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Abstract — Restoring and monitoring marine ecosystems are global priorities for international governance. Central to these
efforts is the Digital Twin of the Ocean (DTO), a virtual replica powered by real-time data from advanced monitoring platforms.
This abstract showcases three ongoing Horizon Europe projects—DIGI4ECO, SUN-BIO, and MERLIN focusing on
complementary aspects of this vision. DIGI4ECO provides a global framework, establishing the foundation for the DTO through
standardization of ecological metrics and monitoring technologies. SUN-BIO focuses on a fixed monitoring platform integrated
with a hybrid green energy generator and restoration hubs, showcasing sustainability at a localized level. MERLIN employs
marine autonomous robots for advanced data collection and intervention, enhancing connectivity between monitoring sites.
Together, these projects create a comprehensive framework for advancing marine conservation and sustainable resource
management through cutting-edge technologies.
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L INTRODUCTION

Restoring and monitoring marine ecosystems are global priorities for international governance. The United Nations
Decade of Ocean Science for Sustainable Development [1], the European Green Deal [2], and the Good Environmental
Status (GES) framework [3] underscore the global commitment to protecting marine resources while enabling sustainable
use. In this context, innovative approaches to ecological monitoring and restoration are essential to balance conservation
with socio-economic demands [4].

Central to these efforts is the ambitious concept of the Digital Twin of the Ocean (DTO) [5], which consist of a
sophisticated virtual model that mirrors physical entities and processes, enabling simulations, predictions, and scenario
testing. In the context of marine ecosystems, the DTO combines multi-source data streams with historical and sleeping data
to create a comprehensive and dynamic representation of ocean conditions. The EU’s ambition to establish a DTO stems
from its potential to support evidence-based decision-making, improve resource management, and foster sustainability.

To achieve this, the Physical Twin of the Ocean (PTO)—an ensemble of fixed and mobile monitoring platforms that
collect real time data—is essential. These platforms include underwater observatories, autonomous vehicles (e.g.,
Autonomous Surface Vessels (ASVs), Autonomous Underwater Vehicles (AUVs), and Internet Operated Vehicles (IOVs)
such as crawlers), and surface buoys equipped with advanced sensors to collect high-resolution, real-time data. Together,
these elements feed the DTO, enabling continuous updates and more accurate predictions of environmental changes. This
abstract connects three Horizon Europe projects—DIGI4ECO, SUN-BIO, and MERLIN—that synergistically advance this
vision through innovative approaches to data collection, ecosystem restoration, and autonomous monitoring.

IIL. DIGI4ECO: A HOLISTIC VISION FOR THE DIGITAL TWIN OF THE OCEAN

DIGI4ECO lays the groundwork for the DTO by addressing critical gaps in real-time ecological monitoring and data
harmonization. Central to its approach is the establishment of localized “data bubbles,” areas where high-resolution, real-
time environmental data is collected to enhance the DTO’s accuracy and reliability. Key contributions include:

e Sensor and Metric Selection: Defining the types of sensors and metrics required to evaluate environmental status.

e Data Integration Protocols: Harmonizing historical and sleeping datasets with real-time inputs for a global
monitoring system.

e Al-Driven Modelling: Developing advanced modelling tools to analyse and predict ecosystem changes.
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e Field Experimentation: Conducting consistent tests in selected “data bubbles,” leveraging the strategic location
and long-term data collection capabilities of monitoring sites.

By enabling spatiotemporal (i.e., 4D) ecological monitoring, DIGI4ECO sets a high standard for marine science
collaboration and policy relevance.

I1I. SUN-BIO: ECOLOGICAL AND ENERGETIC SUSTAINABILITY OF MONITORING

Building on DIGI4ECO’s foundational work, SUN-BIO brings highly innovative and cutting-edge advancements to a
specific “data bubble”—the OBSEA observatory—through:

e Green Energy Solutions: Developing a self-sufficient energy system combining wave, solar, and thermal energy
sources.

o Artificial Reefs and Restoration Hubs: Integrating biodiversity-enhancing structures into monitoring platforms
to promote ecosystem recovery and create a proof of concept for restoration monitoring and biocompatible
recolonization anchoring, mitigating impacts

e Localized Applications: Demonstrating the feasibility of long-term, autonomous, and energy-efficient
monitoring in alignment with EU climate goals.

These efforts position SUN-BIO as a cornerstone for future policy and technological integration in marine conservation,
offering a replicable model for scaling interventions across diverse marine environments.

Iv. MERLIN: AUTONOMOUS ROBOTS BRIDGING DATA BUBBLES

MERLIN complements DIGI4ECO and SUN-BIO by focusing on mobility and advanced data acquisition. The project
develops autonomous robotic systems capable of:

e Interconnecting Data Bubbles: Reducing spatial uncertainties by surveying areas between monitoring sites.

e Advanced Navigation and Intervention: Performing tasks such as high-resolution seabed mapping, physical
sampling, and validation of models and simulations based on real-time imaging and acoustic data processing.

e Dynamic sensor deployment across the entire water column and automated data processing: Deployment
of various types of sensors including ecological monitoring sensing from the surface down to the seabed. Data
processing using machine learning techniques along with advanced signal processing.

e Real-Time Operations: Utilizing a Mission Remote Control Centre for data transmission and supervision.

MERLIN’s approach advances marine vehicle autonomy to enhance the granularity of data available to the DTO,
accelerating the realization of an integrated ocean monitoring network.

V. CONCLUSIONS

By linking data-driven methodologies, innovative technologies, and policy-aligned interventions, DIGI4ECO, SUN-BIO,
and MERLIN collectively advance the vision of the Digital Twin of the Ocean. DIGI4ECO defines the global vision and
foundational standards for the DTO, SUN-BIO delivers localized sustainability solutions for one “data bubble” within a
Physical Twin, and MERLIN provides the tools for scalable, mobile data and sample collection among areas with different
levels of spatial separation. The workshop will delve into their interconnected strategies, showcasing a model for
integrating local and global efforts to achieve the ambitious goals of the Digital Twin of the Ocean framework. Insights
gained from these initiatives will guide future marine conservation strategies, reinforcing the role of science and technology
in shaping sustainable ocean policies.
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