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Abstract

While the field of hydrography is crucial for maritime navigation and other maritime applications,
oceanography is the field that provides the relevant data and knowledge for predicting climate
change, monitoring marine resources, and exploring marine life.

Digital ocean twins combine these two exciting fields and combine ocean observations and
ocean models to establish virtual representations of a real world system, in this case the ocean or
an ocean area, as well as assets in the ocean and processes within ocean industries or the natural
environment. They have the potential to play a critical role in optimising and supporting sustaina-
ble ocean development.

Digital Twins are synchronised with their real-world counterparts at a specific frequency and
fidelity. They can provide valuable insights into the ocean's state and its evolution over time, which
can be used to support decision-making in ocean governance and various ocean-related indus-
tries. Digital ocean twins can transform human ocean interactions by accelerating holistic un-
derstanding, optimal decision-making, and effective interventions. Digital twins of the ocean use
ocean observations, historical and forecast data to represent the past and present and simulate
possible future scenarios. They are motivated by outcomes, tailored to use cases, powered by
integration, built on data, guided by domain knowledge, and implemented in IT systems.

In this article, we explore the benefits of digital twins for the ocean, the challenges in developing
them, and the current state of the art in ocean digital twin technology.

One of the main benefits of digital ocean twins is their ability to provide accurate predictions of
ocean conditions under expected interventions. Their information can be used to support deci-
sion-making in various applications including ocean-related industries, such as fishing, shipping,
and offshore energy production. Additionally, digital twins can help to improve our understanding
of the ocean's complex processes and their interactions with human activities, such as climate
change, pollution, resource extraction and overfishing.

Researchers and IT companies are combining various technologies and data sources, such as
the Internet of Things for ocean observations, state of the art data science, artificial intelligence
and machine learning, data spaces and vocabularies into digital ocean twins to contextualise da-
ta, improve the accuracy of ocean models and make ocean knowledge more accessible to a wide
range of users.
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Alors que le domaine de I’'hydrographie est essentiel pour la navigation et d’autres applications maritimes,
I’'océanographie est le domaine qui fournit les données et les connaissances nécessaires a la prévision du
changement climatique, a la surveillance des ressources marines et a I’exploration de la vie marine.

Les jumeaux numériques des océans combinent ces deux domaines passionnants en étant des
représentations virtuelles d’un systeme physique, en I'occurrence I’'océan ou une zone océanique, ainsi
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que des actifs dans I'océan et des processus au sein des industries océaniques ou de I'environnement
naturel. lls peuvent jouer un role essentiel dans le développement durable des océans.

Les jumeaux numériques sont synchronisés avec leurs homologues du monde réel a une fréquence et
une fidélité spécifiques. lls peuvent fournir des informations précieuses sur I’état de I’'océan et son évolu-
tion dans le temps, qui peuvent étre utilisées pour soutenir la prise de décision dans diverses industries
liees a 'océan. Les jumeaux numériques de I'océan peuvent transformer I'industrie océanique ainsi que
la gouvernance des océans en accélérant la compréhension holistique, la prise de décision optimale et
I’action efficace. Les jumeaux numériques de I'océan utilisent les observations océaniques, les données
historiques et les prévisions pour représenter le passé et le présent et simuler les prévisions futures. lls
sont motivés par les résultats, adaptés aux cas d’utilisation, alimentés par 'intégration, construits sur des
données, guidés par la connaissance du domaine et mis en ceuvre dans des systemes informatiques.

Dans cet article, nous examinons les avantages des jumeaux numeériques pour I'océan, les défis liés a
leur développement et I'état actuel de la technologie des jumeaux numériques de I'océan.

’un des principaux avantages des jumeaux numériques de I'océan est leur capacité a fournir des pré-
visions précises des conditions océaniques, qui peuvent étre utilisées pour soutenir la prise de décision
dans diverses industries liees a I'océan, telles que la péche, le transport maritime et la production d’éner-
gie en mer. En outre, les jumeaux numériques peuvent contribuer a améliorer notre compréhension des
processus complexes de I'océan et de leurs interactions avec les activités humaines, telles que le change-
ment climatique et la surpéche.

