin, progressing through fact, question, intuition, exploration, and
self-governance in the what-if simulations. This sequential advancement aims to enhance stakeholders’ decision-making capa-
bilities. However, the increasing complexity arises from additional technical integration within the digital twin’s five core
components — backend infrastructure, data, modeling, service, and connectivity — designed to mirror the physical river
basin. This complexity grows exponentially due to heightened randomness in environmental, social, and economic variables,
uncertainties, variations in input data, and incomplete information on various factors.
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Figure 4 | A schematic representation illustrating the progression of the digital twin's maturity level. Each level encompasses all lower levels.
The complexity associated with additional technical integration in the digital twin's five core components — backend infrastructure, data,
modeling, service, and connectivity — exponentially increases with each advancing level.
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Level 1 represents the foundational digital twin, constructing a virtual prototype of the river basin through real-time data
connectivity. Historical events validate this level, empowering stakeholders to identify potential threats and craft risk mitiga-
tion plans based on the existing conditions of the river basin. Progressing to level 2 marks the initiation of prototype
modification, allowing stakeholders to virtually question the river basin’s adaptability to specific future events. Level 3 intro-
duces multi-dimensional flexible simulations with diverse intuitive projections of the river basin’s future state, empowering
stakeholders to access previously untapped knowledge for effective risk management. Level 4 explores a comprehensive
analysis to minimize unknown risks while contributing to robust optimization, aiming to maximize stakeholder benefits
and fortify the river basin’s resilience against future vulnerabilities. Reaching the pinnacle of level 5 would signify a significant
accomplishment. At this stage, the digital twin learns from its own experiences, automates major operations, and proactively
takes actions to manage and optimize the river basin.

2.7. Overcoming challenges

Theoretically, crafting a digital twin for any river basin is feasible using cutting-edge technologies; nevertheless, numerous
challenges must be addressed during practical implementation. Substantial investment is requisite for constructing a digital
twin. To navigate funding issues, stakeholders must outline their contributions and ownership responsibilities in the operation
and maintenance of the digital twin, evaluating the value contributed by the digital twin against their interests. Conducting a
comprehensive analysis of the potential of the digital twin’s data and services in creating new business opportunities can miti-
gate the challenges associated with the long-term maintenance cost of the digital twin. In this context, a dedicated team of
domain experts assumes a pivotal role in understanding both technical and practical challenges in the early stages, thereby
enabling timely solutions and averting unnecessary delays in the implementation progress.

Establishing adaptive policies related to the privacy, confidentiality, and ownership of data is paramount before digital twin
implementation, given the pivotal role of data sharing. Overcoming the initial challenge of capturing river basin character-
istics can be achieved by installing reasonably priced smart sensors equipped with advanced monitoring techniques
(Zhang et al. 2019). Implementing regular maintenance schedules for these sensors can effectively address issues related
to the quality and reliability of the obtained data. Addressing the challenge of sensor installation in hard-to-reach areas is poss-
ible by leveraging satellite remote sensing data as a proxy for the variables of interest. In managing multiple real-time
processes within the digital twin, ensuring computational scalability is crucial and can be achieved using low-cost edge, clus-
ter, and grid computing techniques.

Continuous collaboration among digital twin team members promotes cross-domain learning, aiding in the alignment of
scientific knowledge when attempting to understand interrelated processes. Coupling methods can be used to integrate digital
twin models wherever possible to reduce predictive errors, resulting in ease of uncertainty handling. Stakeholders may use
insights from digital twin data to translate complex events, such as social sentiment and political discussion, into quantitative
forms, strengthening the validity of what-if analysis. Adopting preferred data formats, international units, and interoperable
open-source software can alleviate the standardization challenge in digital twin implementation. Given the absence of a
specific lifecycle time for a river basin and the rapid evolution of modern technologies, commencing with the latest version
of backend infrastructure minimizes the risk of early obsolescence. In cases where a river basin extends across national bor-
ders, coordinated planning among international agencies is essential for the successful implementation of the digital twin,
taking into account potential future political conflicts.

