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ABSTRACT

Water territories (coastal zones, river corridors, marine basins, and lagoons) face
compounding climate pressures, yet the digital tools designed to support their
governance remain poorly understood in terms of what they actually aim to achieve.
While Hydro Digital Twins (HDTs) are increasingly framed as instruments for climate
adaptation and environmental stewardship, systematic analyses of their governance
purpose remain scarce. This paper examines 14 HDT applications spanning marine,
coastal, river-lake-fjord, aquaculture, and flooding domains, published between 2020
and 2025. Rather than cataloguing technical features, the analysis traces how application
contexts translate into governance functions and, in turn, into concrete operational
targets. An alluvial diagram links five application themes (left) to six governance-
function categories: Forecasting, Modelling, Monitoring, and their combinations
(centre)—and onward to 18 specific objectives (right). Three patterns emerge. First,
monitoring, forecasting, and modelling functions overlap substantially across themes,
revealing that HDTs are conceived as multi-functional instruments rather than single-
purpose tools. Second, coastal applications exhibit the broadest governance scope,
spanning spatial planning, erosion management, and environmental assessment
simultaneously. Third, several objectives (saltwater intrusion management, biological
component integration, participatory governance) appear as isolated, single-flow
connections, signalling emergent but not yet consolidated research fronts. The paper
argues that these governance flows expose both the promise and the fragility of
current HDT architectures: broad ambition coexists with narrow implementation, and
the distance from stated objective to operational deployment remains the defining
challenge. Governance ambition has outpaced delivery capacity; institutional and
data-governance frameworks such as FA.LR., C.A.R.E., and TR.U.S.T. must develop
alongside technical infrastructure if HDTs are to serve as instruments of equitable
water-territory management.

Keywords: Hydro digital twins, Governance challenges, Coastal management, Citizen science,
Fair care trust, Water-territory governance, EDITO

INTRODUCTION

Coastal zones, river corridors, and marine basins are among the territories
most exposed to cascading climate hazards (IPCC, 2023). Over the past five
years, Digital Twin (DT) technologies have been proposed as instruments
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capable of bridging the gap between environmental observation and
governance action in these domains (Blair, 2021; Durden, 2025). Under
labels such as Digital Twins of the Ocean, Coastal Zone DTs, or Water DTs,
these systems aim to couple real-time data with simulation capacity to inform
decisions on flood risk, erosion, pollution, and spatial planning (Henriksen
et al., 2022; Tzachor et al., 2023). The European Digital Twin of the Ocean
(EDITO) initiative exemplifies this ambition at institutional scale (Calewaert
et al., 2024).

Yet a recurrent finding in the literature is that the stated governance purpose
of these systems rarely receives the same analytical scrutiny as their data
architectures or modelling pipelines (De Koning et al., 2024). Reviews tend
to classify HDTs by what data they ingest or what models they run, rather
than by what governance function they are designed to fulfil. This leaves a
gap: we know relatively well how water DTs are built, but considerably less
about why they are built, for whom, and toward what policy ends.

This paper addresses that gap through a single analytical device: an alluvial
diagram that maps 14 HDT implementations from their application context,
through their governance function, to their specific operational objective.
The aim is not to assess technical performance but to render visible the
governance logic embedded in current water DT research, and to identify
where that logic converges, diverges, or breaks down.

METHODOLOGY

The 14 papers analysed here were drawn from a parent corpus of 117
environmental DT publications assembled following PRISMA-ScR guidelines
(Tricco et al., 2018). The parent search covered Scopus and Google Scholar
(January 2020-June 2025) using the term “digital twin” combined with
water-domain keywords (“sea”, “coastal”, “river”, “lake”, “marine”,
“lagoon”). From the parent corpus, papers were retained if they described
an operational or prototype DT deployed within a water environment and
reported at least one classifiable governance objective. A subset of 14 papers
met the additional criterion of stating both a governance-level objective and
at least one operationally specific target, enabling the three-column alluvial
mapping presented below.

Each paper was coded along three axes: (1) Application Theme
(Aquaculture, River/Lake/Fjord, Flooding, Coastal, Marine); (2) Governance
Function (Forecasting, Modelling, Monitoring, and their pairwise
combinations); (3) Specific Objective (the concrete operational or research
target stated by the authors). Coding was performed by a single researcher
with iterative consistency checks on borderline assignments. The alluvial
diagram was generated using RAWGraphs 2.0.

RESULTS AND DISCUSSION
Reading the Alluvial Flows

The diagram (Figure 1) arranges the 14 HDT implementations into three
aligned columns. On the left, five application themes group the papers by
water domain. In the centre, six governance-function categories—Forecasting;
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Modelling + Forecasting; Monitoring + Forecasting; Monitoring; Monitoring
+ Modelling; and Modelling—capture the primary operational mode each DT
is designed to serve. On the right, 18 specific objectives record the concrete
targets declared by the authors, from high-resolution coastal monitoring
to saltwater intrusion management. The width of each connecting band is
proportional to the number of papers sharing that pathway.

APPLICATION THEME GOVERNANCE OBJECTIVES Objective

Aquaclture

Manage saltwater intrusion with Simulat I

Figure 1: Alluvial diagram of governance objectives (central column) distribution across
application themes (left column), and specific objectives variations (right column).