Les chercheurs et les entreprises informatiques combinent diverses technologies et sources de don-
nées, telles que l'internet des objets pour I'observation des océans, la science des données de pointe,
I'intelligence artificielle et I'apprentissage automatique, les espaces de données et les vocabulaires, pour
créer des jumeaux numériques des océans afin de contextualiser les données, d’améliorer la précision
des modeles océaniques et de rendre la connaissance des océans plus accessible a un large éventail
d’utilisateurs.

Resumé

Aunque el campo de la hidrografia es crucial para la navegacion maritima y otras aplicaciones maritimas, la
oceanografia es el campo que proporciona los datos y conocimientos relevantes para predecir el cambio
climatico, controlar los recursos marinos, y explorar la vida marina.

Los gemelos oceanicos digitales combinan estos dos apasionantes campos al ser representaciones
virtuales de un sistema fisico, en este caso el océano o un area oceanica, asi como de recursos en el
océano y procesos dentro de las industrias oceanicas o el entorno natural. Tienen el potencial de desem-
pefiar un papel fundamental en el apoyo al desarrollo sostenible de los océanos.

Los Gemelos Digitales estan sincronizados con sus homologos del mundo real con una frecuencia vy fi-
delidad especificas. Pueden proporcionar informacion valiosa sobre el estado del océano y su evolucion a
lo largo del tiempo, que puede utilizarse para apoyar la toma de decisiones en diversas industrias relacion-
adas con el océano. Los gemelos digitales del océano pueden transformar la industria oceanica asi como
la gestion de los océanos, acelerando la comprension holistica, la toma de decisiones 6ptimas, vy la accion
efectiva. Los gemelos digitales del océano usan observaciones oceanicas, datos histéricos y previsiones
para representar el pasado y el presente, y simular futuros previstos. Estan motivados por los resultados,
adaptados a los ejemplos de uso, potenciados por la integracion, construidos a partir de datos, dirigidos
por el conocimiento del dominio, e implementados en sistemas informaticos.

En este articulo analizamos los beneficios de los gemelos digitales para el océano, los desafios que
plantea su desarrollo, y el estado actual de la tecnologia de gemelos digitales oceanicos.

Uno de los principales beneficios de los gemelos digitales oceéanicos es su capacidad para proporcio-
nar predicciones precisas de las condiciones del océano, que se pueden utilizar para apoyar la toma de
decisiones en diversas industrias relacionadas con el océano, como la pesca, el transporte maritimo, y la
produccion de energia en la mar. Ademas, los gemelos digitales pueden ayudar a aumentar nuestra com-
prension de los complejos procesos oceanicos y sus interacciones con las actividades humanas, como el
cambio climatico y la sobreexplotacion pesquera.

Los investigadores y las empresas informaticas estan combinando diversas tecnologias y fuentes de
datos, como Internet de las Cosas, para las observaciones oceanicas, la ciencia de datos avanzada, la
inteligencia artificial y el aprendizaje automatizado, los espacios de datos y los vocabularios, en gemelos
digitales del océano para contextualizar los datos, mejorar la precision de los modelos oceanicos y hacer
que el conocimiento del océano sea mas accesible para una amplio abanico de usuarios.
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1 Introduction

The ocean is everything to us: life, food, energy, recre-
ation and jobs. Right now, the ocean is under pressure
and threatened by overexploitation, loss of biodiversi-
ty and habitats, pollution, marine littering and climate
change. The value of the ocean economy speaks to
its importance: The Organization for Economic Coop-
eration and Development (OECD) estimates that by
2030, $3 trillion USD will be generated annually from
ocean sectors such as transportation, fishing, tourism,
and energy (Pendleton et al., 2020). But the ocean
and in particular the coastal regions are rapidly chang-
ing, and it is not entirely clear how these changes will
play out. At the same time, the ocean is increasing-
ly understood as essential for achieving sustainable
development, including climate and biodiversity goals
(Galll et al., 2022; Bender et al., 2022).

Digital Twins of The Ocean or Digital Ocean Twins
set out to bring relevant ocean data and information
from different sources into new contexts (Fig. 1), to
understand relations that are crucial for society to de-
velop sustainable economic activities in the ocean.
Digital Twins for climate change scenarios, in com-
plement to traditional climate models, provide the
knowledge to further understand the ocean’s relation
with Earth's changing climate, to understand anthro-
pogenic impacts, and empower scientists, politicians
and ocean stakeholders with the necessary informa-
tion for evidence-based decision-making for sustain-
able management of the Ocean and adaptation to
climate change (Larkin et al., 2021). In addition, data
are increasingly important to meet the ambitious tar-
gets set out in the European Green Deal, and its re-
lated Climate Pact, pledging for Europe to be climate
neutral by 2050 (EU Commission, 2019).