2.8. Potential applications

The application of a digital twin holds significant potential across various sectors of river basin planning. Examples encom-
pass optimal water distribution, reservoir operations, groundwater monitoring, flood prediction, drought control, soil erosion
mitigation, urban planning, infrastructure development, vegetation management, sustainable land-use, ecosystem service
enhancement, wetland restoration, biodiversity protection, policy awareness, and collaborative decision-making. Through
cross-domain linking of data analysis and model simulations, the digital twin facilitates river basin planning as an optimized
system for increasing environmental, social, and economic benefits. By providing detailed insights into how environmental
and socioeconomic functions influence the flow connectivity of water-soil-sediment-nutrient, the digital twin enables stake-
holders to design nature-based solutions in high-risk areas of water scarcity, flooding, biodiversity loss, and environmental
degradation. The digital twin can shed light on the synergy of various nature-based solutions, allowing for more cost-effective
future interventions. Sectoral departments, such as agriculture and forestry, can use the digital twin outputs to design better
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management practices. To achieve river basin sustainability with resilience to future vulnerability, the digital twin aids in com-
prehensive risk analysis, multi-level holistic decision-making, and faster adaptive management.

Developed and maintained by a consortium of partners from academia, industry, and government, the digital twin fosters
collaboration and innovation in river basin research. Its database and modeling platform reduce the cost of data collection
and model computation for other projects within the same river basin. The digital twin provides critical information on
hydro-morphological and anthropogenic impacts on river basins, laying the groundwork for future research and generating
new questions. It helps in bridging the knowledge gap between scientific research and management practices, offering valu-
able insights that inform better river basin management. As the digital twin technology matures, it has the potential to
enhance river basin management across various levels of stakeholders, including river basin managers, scientists, regula-
tors, policymakers, industrial partners, and funding agencies. River basin managers can integrate scientific insights into
their operational strategies, adapting management approaches to address both current and emerging challenges. Scientific
researchers can refine their hypotheses and recommendations by incorporating real-world management experiences,
enabling more effective and relevant studies. Regulators can evaluate the effectiveness of existing policies at both local
and river basin scales, identifying areas for improvement. Policymakers can gain insights to design and update policies
that adapt to the evolving conditions of the river basin, ensuring resilience to environmental and socioeconomic changes.
Funding agencies can use the data and insights provided by the digital twin to conduct comprehensive cost-benefit ana-
lyses, helping to prioritize and allocate resources effectively for upcoming projects and interventions. Industrial partners
can leverage the digital twin to identify business opportunities for developing new technologies and services tailored to
river basin management. Students can engage with the digital twin through academic projects or internships, gaining
hands-on experience by analyzing data or contributing to specific aspects of the digital twin’s development. This involve-
ment helps to bridge the gap between academic learning and real-world river basin management, fostering the next
generation of professionals.

3. CONCLUSION

The blueprint conceptualization we propose can be used as a generalized starting point for developing a river basin’s digital
twin. Though general guidelines for all types of river basins are provided here, the digital twin can be customized to manage
an individual river basin’s dominant factors, such as forest cover, urbanization, and agriculture. This is an ideal time to create
the digital twin because of significant technological advancements in cloud data storage, machine learning tools, and high-
performance computing; however, significant efforts are required to overcome several challenges, such as technical standard-
ization, cross-domain collaboration, funding, and legislation. Though the digital twin’s quantifiable benefits can only be
realized after it is created, we are confident that it will serve as a positive catalyst in river basin planning through its support
in discovering new scientific and technical approaches. Investment in digital twin development is worthwhile because it has
the potential to generate new business opportunities such as natural resource recycling, alternative grey-water infrastructure,
and the commercial use of river basin data. We are seeing growing societal interest in the digitization of water distribution,
drainage systems, land-use planning, and nature-based solutions that are part of a river basin. This indicates that the journey
toward the creation of a digital twin for an entire river basin is being taken in small steps, with the convergence of insights
gained from the steps guiding digital twin development.
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