Cross-Theme Convergence

The most striking feature of the diagram is how extensively the governance
functions overlap across themes. Monitoring + Forecasting, for instance,
attracts flows from four of the five application themes (Coastal, River/Lake/
Fjord, Flooding, and Marine), showing that the coupling of observational
and predictive capacity is a near-universal design requirement regardless of
water domain. Similarly, the Modelling + Forecasting node draws connections
from Aquaculture, Coastal, and Marine themes, reflecting the shared need
for scenario-based intelligence in domains where decisions carry long lead
times (spatial planning, aquaculture cycle management, climate adaptation).
This convergence carries a practical implication: common data standards
and interoperable modelling platforms would benefit the majority of HDT
deployments, since the governance functions they serve are structurally
similar even when the physical environments differ. The current absence
of such standards (Calewaert et al., 2024) effectively forces each project to
build its monitoring-forecasting pipeline from scratch, limiting scalability.

Theme-Specific Governance Profiles

Despite the convergence, each theme retains a distinctive governance signature.
Coastal applications generate the widest fan of outgoing flows, connecting to
objectives that range from high-resolution monitoring and national-scale DT
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prototypes to land-marine property administration under sea-level rise. This
breadth reflects the multifunctional governance mandate of the coastal zone,
where hazard management, biodiversity conservation, spatial planning, and
infrastructure regulation coexist within the same jurisdictional space.

Flooding, by contrast, channels its flows almost exclusively toward
Monitoring and Forecasting, terminating in two tightly focused objectives:
regional flood prediction and historical flood event simulation. This
concentration mirrors the operational, actuarial logic that has historically
driven DT adoption in hydrological risk contexts, where the value proposition
is direct and quantifiable.

Marine applications exhibit a different profile: their flows spread across
Monitoring, Monitoring + Modelling, and Modelling, terminating in
objectives such as EO-model integration, biological component incorporation
into DTOs, and dynamic marine model visualisation. The breadth here is
not governance-driven (as in the coastal case) but epistemologically driven—
these projects are constructing the foundational observational and modelling
infrastructures that future governance applications will depend on.

Emergent and Isolated Objectives

Several right-column entries appear as single, thin flows—connected to only
one governance function from one application theme. Saltwater intrusion
management, drought analysis in river basins, and the integration of biological
and ecological components into DTOs each represent objectives that have
entered the HDT research space but lack the multi-pathway redundancy
that characterises more established targets. These isolates are analytically
significant: they mark the expanding perimeter of what HDTs are expected
to accomplish, but also the points where the evidence base is thinnest and the
risk of fragmentation highest.

Equally notable is the objective labelled “enabling participatory and
anticipatory governance,” which appears as a single flow from the River/
Lake/Fjord theme through Monitoring + Modelling. Despite being a stated
priority of EDITO and the UN Ocean Decade (European Commission, 2020),
participatory governance functions as an isolated target within the current
corpus rather than a cross-cutting design principle. This mismatch between
policy rhetoric and implementation practice is consistent with findings on
the marginal role of citizen science data in HDT pipelines (Blair et al., 2019).

From Objectives to Implementation: The Remaining Distance

The alluvial structure makes visible a further asymmetry: the left-to-centre
connections (theme — function) are wide and well-distributed, suggesting
that the field has successfully articulated what governance functions HDTs
should serve. The centre-to-right connections (function — specific objective),
however, are narrower and more fragmented, indicating that the translation
from governance function to concrete, implementable target remains uneven.
The distance between “Monitoring + Forecasting” as a stated function and
“regional flood prediction and analysis” as a demonstrated capability is not
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merely technical; it involves institutional alignment, data access agreements,
computational infrastructure, and sustained funding—none of which are
captured in the diagram but all of which determine whether the depicted
flows materialise as operational systems.

CONCLUSION

This paper has used an alluvial diagram as an analytical lens to map the
governance logic of 14 Hydro Digital Twin deployments across water
territories. Three conclusions emerge.

The first is structural: HDTs across marine, coastal, and freshwater domains
converge on a shared set of governance functions—monitoring, forecasting, and
modelling—that transcend domain boundaries. This convergence represents
an opportunity for cross-domain standardisation that is currently unrealised.

The second is diagnostic: the widening gap between the breadth of stated
governance functions (centre column) and the specificity of operational targets
(right column) reveals that the field’s ambition has outpaced its delivery.
Coastal applications, despite their governance complexity, produce the most
varied and granular objectives; flooding applications, despite their operational
maturity, remain narrowly scoped. Neither pattern is inherently problematic,
but together they indicate that no single HDT model yet integrates the full
monitoring-modelling-governance chain from observation to policy action.

The third is prospective: the isolated, single-flow objectives at the
diagram’s periphery: participatory governance, biological integration,
saltwater intrusion, might suggest the next wave of HDT research. Whether
these frontier objectives consolidate into established governance functions or
remain marginal will depend on whether the institutional, ethical, and data-
governance infrastructure—articulated through frameworks such as EA.LR.
(Wilkinson et al., 2016), C.A.R.E. (Carroll et al., 2021), and T.R.U.S.T. (Lin
et al., 2020)—is built in parallel with the technical capacity.
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