Digital Twins are famously used in the manufactur-
ing and asset heavy industries and have made it into
the complex fields like urban planning, or optimiza-
tion of supply chain and other operational processes
lately. Digitalisation and the use of digital technologies
within the marine and maritime industry offer enor-
mous scaling potential in both economic and environ-
mental terms (Biber et al., 2022).

Location specific data:
Bathymetry

f?

Ocean models:
Blue

White

Green ocean

Static data:
Geology 9

Static data: 9 1
Human activities

Knowledge of the ocean as a dynamical entity
with predictable features, for example the regulari-
ty of its currents and tides and seasonal variations
have been known for millennia. Knowledge of ocean-
ography likely helped the successful colonization of
Oceania, and similarly Viking and Inuit navigation, the
oldest known dock was constructed with knowledge
of the tides dating back to 2500-1500 BCE, and in
the 8" century CE the existence of tides was cor-
rectly attributed to the Moon’s pull (Sonnewald et al.,
2021a). In the last century, several institutes have
started to compile central repositories with ocean da-
ta from ocean observations and ocean models, but
still there are only a few applications that analyse data
in the context of cross-domain activities. The explo-
sion of data in the last few years with the advent of
the fourth industrial revolution and its technologies
Internet of things, Big data, Artificial Intelligence and
Machine Leamning as well as Digital Twins meant a
shift towards the integration of diverse data from dif-
ferent data sources and the need for a step change
in geospatial and ocean data information systems
to move beyond ‘data’ as a focal point of activity, to
processing and synthesising data into contextualized
information, so that it can be readily used to gain new
knowledge and insights (UN-GGIM, 2022).

Sustainable development of the ocean refers to
the management and use of ocean resources in a
way that meets the needs of the present generation
without compromising the ability of future generations
to meet their own needs. This often involves multiple
stakeholders, including government agencies, fishing
communities, environmental organisations, and cor-
porations, who have competing interests and goals.

Digitalization, particularly through the use of digital
twins of the ocean, can play a significant role in pro-
moting sustainable development of the ocean (Has-
sani et al., 2022; Biber et al., 2022). A digital twin is a
virtual representation of a real-world system, such as
the ocean, that can be used to analyse and simulate
various scenarios and outcomes. In the context of
ocean sustainability, digital twins can provide valuable
insights into the current state and future projections
of ocean ecosystems and the human activities that
impact them. This information can be used to inform
decision-making and management strategies that
promote sustainable use of ocean resources. Ad-
ditionally, digital twins can support the coexistence
of multiple stakeholders in the same ocean space
by providing a shared platform for data-driven deci-
sion-making and collaboration (Senter for hav og Ark-
tis, 2022).

By creating a virtual representation of the ocean
that can be accessed and analysed by multiple
stakeholders, digital twins can help to facilitate
communication and collaboration among govern-
ment agencies, ocean industries, and environ-
mental organisations, as well as support the devel-

opment of more equitable and sustainable ocean
management policies.

Fig. 1 Digital Twin Data sources: In the figure left — Ocean observations ships, buoys, robots, drones,
satellites from science, industry and citizens. Images by DITTO and EMODnet.
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Fig. 2 Image source: GISGRO.

In this work, we are introducing the terms Digital
Twins of the Ocean (DTO), digital twins that look at
the ocean and its importance for climate and biodi-
versity, and Digital Ocean Twins (DOT), digital twins
of the ocean combined with twins of human activi-
ty in the ocean, like marine industries, tourism and
maritime transport. Like DTO, DOT will be tailored to
specific scientific questions or application that look at
the ocean system for marine spatial planning, ocean
protection and development of a sustainable blue
economy.

We are giving examples of DTO and DOT that are
already existing or under development and highlight
their importance and purpose within ocean science
and ocean use.

2 Digital twins of the ocean — a
revolution for science and ocean
governance

Digital Twins of the Ocean or Digital Ocean Twins will

revolutionise ocean science, oceanography, and hy-

drography as we know it.
Three characteristics of Digital Twins will drive this
revolution:

1. Data contextualisation

2. Al-driven data science and analytics

3. New ways of interacting with and presentation
of data

Definitions (see also Object Management Group, 2020)

Digital Twins are a virtual replica of the physical
world. Changes in the real system are reflected in the
digital twin and the twin can be used to modify the
real system (feedback).

Digital Twins of the Ocean (DTO) are virtual rep-
resentations of the ocean with its physical, chemical
and biological properties, based on ocean observa-
tions and ocean models with the purpose of what-if
scenarios for decision making. The feedback of DTO
is the implementation of decisions based on the DTO.

Digital Ocean Twins (DOT) are the combination of

https://doi.org/10.58440/ihr-29-a04
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DTO with digital twins of assets and activities in the
ocean for purpose to study their interaction and im-
portance for operational decision making, protection
of the marine environment and a sustainable ocean
economy that includes marine spatial planning and
marine protected areas. The feedback of DOT can
include operational changes in (near) real-time trig-
gered by events in the twin for optimisation towards
economic and environmental goals.

Both, DTO and DOT are developed for specif-
ic purposes and for specific ocean areas (from the
global ocean to local areas of interest). This implies
that the T in DTO and DOT will always be in the plu-
ral form, and some will be a system of interoperable
twins.

Asset-driven have already been developed and
used for years and are focused on specific assets or
components assets (GISGRO, 2023, Fig. 2).

Asset twins can be applied to the ocean domain for
ships, fishing gear, wind parks or oil platforms. They
provide detailed information on the performance and
behaviour of these assets and are typically used to
optimize operations and improve efficiency, e.g.
through predictive maintenance.

Process-driven twins have been applied success-
fully in cities for logistics and in production values
chains (Jiang, 2021). They can be applied to the
ocean domain for ship routing, port logistics or ag-
uaculture operations. The main difference between
these twins and DTO/DQOT is the geospatial domain.
DTO/DQOT as geospatial twins include physical loca-
tion, geography, hydrological and oceanographic in-
formation and their associated environmental, social,
and economic factors to consider the interconnec-
tions between ocean systems and human activities.

3 Data contextualisation

The power of digital twins is their Al-supported abil-
ity to combine data from different sources and ana-
lyse them in context, often to reveal connections that
were unknown before. ESA's Digital Twin Hydrology

IHR VOL. 29 - N° 1 — MAY 2023 E
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Fig. 3 Digital Twins of the Ocean (DTO) and Digital Ocean Twins (DOT) use Al-supported data fusion,

data analytics and predictions for a specific ocean ecosystem, for a specific purpose and target group.

combines data from satellite and ground observa-
tions with model results in a warning system for land-
slides and flooding (ESA, 2021).

The infographic in Fig. 3 visualises this.

Ocean observation systems are developed and
managed all over the world. Programs like the global
ocean observing system GOOS, deliver a permanent
global system for observations, modelling, and anal-
ysis of marine and ocean data (GOOS, 2021; Euro-
GOOS, 2023; ODYSSEA, 2021; NorEmso, 2021;
Oceanlab, 2023).

Ocean observations play a crucial role in the de-
velopment of digital twins of the ocean. They provide
the data necessary to create an accurate digital twin.
Observations can come from various sources, includ-
ing satellite imagery, localised in situ measurements
(Fig.4), and mobile sensors on autonomous systems.
Each observation has a specific range and purpose
and combined, they provide data for an ocean area
from space to seabed, also called the observation
pyramid (NTNU, 2022).

The combination of real-time observations creates

m P-1 THE INTERNATIONAL HYDROGRAPHIC REVIEW

a comprehensive picture of the ocean's current state
and time series help to identify patterns and trends
over time.

Data from ocean observatories can be assimilated
into ocean models to improve their quality (Fig. 5).
An ocean model is a mathematical description of the
ocean’s physical, chemical, and biological process-
es. This is also referred to as the blue, white, and
green ocean.

Ocean models can describe the ocean state in the
past, present and future and results are hindcasts
(reanalyses, with assimilated ocean observations),
nowcasts (analyses), and forecasts (prediction of fu-
ture states) (CMEMS, 2021).

Ocean models provide a comprehensive rep-
resentation of the ocean's state and its evolution over
time over a large area and period which has some
advantages over ocean observations that cover ei-
ther a specific location or time. By varying the so-
called boundary conditions, which describe the ‘out-
side’ world, ocean models can be used to simulate
so-called what-if scenarios, an important aspect of
digital twins. Scenarios that take into account climate
change, extreme weather events or changes to the
seafloor or coastal infrastructure and their effects are
examples of what-if scenarios. Ocean models can
e combined with ecosystem models to assess op-
portunities and challenges for biomass production,
to predict threats like algae blooms, parasites or in-
fections or water quality parameters like temperature,
oxygen and nutrition levels. Environmental modelling
combines ocean and ecosystem models to under-
stand the natural systems and how they react to
acute changes, such as exposure to pollution (noise,
litter, hazardous substances) and the temporal and
dose effects from this exposure.

Digital Twins of the Ocean will employ models in
different spatial and time resolution depending on the
purpose of the digital twin. A digital twin for environ-
mental modelling in a fjord has high requirements to
resolution as a digital twin that is developed to as-
sess climate change scenarios. In contrast to digi-
tal solutions that we know from before, operational
DOT will support management and mitigation through
more accurate information and recommendations.

4 Al-driven data science and analytics
in digital twins

Digital Twins of the Ocean by their nature come with

a set of challenges that Artificial Intelligence (Al) and

its subcategory Machine Leamning (ML) can help ad-

dress (Google, 2023):

+ Al allows a machine to simulate human intelligence
to solve problems.

+ Al uses technologies to mimic human deci-
sion-making.

« Al systems use logic and decision trees to leam
and self-correct.

* ML allows a machine to learn autonomously from
past data.

https://doi.org/10.58440/ihr-29-a04
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Fig. 5 SINMOD ocean model results showing ocean dynamics in the Barents Sea. Image source: SINTEF Ocean.

* ML uses self-learing algorithms to produce pre-
dictive models.

While the adoption of Al and ML within digital twins
is not without risk, they are increasingly being recog-
nized as tools that can automate tasks and perform
them more reliable and faster, enhance what can be
learned from different forms of observations and their
comparison with model results, and generate action-
able insights as (Sonnewald et al., 2021a; Fig. 6).

Data fusion and analysis: Observational data is of-
ten spatially sparse, limited to the ocean's surface,
and few time series span decades. Unfortunately, im-
portant timescales span seconds to millennia in the
real ocean, with strong scale interactions which com-
plicate numerical modelling together with details such
as coastlines and islands (Sonnewald et al., 2020;
Sonnewald et al. 2021b). ML shows the potential to
bridge and fill the gaps in our data record, for exam-
ple by finding and predicting pattemns..

Predictions: A basic goal and a test of the under-
standing of a process is the ability to predict its be-
haviour. ML has the power to enhance predictions
beyond a few days through pattern recognition and
time series analysis.

Enhanced quality and efficiency: ML can improve
and enhance ocean modelling especially on edge

https://doi.org/10.568440/ihr-29-a04
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Fig. 6 Examples for the use of ML in Digital Twins of the Ocean. Adapted from Sonnewald et al. (2021a).
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(remote) devices with less computational power like
mobile sensor platforms or offshore observatories.
ML methods will enable the efficient use of hardware
and advance processing on edge devices even fur-
ther (Wehner et al., 2022).

Decision support: As digital twins use datasets
from different data sources, on different reference
grids and for different variables, these data can be
fused and compared using ML techniques. ML can
also be used for the quantification of uncertainties
within the data and from these processes. This can
be accounted for when data is presented for deci-
sion making and recommendations (Sonnewanld et
al. 2021).

In oceanography, hydrography and their applica-
tion in digital twins, ML can enhance data exploration.
Where traditional approaches to data analysis ground
their data in prior knowledge and assumptions, a da-
ta-exploration centred approach allows the possibility
of serendipitous discoveries and can unveil previous-
ly unknown relations and dependencies.

5 Interacting with digital ocean twins
Digital ocean twins have the ambition to open up to

Findability

Findable Accessible

Data can be accessed
as described in the
catalogue

Data is published in
open catalogues

new fields of applications and presentations for their
data, connecting oceanography and hydrography
with new industries, like gaming and other immersive
3D digital environments. Initiatives like Worlding (MIT,
2022) or Immerse (Immerse, 2023) use Digital twin-
ning for engaging storyteling and ideation between
participants. Game engine industry companies like
Unity and Unreal engage with digital twin communities
for powerful visualisations. Digital twinning is a growth
market for the game engine industry, in verticals such
as manufacturing, architecture, finance, and medicine
but also simulation and training for ocean industries.
‘Digital twinning gives teams the power to ideate”,
said Elizabeth Baron, a senior manager of enterprise
solutions at Unity in her talk at WORLDING. “You can
look at many things that maybe aren’'t even possible
to produce. But you're the resource. Impact is very
low, but the creativity aspect is very high”.

The Mariime Spatial Planning Challenge (MSP-
Challenge, 2023) is a next generation planning sup-
port game that also features a virtual and augmented
reality module called Ocean View. The developers
are a partner in the EU funded Digital Twins of the

Interoperable

Data can be used
together with other
data sources

Fig. 7 FAIR data principles and their relevance to data within Digital twins (Lin et al., 2020).

Transparency

Adhering to commu-
nity’s metadata and
curation standards,

features or services services (portals,

Terms of use, time
frames, additional

download, processing),

(e.g. sensitive data) T

ENVIRONMENT

EQUITY

User focus

Metadata scheme, data
file formats, controlled
vocabularies, ontologies,
and other semantics, data
metrics, community
catalogues, future needs

Relevant and appropriate standards,

TECh nO|Ogy tools and technologies, prevent, detect

and respond to cyber or physical threats

Fig. 8 TRUST data principles and their relevance to data within Digital twins (Lin et al., 2020).
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Ocean project lliad (lliad, 2022), where they aim at
further development and linking the platform to the
project's Digital Twins of The Ocean. At the Intemna-
tional Digital Twins of the Ocean summit (G7FSO,
2022), presentations featured powerful visualisations
by the Unreal gaming engine which used ocean data
and weather forecasts for storytelling by The Weather
Channel in the US (Epic Games, 2023).

These kinds of visualisations have the potential to
play a significant role in promoting sustainable de-
velopment of the ocean. They allow stakeholders to
interact with and explore virtual representations of
ocean systems and the impacts of human activities
on these systems in a way that is immersive and en-
gaging:

1. Stakeholder engagement: virtual environments
where stakeholders, including the public, pol-
icy makers, and industry leaders, can interact
with and explore the ocean in an engaging
way can raise awareness about the impor-
tance of sustainable ocean development and
encourage action.

2. Environmental education: Interactive visual-
isations can be used to inform people about
the ocean, its biodiversity, and the impacts of
human activities on these systems. This can
help build a greater understanding of the im-
portance of sustainable ocean development
and the need for action.

3. Decision-making support; Visualisations can
e used to support decision-making by allow-
ing stakeholders to explore scenarios and the
impacts of different management strategies

A SUSTAINABLE BLUE ECONOMY:

Fig. 10 Image source EURACTIV (2018).

/doi.org/10.568440/inr-29-a04
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Fig. 9 UN Decade program DITTO.

on ocean systems for more effective and sus-
tainable management including protection of
ocean areas.

4. Collaborative planning: engaging visualisations
can be used to create virtual environments
where stakeholders can collaborate on solu-
tions to ocean sustainability challenges. This
can foster greater understanding and cooper-
ation among stakeholders that want to operate
in the same ocean area.

Researchers do often have different needs to da-
ta visualisation as they want to understand relations
between data and phenomena and drill down into
the data. They will need another type of interactive
visualisation to cater to those needs. DTO/DOT wiill
deliver visualisations in the form of interactive dash-
boards (e.g. Grafana, which is tailored to ocean ob-
servations, (SINTEF Ocean, 2023) or embedded in
jupyter notebooks with interactive libraries like Plotly
(Plotly, 2023), Bokeh (Bokeh, 2022) or Holoviews
(Holoviews, 2023) based on accurate and up-to-date
data that include clear objectives and an understand-
ing of their assumptions and limitations.

6 Data and twin interoperability
Data contextualisation, Al-driven data science and
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analytics and the presented ways of interacting with
data within digital twins come with ambitious require-
ments for data and twin interoperability.

The FAIR Data Principles define the properties of
data objects to ensure that data are reusable by hu-
mans, machines, and applications like digital twins:
Findable, Accessible, Interoperable, and Reusable
(Lin et al., 2020; Fig. 7).

FAIR principles are accompanied by an endorsed
set of guiding principles to demonstrate trustworthi-
ness of the data repositories to the user of the data:
Transparency, Responsibility, User focus, Sustainabil-
ity and Technology — TRUST (Fig. 8).

Digital twins require these principles to apply with-
out the human in the loop, i.e. through defined stand-
ards and application programming interfaces (API)
that ensure machine to machine (M2M) findability,
accessibility, interoperability and reusability. The Unit-
ed Nations Decade of Ocean Science for sustainable
development has defined interoperable ocean data
as one of the necessary building blocks to address
the identified challenges and has implemented a Da-
ta Coordination Group to provide advice to Decade
coordination and governance structures (IOC-UNES-
CO, 2021) “The ambition of the Decade in relation
to data, information and knowledge management
includes significant enhancement of infrastructure,
common approaches that enable interoperable data
sharing and stewardship, and enhanced collabora-
tion between data”. The group is accompanied by a
technical group for implementation, a corporate data
group to unlock data from the private sector on the
same grounds and the Decade Coordination Office
(DCQO) for Ocean Data Sharing.

The UN Decade program DITTO — Digital Twins of
the Ocean (DITTO, 2022; Fig. 9) as well as the as-
sociated program TURTLE — Interoperability architec-

tures for Digital Twins of the Ocean (Bronner et al.,
2022) have been established to gather Digital Twin
communities across the globe to promote standards
and building blocks for Digital Twins of the Ocean.

Semantics play a crucial role in data and digital
twin interoperability. They describe the meaning of
data and the relationships between different as-
pects of data. In the context of digital twins, se-
mantics are used to describe the relationships be-
tween different data sources, modules or building
block of twins and the relation between the data
and the building block.

With semantic interoperability, different devices and
systems can find, understand and interpret data and
modules in the same way and in the context of digital
twins, semantic interoperability is critical for ensuring
that data from different sources can be integrated
and analysed seamlessly.

7 How digital twins of the ocean
advance sustainable ocean solutions

The objective of the Sustainable Blue Economy is
to restore, protect and maintain the ocean with the
help of technology that operates within the limits of
our planet, while building a diverse, resilient and en-
vironmentally sustainable marine economy with social
and economic benefits for current and future genera-
tions (Fig. 10).

This involves balancing economic, social, and en-
vironmental considerations to ensure the long-term
health and productivity of ocean ecosystems and
the communities that depend on them. Digital Ocean
Twins can support this complex task with applications
tailored to the ocean area of interest and aggrega-
tion of data for these different aspects of sustainable
development. Some examples are listed below, more
can be found in Hassani et al. (2022).

Coastal development and responses to the changing environment

Benefits from the use of digital
twins of the ocean

The coastal area of our ocean is threatened by extreme weather
events, storm surges and sea level rise caused by climate change.
At the same time, our coasts become increasingly important as more
and more people live in megacities at the coast. Ports need to ensure
that they have the right infrastructure to supply these people with the
foods and goods that they need. At the same time, infrastructure from
offshore energy production like cables and pipelines arrive at the swash
zone of the shore and are threatened by coastal erosion. Digital twins
of the coastal ocean can help by informing decision making with what
if-scenarios for coastal protection against coastal erosion as well as
sediment transport for infrastructure protection while at the same time
ensure biodiversity protection in infrastructure projects.
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Offshore renewable energy

Image source: Unsplash.

Benefits from the use of digital Digital twins of the ocean can be used in the planning phase to inform

twins of the ocean decision making with wind resource predictions, as well as geological
and environmental information to find locations for sustainable
development of wind parks. In the operation phase, DTO support
noise, biodiversity and sea floor monitoring as well as predictive
maintenance by fusing environmental twins with asset twins. They can
also predict windows of opportunity for safe operations in the wind
park from environmental conditions in the construction, operation and
decommissioning phase.
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(Offshore) Aquaculture

Image source: Unsplash.

Benefits from the use of digital Digital twin technology is already applied in aqguaculture to monitor

twins of the ocean and optimize various aspects of fish farming operations like monitoring
water quality parameters such as temperature, salinity, pH, and
dissolved oxygen levels, which are crucial factors that can affect the
health, welfare and biomass development of fish. Another application
is the prediction for windows of operations as well as potential risks to
fish and infrastructure, like changes in water quality or extreme weather
which can help to prevent spreading of diseases, loss of biomass or
accidents. Optimised feeding, water management, and other aspects
of operations can reduce feed waste, costs and environmental impacts
and hence improve the sustainability of aquaculture operations.
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Maritime Transport

Benefits from the use of digital
twins of the ocean

DOT support maritime transport with ship routing according to
environmental conditions to reduce emissions or prevent accidents
in the port under harsh conditions. They can support a digital port
with risk assessment for invasive species, sediment transport,
weather conditions for port operations tailored to cargo or passenger
transport. Autonomous vessels like ferries are depending on accurate
environmental conditions in real-time and for the near future. Electric
vessels depend on environmental conditions to predict the range and
plan routes.
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Hydrological Digital Twin for Flood Simulation

Benefits from the use of digital
twins of the ocean

A combination of satellite data, precipitation, and irrigation together
with sea levels and river run off can be used in a DOT for flash flood
prediction and land slide warning. Digital modelling of the physical
environment includes terrain, buildings, and bridges. This DOT can save
human lives and economic damage from destruction of infrastructure in
extreme flood events.
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Fisheries

Image source: SINTEF Ocean.

Benefits from the use of digital DOT for fisheries management combine data from fishing vessels

twins of the ocean on physical ocean data together with fuel consumption and catch
data to optimise routing and reduce emissions from fishing fleets.
If additionally catch and bycatch data are combined with stock
assessments, the DOT can employ catch prediction models to support
fish stock management and fisheries productivity while minimising
the environmental footprint through optimisation of fishing activity and
ecosystem-based management.

Sustainable development goal(s)

Marine spatial planning with marine business parks and marine
protected areas

Image source: Blue World Institute.

Benefits from the use of digital Marine protected areas (MPAs) are established for the conservation of

twins of the ocean their natural or cultural resources. While there can be restrictions on
certain activities in MPAs, nearly all U.S. MPAs allow multiple uses,
including fishing.
Marine business parks, with co-location of several activities in a limited
area, will be able to reduce the total area use and form the basis
for efficient resource utilization outside of MPAs. Co-operation will
be able to utilize infrastructure more efficiently, and reduce costs for
both infrastructure, operation, monitoring and preparedness. Great
opportunities for data sharing and digitalisation will also reduce costs
and at the same time provide a better basis for decision-making than
today for both industry and administration. A virtual pilot project ("digital
twin") with relevant industry players and other stakeholders can assess
the possibiliies and gains from establishing a marine business park
through a set of what if scenarios.
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8 Conclusion

Digital Twins of the Ocean or Digital Ocean Twins have
great potential to revolutionise ocean science, ocean-
ography, and hydrography as we know it through da-
ta contextualisation and new and better insights from
combination of a variety of data sources. Arificial In-
telligence for automation of data processes and Ma-
chine Leaming for data analytics will be essential and
support data fusion, provide data insight from pattem
recognition and inform and support decision making
through recommendations. Additionally, Digital Twins
will rely on and support new ways of interacting with
the data they are based on and which they produce.
Digital twins are different from other digital ocean ap-
plications in that they implement a two-way data ex-
change and feedback loop where the twin changes
according to the change in the real-world system and
the real-world system changes according to changes
in the twin. This can either be a change due to a deci-
sion based on twin simulations (what if scenarios), or it
can be a direct change of the physical twin triggered
by an event observed in the digital twin (alarms, auto-
mation, autonomous operations).

Through these capabilities, digital twins of the
ocean can support and foster a sustainable blue
economy that operates within the limits of nature. It
can provide guidance and support on where to es-
tablish Marine Protected Areas as well as Marine
Business Parks where different ocean industries are
co-located to leverage synergies.

The International Hydrographic Organization (IHO)
can play a key role in promoting the integration of
hydrographic and oceanographic data to create
more accurate and comprehensive digital twins of
the ocean particularly through its work in establishing
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